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The pla ne of best average definition is located for a n umber of lenses of a type used in 
a. irpla ne mapping cameras. Three di ff erent types of test pattern are used for each lens. 
These patte rn s a re t h e long-line, short-lin e, a nd a nnulus. R esults of meas urement that 
show t he variation of r eso lvi ng power throughout t he region of usable imagery a re given 
for each type of test pattern with two types of photographic emulsion . It is found t hat t he 
phl ne of best average defini tio n can be located equ ally well wi th each type of pattern . 
There a re, however, pronounced dilferences in t h e nu meri cal magn it udes of the valu es of 
resolving po\\'er determin ed wit h the va rious types of test pattern . In genera l, t he highest 
valu es a re attained w ith the long-line patterns. Values of t he variou s rating indices 

RpTp, AIVAR, and AD \VAR are given together wi th a comparison of t he different order 
of meri t assigned by these ind ices. 

1. Introduction 

The qu ali ty of definition tlu'oughout the image 
plane of lenses used in ai rplane mapping cameras is 
of prime importance in ensuring sa tisfactory photog
raphy upon which to base the compilation of reliable 
maps. In forming an esLimate of the probable 
quality of definition for a given lens, it is customary 
to usc the measured values of resolving power for 
specified areas of the image plane as the principal 
criterion upon which to base tb e estim aLe. 

The measUl'ed valu es of the resolving power have 
in general pl'Oved satisfactory for locatin g the pla ne 
of besL average definition and for determining t he 
suitability of a givelllens for usc in an aerial camera. 
Consequentl~r , most specifications dealing with aerial 
cameras conLain requiremenLs prescribing the mini
mum acceptable valu es of the resolving power. Un
fortunaLely, t here is marked variance in the type of 
test chart used in various laboratories and in the 
condi Lions of use. This variance is a source of 
diffi cul t.\' in any attempt to fOl'muln.te an interrla
tional specification dealin g wiLh the calibmtion of 
photogn1mmetric cameras as was done at the Wash
ington meeting of the International Society of Photo
grammeLl'Y in 1952 [lJ .1 To obviate th e difficulty, a 
specification was adopted for trial and discussion 
that permit ted the use of several different types of 
resolving power target. It was noted that it was 
no t possible at the time to standardize on a single 
type of resolving power t:1.rget . 

Three types of test char t were included in this 
t entaLive specifica tion which were the three-line 
target used by th e U.S. Air Force [2], t he Cobb two
line chart used in Grea t Britain [3], and Lhe annulus 
chart u ed in Canada [4J. All of these charLs were 
of low contrn.st except the three-line ch art of the Ail' 
Force which included both high- and low-contrast 
versions. The three-line chart used by th e National 
Bureau of Standards was not included, as it had been 

I Figures in brackets indicate the li terature references at the end of tbis papel'. 
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in exis tence for only a few months prior to Lbe con
ference, and its properti es wore not widely known. 

Each of the charts covercd by the specification 
included a series of patterns whose sizes were in a 
geom etric progr ession with the V2 prefen ed for the 
common ratio between adjacent pattern sizes. The 
NBS chart of 1952 no t only differed from the 0 thers 
in length of line but :1.1so in the raLio beLween succes
sive pat tern sizes which is ~f2. 

In the seven years thaL have p:1.ssed since the 
adoption of this specifica t ioH, agreement on a single 
type of ch art has not ~Tet developed. A few public:1.
Lions have appeared [5, 6J that permiL an esLimate of 
Lhe difference in 1'e olving power likely Lo be found 
for line charts compared wiLh annulus charLs. 

Because of som e of the diCl'erences that exist 
between the procedures reco mm ended fol' Lhe cal ibm
tion of photogl'amm et1'i c CHlll eras and Lhose used at 
the National Bureau of SLandards, i t is worthwhile 
to describe the methods used :1.t the Bure~ul ~\nd to 
compare Lhe results derived Lherefrom wiLh Lhose 
that 'would be obtained by the meLhods approved in 
the international standard. In the present paper 
measured values of resolving powe], obtained with 
the NBS chart of 1952 (7J are comp:1.red with those 
obtained with the three-line chart used by the U.S. 
Air Force and with an annulus chart which differs 
from that prescribed in the international specifica
tion in t hat it is a high-co ntrast instead of a low
contrast target. I n addition , the size ratio for 
successive patterns in eftch type of target is V2 in
stead of V2,. 

Results are presen ted for six lenses using two types 
of emulsion. Values of the several indices that might 
be used as rating factors such as .J Rf3 J ~, A WAR, 
and ADW AR :1.1'e compared. It is found that the 
plane of best average definition may be located 
equall~T well with R.n~T of the three types. Valu es of 
resolving power obtained with the NBS chart are 
usually higher Lhan those obtained witb the other 
charts. 



2. Method of Measurement 

2.1. Test Camera 

The National Bureau of Standards precision lens 
testing camera [8] was used in making th e negatives 
from which the values of resolving power are de
termined. This device is well adapted for use in 
locating the plane of best average definition of a 
lens . Its construction and mode of operation sim
plifies the process of evaluating the resolving power 
of a lens in a series of focal planes spaced at definite 
intervals along the optical axis. Moreover, by using 
one type of chart in the odd-numbered collimators 
and another type in the even-numbered collimators, 
it is possible to register the imagery in the same 
identical series of focal planes for each type of chart 
for the same series of angular separations {3 from 
the axis on the same plate. 
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2.2. Test Charts 

Three distinct types of test charts are used in the 
present investigation. All three are high-contrast 
charts, i.e., the difference in optical density between 
line and background exceeds 2.0. Each chart con
sists of a suitable range of sizes of the test object 
with the size proceeding in a geometric progression 
with Vz (or 1.1892) as the common ratio. The 
various types of test chart are described in the 
following sections . 

a. NBS Resolution Test Chart of 1952 

Tills chart was introduced in 1952 and is described 
in detail in NBS Circular 533 . The test chart, 
shown in figure 1, is a composite chart prepared by 
superimposing one test chart upon a four-times 
enlargement of the same chart. In this chart, all 
patterns have the same line count, namely three to 
each group . Two series of test patterns are included 
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FIGURE 1. NBS long-line Tesoiution chart with extended range. 

'l' his chart is a compOSite formed by s2perposing the N BS standard test chart upon a 4X enl arged copy of the master chart. 'l' he ratio of line spacings in adjacent 
groups of the master chart is equal to .J2; however, the ratio of the line spacings of corresponding oPPosite patterns is ~2. Oonsequently, for this extended range 
chart, the values of r esolving power th at can be measured for a lens of i}- in . focal length range from 6.3 to 168 lines/mm. in a geometric series proceeding by ~2. 
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such that the spacings in the line pattern of a given 
group differ from those in the adjacent group in the 
ratio of ~2. However, the spacing in the initial 
pattern of one series differs from the initial pattern 
of the other series by V2. Consequently, considered 
as a whole, the range of values provided by this 
chart proceeds by the v2. The size of the chart 
used as a reticle in the collimators of the lens testing 
camera for this study was such that the range of 
values in the image plane of the lenses investigated 
extends from 6.3 to 168 lines/mm. The most 
striking feature of this chart is the relatively great 
length of the lines forming the patterns. The ratio 
of length to width of line is sufficiently great that 
the visual resolving power as read will not be subject 
to variations arising from end effects, and the images 
will continue to look like lines down to the limit 
of resolution. The ratio is also sufficiently great 
that the variation of resolving power with ratio 
of length to width of line can be neglected [5]. In 
addition, both the original test pattern and the 
images on a negative formed by a lens can be readily 
scanned with a recording microdensitometer. This 
property permits th e user to make accurate measure
ments of the contrast between line and space for 
both object and image for studies involving degrada
t ion of contrast for a particular lens-emulsion 
combination. 

The same size test chart is used in the various 
collimators so that it is necessary to apply the 
"cosine" and "cosine-squared" corrections to images 
formed off-axis. 

b. Short Three·Line Charts 

These charts, shown in figure 2, were adapted 
from that used in the camera calibrator [9]. The 
basic line pattern of this chart is the same as that 
prescribed in the specification prepared by Com
mission I of the International Society of Photogram
metry in 1952 [1] which is listed under paragraph 
1.3.3 of the specification as the "tInee line high 
contrast target." The three-line patterns reduce in 

I size in a geometric progression, the ratio being v2. 
The sizes of the patterns in the off-axis targets have 
been modified to compensate for the "cosine" and 
"cosine-squared" factors affecting the resolving 
power values for radial and tangential lines. For 
lenses having a focal length of 6 in., the range of 
values of resolving power in the image plane of 
the lens under test extends from 5.9 t o 264lines/mm . 

c. Annulus Test Cha rt 

At the time the chart containing the series of 
short three-line patterns was made, a series of 
annulus patterns was included as may be seen in 
:figure 2. The range of sizes is the same as for the 
short three-line patterns. The shape of the off-axis 
patterns was also dis torted so that at specified angles 
they register on the test negative as circles. This 
pattern differs from that described in the inter · 
national specifLCation in paragraph 1.3.5 [1] in that it 
is high-contrast and consists of a dark circle on a 
ligb t background. 
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FICURE 2. ShOTt thTcc-line and annulus chm·t. 

"-rhe three-lin e chart consists of pattern s or parallel lines in tw o orjcnlaiions 
with spaces va ryi ng in a geometric progression by.vz. 'rhe circle or an nulus 
charts cha nge in size in a geometric progress ion by Vl2. For a lens ]HlVing a 
focal length of G in. , the range of values in the image plane extCllds fwm 5.9 to 
264 lines/mm. 

2.3. Test Negative 

In m akin g the test negative, the lens under test 
is initially so alined that its optical axis is parallel to 
and approximately coincident with the axis of the 
collimated beam emergent from the fu'st collimator. 
The lens is adjusted along the bench to a location 
such that the collimated beam at 40° from th e axis 
fills the front aperture of the lens under test as 
viewed through the lens at an inclination of 40° 
from the axis. The plate holder is adjusted to a 
position such that the fron t surface of the emulsion 
is in the plane of best visual axial focus for the 
central row of images to be registered on the plate. 
The plate holder is then moved to a position 1.05 
mm nearer to the lens, and an exposure is made by 
illuminating the reticles in odd-numbered collimators, 
which thus registers the imager~r on the plate at 10° 
intervals for the range of angles from /3 = 0 to ,6 = 40°. 
This process is repeated with the plate being moved 
0.15 mm far ther from the lens until 15 exposures 
have been m ade with the last for the plane 1.05 mm 
farther from the lens than the position of best visual 
axial fo cus. Between each exposure, the plate 
holder is also moved downward by an amount 
sufficient to avoid superposition of successive rows 
of images. The foregoing operation registers the 
imagery for the long-line patterns on the plate. The 
plate holder is then returned to its initial position for 
which the emulsion slll'face is 1.05 mm nearer to the 
lens than the plane of best visual axial focus; the 
plate is displaced sidewise in its holder approxi
mately 12 mm; and the entire bench on which the 
camera is mounted is rotated on its pivot by 5° so 
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that the axis of the lens is now parallel to and nearly 
coincident with the axis of the collimated beam 
emergent from the second collimator. The foregoing 
procedm e is then repeated with the exception that 
exposmes are made by illuminating the reticles in 
the even-numbered collimators , which again register 
imagery on the plate at 10° intervals for the range 
of angles from {3 = 0° to {3 = 40°. This process 
registers the imagery for the short three-line and 
annulus patterns on the plate. The exposed plate 
is then processed to form the finished negative from 
which values of resolving power are determined. 

All exposmes are made with the reticles illumi
nated by light from tungsten lamps with IC- 3 filters 
between the light somce and test charts. Neutral 
filters are used to adjust the intensity of the illumi
nation of the plate so that the final resulting optical 
density of each image on the negative is approxi
mately the same for all values of {3 . The two types 
of photographic plates used in this work were 
Eastman Spectroscopic VF, which has a fine-grain ed 
panchromatic emulsion, and Eastman Super Panchro 
Press, Type C. 

2.4. Reading the Negative 

The negative images were examined with a micro
scope using powers ranging from 30 X to 50 X . 
The criteria for declaring a particular line pattern 
to be the finest resolved were that all coarser patterns 
were clearly resolved and that the number of lines 
in a given pattern was the same as that of the 
corresponding pattern in the object. For the 
annulus pattern, the prime criterion that all coarser 
patterns were resolved was used. 

It was readily apparent that there were marked 
differences in the ease of reading the three types of 
patterns. The long-line pattern was the easiest of 
t he three, and the feeling of confidence in the v:tlues 
recorded was accordingly the greatest . The short
line pattern was the next easiest, but there was an 
appreciably higher level of uncertainty in the reli
ability of the higher alues of resolving power. The 
annulus pattern was the most difficult when attempt
ing to detennine the limit of resolution. It is note
worthy that the single circular black spot, which 
appears on the test chart in each cell of the target 
and which is identical in size with the white inner 
circular area of the annulus pattern, was easier to 
read than the annulus. It was usually possible to 
distinguish this single spot on the negative down to 
smaller sizes than the annulus; it could usually be 
detected down to one or two steps smaller in size. 
The presence of this spo t was frequently used as an 
aid in determining the limiting resolution for the 
annulus. 

3 . Results of Measurements 

The results of measurement on six wide-angle 
lenses are reported and analyzed in this study. Three 
lenses, designated Nos. 1, 2, and 5, 3,1'e essentially 
distortion free; the other three, designated 3, 4, 
and 6, have moderate amounts of distmtion . Meas-

Ul'ements of resolving power were made at 10° 
intervals from 0° to 40°. 

Negatives were made with both VF and SP 
emulsions for each of the six lenses. For a given 
lens, the plane of best visual axial focus is the same 
for each emulsion. The measured equivalent fo cal 
length for the plane of best visual axial focus for a 
given lens was the same for each emulsion and type 
of target pattern. The maximum range of change in 
measured equivalent focal length for the various 
conditions of test did not exceed ± 0.02 mm for a 
given lens. 

In the presentation and analysis of the results of 
measurement in an investigation of this sort , it is 
necessary to keep in mind the primary aims of the 
study. First , the intercomparison of the magnitudes 
of the measured values of resolving power for each 
type of pattern and emulsion is important. Second , 
it is important to determine whether or not any 
shift of the plane of best definition occurs with type 
of target pattern . In addi tion, the manner in which 
the values of resolving power for the various patterns 
wax and wane as the image plane approaches and 
passes through the plane of best visual axial focus 
is of interest. 

In an earlier paper [10], the measured values of 
resolving power for tangential lines (T/3) and radial 
lines (Ra) obtained with the short three-line char t 
using VF and SP emulsions for values of (3 ranging 
from 0° to 40° at 10° in tervals are presented in tabu
lar form for lens No. l. In addition, the values of the 
geometric means values " I R /3 T /3 are also given . In 
this paper , a discussion of the various indices used in 
locating the plane of best average definition is given. 
These indices are as follows: 

(a) R oot M ean Square M ean (RMSM). This is 
defined as 

In the above expression, R /3 and T# are measured 
values of resolving power for radial and tangen tial 
lin es for discrete values of (3 ranging from 0° to 40° 
in 10° steps. The number of steps, n, in this instance 
is five. 

(b) A1'ea W eighted Average Resolution (A WAR). 
This is defined as 

where a/3 is the area of a particular annular zone, RfJ 
is the average resolving power for radial lines, and TfJ 
is the average resolving power for tangential lines 
for that zone. The value of 2:::a/3 is the entire area A 
of the picture formed. 

(c) Area and Depth-oj-Focus W eighted A verage Res
olution (ADW AR). This is defined as 
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where 

where dT~ is the depth of focu s for tangen tial lines, 
dR~ is the depth of focus for racliallines, and do is the 
depth of focus on aXls for a given valu e of resolving 
power. 

Because some of t he results for one type of pattern 
used in this paper have already been presented in 
tabular form, it was decid ed to present the resul ts of 
measurement and so me of the quantities derlved 
from the measurement in graphical form. 

The results of measurement are presented in figures 
3 through 9. Values of the r esolving power for tan
gential lines (T ) and radial lin es (R ) are shown for 
the two emulsions and three patLern s for lenses 1 and 
3 only. These results on these Lwo lenses are given in 
the lef t and central columns of graphs in figmes 3, 4, 
5, and 6. The nature of the test pattern is indicated 
by the symbols, L for lon g-line, S for shor t-line, and 
A for annulus. The values obtamed for the annular 
patterns are shown on bo th sets of graphs for ready 
comparison with the T and R values for Land S. It 
is readlly apparent from these graphs that the higher 
values found for resolution of long lines are more 
eviden t for the regions inside focus (negative valu es 
of f1j ) than for the regions outside fo cus (positive 
values of f:,j). This is in keeping with a simllar find
ing reported by Selwyn and T earle [Ill. This eff~ct 
is present for both VF and SP emulslOns for aXIal 
resloving power ; it is usually more noticeable for the 
VF emulsion. The valu es found for the annulus 
pattern are generally su b tan tially lower than the 
values for either tangential or radial lin es throughout 
the region of usable imagery as might be inferred 
from similar compariso ns previously reported [5, 6]. 

The values of ~R~T~, the geo metric mean value 
of resolving power for ta ngential and radial lin es, 
are given for each val ue of {3 for each of the six lenses 
for both emulsions. For lenses No.1 and 3, values 
of ..jR~T~ are shown in the r ight-hand column of 
figures 3, 4, 5, and 6. The values of '\IB~T~ for 
lenses No.2, 5, 4, and 6 are presented in the five 
upper sets of graphs in fig ures 8 and 9. These 
curves permit a ready comparison of the average 
values of resolving pO\ver for the t hree types of 
patterns for the five values of (3~ also seems more 
appropriate to use values of ..jR(3T~ in a comparison 
.of values obtained by line targets with that obtained 
by the annulus target. For the annulus, the value 
.of .yR~T~ is simply the observed value of the resolv
ing power. 

For lenses No.1 and 3, values of the three indices 
~RpT(3, AWAR, and ADWAR for t he three types 
of line patterns and two emulsions are given in 
figure 7. For lenses 2, 5, 4, and 6, values of ~R~l~ 
are shown in the lower row of graphs in figures 8 
and 9. Values of AWAR and AD WAR were de
termined for these four lenses but are not shown. 

3 .1. Location of the Plane of Best Average Definition 

The plane of best average definition wa located 
for each lens both by gr aphical analys is and by 
location of the maximum value of the various indices 
for each type of pattern and each emulsion. 

a . Graphical Analysis 

The plane of best average definitlon for each len.s 
for each set of co nditions was located by t he graphI
cal method reported in a previous paper [10]. The 
separations, f:,f , along the optical axis of the lens of 
the fo cal planes of best average definitlon for sh?rt
line and annular patterns selected by graphIcal 
analysis from the fo cal planes of best average defini
tion for long-line patterns selected in t he same 
manner, >tre shown in table 1. It is clear from this 
table that there is no significant vctriation in t he 
location of the fo cal plane of best average definition 
for these three types of test pa,tLel'll . . S uch variation, 
as appears is usually random and wit hin Lhe .1in.lits ?f 
experimental error. T able 2 shows t he vana,LlOn 111 

location of the pla,ne of best average defin ition for 
the three types of patterns using SP emulsion com
pared with that for long-line patterns and VF 
emulsion. In t bis in tance, the optimulll image 
plane for SP emulsion appears on the aver~ge to be 
slightly nearer the lens than the correspond1l1g plane 
for VF emulsion. 

T ABLE ] . S eparations, M, oj the focal plane oj best average 
definit ion for long li nes selected by graphical analysis ]Tom 
focal planes of best average defin ition fo r short-iir.e and annulus 
patterns selected by graphical analyses 

R esults are given for sil:: lenses and two emulsio ns. 

\ "alues of AI 

Lens 
N o. \ ' 1' emul sion S P em ulsion 

Sholt line Annul us Shon line Annulus 

1n7n '11t1t~ mm mm 
L 0. 00 0. L5 0. 00 0.00 
2 . 00 . L5 . 00 -. 15 
3 . 30 .00 . 00 .00 
4 . 00 . 15 . 00 .00 
5 . 00 .00 . 00 . 00 
6 . 00 . 00 . 00 . 00 

TABLE 2. Separat'ions, M , of the focal plane of best average 
definition fo r long lines with YF emutsion selected by' graphical 
analysis f rom the focal planes of best avemge defmttwn f0 1' 
long line, short line, and annu lus pattem s obtained with SP 
el1w lsion by graphical analyses 

Va lues of AI 
Lens 
]\TO. 

Long li ne Shori line A nnul us 

mm mm mm 
1 0. 15 -0. 15 -0. 15 
2 -. 15 -. 15 -. 30 
3 .00 . 00 .00 
4 . 00 . 00 .00 
i) .00 .00 .00 
6 - . 15 -. 15 -. 15 
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The rrso l v ill ~ poweT throughout the region of usable imagery is shown for tangential \ T ) and radial (R) lines and for th e average ..; R~ 1'~ at 10° intervals from 0° 
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the lens. 
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b . Maximum Value of Indices 

The plane of best average definition for each lens 
for each set of conditions was also located with t he 
aid of each of the three indices, ~Ri3Ti3, A WAR, and 
AD'iVAR. In each instance, the optimum image 
plane was located with respect to the focal plane of 
best average definition for long-line patterns selected 
by graphical analysis. The results are shown in 
table 3. It is clear from this table that the varia
tion is, in general, within the limits of experimental 
error. 

TABLE 3. Separations, M, of the focal plane of best average 
definition fol' long lines selerted by graphical analysis jTom 
the focal planes indicated by the maximum value of the indices 

,iRpT p, A WAR , and ADW AR 
Resulls are sbown for six lenses and two emulsions. 

VFemulsion SP em ulsion 
T-Jgs 1-----.-----;-----1----.---------;---

Long line I Short line I Annulus Long line I Short line I Annulu s 

(a) Se parations, t!.j, of plane selected by graphical analysis from pla nes 

selected by maximum value of N p1'p for 

mm mm mm mm mm mm 
1 O. J5 0.00 O. J5 0.00 0.00 0.00 
2 . 15 . 00 . 15 . 15 . 00 -. 15 
3 .15 .30 . 30 . 00 . 00 .00 
4 . 15 .00 . 15 .00 -.15 . 00 
5 . 15 . 15 .00 .00 . 00 .00 
6 .00 .00 .00 . 00 .00 . 00 

(b) Eeparations, t!./, o[ plane selected by graphical analysis from pla nes se· 
lected by maximum value o[ AW AR for 

1 -0. 15 0.00 0.00 -0.15 -0.15 0.00 
2 -. 15 .00 -. 15 -.30 -. 15 -. 15 
3 -.30 .30 .00 .00 .00 . 15 
4 .00 .00 -. 15 . 00 .00 . 00 
5 . 00 .00 . 00 . 00 - . 15 . 00 
6 . 00 -.30 . 00 .00 .00 .00 

(c) Se parations, t!. / , o[ plane selected by graphical an alysis from pla nes £e· 
lected b y maxim um value of ADWAR for 

1 -0. 15 0. 00 0.00 - 0.15 - 0. 15 O. 00 
2 . 00 .00 . 00 -.15 .00 - .15 
3 -.15 . 30 .00 .00 .00 . 00 
4 . 00 -. 15 - .15 .00 -. 15 . 00 
5 .00 .00 .00 .00 -.15 .00 
6 .00 -.15 .00 . 00 .00 . 00 

4. Comparison of Results Obtained With 
the Three Charts 

In the foregoing sections, it was shown that the 
focal plane of best average definition could be readily 
located using anyone of the three types of test charts 
under consideration. Moreover, such minor differ
ences in location that were noted could be regarded 
as negligible in comparison with experimental error. 

In the present section, some attention is given to 
the actual magnitud es of the values of resolving 
power obtained with the various charts. Some 
attention is also given to th e use of the indices as 
rating factors . 

4 .1. Values of Resolving Power in Focal Plane of 
Best Average Definition 

Values of ,1Bi3Ti3, ~Ri3Tf3, AWAR, and AD WAR 
are shown in tables 4 and 5 for various patterns and 

emulsions. Th ese values are all for the plane of best 
average definition for long-line patterns. In some 
instances, the valu e of a given index was higher for 
an adjacent plane. This is indicated in table 6 
which shows the departl1l'e in percent of the maxi
mum of a given index from the valu e reported in 
tables 4 and 5. It is noteworthy that the departures 
are for the most par t negligible. It is clear from 
tables 4 and 5 that it would be difficult to determine 
the value of resolving power that migh t be obtain ed 
for a given type of pattern at a given angle (3 when 

T ABLE 4. Compctrison of val1tes oJ average resolving power 
obtained with thr'ee types oJ test chal't using VF enwlsion in 
the plane of best average definition fol' long lines selected by 
graphical analysis. 

Values o[ ";R~Tp, ";/?p1'~, A WAR, and ADWAR are shown for six lenses [or 
long line, short lino, a nd annulus charts. All values of resolvin g power are 
given in lines PCI' milJin:e tcr. 

, / /? p T~ Indices 
Lens T arget 
No. ,t f/ p'J'p 0° 10° 20° 30° 'JOo AWAR ADWAR 

-----------------
I Long line ... 59 58 46 44 43 50 46 49 

Short linc ... 56 49 56 35 ]9 45 38 45 
Annul us ____ 33 38 28 16 8 27 20 26 

2 Lon g line .. 54 52 49 47 46 50 48 49 
Short line ... 47 49 42 45 49 46 46 46 
Annulus. ___ 28 32 28 20 19 26 23 26 

3 Long lin e. __ 54 48 45 44 39 46 43 46 
Short linc ... 66 49 36 38 34 46 38 41 
Annulus ____ 33 32 20 16 19 25 20 22 

4 Long line ... 59 48 39 32 29 43 35 38 
SllOrt lino .. 51 54 34 33 26 41 34 38 
Annulus. ___ 33 32 20 16 ]3 24 18 21 

5 Long linc. __ M 48 49 38 28 44 39 41 
Shor t line ... 47 49 42 28 29 40 34 38 
Annu l us ____ 23 45 28 ]6 16 28 23 28 

6 Lon g line .. 65 48 45 38 33 47 39 42 
Short liLlo ... 5l 45 3'1 33 34 40 3.> 37 
Annulus. ___ 39 32 l7 16 19 26 20 22 

T AB LE 5. . Compari son of values of (!vemge resolving poweT 
obtained with three types of teo t char·t using SP emulsion in 
the plane (If best avemge definition J or long lines as selected 
by graphical analysis 

Val ues of ..; RpT~, ..; HpTp, A WAR, and ADW AR are shown for six lenses [or 
long line, shori lino, and a nn ulus char ts. All values of resolving power are given 
in lines per millimcter. 

Rp1'~ Indices 
Lens 'rarget 
No. 

,t Rp1'p 0° 10° 20° 30° 40° AWAR ADWAR 
-----------------

I Long line ... 32 32 23 22 20 23 25 26 
Short line ... 33 24 22 2 l 14 2'1 20 22 
Annul us .... 20 19 14 13 9 15 12 15 

2 Long line ... 29 29 23 23 20 25 23 25 
Short linc ... 25 24 20 20 18 22 20 21 
Anllulus .... 20 19 10 12 II 15 12 14 

3 Long line . .. 29 29 25 24 20 26 24 25 
Short line ... 28 22 2l 20 19 22 20 21 
Annulus .. __ 23 19 14 12 11 16 13 14 

4 Long line ... 32 27 25 22 17 25 22 24 
Short line ... 25 27 22 19 14 22 19 2l 
AnnuJus. __ _ 23 19 12 12 11 16 13 14 

5 Long lino . . . 27 27 2l 19 19 23 20 22 
Short line ... 28 20 18 16 16 20 17 18 
AllllUlus ____ 20 16 17 12 13 16 14 15 

6 Lon g line . .. 30 29 27 22 19 23 25 26 
Short line ... 25 27 18 18 16 21 18 20 
Annul us .. .. 20 22 12 10 11 16 12 14 
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TABLE 6. Depm·ture in percent uf the maximum value of a 
given index from that occurring in the plane of best average 
definition faT long lines selected by graphical analysis 

R esults are shown for ..,ffft1-;;" A WAR, and ADWAR for six lenses with each 
type of target for VF an d SP emulsions. 

VF SP 
Lens 
No. 

";Rp Tp I AWAll IADWAR .,;- - 1 I R p Tp t AWAR ,ADWAR 
- -

I,ong-line Lon g-line 

1 4.0 2.6 0.6 3.4 3.0 0.0 
2 2.5 1.0 . 0 2.7 1.7 1.6 
3 3.3 0.0 3.3 0.0 0.0 0.0 
4 3.0 .0 0.0 . 0 .0 .0 
5 0.9 . 0 .0 . 0 . 0 . 0 
6 .0 .0 . 0 . 0 .0 . 0 

Short-line Short-line 

1 0.0 0.0 0.0 0.0 1. 5 1.8 
2 .0 . 0 .0 .0 1.0 0.0 
3 . 0 . 0 . 0 . 0 0.0 .0 
4 . 0 . 0 .2 . 0 .5 .0 
5 .5 .0 . 0 .0 1.2 1. 6 
6 . 0 3.6 .5 .0 0.0 0. 0 

Annulus Annulus 

1 0.0 3.9 1.9 0.0 0.0 0. 0 
2 6.5 0.0 0.0 3.8 6.1 6.7 
3 13.0 .0 .0 0.0 0. 8 0.0 
4 3.6 .5 . 5 . 0 .0 .0 
5 0.0 . 0 .0 . 0 . 0 .0 
6 .0 .0 . 0 .0 . 0 .0 

the valu e of resolving power for a different type 
pattern is known. The relative magnitudes of 
..jR~ T~ at a given value of (3 for the various type 
patterns are significantly different for the different 
lenses. Certain generalizations can, however, be 
drawn. The values of -vR~T~ in general are highest 
for the long-line and lowest for the annular patterns 
with the values for the short-line patterns being 
usually slightly lower than those for the long-line 
patterns. 

4 .2. Use of Indices as Rating Factor 

In table 7, the relative ratings of lenses 1 through 
6 are shown for each of the various conditions of test. 
It is, at once, apparent that the order of merit is not 
the same for the various patterns. This variation 
in the order of merit emphasizes the fact that indices 
such as these ought not to be used to differentiate 
between lenses unless the differences are of the order 
of 10 percent or more. Thus, in considering the 
relative merits of these lenses, 1, 2, and 3 are usually 
more favorably rated than 4, 5, and 6. However, 
it would be difficult to arrange 1, 2, and 3 in order of 
decreasing performance. Likewise, it wouJd be 
difficult to arrange 4, 5, and 6 in proper order. Most 
of this difficulty arises from the relatively small 
differences in the particular index. 

4.3. Relative Magnitudes of Values of Resolving 
Power 

a . For Three Types of Test Pattern 

It was evident at a fairly early stage in the investi
gation that there is no clear-cut ratio existing between 

T ABL E 7. Rating of six lenoes in order of merit for 1fF and SP 
emulsions 

'rhe ratings a re made for each of three targets on the basis of the relative 

magnitude of the three indices .,; Pp Tp, A WAR, and ADW All . 

VF emulsion SP emulsion 

Lens 
No. R ating based on Rating based on 

--. 
";R~ 1 p I AWAR IADWAR -VR p 1'p I AWAR IADWAR 

(a) Long-line (a) Long-lille 

1 1 i I 
1 4 1 1 

2 1 1 2 4 3 
3 4 

~ I 
3 1 3 3 

4 6 6 2 5 5 
5 5 5 4 6 6 
6 3 4 4 1 1 

(b) Short- line (b) Short-line 

1 3 2 2 1 1 1 
2 1 1 1 2 1 2 
3 1 2 3 2 1 2 
4 4 5 4 2 4 2 
5 5 5 4 6 6 6 
6 5 4 6 5 5 5 

-----------
(c) Annulus (c) Annulus 

1 2 3 2 5 4 1 
2 3 1 2 5 4 3 
3 5 3 4 1 2 3 
4 6 6 6 1 2 3 
5 1 1 1 1 1 1 
6 3 3 4 1 4 3 

values of resolving power obtained for one type of 
pattern and those obtained for another type of pat
tern. This is at once apparent from consideration 
of the various curves in figures 3 through 9. Even 
on axis, there are variations which might be in part 
a consequence of the large interval between succes
sive patterns but are more likely a consequence of 
the inherent uncertainty in locating the limi t of 
resolution. However, some idea of the approximate 
magnitude of the valu es of resolving power for the 
various patterns relative to one another can be 
gained from consideration of the relative magnitudes 
of the various indices. Ratios have been computed 
for long-line versus short-line, short-line versus an
nulus , and long-line versus annulus for the various 
indices for VF and SP emulsions. These ratios are 
shown in table 8. From these values, one may infer 
that the values of resolving power obtained with 
long-line patterns using SP emulsion are likely to be 
18 percent higher than values obtained with short
line patterns. Ina similar manner, values for short
line patterns may be expected to be 45 percent 
higher than for annular patterns. Long-line pat
terns may be expected to yield values approximately 
70 percent higher than annular patterns. 

b. For Two Types of Emulsion 

Of the two emulsions for which values are reported 
in this study, the VF emulsion has been used at the 
Bureau over a long period of years in making the 
negatives used in evaluating equivalent focal length, 
distortion, and resolving power of lenses. It has 
been eminently satisfactory for this purpose, and 

222 



TABLE 8. Ratio of values of given indices as a f unction of 
pattern type 

," " lues are given (a) for the ave rage ratio (L I S) of the values of a given index 
for long lines and the same index for sh ort lines. Values a re also given (b) of 
t he average ratio (SIA) of the va lues of a given index for short lines and th e same 
index for an nuJus ty pe pat te rns. Val ues are also shown of tho average ratio 
(L I.I1 ) of the values of a given index for long lines an d the same index for a nnulus 
type pa tterns. Values are shown for both V l? and S'P e mu lsions together with 
t he probable error of a single observation (PE,) for each ratio. 

(a) Yalues of L IS and FE. for e mul sion 

Index VI" SP 

L I S PEt L IS PE$ 
-----------------

Rp T p __ __ _ 1. 09 ± O.04 1.11 ± O.O5 
AWAR _____ 1.11 . 05 1. 22 . 06 
ADWAR. ___ 1. OS . 03 1. 20 .03 

(b) Val ues of SI.I1 a nd PE, for e mulsion 

SI/1 PE, SIA PEt 
------------

..J Hp T p _____ I. 66 ± 0. 1I 1. 40 ± 0.09 
AWAR . _____ 1. 82 . 12 1. 51 . ll 
ADWAR. ___ 1. 70 .ll 1.43 .07 

(e) Va lues of L IA and PE, for emulsion 

L IA PEt L IA I FE, 
------------

R, T p ____ _ 1.80 ± 0. 07 1. 55 ± 0. 07 
' ·\A R ______ 2.02 . 14 1. 84 . IS 
DWAR ____ l. S4 . 12 1.72 . 08 

numerous specifications involving resolving power 
of lenses are based upon determinations made there
with . In recent years, there has been a tendency 
on the part of many engaged in evaluating lens per
form ance to use emulsions similar to the SP emul
sion used in this study. This practice is justified on 
the grounds that with this emulsion, the test condi
tions more nearly approximate the condi tions of use. 

Because the two t ypes of emulsion are used for 
much the same purpose, it is of interest to compare 
the values of r esolving power under lil(e condi tions 
for the two emulsions. It is clear from the curves 
shown in figures 3 through 9, that there is no cleal'
cut ratio that is valid for all conditions of focus and 
for all angular separations from the axis. Accord
ingly, the ratios existing between the values of the 
various indices for the two emulsions were deter
mined and are shown in table 9. From this table, 

T ABLE 9. Ratio q of the value of a given index in plane of best 
aveTage definitiun for VF emulsion to the wlue of the same 
index in the plane of best average definition for SP emulsion 
for three types of test patterns 

Values of th e rati o are shown .,j Hp T p, A WAR, and ADWAR obta ined with 
long·line, short-Ii no, and annular patterns. 'rhcso a rc average va lues for six 
lenses, an d t he probable orrol' of a single determination of eac h ratio is also shown. 

Ratio fol' patterns comprised of 

Index Long lines Short lines Annuli 

PE, FE, 
-----1---------------

1.94 ±0. 12 1. 97 ± 0. 09 
1. 80 . 14 1. 97 . 11 
1. 79 . 11 1. 99 . 11 

J. 66 
1.64 
1. 68 

± O. 09 
.11 
. 13 

one may infer that the valu es of resolv in g power 
obtained with VF emulsion are likely to be 84 per
cent higher for long-line patterns, 98 pet'een t higher 
for shor t-line patterns, and 66 percen t higher for 
annular patterns t.han are obtained fOT SP emulsion . 

5. Conclusion 

In this study, the valu es of the resolving power 
of six lenses were measured using three t ypes of 
target pattern and two emulsions. Analysis of the 
results of measurements leads to the following 
conclusions . 

(1) For either of the two emulsions used, the same 
plane of best average definition is u sually selected 
by graphical analysis for long-line, short-line, and 
annulu s target patterns. 

(2) The plane of best average definition located 
with the VF emulsion is generally identical with that 
located with SP emulsion . 

(3) While small varia tions in the location of the 
focal plane occur with type of index used, these var
iations are generally sufticien tly small that the plane 
selected by [myone of the three indices is likely to 
prove satisfactory. 

The authors express their appreciation to other 
members of the staff of the National Bureau of 
Standards for assistance during this work and in 
particular to E. C. Watts who prepared the illustra
tions. 
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