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ABSTRACT 

This study is an investigation of the feasibility of using a 

set of standard radii of curvature in lens design. As part of the 

study, the surfaces of a double Gauss objective were fitted to sets 

of discrete radii. Details of the fitting process, effects on the lens 

imagery, and requirements on the set of allowed radii are discussed. 

To obtain the opinions of lens designers on the use of standardized 

radii, a survey of practicing lens designers in industry was conducted. 

Potential problems associated with the use of standard radii are dis

cussed. The optimum distribution for a set of standard radii is 

described and compared with a set proposed under the German Industry 

Standard, DIN 58166. It is concluded that the use of a standard set 

of radii is practicable. 

ix 



CHAPTER 1 

INTRODUCTION 

The purpose of this work is to investigate the feasibility of 

using standard radii of curvature in lens design and fabrication. By 

standard radii is meant some agreed-upon set of radii of curvature to 

be used in the design and manufacture of optical systems, for the 

surface curvature of the component elements. With such standardiza

tion, each company involved in optical fabrication would accumulate a 

similar set of test plates and glass-working tools, in terms of their 

radii of curvature. All new lens designs would incorporate these 

radii as much as possible, depending on the design requirements. 

There are several potential advantages of adopting such a 

system either in this country (U.S.A.) or internationally. Uniformity 

of tooling would be most convenient in trade between companies and in 

requesting bids from various vendors to have a particular design 

built. The lead time associated with the production of new test 

plates and other tooling could often be avoided. When new test 

plates of a standard radius were required, the cost and lead time 

could again be reduced because of the prevalence of existing test 

plates of the desired radius. The toolmaker could expect repeat 

orders for the same radius from various companies, perhaps leading to 

availability of more stock tooling. A possible new business area that 

1 
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would bring economies to the optics industry would be the rental of 

test plates and tooling. 

The use of standard radii would also allow for the build-up 

of a logically spaced set of glass-working tools within each individ

ual company. That is, it is assumed that the set of standard radii 

would be logically chosen to allow construction of almost all new 

lens systems with the minimum number of radii. A company using this 

system from its beginning will build up such a set. A company not 

using such a system will tend to build up a random set of tools in 

which successive radii are sometimes spaced closely and sometimes 

widely. Thus this second company will need many more tools in its 

inventory before it reaches the point where almost all new designs 

can be constructed from existing tools. 

This list of advantages in using standard radii is not meant 

to be exhaustive, but it indicates that the possibility of creating 

such standardization is worth looking into. However, many questions 

are raised with regard to the use of standard radii, which to the 

author's knowledge have not been dealt with in a published work. 

The effect of forcing all surfaces of a lens design to be 

standard radii (which will be referred to as "fitting" a lens to 

standard radii) is dealt with in Chapter 2. Also investigated is the 

maximum spacing that could be allowed between standard radii before 

the performance of the fitted system drops to an unacceptable level. 

An important part of this work is obtaining the reactions and 

comments of practicing lens designers in industry. For this purpose a 



questionnaire was sent to many optical companies. The results of 

this questionnaire are given in Chapter 3. Also in Chapter 3, the 

major concerns expressed over the use of standard radii are dealt 

with. 

In Chapter 4 the optimum spacing between standard radii as a 

function of radius is dealt with more thoroughly in light of 

responses to the questionnaire, the distribution of existing tooling, 

and two previously proposed standard radii lists. 



CHAPTER 2 

FITTING A LENS SYSTEM TO STANDARD RADII 

It is not reasonable to expect to be able to choose a set of 

standard radii that will allow every surface of every optical system 

built to use only these radii. That is, the number of radii in a set 

intended to be used in fitting every surface of the most demanding, 

low f-number, diffraction-limited system, while maintaining a high 

enough image quality, would probably be so large as to negate the 

advantage of using standard radii. Instead, the spacing between radii 

should allow fitting all the surfaces on mid-performance-level 

systems and most of the surfaces on reasonably high performance 

systems. The question still remains, can this be done with an accept

able number of radii? 

Double Gauss Lens Design 

The lens system that best represents a middle performance 

system is a double Gauss objective. Therefore, it was decided to fit 

this type of system to a set of standard radii. Starting with a very 

closely spaced set, the lens was fitted to increasingly coarser 

spaced sets of radii, until a limit was reached at which the system 

could not be fitted without an unacceptably large performance drop. 

The particular system used was one designed by the author 

over a period of several months, using both ACCOS and CODE V2 lens 

4 
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design programs. Compared to other double Gauss photographic objec

tives of comparable f-number, this design is decidedly typical in 

form.^ The image quality in terms of MTF is also typical of well 

corrected designs of this type.^ 

Figure 1 is a drawing of the lens. Table 1 gives the con

structional parameters and specification data on the starting design. 

Figures 2a, b, and c give ray fan plots, MTF curves, and through-focus 

MTF curves respectively. Distortion at full field is 3.5%. 

The final optimization of the lens was done with CODE V. 

CODE V uses a damped least squares optimization routine that sets up 

its own figure of merit and continuously adjusts the internal 

structure of the variables, so minimum user input is required.^ 

CODE V's figure of merit (error function) is the criterion the program 

uses to judge the quality of the lens system. It is proportional to 

the average mean squared spot size, weighted by field height and 

azimuth. Performing the final optimization on CODE V assured that the 

resulting system had a minimum error function, in the program's 

estimation. 

The user is allowed to impose constraints on the system being 

designed, and to input weighting factors. The constraints imposed 

were effective focal length (EFL) to be 55.2 mm, image distance (IMD) 

greater than 32.0 mm, and distortion at full field less than 3.5% 

absolute value. CODE V requires that these constraints be held 

exactly at all times. The field weights used were: axial both 

azimuths 0.875, 0.7 field sagittal azimuth 1.33, 0.7 field tangential 



Schematic of Double r* 
Gauss Objective Star^-

Scale; 2 0 Parting Design. 
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Table 1. Surface and Specification Data of Starting Design 

Surface 
No. Radius Thickness Medium 

Clear aperture 
diameter 

1 34.183 5.705 Schott LaF21 37.06 

2 78.834 0.100 Air 34.86 

3 22.436 6.425 Schott BaSF51 29.26 

4 69.046 2.200 Schott SF55 25.70 

5 14.972 6.169 Air 18.82 

6 Stop 11.222 Air 14.48 

7 -17.471 2.200 Schott SF8 17.36 

8 3041.4 5.841 Ohara LaSK02 22.86 

9 -23.979 0.100 Air 25.34 

10 107.19 8.061 Ohara LaSK02 30.30 

11 -65.221 32.102 Air 32.20 

12 -0.1019 

EFL = 55.2 mm 

Semifield angle = 21.47° 

F-No. = 2.5 

Object at infinity 

Vignetting at full field 35% 

Image distance = 32.0 mm 

Design wavelength: 546.07 nm 

Spectral range: 480.0 to 643.85 nm 

CODE V error function = 39.029 
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Fig. 2. Image Analysis of Starting Design. 



STARTING DESIGN DIFFRHCTION LIMIT 

AXIS HflVELENGTH HEIGHT 

643.8 NH 

516.1 NH 

•180.0 NH 

0.7 FIELD (15.03* ) GEOHETRICHL HTF 

1.0 FIELD (21.U7* ) 21-JUN-83 — a 

DEFOCUSING 0.00000 

0.9 

0 .8  

0.7 

0.5 

0.3 

0 .2  

> 20 

SPRTIAL FREQUENCY (CYCLES/HH) 
25 30 35 10 50 



STARTING DESIGN DIFFRflCTION LIMIT 

AXIS WAVELENGTH HEIGHT 

643.8 NH 

546.1 NH 

480.0 NH 

0.7 FIELD (15.03*1 GEOMETRICBL MTF 

1 1.0 FIELD (21.47* 1 9-JUN-83 

FREQUENCY 30 C/HH 
1.0 

0.9 -

0.8 

0.7 -

0.6 

O.S 

0.3 

0.2 

0.1 

0.08000 -0.06000 -0.04000 -0.02000 0.00000 0.02000 

DEFOCUSINB POSITION (HH) 
0.04000 0.08000 0.08000 
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azimuth 0.875, full field both azimuths 0.5. The reference wavelength 

and both secondary wavelengths were weighted equally. The effect of 

this would be to emphasize color correction in the system. 

Tolerance Analysis 

As an independent study project, tolerance analysis of the 

lens just described was performed using CODE V's "TOR" option. This 

calculates the expected drop in MTF for a given tolerance budget, 

after adjusting appropriate compensators. It also gives the expected 

change in MTF due to plus and minus tolerance errors on each 

parameter. The tolerance budget selected for the lens is given in 

Table 2. The last item in this table gives the MTF of the nominal 

design at 35 lines /mm for three field positions, and estimated MTFs 

for a perturbed system representing one for which 97.7% of all 

systems constructed will be better. 

The expected drop in MTF for the 0.7 field position is due 

almost entirely to decentered tolerances (e.g., tilts, decenters, and 

wedge) because the radial MTF is particularly sensitive to image 

plane tilts. The reason for this is easily explained by examining the 

through-focus MTF curves. The curve in question is steeply sloped at 

the nominal focus, so a small tilt in the image plane will produce a 

large drop in MTF on one side of the field. This sensitivity should 

in no way bias the study to be made since only centered parameters 

will be changed. 

The expected drop in MTF on axis was due almost entirely to 

centered tolerances (radius, surface irregularity, thickness, and 



Table 2. Centered and Decentered Tolerances 

12 

Centered 

Sur Irregu Thick- Thickness Index 
face Radius, Power, larity , ness, toler- Glass toler
No. mm fringes* : fringes* mm ance, mm type ance 

1 34.183 6.0 2.00 5.705 0.05 LaF21 0.001 
2 78.834 6.0 2.00 0.100 0.08 Air 
3 22.436 6.0 2.00 6.425 0.05 BaSF51 0.001 
4 69.046 6.0 2.00 2.200 0.05 SF55 0.001 
5 14.972 6.0 2.00 6.169 0.08 Air 
6 11.22 0.08 Air 
7 -17.471 6.0 2.00 2.200 0.05 SF8 0,001 
8 3041.3 6.0 2.00 5.841 0.05 LaSK02 0.001 
9 -23.979 6.0 2.00 0.100 0.08 Air 
10 107.18 6.0 2.00 8.062 0.08 LaSK02 0.001 
11 -65.221 6.0 2.00 32.10 Air 
12 -0.102 

Decentered 

Ele Front Back 
ment radius. radius. Element wedge Element tilt Ele. dec/roll 

No. mm mm TIR** Arc min TIR** Arc min i TIR** mm 

1 34.183 78.834 0.0050 0.5 0.0209 2.1 0.0083 0.0130 
2 22.436 69.046 0.0025 0.3 0.0070 0.0080 
2-3 22.436 14.972 0.0056 1.0 0.0006 0.0130 
3 69.046 14.972 0.0025 0.5 
4 -17.471 3041.3 0.0050 1.0 0.0105 0.0080 
4-5 -17.471 -23.979 0.0087 1.7 0.0008 0.0130 
5 3041.3 -23.979 0.0050 0.8 
6 107.18 -65.221 0.0100 1.1 0.0152 1.7 0.0194 0.0250 

Relative Design MTF Compensator 
field height, Frequency, Design plus range (+/-), 
radial dir. lines/ mm Nominal tolerances focus shift 

0.0 35.00 0.681 0.561 0.352 
0.7 35.00 0.560 0.425 0.352 
1.0 35.00 0.427 0.312 0.352 

*Fringes measured at 546 nm 
**Total indicator runout 
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refractive index). Focus position was used to compensate for these 

errors. Table 3 gives the change in MTF on axis for plus and minus 

tolerance errors, after compensation. 

Tolerance on Imagery 

A common method for evaluating photographic systems is with 

a three-bar resolution target, in which each group of bars differs in 

size by a factor of 6/2. This factor was chosen as the average reso

lution change just distinguishable by a human observer. This is a 

reasonable criterion to use, so the above tolerances were chosen to 

allow the resolution of the lens to drop by a factor l/e/2 from the 

nominal design. This should also make a reasonable criterion of how 

much to allow the imagery of a system fitted to standard radii to 

degrade before the image loss is considered unacceptable. To be con

servative, one could choose a value of half this amount, which would 

mean the average observer would be unable to detect a difference in 

resolution between the nominal design and the one fitted to standard 

radii. 

The resolution of a camera lens will also depend on the film 

being used. The resolution of the combination of lens and film will 

be given by the intersection of the lens MTF curve and the threshold 

modulation (TM) curve of the film. The TM curve is a plot of the 

required contrast of the image falling on the film to produce a 

resolvable image, versus the spatial frequency. 

One problem with using TM curves is that they are not readily 

available for standard photographic films. To estimate the resolution 



Table 3. Change on Axis for Errors in Centered Parameters 

Type of Surface MTF change at 35 lines/mm 
error No. Change Plus error Minus error 

DLF 1 6 -0.004 0.004 

2 6 0.003 -0.004 

3 6 -0.003 0.003 

4 6 -0.001 0.001 

5 6 0.010 -0.011 

7 6 -0.014 0.012 

8 6 -0.001 0.001 

9 6 0.008 -0.008 

10 6 -0.003 0.003 

11 6 0.004 -0.004 

DLT 1 0.05 -0.008 0.007 

2 0.08 -0.011 0.004 

3 0.05 -0.041 -0.009 

4 0.05 -0.041 -0.008 

5 0.08 -0.007 0.004 

6 0.08 -0.007 0.004 

7 0.05 -0.017 0.006 

8 0.05 -0.016 0.006 

9 0.08 0.010 -0.010 

10 0.08 0.006 -0.006 

DLN 1 0.01 -0.005 0.005 

3 0.01 -0.011 0.011 

4 0.01 0.012 -0.012 

7 0.01 0.014 -0.014 

8 0.01 -0.015 0.014 

10 0.01 -0.005 0.005 

DLF: Surface curvature, fringes at 546 nm 
DLT: Thickness, mm 
DLN: Refractive index 
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of the lens In question, an Itek "photographic resolution slide rule" 

was used, which consists of a clear plastic overlay on which the TM 

curves of several aerial films are printed, and a card on which a 

plot of the lens MTF can be drawn. When the two pieces are properly 

oriented, the resolution frequency can be read directly off the slide 

rule. One of the films represented on the slide rule, Tri-X, has a TM 

curve similar to one given on page 264 of the book Image Science,6 

which is for a typical photographic film. Therefore, the TM curve for 

Tri-X film was used in the following calculations. 

The allowed drop in MTF that corresponds to the drop in reso

lution stated above was determined graphically for each field height 

and azimuth, as illustrated in Figure 3. By definition, the degraded 

resolution frequency, Fj), will be 89% (l/5/?) of the nominal resolu

tion frequency, Fn. Then the allowed drop in MTF at Fq will simply 

be the difference between the nominal lens MTF at Fp and the TM 

curve at Fp. The results are given in Table 4. 

Table 4. MTF Drop Representing a Resolution Drop 

Field 
height Azimuth fd MTFN(FD) MTFD(FD) AMTF(FD) 

Axial Both 46 41 0.62 0.42 0.20 

0.7 Radial 43 38 0.54 0.37 0.17 

0.7 Tangential 50 44.5 0.62 0.47 0.15 

1.0 Radial 35 31 0.45 0.28 0.17 

1.0 Tangential 36 32 0.52 0.30 0.22 



NOMINAL SYSTEM 

TM, Tri-X 

MTF, 

MTF, 

DEGRADED SYSTE 

SPATIAL FREQUENCY (line pairs/mm) Fp F^ 

Fn,Fd: MAXIMUM RESOLUTION OF NOMINAL AND DEGRADED 
SYSTEM 

MTFN,MTFD: CONTRAST AT Fp OF NOMINAL AND DEGRADED IMAGE 

Fig. 3. Calculation of Allowed Drop in MTF Corresponding 
to Drop in Resolution. 
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The results from Table 4 were modified to give a more 

sensible and uniform criterion. The MTF drops were scaled to an 

equivalent drop in MTF at 35 lines/mm, by assuming that the MTF drop 

due to perturbations will go as the square of the frequency, that is, 

AMTF(Fjj) = (Fb/Fa)2AMTF(Fa). Also, since the tangential MTFs were 

better than the radial ones, it was decided to base the image 

criterion on only the radial MTFs, and simply check that the tangen

tial imagery does not drop unexpectedly fast. The final criterion 

used as the maximum allowable drop in MTF is given in Table 5. 

Table 5. Maximum Allowable Drop in MTF at 35 lines/mm 

Field (radial) Nominal MTF Degraded MTF MTF drop 

Axial 0.704 0.559 0.145 

0.7 0.597 0.452 0.145 

1.0 0.425 0.275 0.150 

Because the error function set up by CODE V will be the 

measure of performance during the radius-fitting process, it would be 

good to have some expectation of what increase in error function cor

responds to the drops in MTF given in Table 5. This was investigated 



by perturbing the lens in various ways, which produced the desired 

change in MTF, and calculating the error function of the perturbed 

system. The result was to show that the error function should 

increase between 5% and 25%, as the MTFs drop as in Table 5. 

Radius Fitting Using "TEST PLATE" 

CODE V contains an option, "TEST PLATE," that will automati

cally fit a lens system to a specified set of test plates. When this 

option is used, a test plate list of all available radii is entered in 

CODE V. The program then fits one lens surface at a time to these 

radii, and reoptimizes the lens using the remaining curvatures and 

thicknesses as variables. If the error function cannot be brought 

back below a certain limit by reoptimization (the default is 5% above 

the starting value), the surface is released and a new surface is 

selected. The program continues to fit surfaces to the plates until 

all surfaces have been either fitted or attempted. 

The order in which surfaces are attempted is governed by one 

of several fitting strategies. The default strategy is to start with 

the surface that lies within the largest power gap between successive 

radii in the test plate list. The refractive index change across the 

surface being fitted is taken into account, but not the proximity of 

the starting radius to the one it is being fitted to. Another 

strategy fits the radii in order of the strongest to weakest surface 

power. The third strategy used in this study was one in which the 

surfaces were fitted beginning with the one whose curvature is 

nearest to a test plate. 
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Since TEST PLATE uses CODE V's optimization routine, it 

requires all the constraint and weight inputs needed in an optimiza

tion run. All constants and weights were kept the same as in the 

final optimization of the lens. 

Determining the Widest Permissible Radius Spacing 

It was decided to use test plates (radii) spaced in equal 

increments of diopters, starting with sixteenth-diopter increments. 

The increments would then be doubled and redoubled until the lens 

could no longer be satisfactorily fitted. A surface curvature in 

diopters is the inverse focal length of the surface in meters, 

assuming optical crown glass of index 1.530. The relationship between 

the curvature in diopters (D) and the radius in millimeters (R) is 

given by 

There is no particular significance in using the diopter radii 

as the standard set except that they are the standard set in the 

eyeglass industry. This set has the advantage that the spacing of 

successive radii becomes closer as the curvature increases, which 

intuition indicates would be the region in which fitting would be the 

most difficult. 

Before going further it would be a good idea to define a 

relative measure of the spacing between radii. Let the percent 
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spacing (S) between radii be given by 

r2 D, 
S = (^ - 1)100 = (pi - 1)100 . (2) 

The percent spacing of test glasses spaced every sixteenth diopter 

will, of course, depend on radius. At the shortest radius in this 

double Gauss, S = 0.176; at the next to longest radius, S = 1.27. 

The double Gauss lens was fitted to the set of test plates 

spaced every sixteenth diopter without any difficulty. The imagery 

from the fitted system was virtually the same as the nominal design, 

indicating that the spacing of the test plates was not even approach

ing the maximum limit. 

The lens was next fitted to a set of test plates spaced every 

eighth diopter. This time there was a small drop in MTF, depending on 

field position, but the overall change in performance was much less 

than the allowable change derived before. A set of MTF curves for 

the fitted system is given in Appendix A. 

Once again the spacing of allowable radii was doubled, 

yielding quarter-diopter spacing between test plates. The fitted 

system showed a definite but easily acceptable drop in performance. 

The only MTF curve to suffer a sizable drop was for the full field 

tangential azimuth, which fell nearly the full amount allowed by the 

criterion for acceptable performance. The MTF curves for this system 

are given in Appendix A. 
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Finally, the allowed radii were reduced to a set spaced every 

half diopter. The resulting system was in some ways superior to the 

one fitted to each quarter diopter. The full field tangential MTF 

curve did not drop further, as had been expected, but was actually 

better than in the starting design (see Appendix A for MTF curves). 

The overall image quality was without question acceptably close to 

the starting system. 

These results were somewhat unexpected, as the spacing 

between allowed radii was relatively large. The percentage spacing 

of adjacent radii ranged from 1.43% at the shortest radii fitted, to 

11.11% at the next to longest radii fitted. With radii spaced by one 

half diopter, there are only 80 allowed radii representing all radii 

from 13.25 mm to infinity. 

Up to this point, all test plate fitting has been done 

entirely by CODE V, using its default fitting strategy, with no user 

intervention. There is therefore no conclusive proof that these 

fitted designs represent the optimum fitted designs for the allowed 

test plates. 

Fitting Scaled Designs to Every Half Diopter 

To show whether the above results were repeatable, or 

whether being able to fit this double Gauss design with so few radii 

was just a fluke, it was decided to scale the lens by some amount, 

and fit the scaled version to the same set of radii. In this way any 

coincidental closeness of the starting radii to allowed radii would be 

negated. 
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For each scaling of the lens, the design constraints were 

also scaled accordingly. To compare the image quality of the scaled 

and fitted designs to that of the starting design, the fitted systems 

were rescaled to 55.2 mm effective focal length. This would have the 

net effect of scaling all the allowed radii, but because of the setup 

of the program it was more easily accomplished as described. The 

clear apertures of the fitted systems were also adjusted to ensure 

that vignetting remained constant. 

The starting system was fitted to the set of radii spaced 

each half diopter, four separate times, once at the nominal focal 

length of 55.2 mm and once each at scaled versions of focal lengths 

58, 54, and 52 mm. 

In the first attempt to fit the system scaled to 58 mm focal 

length, the program failed to be able to fit surface No. 10 (radius 

107.185 mm), but fitted all other surfaces using the default fitting 

strategy. On the second attempt, surface No. 10 was fitted first and 

the remaining surfaces were fitted in order of strongest to weakest 

lens surface. By this method a satisfactory fit was achieved. 

When the first attempt was made to fit the system scaled 

down to 54 mm focal length, fitting in order from the strongest to 

weakest lens surface, surface No. 2 (R = 77.116 mm) failed to be 

fitted satisfactorily. Once again it was sufficient to fit this 

surface first and allow the remaining surfaces to be fitted from 

strongest to weakest, so that a satisfactory solution was found. 
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Up to this point a minimum user interference was needed in 

guiding CODE V to successfully fit all the lens surfaces to the 

chosen standard radii. This was not true with the system scaled to 

52 mm focal length. On the first attempt at fitting this system, 

again ordering the fitting from strongest to weakest lens surface, 

neither surface No. 2 nor 10 could be fitted by CODE V to the chosen 

set. When these two surfaces were fitted first, surfaces No. 7 and 9 

failed to be fitted to the test plate list without an unacceptably 

high increase in the error function. At this point the surfaces were 

fitted to the standard radii one at a time, without the aid of TEST 

PLATE, in an attempt to achieve a satisfactory fitting of every 

curvature in the system. The order in which the surfaces were fitted 

was still rather arbitrary, as will be discussed below. A reasonable 

system using only the radii spaced every half diopter was not 

achieved until the constraints on the system were slightly relaxed, 

so the image distance (in terms of a 55.2 mm focal length system) was 

reduced to 31.91 mm and the distortion was increased in magnitude 

from -3.5% to -3.7%. The change in the disortion constraint was 

necessary because, after all the curvatures were fixed, the only 

variables CODE V had left were thicknesses, which it used to meet the 

distortion constraint, at the cost of the lens imagery. 

The imagery of each of these last four fitted systems is 

compared to the starting system in Figure 4. This is a plot of image 

contrast at 35 lines/mm versus the field height. Sets of MTF curves 

for each of these systems are included in Appendix A. 
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Fig. 4. MTFs of Fitted Systems. 
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Note that the contrast drops the most between 0.5 and 0.8 

field height although the tolerancing study had indicated the 0.7 

field was insensitive to changes in the centered parameters. 

From Figure 4 it is concluded that using a set of radii spaced 

every one-half diopter gives enough flexibility to be able to success

fully fit the type of system being studied, most of the time. The 

performance level of the first three fitted systems is well above the 

minimum performance criterion set at the beginning of this chapter. 

The largest MTF drop among these three systems occurs in the system 

fitted at 58 mm focal length, in its 0.7 field radial MTF. The drop 

here is 0.080, which is slightly more than half the allowed drop of 

0.145. No significant drop in MTF occurred in any of these systems 

out to 0.4 field. 

The system fitted after being scaled to 52 mm focal length 

did suffer a noticeable drop in image quality, which under many cir

cumstances would be unacceptable, particularly in light of the fact 

that there is slightly more distortion. The drop in MTF at 0.7 field 

radial azimuth was 0.168. 

The root mean squared (rms) drop across the image field, at 

35 lines per millimeter, of all four fitted systems was 0.048. For 

the three better systems the rms drop was 0.035 and for the worst 

system it was 0.074. This may be compared to the allowed drop in MTF 

at 35 lines per millimeter of 0.145. 
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Comments on Fitting Radii 

A problem in fitting a lens design to test plates as 

described previously is that the process is highly random. Much 

depends on the order in which radii are fitted. Those radii fitted 

later in the fitting process can often change by two or three test 

plates from their original values. Table 6 lists the final fitted 

radii for two of the systems fitted to every half diopter, after being 

rescaled to 55.2 mm focal length. With each radius is listed the 

order in which the fitting of that surface took place, and the per

centage change of the final fitted radius compared to the starting 

radius. Also given are the starting radius and the percentage gap in 

standard radii that the starting radius falls into. (For reference, 

the surface data for all four systems fitted to standard radii are 

given in Appendix B, in the form of CODE V output.) 

Table 6. Changes in Radii After Fitting 

Fitted at 55.2-•mm EFL Fitted at 58.0-•mm EF L 

Surf. Starting % Fitted Order % Fitted Order % 
No. radius gap radius of fit change radius of fit change 

1 34.183 3.23 34.194 1 0.03 33.628 6 1.62 

2 78.834 7.69 81.539 2 3.43 77.602 8 -1.56 

3 22.436 2.13 22.083 7 -1.57 22.418 4 -0.08 

4 69.046 6.67 70.667 10 2.35 77.602 9 12.39 

5 14.972 1.43 14.930 6 -0.28 15.057 2 0.57 

7 -17.471 1.67 -18.587 8 6.44 -17.699 3 1.31 

8 3041.3 — 353.33 9 — Infinity 10 — 

9 -23.979 2.27 -25.854 3 7.82 -25.221 5 5.18 

10 107.18 11.11 96.364 4 -9.14 112.09 1 4.58 

11 -65.221 6.25 -75.714 5 16.09 -59.343 7 -9.01 
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Note from Table 6 how much the Individual radii between the 

systems can vary and yet produce imagery that is nearly identical. 

In fitting radii one at a time, it was often found that 

choosing the closest allowed radius to the current radius on a given 

surface did not produce the best result after reoptimization. That 

is, for a starting radius that is unequally spaced between two 

allowed radii, a better result might be achieved by choosing the more 

distant of the two allowed radii. Since CODE V's fitting routine 

always chooses the radius closest to the one to be fitted, this would 

have been missed. But again, the fact that choosing a given radius to 

fit a surface may give an immediate better result does not necessar

ily mean that choosing some other radius will not produce an ultimate 

better result after the remaining surfaces have been fitted. 

The apparent randomness of the test plate fitting procedure 

leads to speculation that a superior optimization program could be 

developed by assuming discrete radii right from the beginning of 

optimization. This question will have to be left to some future 

researcher. 

The fact that this lens design could be fitted with such a 

small collection of radii to choose from is not really surprising. 

When a design is optimized using a continuous choice of radii, the 

design achieved is actually "a" solution to the problem, not "the" 

solution. It is reasonable to assume that in the multi-dimensional 

solution space for a given design task there may be many closely 

spaced minimums (i.e., solutions), all giving nearly equal performance. 
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A technique to make test plate fitting a little easier, which 

was not used in the present study, would be to fit the most difficult 

curvature to a test plate by scaling the entire system at the start. 

In general a small change in effective focal length will not hinder 

the system performance, and one surface will have been fitted without 

any performance loss. 

Another point that should be made is that leaving one surface 

unfitted can have a large impact on those difficult designs for which 

fitting all the surfaces is not feasible. In the case of fitting the 

double Gauss after scaling to 52 mm focal length, when one of a few 

critical surfaces was left unfitted, a good design was achieved 

without relaxing the constraints. This could still leave the vast 

majority of new lens surfaces to be fitted to standard radii. 

Besides being rather random, the present method of test plate 

fitting used a large amount of computer time. A typical run that was 

successful in fitting all 10 radii would use 1200 cpu seconds on a 

VAX computer system. By using more of the designer's discretion, this 

could be cut down somewhat, but a large amount of computer time 

would still be required for reoptimization. It is this repeated reop-

timization that would allow lens systems to be fitted to a set of 

standard radii of reasonably wide spacing. 

Tolerances on Radii 

Before discussing the questionnaire on standardizing radii of 

curvature, it would be appropriate to discuss the tolerances on radii. 

If the design just studied were to be built using test plates that had 



yet to be made, what would be the effect of the small errors 

expected in the radius of each test plate? This will be discussed 

further in the next chapter. 

Two tolerance analysis runs were made on CODE V to study 

only the effect of errors in the radii of the test plates. The first 

assumes a uniform 0.1% tolerance in radius for every surface. The 

second uses tighter radius tolerances based on the individual master 

test plates to be made. The method used for estimating this second 

set of tolerances is discussed in Chapter 3. 

Table 7 gives the expected change in MTF on axis at 35 

lines/mm for ±0.1% changes in radius at each surface (focus used as a 

compensator). The probable drop in MTF for which 97.7% of all error 

combinations will produce a smaller drop is 0.042. At the 99.9 per

centile level the probable drop is 0.062. The MTF at other field 

angles showed less sensitivity, with the 97.7 percentile drop for 0.7 

and full field being 0.007 and 0.037 respectively. Even this fairly 

small drop in MTF may be more severe than need be allowed for such a 

trivial reason as not knowing the exact radius of the test plates. It 

is shown in the next chapter that 0.1% tolerance on radius is much 

looser than is required for making most test plates. 

Table 8 shows the expected change in MTF on axis at 35 

lines/mm, after a compensating focus shift, for the given tolerances, 

at each surface. Here the expected total drop in MTF at the 99.9% 

level is only 0.009. For 0.7 and full field the expected 99.9% level 

drops are only 0.001 and 0.008 respectively. 



Table 7. Effect of 0.1% Radius Tolerance 

Surface Tolerance, Change in MTF 

No. mm Plus error Minus error 

1 0.034 0.013 -0.013 

2 0.078 -0.004 0.004 

3 0.022 0.007 -0.011 

4 0.069 0.001 -0.001 

5 0.015 -0.020 0.018 

7 0.017 0.015 -0.018 

8 30.4 0.000 0.000 

9 0.024 -0.017 0.015 

10 0.107 0.002 -0.002 

11 0.065 -0.004 0.004 

Table 8. Effect of Test Plate Radius Tolerance 

Surface Tolerance Change in MTF 

No. mm /q Plus error Minus error 

1 0.0051 0.015 0.003 -0.003 

2 0.0179 0.023 -0.001 0.001 

3 0.0025 0.011 0.001 -0.001 

4 0.0128 0.018 0.000 0.000 

5 0.0025 0.017 -0.003 0.003 

7 0.0025 0.014 0.002 -0.002 

8 8.1 0.027 0.000 0.000 

9 0.0025 0.010 -0.002 0.002 

10 0.0187 0.017 0.000 0.000 

11 0.0109 0.017 0.000 0.000 



CHAPTER 3 

QUESTIONNAIRE ON STANDARDIZING RADII OF CURVATURE 

Description of Questionnaire 

A questionnaire was sent to various optical companies to find 

out the reactions of the optics community to the use of standardized 

radii. The questionnaire consisted of three short questions and a 

large space for comments. An accompanying letter explained the 

nature of the research. A copy of the questionnaire and letter is 

included in Appendix C. 

The companies to which the questionnaire were sent were 

selected from the Optical Systems Directory. The letters were 

addressed to specific individuals when names were available. 

Otherwise they were addressed to the Chief Optical Engineer. 

Response to the Questionnaire 

The response to the questionnaire was good. From a total of 

46 questionnaires sent out, 28 responses were received (61%). From 

the 22 questionnaires sent to specific individuals, 17 responses were 

received. 

The first question on the questionnaire asked whether the 

company kept a stock of test plates, and if so would they send a copy 

of their test glass list. Of 25 companies, 22 did stock test plates, 

and 17 of these supplied their lists. 

31 
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The second question asked whether the company made a 

practice of fitting new designs to existing test plates. The 

overwhelming answer was yes, with only one "no" answer out of 25 and 

one checking both yes and no. In retrospect, this question would have 

been better put if it had allowed the respondent more flexibility 

than a simple "yes" or "no" answer. 

The third question proved to be poorly worded. It asked for 

the maximum number of standard radii that would be practical. The 

intent of this question was to find out how many standard radii could 

be used before the number became so large that there failed to be 

any advantage to having standard radii. This was meant purely from a 

manufacturing standpoint, completely ignoring any design consequences. 

A question that could have been asked in place of this one would have 

been, "What do you estimate your present success rate is in fitting 

new lens surfaces to existing test plates?" 

By far the most important section of the questionnaire was 

that reserved for comments. The responses were extremely varied and 

proved interesting and enlightening. 

Several respondents commented that the standardization of 

radii of curvature was a good idea and that it would be beneficial to 

the optics industry. Many individuals brought up potential problems 

in designing with standard radii, and the problems of such a set's 

ever gaining acceptance. The rest of this chapter deals with these 

issues. 
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Potential Problems in Designing with Standard Radii 

High Performance Systems 

A problem frequently mentioned was the difficulty that would 

be encountered in fitting extremely high performance systems to 

standard radii. In particular, it was pointed out that such systems 
l 

as low f-number diffraction-limited systems and apochromats will be 

highly sensitive to radius change, and thus a standard set of radii 

would be too restrictive. 

Although it is true that high performance systems will be 

more critical, this should not be a serious drawback to using standard 

radii. One must look at the total number of systems involved. 

Systems that are so critical that few of their surfaces can be fitted 

to a given set of standard radii will constitute only a small 

fraction of the new designs (lens surfaces) built. 

One respondent noted that the term "precision" optics industry 

was used in describing the area that this research applied to. He 

thus assumed that very high quality diffraction-limited optics were 

the primary concern. Actually the term "precision" was used to dis

tinguish the optics industry from the ophthalmic industry. In view of 

the audience for the questionnaire, the term precision may have been 

misleading. The commercial optics industry is included in the area of 

interest. 

Another point to be made about high performance systems is 

that, even for these systems, most of the surfaces could probably 

still be fitted to a set of standard radii without undue performance 



loss. The few cases of ultrahigh performance systems that sell in 

very small quantities with very high price tags are exceptions, and it 

is assumed that no expense will be spared, including making precise 

test plates and tooling if necessary. 

Compatibility of Standard Radii and System Design 

Another common objection to the use of standard radii is 

summed up by the statement "true system optimization is incompatible 

with the use of standard radii." Strictly speaking, this is true. If 

it is assumed there is one "best" system (or at least some locally 

"best" system) to meet a certain requirement, then there should be 

precise "best" radii for each surface. Any changes to this design 

will leave it less than optimum. 

In real situations the ultimate performance of the system is 

not the only consideration in optimizing a design. In the first place 

there is always some point before which any drop in performance will 

be undetectable. Beyond this there may be a point where the perform

ance loss is detectable, but the lens system will still adequately 

meet the task it was designed for. Such criteria are taken into 

account when manufacturing tolerances are selected. 

Then the job of the lens designer is to take all aspects of a 

system into account, to design an optimum system to be manufactured. 

In some cases the ultimate performance requirements far outweigh any 

other factor. But the very fact that it is a nearly universal 

practice to attempt to fit new designs to existing test plates shows 

that reducing construction costs is also part of system design. 
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Required Number of Standard Radii 

Several respondents commented that the number of radii 

required to cover the range of radii needed in sufficiently small 

increments would be very high. From the study described in Chapter 2, 

this seems not to be the case. There, a double Gauss design was 

fitted consistently, albeit with some degree of difficulty, using only 

80 radii from 13.25 mm to infinity. It is reasonable to surmise that 

5 to 10 times this number of radii should allow most systems to be 

fitted successfully. The average number of radii represented in the 

16 lists of test plates received was 880, so a set of 400 to 800 

standard radii sounds reasonable. More will be said about the spacing 

of radii in the next chapter. 

It bears repeating that no set of standard radii need be 

spaced so closely as to allow very critical systems to be built using 

only standard radii. 

Effect of Variation in Refractive Index 

The responses also pointed out that variations in the melt 

indices of glass are often significant, and are compensated for using 

curvatures. The use of standard radii forbids small curvature adjust

ments of this type. 

This is another instance in which the problem is reduced by 

considering the percentage of cases this will apply to. For less 

demanding systems, melt recompensation will probably not be 

necessary. In the case of the double Gauss objective (Chapter 2), the 

standard Schott tolerances of ±0.001 in refractive index are 
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acceptable. In some cases, modest amounts of recompensation can be 

done using only thicknesses. In many cases the glass required to 

build all the systems of one design will be bought at the beginning, 

from one melt, so no recompensation will be needed. 

For cases in which melt recompensation is required, it should 

still be possible. Suppose a design is fitted to the set of standard 

radii, using a given set of melt indices. Later a new purchase of 

glass proves to have different melt indices, and recompensation is 

required. It is reasonable to suppose that the new melt indices could 

be put in place of the old ones, and that the design could be reop-

timized and refitted to standard radii as successfully (on the 

average) as it had been in the first place. This may be a more 

design-intensive way of compensating for index change, but the amount 

of new tooling would be reduced. 

Accuracy of Test Plate Radii 

Another factor to consider is the effect of manufacturing 

errors in the radii of the supposedly standard radius test plates. In 

general a given lens system may be designed using relatively widely 

spaced radii, but the radii used must be known to a high degree of 

accuracy. 

A common radius tolerance given in the production of master 

test plates is 0.1%. (By master test plates is meant the plus and 

minus set of test plates of a given radius that are used in making 

the working test plates. In general a spherometer is used to measure 

the radius of the master set, and their sphericity is measured against 
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each other.) If companies were to adopt the use of standard radii, 

and each made its own sets of master test plates using a 0.1% radius 

tolerance, the test plates could differ from one company to another 

by as much as 0.2% in radius. Intuition indicates that this is an 

unacceptably high variation. 

The effect of using a 0.1% radius tolerance can be seen in 

the tolerance analysis given in Chapter 2. The performance loss 

expected, while easily allowed by the performance criterion adopted, 

was beginning to be significant. It is clear that a more critical 

system would not allow such a large tolerance, without performing 

compensation for the changes in radii. 

Although 0.1% is a common radius tolerance in master test 

plate production, the actual tolerance to which test plates can be 

produced depends on their radius and diameter. In fact, for most 

radii the tolerance could be held much closer. 

In having test plates made to a new radius (i.e., no existing 

test plates of that radius), the set of master test plates should be 

made as large as is practicable to fabricate, in order to allow the 

tightest radius tolerance. Working test plates will be made of a 

convenient diameter to check the actual lens surfaces. Thus a large-

diameter set of masters can be used to make both large and small 

working test plates. 

For radii less than about 30 mm, the master set of test 

plates should be made as a hyper-hemisphere (i.e., the convex piece 

extending beyond a hemisphere). When this is done the radius can be 
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measured very closely by measuring the diameter of the convex ball. 

This diameter can easily be measured to within 0.005 mm (0.0002 in.) 

using a well calibrated micrometer, and the radius can be fabricated 

within the limits of this measurement. Then a 6.27-mm (0.25-in.) 

radius hyper-hemisphere can be made to within 0.04 % and a 25.4-mm 

(1.00-in.) radius hyper-hemisphere can be made to within 0.01% of 

radius. 

For large radii the use of hyper-hemispheres would be imprac

ticable. However, if the master set is made to a reasonably large 

diameter, the radius can normally be held much closer than 0.1%, 

using only mechanical measuring techniques. 

(R) can be calculated from the sagitta value (S) over some diameter 

(D). The three are related as 

If D is a known constant and we have measured S with an uncertainty 

of dS, the error in the sagitta measurement is related to the error 

in R as in 

For spherical surfaces of less than a hemisphere, the radius 

S (3) 

dS (4) 

If this is solved for dR and the relative aperture is given by 

A = D/R, the absolute uncertainly in R is given by 



39 

dR = . (5) 

[i - <4>2]1/2 

Suppose an optician is using a well calibrated spherometer, 

such as the Strasbaugh Model 18AS, which measures sagitta to within 

0.0025 mm (0.0001 in.) with a maximum range of sagitta of 15.2 mm 

(0.60 in.). For sets of master test plates for which the diameter 

equals the radius (A = 1), the absolute value of radius can be 

measured to within 0.0164 mm (0.00065 in.). Table 9 gives some sample 

percentage accuracies to which various radius test plates can be 

measured using the spherometer described above, and assuming certain 

diameters. 

Table 9. Spherometer Measurement Accuracy 

% Uncertainty 
Radius Diameter Sagitta in radius 

25.4 38.1 8.60 0.020 

38.1 38.1 5.10 0.043 

38.1 50.8 9.70 0.020 

63.5 50.8 5.3 0.044 

63.5 76.2 12.70 0.016 

88.9 76.2 8.58 0.027 

101.6 101.6 13.61 0.013 

152.4 127.0 13.86 0.017 

203.2 152.4 14.83 0.016 

508.0 152.4 5.75 0.044 

1016 152.4 2.86 0.089 

2032 152.4 1.43 0.178 
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Table 9 shows that the accuracy to which the radii of test 

plates could be measured (and fabricated) is roughly one-fourth of 

the 0.1% tolerance normally given, for most radii. This accuracy can 

be held without requiring that test plates have unreasonably large 

diameters or deep sagitta, and no highly sophisticated measurement 

techniques or equipment are needed. Requiring that the final radius 

of a new set of test plates be within these tighter tolerances should 

create only a small, if any, increase in cost. 

Table 8 in Chapter 2 showed the results of using tighter 

radius tolerances on the test plates. With these tighter tolerances, 

which were based on how closely test plates could readily be made, 

the expected drop in MTF was insignificant. If test plates were con

sistently made to these tighter standards, all but very critical 

systems could be designed to standard test plates, without the need 

to compensate for any inaccuracy in the radii of the real test plates 

used in production of the system. For more critical systems it will 

be necessary to accurately measure the radius of the finished test 

plate and design the system using the more accurate value. This is 

no more than is necessary now, when new designs are fitted to 

existing test plates or when new test plates are fabricated. 

One person replying to the questionnaire suggested that test 

plates would also need to be standardized in terms of diameter and 

tolerances. The above calculations indicate this to be a good 

suggestion. 
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One other suggestion concerning the accuracy of the test 

plates was the possibility of creating a "test glass bank." Under 

such a system the Bureau of Standards or some such authority would 

maintain a bank of master test plate sets that would become the 

standard. Any new sets of master test plates produced would be made 

using a set out of the standard bank, rather than to a spherometer. 

In this way all test plates of one nominal radius would be within a 

fraction of a ring of power to each other. The implementation of 

such a system would appear to be difficult. 

"Spot Blocks" 

A final word on design problems was that the widespread use 

of "spot blocks" caused the manufacturer to be very unhappy with a 

change in either radius or thickness, which leaves no variables for 

melt recompensation. This does seem to be a design problem; however, 

the use of standard radii would not appear to either intensify or 

alleviate the problem. 

Implementing the Use of Standard Radii 

Up to this point, in studying the design aspects of using 

standard radii, there has been no reason why a workable system of 

standard radii could not be devised. In this section the optics 

industry's acceptance of such a system will be discussed. 

New Tooling Required 

The largest obstacle to the acceptance of a system of 

standard radii is the fact that all established optical companies have 



already built up their own stocks of test plates and tooling. The 

introduction of standard radii would mean new tooling for everyone, 

on every order. Since many companies already have more than 1000 

test plates in stock, they can almost always fit any new design to 

their own existing test plates. 

It was commented more than once that, for the reason just 

given, resistance to any change would be high. The change would have 

to be made very gradually, with new designs being fitted to standard 

radii and the new tooling being produced as it was needed. Thus it 

would take a long time before the standard tooling became widespread 

enough to represent a net decrease in fabrication cost. 

The optics industry would have to have some incentive to make 

such a change. One respondent pointed out that only the government 

has the monolithic structure, size, and clout necessary to induce such 

a change. 

One small way in which the transition to standard radii could 

be made easier is the possibility of converting existing test plates. 

Companies that own large stocks of test plates will by chance have 

many test plates that are within a few fringes of standard radii. 

Thus any test plate that is, for example, within 20 fringes of power 

to a standard radius could be repolished to the standard radius, 

without generating or grinding, for a fraction of the cost of 

producing a set from scratch. This also has the psychological satis

faction of making use of old tooling rather than scrapping it because 

it will never be used again. 
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Economic Value of Standard Radii 

Some respondents pointed out that in many cases the cost of 

test plates represents a small incremental part of the cost of 

producing a system and thus was not of great concern. Examples 

would be very high performance lenses, or large-volume consumer 

products, particularly those of very long lifetime that are produced 

over a period of many years. 

The above argument is quite valid, depending on the type of 

work a given company tends to do. However, it must be considered 

that the test plates are not the only tooling involved in a radius 

change. In most cases the cost of the fine grinding and roughing 

tools will be the major expense involved. Also, it would be hoped 

that the acceptance of standard radii would make all spherical 

tooling less expensive, which could only be an advantage. By the 

nearly universal practice of fitting new designs to existing test 

plates, it must be assumed that the reusing of existing test plates 

and tools is considered worthwhile. 

It was also pointed out that radius-measuring interferometers 

reduce the concern over the production of test plates. Indeed the 

question arises whether test plates will continue to be used at all. 

It was the opinion of other respondents that test plates 

would continue to be used for a long time to come. Test plates are 

convenient to use since there are no alignment or mounting problems. 

Lenses in production can easily be checked while still on the 

polishing block. In production line situations it is more practicable 



to equip each worker with a test plate than with a radius-measuring 

interferometer. 

Even in situations where test plates might be done away with, 

the remaining tooling cost is enough incentive to use standard radii. 



CHAPTER 4 

RADIUS DISTRIBUTION AND SPACING 

In Chapter 2 a typical lens system was fitted to a trial set 

of standard radii spaced in equal increments of curvature (diopters) 

to discover the maximum permissible spacing of standard radii. In 

this chapter the question of what should be the distribution of 

standard radii is studied. This will call on comments received from 

the questionnaire response, a look at the radius distribution of 

existing test plates, and a description of two proposed lists of 

standard radii. 

Comments from Questionnaire 

In retrospect, it would have been good to have asked in the 

questionnaire what the optical designers estimated their success rate 

to be in fitting new designs to existing test plates, and also to have 

asked whether they used any special procedure in fitting designs to 

test plates. This would have helped in estimating the required 

number of standard radii. Fortunately, several respondents volun

teered their success rates in fitting to test plates, either directly 

or by implication. 

A designer from a company with a large selection of test 

plates (more than 3000), reported never having failed to fit a new 

design to existing test plates. Two other designers, having at their 

45 
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disposal approximately 1500 and 1200 radii respectively, reported 

"hardly ever" needing to have new test plates made. Another lens 

designer, with about 900 plates to choose from, reported a 90% 

success rate in fitting visible systems "to existing test plates. One 

designer estimated that 350 to 400 "logically spaced" radii between 0 

and 25 diopters would "do the job" in 99% of all cases. Finally, a 

reply from a smaller company having about 200 test plates to call 

upon reported being able to fit 70% to 80% of new designs to them. 

Obviously the above smattering of comments is hardly a con

trolled study. None of them indicate what criterion is being used to 

determine a "successful fitting," what priority is placed upon fitting 

to existing test plates, or what types of systems are typically being 

designed. Nevertheless these comments indicate that a logically 

spaced set of 500 to 800 radii would probably allow more than 95 % of 

new lens surfaces to be fitted. 

A logically spaced set of radii would be one in which the 

spacing between successive radii, as a function of radius, would allow 

a given number of test plates to most effectively fill the desired 

radius range. Such a set would make more efficient use of each 

radius since it would not contain the fairly random spacing charac

teristic of most companies' stock of test plates. 

Three respondents also gave their own suggested spacing of 

radii. Once again there are no particular guidelines set as to how 

these numbers were derived, but they are interesting and included for 

completeness: 
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Suggested spacing A: Radius (mm) Spacing 

20 0.2 % 
50 0.25% 
100 0.5% 
500 1.0% 

Suggested spacing B: Curvature Spacing 

1/2 to 10 diopters Finer than 1.0% (as fine 
as 0.5% in places) 

10 to 25 diopters 1.0% to 2.0% 

Suggested spacing C: F-No. of No. of radii Percent spacing 
system from 0 to (R = 21.2 to 
being fitted 25 diopters 10,000 mm) 

Greater than 1000 0.62% 
4.0 

4.0 to 1.5 1000x(4/F-No.)3 0.62% to 0.033% 
Less than 1.5 More than 0.031 % 

20,000 

Clearly there is a wide variation in opinion of what the spacing of 

radii would have to be. 

Effect of Relative Aperture 

In general it should be expected that the larger the relative 

aperture of a surface (D/R ratio) the more sensitive that surface 

will be to a change in radius. On the average, the longer a radius is, 

the smaller will be the relative aperture at which that radius will 

be used. Thus a given percentage change in a longer radius will tend 

to have less effect on the system's performance. 

The fact that a surface with larger relative aperture will be 

more sensitive to radius change is borne out by the tolerance 

analysis done on the double Gauss objective in Chapter 2. When a 0.1% 

radius tolerance was allowed on all surfaces, those surfaces of 
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smaller radius and thus larger relative aperture had the greater 

effect on the performance. The fact that it is the relative aperture 

that causes the sensitivity is made clear by considering the effect of 

scaling the entire system up by a factor of 10. Since all dimensions 

have increased by a factor of 10 (and the system's performance is 

measured geometrically), the relative effect of a 0.1% tolerance on 

all radii will be the same as before scaling. 

The exact manner in which the relative aperture will affect a 

surface's sensitivity to change will be complex. One person replying 

to the questionnaire suggested that the sensitivity of a design to 

radius change was proportional to the inverse cube of the f-number. 

This may be true of diffraction-limited systems of a given focal 

length in a given wavelength range, but it is unlikely to hold true in 

general. In a diffraction-limited system the image quality will go up 

with decreasing f-number. For most systems the f-number is made 

small to increase the speed of the system. Often the image quality 

expected out of these low f-number systems is considerably less than 

that from a similar higher f-number system. In these cases it is 

much less clear how the change in relative aperture affects the 

design's sensitivity to radius. 

It has also not been shown how the sensitivity of a design to 

random errors in radius (such as studied in the tolerance analysis) 

corresponds to the minimum spacing required between available radii 

in order for the design to be successfully fitted to them. Intuition 

would indicate that there would be a correlation. Intuition would 
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also indicate that the relative effect of random errors would 

increase faster than the need for closer spaced radii to fit the 

system to. 

A detailed study of the above questions is beyond the scope 

of this thesis. This should not detract from the conclusions that 

will be drawn. 

Distribution of Existing Test Plates 

A valuable and interesting piece of information is the current 

distribution of tooling in the optics industry. Sixteen companies 

assisted in this area by supplying their lists of test plates. These 

lists should be fairly representative of all companies that keep 

stocks of test plates. 

To study the distribution of these test plates, each list was 

categorized by radius. Two forms were made and filled out for each 

individual test glass list. The first divided all radii between 1 and 

10,000 mm into 40 divisions equally spaced in terms of log(R). Thus, 

between 1 and 10 mm there were 10 divisions; between 10 and 100 mm 

there were 10 divisions; etc. The second form divided all radii into 

convenient groupings for plotting the data linearly with radius and 

curvature (in diopters). 

In counting up test plates within each division, no account 

was made of the diameter of the test plate, since this would have 

unduly complicated the results. Also for simplicity it was not taken 

into account whether or not both the plus and minus test plates of a 

given radius existed. Only one test plate of a given radius was 
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counted, so the distributions that were plotted represent the distri

bution of available radii, not necessarily the number of test plates. 

A computer program was written to plot histograms from the 

information in these forms. This was done on a Hewlett-Packard 85 

computer. Three types of plots were made. In the first type the 

x-axis is divided into equal increments of log(R), and the y-axis gives 

the number of radii per division, normalized by dividing by the total 

number of radii in the list. The height of each bar will be propor

tional to the inverse of the average spacing between adjacent radii in 

that grouping. In the second type of histogram, the x-axis is linear 

with radius and is calibrated in millimeters. The y-axis gives the 

number of test plates per millimeter of radius, normalized by the 

total number of test plates. The third type of plot has the x-axis 

linear with curvature, calibrated in diopters. The y-axis gives the 

number of test plates per diopter divided by the total number of test 

plates. 

Figures 5a, b, and c show the radius distribution of the com

bination of all 16 lists received. Appendix D contains plots of the 

log distribution for each of the 16 individual lists. 

The primary factor determining the shape of the plots in 

Figure 5 is the usage of radii in lens systems, that is, the frequency 

with which radii are used in designing systems as a function of 

radius. 

Another factor that would be expected to influence the shape 

of these plots would be the variation with radius of the relative 
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difficulty in fitting a new design to existing test plates. For long 

radii., where the relative aperture tends to be small, it is expected 

that fitting to existing test plates will be fairly easy; thus the 

need to make a new test plate would arise less often. For short 

radii the opposite will be true. The expected effect would be to 

increase the number of test plates made at short radii and decrease 

the number at long radii. 

Spacing of Existing Test Plates 

One advantage of using standard radii is that, if a company 

used standard radii from its beginning, it would build up a more 

uniformly spaced stock of tooling. With the tools spaced uniformly, 

the company could cover the same radius range with fewer tools. 

Without such a system to guide in selecting new tools, the company 

will probably build up a stock of tools with random spacings between 

successive radii. 

The distribution of the spacings between radii was studied 

with the aid of a computer program. This program used as its input 

all the radii from a test plate list that fell between certain limits. 

From this it calculated the average percent spacing of test plates in 

that radius range and the individual spacings (gaps) between succes

sive test plates. Finally the program tallied how many gaps were 

less than half the average gap size, how many were between -0.5 and 

1.5, 1.5 and 2.5, and 2.5 and 4.0 times the average, and how many were 

more than 4.0 times the average gap size. 
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Seven test plate lists were studied at three different radius 

ranges. The results are summarized in Table 10. The fraction of gaps 

that were much larger or smaller than the average was very consis

tent from one company to the next. An interesting fact that can be 

seen in this table is that the spacing of successive radii becomes 

decidedly more irregular as the radii increase. 

Table 10. Spacing Distribution of Existing Test Plates 

Percent of gaps— 

<0.5 0.5-1.5 1.5-2.5 2.5-4.0 >4.0 
Radius range average average average average average 

R = 10-12.59 mm 21.2 65.4 10.9 1.9 0.6 
Log(R) = 1-1.1 

R = 50.12-63.10 mm 26.6 55.1 14.4 3.7 0.3 
Log(R) = 1.7-1.8 

R = 251.2-316.2 mm 37.9 38.9 15.3 7.4 0.5 
Log(R) = 2.4-2.5 

Table 10 was based on the spacing of 733 test plates divided 

among the three radius ranges and seven companies. If each company 

were to buy additional test plates to fill in the larger gaps so that 

no gap remained that was more than 1.5 times the present average gap 

size (in that particular radius range and company), a total of 169 new 

plates would be needed. In other words, 23% more test plates are 

needed to fill in the large gaps left by the random accumulation of 

test plates. 
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It is safe to conclude that an average teSt plate list will 

use at least 20% more test plates to cover a given radius range than 

would be needed to cover the same range just as thoroughly if a 

logically spaced set of radii were used. 

Distribution of Standard Radii 

Two important questions concerning the choice of standard 

radii are: "Over what range should standard radii apply?" and "How 

should the spacing between radii vary as a function of radius?" 

A good starting point in answering these questions would be 

to look at the distribution of existing test plates shown in Figure 5. 

A spacing function could be chosen so that the distribution of 

standard radii matched this distribution. This plan would have the 

advantage that standard radii would be most closely spaced in the 

region where the radii are most used. 

The above plan would result in inefficiency, however, because 

it does not take into account the required radius spacing from a lens 

design standpoint. A plan that considered only the sensitivity of 

optical system designs to radius (or radius spacing) would have more 

radii at the short end, where relative apertures tend to be large, at 

the cost of moderate and long radii. This would not be appropriate 

because these short radii (less than 10 mm, for example) are less 

frequently used. 

A sensible distribution of standard radii will take into 

account both design and usage. A minimum spacing based on need 

should be chosen, which will eliminate the high peak found on the 



distribution of Figure 5a. At long radii the spacing will increase 

because wider gaps can be tolerated in designing systems. The 

maximum radius would be on the order of 10 m. At short radii the 

spacing will again increase because of the lack of use in this range. 

However, it should be expected that a set of standard radii would be 

shifted toward shorter radii than in Figure 5 because of the need in 

system design for closer spacing in this region. Finally, some 

minimum applicable radius might be chosen beyond which no standardi

zation is practicable. 

German National Standard List 

The qualities of a sensible set of standard radii described 

above are well met in a list of standard radii adopted by the German 

Bureau of Standards (Deutschen Normenausschusses) under its German 

Industry Standard (Deutsche Industrie Norm) DIN 58166. This and pub

lication DIN 58161, which sets tolerances on the radii of test 

glasses, are included in Appendix E. 

This set of standard radii is based on an array of 320 values 

between successive powers of 10. The numbers in this array are a 

geometrical progression starting with an integer power of 10, and 

with each successive number increasing by a factor of 320/T(T. Since 

not all radii are equally needed, not every value of the basic array 

is used in every radius range. For example, between 10 and 100 mm 

radius, every value of the basic array is used, so there are 320 

standard radii in this range. Between 100 and 1000 mm, every other 

value in the basic array is used, so there are 160 radii in this range. 
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Table 11 shows which values from the basic array are used. Figure 6 

shows the distribution of radii in the DIN standard. On the same 

scale is plotted the distribution of existing test plates that was 

given in Figure 5a. As can be seen in Figure 6, the DIN distribution 

has the characteristics of a sensible distribution of radii described 

in the last section. The high peak (representing close spacing) of 

Figure 5a is eliminated, and the entire distribution is shifted toward 

shorter radii. 

Table 11. Spacing Distribution of DIN Radii 

Radius 
From 

range (mm) 
To 

Number of radii 
per decade 

% Spacing 
of radii 

Number 
of radii 

0.2512 0.3981 20 11.845 4 

0.3981 0.5623 40 5.923 6 

0.5623 2.1135 80 2.920 46 

2.1135 10 160 1.450 108 

10 100 320 0.772 320 

100 1000 160 1.450 160 

1000 3981 80 2.920 50 

3981 6310 40 5.923 7 

6310 10,000 20 11.845 5 

The total number of radii in the complete DIN set is 705. 

However, many of these are very short radii, not commonly used. For 

example, the list contains 55 radii of less than 2 mm, but of the 

14,088 test plates tabulated only 14 were in this range. Then the 

effective number of standard radii in this list is much smaller. 



58 

70 

TOTAL DISTRIBUTION 
FROM FIG. 5a 60 

50 

30 

20 

10 

0 
1 0  100 1000 10,000  

RADIUS (mm) 

Fig. 6. Distribution of DIN Radii. 

Number of radii: 705 



Probably an average company fitting all its designs to this list 

would eventually acquire test plates for all 542 radii over 10 mm and 

perhaps 60 more below 10 mm, for a total of about 600 standard radii. 

In Chapter 3 it was estimated that between 400 and 800 radii would 

make an ample set for fitting most lens designs, while still being a 

reasonable number of radii for most companies to stock. 

The lens system in Chapter 2 was fitted to a set of radii 

spaced every one-half diopter. The average spacing of these radii 

about each of the eight surfaces in the system that were below 

100 mm in radius was 3.92%. For the DIN set, the spacing between 

radii from 10 to 100 mm is 0.722%. Since the spacing of the DIN set 

is very much closer than the set used to successfully fit the double 

Gauss objective in Chapter 2, it may be concluded that many types of 

optical systems could be successfully fitted to the DIN radii. 

As indicated before, the DIN standard includes short radii 

that, it would seem, are seldom used. However, in the past few years 

new uses for optical systems have arisen that will probably increase 

the demand for these short radii. Therefore the fact that they are 

included may prove to be a good feature of the DIN list. 

The fact that the DIN list is based on a geometrical progres

sion is a convenient feature. Because of this feature, a lens system 

designed using DIN radii can be scaled by discrete amounts so that all 

radii will still be on the DIN list. 

The use of radii in a geometrical progression also, however, 

creates a problem in that the spacing between radii cannot change 
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gradually. It must change by a factor of 2. The DIN publication 

describing the radii suggests that, when a surface cannot be fitted to 

a standard radius, alternative radii spaced halfway between the 

standards should be used. This in essence would create a standard, 

alternative set. This would give many of the benefits sought in using 

a set of standard radii in the first place. 

Further Information on the DIN Standard 

The DIN radii have reportedly gained some degree of accept

ance in Germany and the rest of Europe, but not to the extent that 

trade between companies is affected. Several companies have their 

own versions of the DIN radii along with other radii in their stocks 

of test glasses. One company responding to the questionnaire was in 

this category. 

To date, the author has found no information on the origin of 

the DIN standard radii. Three persons responding to the questionnaire 

mentioned the DIN standard, but subsequent phone calls to these 

persons, as well as two calls to Europe, failed to turn up any more 

information on the background of this standard. Presumably informa

tion exists on the research and logic that went into selecting this 

particular system, but apparently it is not readily available in this 

country, nor is it common knowledge in Europe. 

T. W. Smith 

A work that bears mentioning is a paper by Thomas W. Smith, 

"The Spacing of Glass-Working Tools," ̂ published in 1920. The main 



purpose of the paper was to determine the minimum spacing needed 

between radii in a set of glass-working tools intended for general 

use. By making all new tools according to a list derived from this 

determination, economy could be achieved in the number of tools 

needed to cover a range of curvatures. Smith derived such a list and 

proposed that it be adopted by manufacturers as a standard set. 

Smith determined the relative tool spacing by first assuming 

a relationship between relative aperture of a surface and its radius. 

Then he calculated the expected change in chromatic and spherical 

aberrations with radius. The relative spacings between radii were 

then so chosen that all the calculated radii for a critical lens 

design could be changed to the nearest radii of the standard set 

without undue drop in performance. 

Smith's proposed list was based on a fairly lengthy equation 

he derived from the criteria given above. He estimated that 1000 

radii would be needed in a complete list, and so based his calcula

tions on this number. Figure 7 is a plot of Smith's proposed tool 

radius distribution. Note that it is very heavily biased toward 

shorter radii. 

Smith had many useful ideas, particularly with regard to 

producing a logically spaced set of tools. Indeed, at least one 

company is using a version of his system in filling gaps in its test 

glass list, as the need for new tools arises. 
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CHAPTER 5 

CONCLUSIONS 

The use of standard radii in designing lens systems is practi

cable. In this study, a double Gauss objective was fitted to discrete 

radii, and it was found that a set of 80 radii covering the range 

13.25 mm to infinity could be used successfully. Of four systems 

fitted to such a set of radii, three had imagery very close to the 

starting design, with a root mean squared drop in MTF of 0.035 at 35 

lines per millimeter. The fourth system was fitted to this set with 

marginal success, the corresponding rms drop in MTF being 0.078. 

Based on this study and responses to a questionnaire, it is 

concluded that a set of 400 to 800 discrete radii, covering the range 

1 to 10,000 mm, would make a practical set to which most lens designs 

could be fitted. However, there will always be the need to use radii 

outside the chosen set, in extremely demanding cases. 

Reaction from the optics industry to the proposal of using 

standard radii is mixed. Many believe it to be practical and a bene

ficial idea. Others believe a fixed set of radii to be too restrictive 

and the benefits only marginal. The major barrier blocking the 

adoption of standard radii appears to be the initial expense that 

would be incurred. Most companies that manufacture optical parts 

keep their own stocks of test plates and other tooling, which would 

have to be replaced if standard radii were adopted. There would be a 
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long delay before a net reduction of manufacturing cost was experi

enced by anyone. 

A set of standard radii adopted as the German National 

Standard has gained some degree of acceptance in Europe. This set is 

logically constructed, meeting the characteristics of a logical set of 

standard radii indicated by this study. It is the author's recommen

dation that this set should be chosen, should standardization in this 

country ever be considered. Even if standardization is not adopted, 

any company just beginning the acquisition of a stock of test plates 

would benefit by using the German National Standard list in selecting 

new test plates, in order to build up a logically spaced set of tools. 
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Fitted at 55.2 mm EFL 

RADIUS CCY THICKNESS THC GLASS 
OBJ 1.0000E+18 300 0.100000E+11 0 

J 34.19360 300 5.477210 0 LAF21 SCHQTT 
•j 81.53850 300 0.100000 0 AIR 
3 22.08330 300 6.204661 0 BASF51 SCHOTT 
4 70.66670 300 2.200000 0 SF55 SCHOTT 
5 14.92960 300 5.514328 0 AIR 
6 1.0000E+18 300 11.939466 0 AIR 
7 -18.59650 300 2.502033 0 SF8 SCHOTT 
3 353.33330 300 6.801858 0 LASK02 OHARA 
9 -25.85370 300 0.100000 0 AIR 
10 96.36360 300 6.471183 0 LASK02 OHARA 
11 -75.71430 300 32.110346 100** AIR 
12 1.0000E+18 300 -0.110346 0 

Fitted at 58.Q mm EFL 

RADIUS CCY THICKNESS THC GLASS 

OBJ 1.0000E+18 200 0.100000E+11 0 

1 33.62755 300 5.888636 0 LAF21 SCHOTT 
n 77.60216 300 0.424585 0 AIR 

3 22.41843 300 6.206600 0 BASF51 SCHOTT 

4 77.60216 300 2.247095 0 SF55 SCHOTT 

5 15.05713 300 5.691922 0 AIR 

6 1. OOOOE+18 300 10.768575 0 AIR 

7 -17.69874 300 2.093793 0 SF6 SCHOTT 

8 -9.5172E+10 300 5.971851 0 LASK02 OHARA 

? -25.22069 300 0.095172 0 AIR 

10 112.09195 300 7.527380 0 LASK02 OHARA 

11 -59.34276 300 32.109141 100** AIR 

12 1.OOOOE+18 300 -0.109130 0 
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Fitted at 54.0 mm EFL 

RADIUS CCY THICKNESS THC GLASS 

OBJ 1.0000E+18 300 0.100000E+11 0 

t 33.86111 3 00 6.034465 0 LAF21 SCHOTT 

2 77.39683 300 0.134904 0 AIR 

3 22.57404 300 6.200157 0 BASF51 SCHOTT 

4 63.73852 300 2.248889 0 SF55 SCHOTT 

5 15.04936 300 5.959720 0 AIR 

6 1.OOOOE+18 300 10.967030 0 AIR 

7 -17.47673 300 2.248889 0 SF8 SCHOTT 

3 -1.0222E+1I 300 5.748673 0 LASK02 0HARA 

9 -24.07906 300 0.102222 0 AIR 

10 108.35556 300 9.100638 0 LASK02 0HARA 

11 -63.73852 300 32.097724 100** AIR 

12 1.0000E+18 300 -0.102169 0 

Fitted at 52.0 mm EFL 

RADIUS CCY THICKNESS THC GLASS 
OBJ 1.0000E+I8 300 0.100000E+11 100 
1 35.13338 300 6.019307 100 LAF21 SCHOTT 
9 80.30485 300 0.106063 100 AIR 
3 22.48536 300 6.490028 100 BASF51 SCHOTT 
4 70.26676 300 2.121261 100 SF55 SCHOTT 
5 15.19281 300 6.652474 100 AIR 
6 1.0000E+18 300 10.566786 100 AIR 
7 -17.84553 300 2.457868 100 SF3 SCHOTT 
8 1.0000E+18 300 5.453560 100 LASK02 OHhK A 
9 -24.44061 300 0.106063 100 AIR 
10 102.20618 300 8.634842 100 LASK02 GHARA 
11 -66.13340 300 32.017220 100** AIR 
J 2 1.0000E+18 300 -0.101993 0 
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T H E  U N I V E R S I T Y  O F  A R I Z O N A  
T U C S O N ,  A R I Z O N A  8 5 7 2 1  

OPTICAL SCIENCES CENTER 

January 14, 1983 

Dear Sir: 

I am a graduate student at the University of Arizona working under 
Professor R. R. Shannon and R. E. Parks, researching the effect of using a set 
of standard radii of curvature in lens design. A vital part of this research 
is finding out the reactions of major producers of optical parts and of people 
in optical design. For this reason 1 would greatly appreciate your taking a 
few minutes to fill out the enclosed questionnaire. I am particularly 
interested in any comments you may have on the subject. 

In the past it has been suggested that the adoption of standard radii In 
lens design would be useful to the precision optics industry, (somewhat 
analogous to the "NATO" proposed glass list.) With this system, major optical 
houses would gradually accumulate test plates and tooling of these radii, so 
that future orders from any other company could be fitted with a minimum of 
re-tooling. To my knowledge, no one has done an in-depth study of whether or 
not, given a reasonable number of standard radii to choose from, lens systems 
can be consistently designed using only, (or primarily), these selected radii, 
without performance loss. This is what I plan to study. 

Any response to this questionnaire will be held strictly confidential as 
to the name of the company and person responding. I will also be glad to 
supply a copy of the thesis, when completed, to anyone responding who requests 
it. 

Thank you for your attention. 

Sincerely, 

Cody B. Kreischer 

CB&sh 



QUESTIONNAIRE ON STANDARDIZING RADII CURVATURE 

1.) Does your company keep a stock of test plates? 
(yes) (no) 

If yes, could you supply me with a list of them? 
(yes) (no) 

2.) Do you make a practice of fitting the lens radii of new systems to 
existing test plates? 

(yes) (no) 

3.) What is the maximum number of radii between 0 and 25 diopters (r • oo to r 
» .835") which would be practical? (Assuming it is feasible from a lens design 
standpoint.) 

Comments: 

Send replies to: Cody Kreischer 
Optical Sciences Center 
University of Arizona 
Tucson, Arizona 85721 
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PLEASE NOTE: 

Copyrighted materials in this document 
have not been filmed at the request of 
the author. They are available for 
consultation, however, in the author's 
university library. 

These consist of pages: 

85-95 

University 
Microfilms 

International 
300 N. ZEEB RD., ANN ARBOR, Ml 48106 (313) 761-4700 



REFERENCES 

ACCOS V, Scientific Calculations, Inc., 7635 Main St., Fishers, N.Y. 
14453. 

CODE V, Optical Research Associates, 550 N. Rosemead Blvd., 
Pasadena, Calif. 91107. 

Cox, Arthur, A System of Optical Design, Focal Press, London and 
New York, 1964. 

Betensky, E. E., "Photographic Lenses," in R. R. Shannon and J. C. 
Wyant, eds., Applied Optics and Optical Engineering, Vol. VIII, 
Academic Press, London, New York, and San Francisco, 1980. 

CODE V Designers Reference Manual, Optical Research Associates, 
Pasadena, Calif., 1982. 

Dainty, J. C., and R. Shaw, Image Science, Academic Press, London, 
New York, and San Francisco, 1974. 

Smith, Thomas W., "The Spacing of Glass-Working Tools," Trans
actions of the Optical Society, 1920-21, published by the 
Optical Society, Lowther Gardens, Exhibition Road, South Ken
sington, London, S.W. 7. 

96 


