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ABSTRACT
*                          6

Automatic lens design by nonexperts is practical with

the 1962 LASL lens-designing eode, a general-purpose program

for evaluating and designing optical lens and mirror systems

with surfaces generated by conic sections.  Using skew ray

traces, it analyzes lens perf6rmance statistically, finds

differences resulting frem design-parameter'alterations,

and computes the linear combination which w111 improve the

prescription. IBM-7090 machine.operations, prescription

parameters, ray-tracing parameters, weights on lens·performance,

lens-parameter substitutiens, increments to lens parameters,

designing instructions, and parameter interactions are

described. Sample calculations are given in detail for a

Lister-type lens and in summary for a special-purpose zoom
.t

lens.
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AUTOMATIC LENS DESIGN FOR NONEXPERTS

Berlyn Brlxner

INTRODUCTION

An instrument designer--whether engineer or scientist--

is frequently the only persen who can adjust the several

requirementsof the instrument in order te obtain the best

total system because he is the only person wlth intimate

knowledge of the instrument's mechanical, electrenic, and

optical details. This· overall designer, hewever, is seldom  a

specialist in optical design'.  But the modern large cemputer

makes it possible for the nonspeclalist to design an optical

system, to evaluate it, and to specify the toleranees required

for satlsfactery performance. The  purpose 'of  this
·

paper  ls

to call attention to a new program for the IBM 7090 and to

help the engineer or scientist who has no knowledge of lens

design or computer operation to use this program. This

program gives to the lens design problem a general automated

solution which makes full use of the digital computer's

capabilities and abandons the classical approach requiring'

direction by the skilled specialist at every stage.

The code for the 7090 machine was preceded at Los Alamos

by a code for the IBM 704.  This last, developed in 1959 by -

J.    C.    Holladay, 1   was   the first program   at this laboratory
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to make possible the design of a complete lens by means of

a computer.  The Holladay automatic iterative program made

statistical analyses of lens performance from skew ray traces.

It determined differences  in lens performance resulting . fr-em

design-parameter alteratiens. A least-squares technique was

applied to these differences.to compute a linear combination

which would give an improved lens prescription., The success

of this program created a desire for a code which would be

even easier to use and able to solve even more complex proble
ms.

This demand was met by C. A. Lehman's 1962 code for the IBM 7090.2

Improvements are now planned for the Lehman program. There are

a number of ways of handling the computations and problems of

autematic lens design.
These have been reviewed by D. P. Feder,3

2             1                   4
Lehman, Holladay, F. Wachenderf, and others. Investi- -

gations are currently going forward into ways of simplifying

and speeding up lens optimization by uBing more precise mathe-

matical analysis. It is the purpose of this paper to describe

the. use of the Lehman program in its present form.

»             To study and design lenses, the program uses 3 la
ws of

geometrical optics, that branch of optics which treats the

analysis of light rays passing through a lens. The 3 laws are

those governing rectllinear propagation, refraction, and

reflection.  Lens performance is analyzed by tracing bundles

of rays through  a  lens' in accerdance with these laws. Rays
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are traced because there is close correlation between the
*

behavior of geometrical rays  and the focusing af light by

the lens. The ray-bundle size at the focal plane of interest

is the main criterion of lens performance. To obtain the

sharpest fecus, the design program changes the parameters of

the lens system to make the bundles of rays intersect the

image surface at the desired positions in patterns of the

smallest size.  By evaluating·the sizes and positions of the

image spots, image defects are analyzed precisely; but the

traditional Seldel aberrations are not evaluated.

WHAT THE PROGRAM CAN DO

' The program has 2 major divisions, the diagnostic

section, which evaluates lens performance,.and the iterative

designing.section, which alters specified lens parameters

and calculates an improved lens prescription.  Both-sections

use a ray-tracing subroutine, which automatically traces to

c   the ·focal plane the rays specified by the designer.  Each
3                                                                                                        t

section uses a different method of evaluating lens performance

from the ray-trace data. The diagnostic section obtains

the size and position of each ray bundle from each object

point on the number of planes of interest specified by the

designer.  The designing section.makes a statistical analysis

of the weighted deviations of the ray intersections from

*
A ray is the geometrical line representing the propagation
of 11ght.
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their specified positions, which analysis is presented as

a single merit number.  These 2 major sections of the

program are frequently used alternately so that the design
er

may observe the details of the designing progress.  The

diagnostic section is used to determine the performance 
of

.

an existing lens design in which all the parameters are

specified.  The designing section is used to optimize lens

performance by automatically alterlhg one er more lens ,

parameters. This is the case when one wishes to determine

the' performance of an existing lens design in which some .

of the parameters are unspecified, for example, the entrance

pupil location and the distance to the best focal plane.

Anether   case   might   be the adjustment   of   the lens
prescription  s                               I

air spaces and surface radii to give 'best performance wit
h-a

specific field of view and object distance. An extreme case

is the optimization of a lens design starti4g with any desired

arrangement of refracting and reflecting surfaces.

The program has 3 very valuable minor divisions

which also use the ray-tracing subroutine:  the off-axis

rim-ray trace, the on-axis paraxial and rim-ray trace, a
nd

the spot-diagram coordinate calculation. The off-axis-trace

section traces the upper and lower     rim.   rays     from    the    maximum,

object height and calculates the ray position and direction

and the distance to the following surface at each optical

6



surface. The on-axis-trace section traces the paraxial and

rim rays from zero object height and.calculates the ray

position and direction and the distance to the following

surface at each optical surface. The spot-diagram section

calculates each scaled ray-intersection·coordinate relative

to the spot's centroid.  The coordinates are supplied in

tabulated and punched-card form for spot-diagram plotting

by the designer.

The program can investigate lens systems with as many as

98 surfaces.  The lens or mirror surfaces most used are either

spheres or right-circular cylinders, but surfaces generated from

any conic section may be used.  Any of the surfaces of revolution
/ .

may be displaced or tilted as desired. There is a wide·choice

pessible in the number and distribution of the rays which may

. be .traced threugh  the  lens. The positions and sizes  of  the
/

entrance   and exit pupils are readily ceritrolled.      The   lens

focus may be fitted to a specified focal surface, or the

shape of the best focal surface may be determined.  Simultaneous

design for 7 image points, 6 wave lengths, and 5 conditions of

use is possible. Conditiens of use may include such things as

different object and focal surface positions, different   lens-

element positions along the optical azls--as in a zoom lens--

or different translational and rotatlenal displacements of the

lens elements as.a result of flexing the lens with dxternal

7
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forces,  In spite of all this·capability, the program ls not

unwieldy or slow.. The reader is referred to the initial reports
2 5*

for details about the program and its use. '-'

SELECTING·THE DESIGN

The flrst requirement ls to decide on the lens type which
j

will best do the job.  The decision requires careful thought.

Although a simple design wlth few component elements will be

relatively easy to manufacture and will transmit light effi-

ciently, it may not have the desired resolving power.  The

resolution of a very complex design, on the other hand, may

exceed the need.  The quality of resolution needed will

therefore be a strong factor in the,choice of a lens type.

For example,  if the lens ls to be for visual use, th6· minimum

resolution should be that of the eye--an angle of about 0.0003

radian. If it is for photographic.use, the minimum resolution'

should be that of the film--0.02 to 0.002 mm. Other applications

will have other requirements.  The best lens system to choose '

is obviously the simplest one which will give the desired

performance. In general, more complex lenses are required for

the larger relative apertures, the longer focal lengths, and

the wider angles of view.  The more complex the imaging problem,

the greater the number of optical surfaces which will be required.

*
These reports are available at nominal cost from the Office

of Technical ·Services, Department of Commerce, Washington
25, D. C.
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One way to determine the lens best suited to a-particular

imaging problem ls to search the literature.  The largest

selection of specific designs is to be found in patent

descriptions, which are abstracted in the Patent Gazette.

The U.S. Patent.Office will supply, at· nominal cost,  a  list
of all Class 88-57·patents, which includes most lens patents.

Information about popular lens designs is contained in books

describing the characteristic features of photographic lenses.6,7,8

Articles and books describing specific instruments often have

references which give the specifications for optical elements

used successfully. Starting with one of the many            -9,10,11

popular lens types, it is often possible to modify it to meet

the specific needs of a new instrument. Minor'alteratiens of

the surface radil and in the' spacing of the elements may be            '

sufficient.  The more nearly satisfactory the initial lens

choice,  the less machine time needed to cemplete the design.

Another precedure is to Ignore the literature and let

the machine determine the lens design most suitable for the

problem. One starts the design by making monochromatic runs

on a series of air-spaced glass sheets.  To obtain the final \
prescription with minimum effort, lt is useful to keep a few

general rules in mlnd. The more surfaces   the ·  lens   has,   the

smaller will be the spot size. Therefore, the design should

be started wlth the estimated maximum permitted number of

9



air-glass surfaces. This number will depend on such facters

as cost, time required for fabrication, image quality needed,

efficiency·in transmitting light, freedom from flare images,

space available, and feasibility of construction.  Similarly,

the higher the refractive index of the glass used,·the smaller

the spot size. Also, the lens elements should be spread along

the axis, as the longest lens usually gives the best performance

( smallest spet, sizes).     If the monochromatic design is ,satis-

factory, it is achromatized by substituting crown (lew

dispersion) and flint (high dispersion) glasses, respectively,

for the glasses in the positive and negative elements. For

additional chromatic correetien it may be desirable to

achrematize some of the elements by making them into cemejited

doublets containing both crown and flint glasses.

Selecting the optical glass from the bewilderingly long

lists of commercially available types is another problem.

It is suggested that the beginner use those types whlch are

listed as readily available because this availability is an

indication that these glasses are used extensively in,suc-

cessful designs.  In this connection, particularly for complex

designs, one needs precise values for the refractive indexes

of the glasses (melts) used for making the lens elements, since

the manufacturing tolerance for glass stock is greater than

that allowable if predicted lens performance is to be obtained.

10
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However, catalog values of the indexes of refraction can be

used for all designing, as long as the precise values are

obtained for final adjustment before the lens is made.

PUTTING THE PReBLEM INTO THE MAm[[NE

The IBM 7090 loads itself first with the ·designing code and

then with the lens problem by reading Instructions and data

from punched cards.  Each item of data can be lo#ated as

. needed since it has been'addressed to a memory cell specifically

reserved for it by the 213-card code.  The lens data include

the lens ,prescription and the parameters for ray tracing and

designing .      ( The storage nomenclature  and  the  conventions  used
)

are detailed in the initial report.5) There are 10 individual
program-control instructions which. the designer uses to order

the sequence of machine calculations and infermation output.

A typical 5-minute calculation'procedure might include several

short design-cycle sequences, with increasing numbers of lens

parameters belng varied, followed by the machine preparation

of a set of punched cards wlth the latest lens data and a

paper print showing the latest lens prescription and the

analysis of its performance by multiple ray tracing. After

the performance analysis has been studied to determine .what

prbgress has been made, the next step in the designing sequence r

can be planned.

Certain preliminary infermatien must be eollect·ed in order

11



to define the problem correctly and to minimize false steps.

The performance of an existing lens can be determined if we

know or can find the wave length range (in order to use the

necessary refractive indexes), the distance from the object,

the angle of view, the entrance pupil location, the relative

aperture (f/number), the image distance, the shape of the

focal surface (plane or curved), and the exit pupil location

(for some applications).  In the absence of specific cenjugates,

the object distance is assumed to be infinity, and the angle

of view is discovered by tracirs a series of ray bundles frem
object points at increasing angles. If the image distance is

specified, the ray-tracing program can set the plane of interest

at that distance. If the image field is curved, the additional

values   of the sagltta   for the image points   are   also  used.      If

the image distance is unknown, the ray-tracing program will set

the plane of interest at the back focus calculated from the.

automatic meridlonal ray trace with the first refractive index

selected (plus the sagitta plus a fine-adjustment increment,

if these are assigned non-zero values).  The entrance pupil

distance may be specified or lt may be determined.by the

designing program.

The image spot is evaluated from the RMS radius of the

rays from the centroid of the ray-bundle intersection on a

plane normal to the optical axis. The designing section of

12
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the program uses the image-spot evaluation on only one plane

for each image point.  However, the printed output can be

ordered to show the image-spot evaluation on any numbeb of

equally- spaced planes, a capability  which is. useful   for

determining changes in the ray bundles as the back focal

distance is varied. The paraxial focal length and the

meridional back focal distance are automatically given for

each wave length used.

The choice of input rays and the weighting of ray-

intersection  deviations  are  both  very important. Slnce  the

rays traced through  the lens represent the behavior of 11ght,

they should be selected to function efficiently as agents for

lens performance- evaluation. Each ray may be considered as

a sample of the focusing ability of the lens region which

surrounds the ray path.  The larger the surrounding region,

the less typical this sampling will be.  If each ray samples

only a small region of the lens, the sampling will be more
' '

typical, but the large number of rays to be traced will require

much time for calculation.  Thus one may design rapidly (if

crudely) with a few rays or design precisely with many rays,

a process which is relatively expensive.  The solution is to

use. only a few rays  for the early crude design stages  and to

increase the number as the design ls refined.

The pattern of rays to be traced is placed in a unit-radius

13
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entrance pupil.  The ray-tracing program scales the unit-pupii

dimensions to the actual pupil dimensions to obtain the coordi-
nates of each ray to be tfaced.  The rays usually sample the

-         entrance pupil with a grid-pattern array, but as many as 25

rays may be positioned in any pattern desired. In this program,
up to 100 rays can be traced frem each object point for each
color.  Since rays traced through a centered optical system
are   symmetrical,    only   half   the   rays    of   symmetrical ray patterns
need be traced to obtain the ray intersections of the other
half   by   a sign change    of    the    x c oordinate.       .We    have    made    a
convenient series of ray patterns5 with 2, 3, 4, 5, 6, 8,·12,
16, 26, 40, 74, and 100 rays which have been used for lens

deslgning and·for testing lens performance.  The 2-ray pattern
  is especially useful during the preliminary design stage because

it is economical of machine time while still adequately evaluating
lens performance for mest design problems.  The 6-ray pattern is

usually adequate  for the remainder  of the designing.     The  many-
ray patterns are useful for assesting lens perfornance, expecially
when there is vignetting.

To emphasize specific aspects of lens performance, the
designer can weight the deviations of the rays from the desired
image points. Optimum lens performance requires minimum image-
spot sizes on the fecal surface. These image spots are made up
of a maximum of 6 colors, each from a maximum ef 7 object points.

14



The weights for the sizes of these spots are assigned

individually.  Weights on the deviations caused by the

variation of magniflcation with color for each of these

7 images are also assigned individually. The 7 destred

image heights, the individual weights for each of these

image heights, and the sagitta (for a curved field), are

assigned by the programmer. The required principal focal

length and the weight on the reciprocal focal length may be

specified.  The exit-pupil position is calculated. from a ray

traeed from an object point  at a height selected by.the

programmer. The desired distance of the exit pupil from the

last optical surface and.the weight on this distance are also

specified by the programmer.  The above weights are the total

number which control the design program.  Another factor of
.....

importance te lens perfermande is the entrance pupil aperture

radius or the operating relative aperture of the lens, one of

which may be fixed for designing. For further details Vee the

original reports.  Hewever, these details are in no sense a

full statement of the potentialities of the code.  T*e

ingenuity  of  the  user will suggest many other possibilities.

CHOOSING THE DESIGN PROGRAM

The designing program improves lens performance by

computing a better number for each of the lens parameters

1

which has been selected for change. Since the code can work
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with a maximum of only 10 parameters simultaneously, it is

usually necessary to work with many different combinations

of the parameters so that all possible interactions will be

included. Only a small improvement is obtained for each

calculatlon. It is therefore necessary to use an iterative

procedure to arrive at the minimum merlt number obtainable

with a specific set of parameters.  It is frequently desir-

able to use several different sets of parameters because of

the tendency of the code to flnd 1ts best solutions ln the

impossible-to-build regions which have extremely large thick-
.."

nesses and negative thlcknesses of both the elements and the

spaces.  There is also a tendency to generate one or more

surface curvatures which are so great that some rays are

vlgnettedo  The sequence of sets of incremented parameters

which has often proved effective is first the ourvatures,

next the curvatures and some alr spaces, then the curvatures

and all the alr spaces, and finally the curvatures, the air

spaces, and the glass thicknesses.  Any parameters which

tend -to create undesirable conditions are  fixed at tolerable  

values, and designing ls continued with the remaining param-

eters.  Sometimes these fixed parameters may be made variable

again with profit at a later stage in the design.

The program can calculate a better number for a parameter

by evaluating the effect of small changes of that parameter

-1
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en the performance of the lens.  These small parameter changes

are called parameter lner6ments or simply Increments.  Each
parameter to be incremented and the amount of that increment

are specified by the lens designer.  The designer has at his

disposal an increment Instruction storage area for a maximum
ef 49 independent parameters, each of which may represent as

many  as 6 dependent  parameters. The· dependent parameters

must be'simultaneously given identical alterations in any plus

or minus combination specified by the designer.  The parameter

calling sequence. (the order ln· which the parameters  are

incremented) is any continuous series which is specified by

the deslgnero  With each design cycle each number in the

:        calling sequence is increased by 1 (any becoming larger than

the maximum will be reset to the minimum) so that all parameters

in a selected series will be incremented in serial order and

repeated-if enough design cycles are orderedo

This arrangement is used because it is frequently impos-
'

sible (or undesirable) to alter all parameters at one time,

yet all must eventually be allowed to influence the prescription.
With·  crude   starting  prescriptions,   the   designing is usually
started with only one er two incremented parameters per cycleo

As the design is stabilized the number of parameters per cycle

is increased until the design progress becomes erratic because
i of the program;s inability to evaluate precisely the too-complex

17



probleme

Incrementing two or more parameters simultaneously, to

obtain the interaction between the parameters of each of the

pairs    present,     is    another   way    of   increasing the capability    of

the designing programo  Hence it is a good idea to choose a

sequence of increments which.will give all possible combinations

between parameters within the program's capability.  A series
»

of m Incremented independent parameters w111 be ln the

circular form 1, 2, 1.o•m,1,2, etc. The types of

      parameter interaction found in this series are classified

according to the position spacing of the members of each palro

The interacting types present are those spaced  1,.2,  3,  o  o  o

#m apart.  A specific sequence of n simultaneously incremented

parameters (where n s m) from the above series will have· part

or all of the interacting types present. The number of

interactions between n parameters working simultaneously is

#n<n-1). For example,  with this program one obtalns 0,  1,  3,

6, 10, 15,  21,. 28,  36,  or 45 parameter interactions depending
\-/

on the number of parameters incremented simultaneously.  The

design-progress rate increases as the number and types of

parameter interactiods.increase.  The addresses of the
1

incremented parameters are serially stored, and the calling

order is at the command of the deslgnero For   exampie,   wlth

a series of 15 parameters (m) in which 5 are being incremented

18



simultaneously (n), one mlght select every third parameter;

the 3 calllng sequences for designing would then be 1, 4, 7,

10, 13; 2, 5, 8, 11, 14; and 3, 6, 9, 12, 15.  All parameters

are incremented every 3 design cycles, but only 2 types of

parameter interaction are present, 1.eo, those whose positions

are spaced 3 and 6 apart.  At the other extreme one can select

the 15 calling sequences:  1, 2, 3, 4, 5; o o. ; 15, 1, 2, 3,

40  In this case all parameters are incremented every 11. design

cycles, with 4 types of parameter interaction present.  Or

one might use the sequences 1, 2, 3, 5, 14; 2, 3, 4, 6, 15;

0 0 0 Here all parameters are incremented every 9 design

cycles, with 5 types of parametef interaction present.  Or

the reverse sequence 1, 3, 12, 14, 15; o.o would ve equally

useful. However, the greatest variation in interactions is
.

obtained wlth the 15 calling sequences 1, 2, 5, 10, 12; , 3,

6, 11, 13; .o o, with all parameters incremented every 5

design cycles, and all 7 possible types of parameter interaction

(spacings) present.  For clarity this information is summarized

Table I in Table I.

Table II Table II gives an extensive series of parameter-increment

calling sequences, which have been selected in each case to

provide all possible parameter interactions. .The number of

interactions of each type is distributed as evenly. as possible,

and each parameter la repeated as often as possible by avoiding

sequences with large parameter spacings if there is a choice.

19
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After the designer has scheduled the parameter-increment

calling sequence--either one of those described above or one

of his own-fer the desired number of design cycles, it is

only necessary to instruct the program to design.

EVALUATING THE RESULTING LENS--.:.:..

There ls no generally accepted method of quantitatively

evaluating lens resolution from the slzes of the ray-bundle

1ntersectlens wlth the focal surfaceo This code determines

the 1mage spot size by calculating the RMS radius of the rays

from their centrold  on the focal plane of interest, which  is .

normal to,the optical  axis o Image evaluation by thls method

includes the variation of back focal distance with color. The

predicted reselutlon is the RMS radlus of the.image spoto

Variation of the lateral (y) magnification with color is an

1mpertant lens-performance defect which ts measured from the

centrold of the bundles which make each image point. The

predicted effect of this defect on resolution ls the RMS lateral

deviation from the centrold.

For measuring the resolving power of the lens and camera-

film combination, there is a generally accepted test, the

National Bureau of Standards method of determining the resolving

power"of photographic lenses.12  The NBS test measures the

ability of the lens to.produce clear-cut images of an object

containing fine detalls. The ebjeet ueed for thls test ls a
.

20



resolution test·chart consisting of a series of three-parallel-

line patterns.arranged in diminishing sizes.  The established

practice is to consider the resolving power. to be the number

of lines per millimeter ef the finest pattern which is resolved

,·.  -  on the negative as separate   and distinct lines. For example,

the finest pattern might have its lines spaced 40 to the

milllmeter   ( the distance between the centers   of  adjacent  lines

would be 0.025 mm).  The photographic reselution13 is

approximately equal to the optical reselution plus the film

resolution.  Film resolution is commonly in the range of 0.03 mm

for the highest-speed emulsions to 0.002 mm or less fer high-

resolutl n plates.

The resolution test charts have also been very useful

for visual evaluation of the optical resolution of lens systems.

There may be considerable error in the judgment·of visual

resolution because of the great variation in image contrast

I among differant lenstypes, because of the spurious resolution

which is sometimes associated with diffraction effects, and
  because of the chromatic errors which observers evaluate over

a wide range.  However, for high-resolution images there has
' been close correlation between the visual resolution as

determined by the use of the high-contrast parallel-line charts

and the predicted RMS image-spot radius of the rays from thelr

centroid, as calculated by this code. Observation is made with

21



a microscope of larger aperture and greater resolution than the

image-farming beams.  The high correlation between the pregicted
and the measured:chromatic performance is particularly
gratifying. .It is desirable to keep the lateral chromatic
deviation equal .to or smaller than the RMS spot radius,  so
that this defect will not cause loss of resolution in

heterochromatic imagery.

EVALUATION GP CONSTRUCTION TOLERANCES

The manufacturing tolerances to be speclfled for a

particular lens design are readily evaluated by the lens-

designing program, which allows one to determine quickly the
optimum focal position for studying the effect af' parameter

changes.on the image.spot slzes. These parameter changes may
be evaluated indlviduallyi or in any desired simultanehus
combination by using the ability of the code to read parameter.
changes into the memory with ease and to trace rays quickly.
The range of allowable tolerance ls sometimes very large.  In
descending order of sensitivity, the following parameter
tolerances are suggested for starting a series of tests:

1/2000 for refractive index, 1/1000· for radius of curvature,
1/200 of lens element diameter for decentering, 1/100 for air
or glass thicknesses.

If the errorb in the manufactured lens elements exceed
the assigned tolerances, the designing program can often

'
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improve performance by redetermining the air spaces., In this

way one can sometimes partially sempensate for resolution lost

by improper construction.
.

SAMPLE CALCULATION

The lens to be designed in the following sample calculation

consists of 2 oemented doublets in BAries which produce an

f/2 Lister-type lens14 set to work at a magnification of about

one eighth.  The objects are at an axial distance of 170 mm

from the first lens surface and 1, 3, and 5 mm from the

optical axis. The images are on a flat field which is started

with the back focal· distance held at 10 mm. After the lens

has been stabilized, this distance is made a design parameter.

The design was started with 2 cemented sheets of 518596 and

621362 glass spaced 18 mm apart.  The entrance pbpll distance

Figure 1 was flxed at -20 mm and the aperture radius at 4 mmo Figure 1

shows the complete series of card images used to design this

lenso The data fer the starting prescription, the weights,

the ray patterns, the parameter alterations, the design

Instructions, and the machine operations are given. This

information is followed by the complete prescription data

print, the accomplishments of some of the first 29 design

cycles, and the resulting lens prescription.

Designing was started with 3 colors (0, d, F), a 2-ray

pattern, and a series of 29 single increments to the 4 glass-
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alr surfaces.  As a result the prescription's figure of merlt

3     went from 905 to 250  A summary of the complete 15-minute

Table III series of runs used to design this lens is shown in Table III.

These runs produced an f/2.0 lens of 21 o 010'-mm (C-light)

focal length, which should give 700-lines/mm reselution ever

most of the 1.2-mm-dlameter focal surface at 11.772-mm dlstanceo

There is a maximum of 0.0019 mm variation of lateral magnifi-

cation with color at the edge of the 1.7-degree half field of

Figure 2 view. Figure 2 shows the print of the final prescription and

the 12-ray analysis of lens performanceo The spot diagrams

Figure 3 of the 3: images are shown in Flgo 3.

A COMPLET DESIGN

An example of a complex design which can be made with

this program is a special-purpose zoom lens.  This lens is·an

objective for a high-speed camera used to photograph explosions

through the 4-inch-diameter viewing port of a concrete bunkero

Twenty-millimeter images of 150- to 450-mm explosive objects

are required, wlth the objects 9000 mm from the front lens

elemento To ebtaln thls range of magnification, a zoom ratio

of approximately 306:1 is needed.  Between the viewing port

and the objective's image, there is a distance of more than

2000 mm, which can-be used for any desired arrangement of lens

elementso

   In the search for a solution to this difficult imaging
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problem, the lens designs of US Patents 2,778,272, 3,051,052,

and 3,057,259 were tested, and- all were found to be inadequate

imagets   and excessive shift ofithe   image   over   the zoom range o

for our purposes because of insufficient correction of off-axis

It was then decided to let the lens-designing program ·find

the optimum design for lens systems with 3 or 4 or more
elements se that we could select the simplest design whloh

It;

would give the required reselutlen.  Using the programts

substitution capability, we let the machine design each

lens system simultaneously for 5 equally spaced positions of

the moving elements.  Sevdral monochromatic designs were made

with zoom arrangements which previoub workers had found to

be usefulo 15  The so-called 4-lens system, whic  has 5 elements,

was found '.to be the minimum,which would give the deslred image

quality.  The entire available length was used because a long

lens naarly always gives the best performance.  The design

was then restarted wlth 5 cemented sheets of 517645 and 617366

glass (C, e, and g melt indexes for 7000-feet elevation) 1n

a zoom system consisting of 2 coupled sliding lenses which

move between 3 fixed lenseso  These palred cemponents quickly

.assumed shapes to give negative, positive, negative, positive,

and positive powerso Before the final  design  was  achieved,

several readjustments of the movements and spacings of the

elements were neoessaryo
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Figure 4 The prescription data prlnt is shown in  Fig. · 4.

Table IV Table IV shows selected optical characteristics of this lens

for 9 positionso  For each of these 9 positions the spot sizes

and foeal positions for C, d, e, F, g, and h 11ght were

determinedo  There was no discernible shlft of the optimum

focal plane  for  any  of  the positions tested, possibly because

the variation of focus with color is the principal defect of

this lens. „Except for h light, the maximum spot sizes on

the focal plane   at   the 384o 709-mm.back focus   did   not go above

0.027 mm, and the average is about 0.013. mao  A visual whiter

light resolution  of  about  100  lines/mm  la:predict;ed  for  most

of thel:zoom range.

CONCLUSION.

Although mastery of the program requires practice,

interested nonexperts have demonstrated that after a short

but intense study of the original reperts2,5 and by a few

short runs on the machine, they can learn quickly the funda.-

mentals of this programo The flrst step in the learning

process le to rerun one of the completely specified problems
.

in thls or the original reports, in order to determine the

correct functioning of the programo Next,   after · the numbers

which describe·a proposed  lens have been selected and assigned,

it ls necessary to determine if a workable lens has been

speclfled.  Thls declslon ls most easily made by studying the
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lens performance evaluation obtained from the multiple ray

tracing diagnostic calculation. If an error has been made ln

specifying the lens data, .the output from the 'off-axis rim-ray -

trace may aid in locating this error-by giving the details of,

the paths of 2 rays through the lens.  After the lens prescrip-

tien  has been shown to function as planned, the designing  pre-

gram can be activated by directing alterations to one or more

lens parameters to start improvemeht of lens performanceo

This code has demonstrated its ability to analyze the

performance of and to design simple or complex lens systems

rapidly and precisely. Correlation between the lens perform-

ance predicted by the program's multiple ray-tracing.analysis

and the measured performance of the constructed lens has been

closeo When there has been an apparent discrepancy between

measured and predicted performance, the cause has always been

a manufacturing erroro It ls therefore necessary to give

the manufacturer construction tolerances'of sufficient tight-

ness to insure that design specifications will be meto  The

constructlen-tolerance specifications can be determined by the

program' s  ability. to evaluate the effect of small parameter

changes and the displacement and/or tilt of the surfaces.

In conclusion, the code gives to problems of lens design

a general automated solution. whlch makes full use of the

digital computer's capabilities and abandons the classical
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approach requiring direction at every stage by the skilled

speciallsto.
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LIST OF CAPTIONS

Figure 1.  Machine print showing input data card images,

input data from storage, results from first
\

design series, and the resulting Lister lens-

prescription.

Figure 2. Machine print showing final prescription and

12-ray analysis of Lister lens performance.

Figure 3. Spot. diagrams of 3 images made by Lister lens.

Figure 4.  Machine print showing final prescription of

zoom lens designed for 5 conditions of use.

1

2
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PR E SCR I P T 1 CA LISTEN TYPE LEAS : XAMPLE (COTRADY I 04--03--63

10   - 1.0000 1.}OC.eo 1.0000000-Cl 9., ,/'4'11/7%-65 I.(,h'*1919-01 1.0000(:00. 0 1 4.0000000+00 1.0000JOU *07
1.COCCOOC,00 6.0000000.00 9.97998.in-64

20 1.'300006.C' 1.OCCOLDO..0 7.(0(06/0+26 5.10..006*:0 1.0009000.00 1.0000000.00 1.Jf.ACo00.00
IC C.Loccoco.00 - 2.COOn,90. C I C.,060400.,10 0.00000:0.00 1.·,15111.60+00 1. S 180/00 +00 1.52·. i 50.- A . ,

1,0 0.J ',91) Oil U loo 2./0006,10 + CC 6.(, no,}.;on +:; o c.coooco'.Co 1.(.1.11,no.SO 1.'211400+00 1.6 437'•04.,10

W           6. OCI,060 C + 011 1-5000,06•CO           0. C OCCCOO+90 R.COOOoot)+00 1.00(0000.00 1.(000000.00 1.00 00000'00
/6 (,lonc·,COC.00 1.p';CCCOO':,1 r..cooo.(10.0., O.EC.0060.-00 1.5154400+60 1.51,0700+CO 1.521:1300•90
/9 6.000(.15(*00 1.:1009000•00 C.Cococon.OG 0.000066.-CO 1.(,141000+00 1. ( ,7 1 1 4 0 0*1 0 1.t,·,32500·00

'.'. 0.001)0{10,J+1)(} 1.0000600./C , ... ..'2:00+ LO 0.0000000+00 1.9000{ :;9*60 1.0000000,1:; 1.0000000+00
PLA·iE L.Fl It r.(, MOD I ON F . L·,iri.. vie[ ONE. SEASE SWitcH /:CE ZERO. NU.ntR OF PLAb.ES  3

IE 16,1 15
- 14 9 0 InG(JOOD(:.00 O.0000<00*Cc 0 -0000300•UO 3.0000000.0 1 0.0000(06.Or 0.0000000*00 0.0000000.00
- 19           1.(,1100 000 0 02 1.C(;(,Ccon.02 1.0090,/or.+C 2           0. (.1100.,;0£•GO 0..00(1..:i..). 0.00(OSOO.00 C.0000000*00
-29 0..6/0000.CO C.LOCOCOO*00 O.0300006 •42 0.000 00 CC+00 0.0.)00.06*06 0.030(003.00 0.0000000•CO
-19 0.1,(16/COC.*00 c. (1006600 + On 1.0000000 + /1 2 0.00.0000.00 0.0,)CO.06•JO 0.0000000*00 C.0000000.00

-9            1.24; 00030-01 3.6000:CO-01 5.9999999-01 0.00.0006+00 0.00 0 GO 00 + U G 0.0000000.00 0.0000000*00

L A T I  I L I:   B.   * 2 1·ELIA Y , 1.CO00000+00
5.0000000-Cl -5.COOODCO-01    2

r•\Cfr/Ff,1 11)ENTIFICAliCN... 1 4        79          1           1                                                                               2

*.Cl CR ili4,TIFICATICN...    3 1 2 3

Il. 1 "C. tic. ADDRESSES OF CCSIGN PARAMETERS ACTUAL Orr. K 1· 0 t 1 I R D I ) r T . IN( RE MFN T

1 1( :t o -1 32 O.0000000.60 1.06.0000..0 9.0.)9"999-01

2         1',70         - 1            52                                                                 0. 0000000+tO 1.0{,0 1,1..·00 9.9999099-03

1                      1,)30 -1 62 0.0000000..0 1. l) ''0 J,) ., J I ')J 9.99999.0-03
1040 -1 82 O.oroo,)00*60 1.0001 Obv, 02 0.999.990-vi

5 1(50 -1 42 C.Or0OO06.00 1.00';00(.. 00 9.9997 999- C.5

          ter,0         - 1             12 0·0000000.00 1.0000000.00 9.9999999-04
7 10/0 41 0.00(0000.60 1.0000000.06 1.000560.)-01

r,     inPO      1       31 0.0000080*00 1.0000£.CO.00 1.0:0(1000-01

9     1090      1        Iii 0.0000000*CO 1.0000000.00 9.9/99999-03

12$45678 9 10 INCR. FACTOR Dt Tr K M I NAN T OLD LEN{,TH AEW LENGTH IMPROVEMENT

./..IT 1 1.CCCOUU)*CO 1.6490566*04 9.0476220•02 3./68 1039*01 9.5835254-01

MEitIT 2 1.:100001)0+00 1.7 1 2 2 *,Od, 04 i.7681039·01 3.623:156/*01 3.M281109-02

M,Kir 3 1.0 Or.0 :00.00 .4.041;064*02 3.6238,,6/*01 3.5459544+01 2.149/087-02

/i n t  T 4 1.CccoocO *Go 2.2931673.07 1.5'..,9 t, 1 6+01 1.51911//4*01 1.713//16-01

p,III 2 1.C.601:004(0 9./7511:1/14-01 2. .1. ·7  1 1, · •I t 2.4171.30.01 3.4/09584-05

MI«IT 3 1.,-.2,1:,Co•00 , .07/,(..(,7 lOU 2.„121.30•al 2.St/f0417,01 1. 4„lu $ 1/3-02

„1/ It 4 1. O,)(;o oc o * r O 1.0 l i t :7 2*O L 2. ') 6 M 01.1 (,0 1 2.5(,5 2611 0 +01 1.01100'114-0 i

4, »t r 1 1.90(,1000*GO 9./0/1,1. 1 1-01 7.5(,·,2680 + 01 2.4 92 *,11',6+01 2.031.111164-02

I'RF SCRIP It Me LISIFR :Y,1/ LFAS EXAMI'LI· 1 CONk AUY I 0.--03--03

10 - 1.,00110(,C•On 1.0(00(00-Cl 9.91979('i-/5 '.C'..„9.,,-'./. 1.0000000*01 4.56000 )(,* Cl 1.t):100000,07

1./000000,0. 0..OU,li.'1,:,al, ·/.90,9911,1,1-Gt,

1./06:11-06 (,2 1.re' 3 6 .., C 0 7.COf:()0(in*JJ ·'. 1/ il:;...·I, 23 1.  C O, :0 0 0 0  4 ..(· 1...i,•i) '011 * 1. '       1. 0 (;00 J 00,00

/. 0/0,7 ; 'll. 4 Il') -2. 1('.(11,4.(.0 * ,1          1.•,1 <'12'1,•111 0.  l·. i·.  '..' 0 1...1.,t".'.'..... 1.·,11*,1/Ii.1*(,·i 1.'.71, 1  00 *00

.,            1'. 't.,l)1,(.1/6.1,0 2./nOCC·'(. 4 0 2 C.6 0 *' O or.:• '1 (J t'../ i.i•'i  ..•. .'          1. /1' .1 /,I•..,          1. ' • :I t '·I) · • . . ' ) 1.6#321,0.. ' 0.

..... J'){(' r · ti'. 1.'i·OC,;rc,lf; 1.•, 129/,61...; 5 c r l   ' .  ':.     ,   • C.i 1.0000/'00•66 1.,) ...:...'.·6 Z          1. 03.01,00,00
l·.rot„,:..J.,+CO 1.,irr-0643•:1 14. 1/,20'>191:+'11 f . 1,1:.6 1 .:...CG 1.·,1*,it:,00*(,/ 1.'.1/2 '·,·,C·. 1.·,261300.09

....:1,;,• ,'.•r., 1.incf.Or•(;C C.00(10'10(·CC 1. i'.' 1 1....'*52.        1..,37''O()...
t...O,/ ti" ilu• (:t) 1.OCO.M.SC•CJ - 1. 1,6 1 ;607 + .3/         f·(:' '   ·* · * 00 1.()0110..(.I•. 1.22 ' ,.,.i: •00 1.0600000'90

21 ...   .......    1+..... Machine print showing  input  data  C:1'20.  imug:·s,   input
dita from storage, .salts from fi st d.,sign series,
and the resulting j.,isper lens presc·iption.
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PRESCRIPTICA FRCM DUMP NUMBER 1 LISTER TYPE LENS EXAMPLE (CONRADY I 04--03--63

10 -1.0000000+00 1.0000000-Cl 9.9999975-05 7.0697999-01 1.1772135.01 5.6670020+00 1.0000000*02
1.0000000+00 0.0000000+00 9.9999 tt<,8-06

20 1.7000000+02 1.00(0000•CO 2.0000000,00 5.1 OOOCOO•00 1.0000000*00 1.0000000+00 1.0(00000.00..
to 0.0000000+00 -2. i u :91.9 ICI 2.1795673+01 0.0009000+00 1.5154400*00 1.5 180700+00 1.521:1300+00
40 0.0000(00+00 2.(000000.00 -1.44464;17 + C 1 0.0000000+00 1.6161000*00 1.671lhoO*GO 1..$32500+00
50 0.0000000+00 1.50:OCCO+CO -1.304.143+02 0.0000COO+00 1.0000000.00 1.0000000.00 1.0,1.0000*00
60 0.00000(0+00 1.9939361+01 1.2618520+01 0.0000000+00 1. 5 154 11 00+CO 1.5 IRC/OO+CO 1.4,241300+00
70 0.0000000+00 1.8000000+00 -7. 7183086+00 0.0000000+00 1.6161000+00 1.0211400.00 1-0332500.00
no 0.00COOOC+00 1.0000000+CO -2.1,319753+Cl 0.0000000+00 1.0000000+00 1.0000000.00 1.0000000+00

PLANE SETTING MOD: ONE. LATTICE MODE ONE. SENSE SWITCH MODE ZERO. NUMBER OF PLANES   3

.CLCR FOCAL LELOTH FOCAL POINT            H               EXIT PUPIL F/NUMBER BACK FOCUS RAYS

1 2.1009861•01 9.2860294+90 1.0000000+00 -1.6688712+01 1.9999997+00 1.1773229+01    12

LOC OF PLANE AVERAGE X AVERAGE Y RMS X RMS Y SPOT SIZE
1.1672135+01 0.0000000.00 1.1920490-0 1 1.2161439-02 1.2192116-02 1.77205/8-02
1.1772155+01 0.0000000+CO 1.202469 7 -Cl 9.6491.393-01 9.7981265-04 1.3751908-03
1.187213:+01 0.0000COO+00 1.2066913-01 1.1010998-02 1.09/8221-02 1.5548/44-02

2 2.0986529+01 9.2765597+00 1.0000000+00 -1.6698513+01 1.99/6020+00 1.1764187+01    12

1.1672135+01 0.0000COO+00 1.196:845-01 1.1265590-02 1.1298255-02 1.59)5069-02
1.1772115*01 O.COCOCCO.00 1.2015038-01 6.3235801-04 6.139883 3-04 d.,51395<,/-Ott
1.1872135+01 C.0000COO+00 1.205t,231-01 1.1907588-02 :.18:3357-02 1..815681-02

1 2.0940019+01 9.2715227*00 1.0000600+00 -1.6693141+01 1.9931200,00 1.1764028*01    12

1.1672135+01 0.00(0000.00 1.1942334-01 1.lA/$#87-02 1.1710967-02 1.6535327-02
1.1/72135+01 0.0000CCO+00 1.1985511-01 7.8206:19-04 /.0513261-04 1.11528#e-03
1 -1,1721 $5.01 C.0000(00*00 1.2028687-01 1.15/6603-02 1.15389 It:-02 1.6345019-02

1 3.0000000.no -1.0/01925+01                                                                                                           12

1.1672135+01 O.COOOCOO+00 3.5934228-Cl 1.1917910-02 1.2205725-02 1.7059200-02
1.17/2135+01 O.CO00000+CO 3.6063547-01 8.2524085-04 9.40118352-01 1.7515260-03
1.187>135lot 0.0000COO+00 5.e, 192866-01 1.125/743-02 1.0944; 2 5-02 1.5717815-02

2 3.0000000*00 -1.67,1106+01

1.16/2115*01 0.0000(00+00 3.5902/20-01 1.1078705-02 1.11.4441/-02 1.5814593-02
1.1//2115+01 o.on)00(0.00 3.60.111169-01 7.1085200-04 5.775/2,10-011 9.6310·324-04
1.IA72135-01 0.0000COO+00 3.6160719-01 1.21t,1743-02 1. 1840/16-02 1.6908716-02

3 3.0000000+00 -1.6706210+01 12

1.1677135·+01 0.0000(00.00 3.5819500-01 1.1454990-02 1 - 1 HO•,/2,7-0 2 1.61.49709-02
1.17/2135+01 0.0000000*00 5.5911,1698-01 8.0892972-64 90 001,6 110-04 1.2104534-0 i
1.1872135+01 0.0000000+00 3.6()77 8 96- C 1 1.1801 e.92-02 1.1469033-02 1.6497130-02

1 5.OOOCCOC+00 -1.6778426*01

1.14/2135+01 0.0000000+00 5.9,165433-01 1.1432962-02 1.221,3044-02 1.6751261-02
1.1772135•01 0.0000000+00 6.0080621-01 7.396891,9-04 8.948;626 -04 1.1602239-03
1.1872135+01 0.0000000-00 6.0293810-01 1.17496AO-02 1.0941:217-02 1.4057112-02

2 5.OOCCOOO•00 -1.6738163+01                                           12

1.1672135+01 0.0000600•00 5.9811755-01 1.0557201-02 1.11.17 4,27-02 1.555045/-07
1.17/7135+01 0.0000000.00 6.002/,1,27-01 1.1520%03-03 :,.55050.'3-04 1.27H/: 90-01
1.1872135+01 0.(000(00+00 6. 0 24 1 900 -1,1 1.2629268-02 1.1787830-02 1.7275744-07

5 5.0000,000+00 -1.6732410*01

1.16/2135-01 0.0000000+00 5.9671154-01 1.1020511:-02 1.2006/07-02 1.629/636-02
1.1/72135+01 0.0000COO+00 4.9dKA143-01 1.0207015-03 1.136'601-03 1.57/6H/0-03
1.18721$5+01 0.(000600+00 6.0161112-01 1.2251103-02 1.1326453-02 1.6684666-02

Figure 2. Machine print showing final prescription and 12-ray
analysis of I,ister lens performahce.
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Table I.

Analysis of Parameter Interaction in Selected Sequences

Spaces. between Parameter spacing
Design parameter parameters incidence frequency
calling sequence 1st 2nd 3rd 4th 5th 1 2 3 4 5 6 7
1, 4, 7, 10; 13 33333 o050050
1, 2, 3, 4, 5 111 1 11 4  3  2  1   0  6  0.

4

1, 2, 3, 5, 14 112 9 2 2 3 2 2 0 1 0
1, 3, 12, 14, 15   2   9   2   1 1 2  3  2  2.  0  1  0

1, 2, 5, 10, 12    1   3   5   2 4 1 1 1 2 2 1  2

10*b

-                                                                                                                                      1
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Table II.
*.

EXAMPLES OF EFFICIENT PARAMETER CALLING SEQUENCES

Total No. Number of Parameters Used Simultaneously
Parameters   4          5             6               7                   8                     9                       10

6      1,2,4,5                                                                                                                             '

7 1,2,3,5 1,2,3,5,6
.

8 1,2,4,6 1,2,3,5,6 1,2,3,5,6,7

9 1,2,5,7 1,2,4,6,7 1,2,3,5,6,7 1,2,3,4,6,7,8
1

10 1,2,4,7 1,2,3,6,8 1,2,3,5,6,8 1,2,3,4,6,7,9 1,2,3,4,6,7,8,9

11 1,2,4,8 1,2,3,5,8 1,2,3,5,6,8 1,2,4,5,6,7,9 1,2,3,4,5,7,8,10 1,2,3.4,5,6,7,9,10

12 1,2,4,8 1,2,3,6,9 1,2,3,5,7,10   1,2,4,6,7,8,10 1,2,3,4,6,7,8,10 1,2,3,4,5,7,8,9,11 1,2,3,4,5,7,8.9.10.11
.

13 1,3,4,8 1,2,5,8,10   1,2,5,7,8,10 1,2,3,5,6,9,11 1,2,3,5,7,8,10,11 1,2,3,5,6,7,8,9,11 1,2,3,4,5,7,8.9.11,12W1     14 1,3,7,10 1,2,4,7,11 1,2,3,4,8,11 1,2,4,7,8,9,11 1,2,3,5,8,9,10,12 1,2,4,5,6,8,9,11,13 1,2,3,4,6,7,9,10,11,13

15      1,3.6,10   1,2,4,8,12   1,2,3.5,8,12   1,2.3,5,6,9,11 1.2.3,4,6,8,9,12 1,2,5,6,7,8.9.11,13 1,2,5,6,7,8,9,10,11.13

16      1,3,8,11   1,2,4,8,12   1,3,4,5,9,12   1,2,3,5,7,10,13 1,2,3,6,8,10,11,14 1,2,3,4,6,9,10,12,14 1,2,3,4,5,6.9.10,12,14

17      1,3,8,12   1,2,4,8.13   1,2,4,7,10,14  1,2,3,4,7,10,14   1,2,3,4,5,7,10,14    1,2,5,6,7,8,10,12,15    1,2,3,4,5,6,9,10,13,15

18      1,5,8,13   1,3,4,8,13   1,2,3,5,9,14   1,2,6,8,9,11,15   1,2,3,4,6,10,12,15 1,2,5,7,8,9,11,14,16 1,3,4,5,6,9,10,12,14,16

19      1,4,9,13   1,3,4,8,14   1,2,4,7,11,15  1,3,4,5,7,10,15   1,2,3,4,7,9.12,16    1,2,5,8.9,10,11,13,15   1,2,4,5,8,9.10,11,13,15

20 1.4,8,13   1,4,9,11,15  1,3,4.7,11,16  1,2,7,9,11.12.15  1,3,6,7,8,11,14,17   1,3,4,7.9,12,13.14,17   1,3,4,7,9,11,12,13,14,17

21 1,6,9.15   1,3,8,9,12   1,2,4,8,12,17  1,2,3,5,9,12,17   1,4,5,6,10,12,15.18  1,3,7,9,10,12,13.14,17  1,4,5,6.7.10,11,13.15.18

22 1,5,10,16 1,2,5,11,16 1,2,4,8,13,18 1,2,3,5,9,13,18 1,2,3,4,7,10,14,18 1,2,3,5,9,13,14,16.19 1,2,3,5,8,12,13,14.16.19

23      1,5,10,16  1,2,4,9.15   1,2,4,9,13,19  1,2,3,5,9,14,19 1,2,3,4,6,10,14,19 1,2,3,4,6,9,12,16,20 1,2,3,4,5,8,12,14,17,20

24      1,5,10,17  1,2,5,12,17  1,2,4,9,13,19  1,2,3,5,9,14,19   1,2,3,4,8,13,16,20   1,2,3,4,7,12,15,19,21   1,2,3,5,7,12,14,15,17,21

25      1,5,10,16  1,2,5,12,18  1,2,3,6,12,19  1,2,3,5,10,14,20  1,2,3,5,8,13,17,21   1,2,3,5,8,13,17,20,22   1,2,3,4,6,10,14,17,20,22

26      1,6,13,21  1,2,6,12,19  1,2,4,11,15,22 1,2,3,5,10,15,21  1,2,3,4,9,13,17,22   1,2,3,5,9,14,16,19,22   1,2,3,4,6,9,13,15.19,22

27      1,6,13,22  1,2,5,13,19  1,2,4,6,14,22  1,2,4,8,12,17,22  1,2.3,4,7,11,17,22   1,2,3,4,6,10,13,18,24   1,2,3,4,8,10,13,16,20,24

28 1,6,12,20 1,2,5,13,20 1,2,5,16,21,23 1,2,4,9,13,17,23 1,2,3,5,8,12,17,23 1,2,3,5,8,11,15,19,24 1,2,3,4,6.9.15,16,20.24
29      1,6,13,21  1,2,6,13,21  1,2,3,7,14,22  1,2,3,5,11,16,23 1,2,3,5,8,13,17,23 1,2,3,4,6,9,14,18,24 1,2,3,4,6,10,15,19,22,25

30 1,7,14,22 1,2,7,14,22 1,2,3,6,15,25 1,2,3,6,11,17,24 1,2,4,12,13,17,25,27 1,2,3,4,6,10,16,20,25 1,2,3,4,7,11,17,19,22,26
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Table III.

Summary of Lister Lens Designing Sequence and Pregress

Operation Ray Increments used Cycles Figure
performed pattern Total  Per cycle run of merit

Start           2                                  904.7

          Designing       2        4        1        29       24.9

Designing       2        6        1        25       18.0

Designing      2       6       2 -2 5 0.26
\-

Designing       2        8        2        25        0.23

#2.0           2                                   .4.9

Designing       2        9        3        28        0.30

Designing       2        9        4        28        0.22

Ray change      6                                    4.0

Designing .6        9        4        28        0.47

Designing       6        9        5        28        0.31

Designing       6        9        6        28        0.26

Ray change 12 0.53

Designing      12        9        6        28        0.36

/
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Table IV.

Optical Characteristics of Zoom Lens

Posi-  Element Object Magnifi- Relative Focal Back
tion shift size cation aperture length  focus

1      0 150.00 0.133 12.0 1590 384.720

2     50 171.8 0.116 10.8 1310 384.565

3 100 197·0 0.102 10.0 1096 384.670

4 150 226..0 0.088 8..8 927 364.755

5 200 259.4 0.077 8.0 790 384.776

6 250 297·9 0.067 7.4 677 384.729

7 300 342.0 0.058  - 7.0 582 384.658

8 350 392.4 0.051 6.7 503 384.632

9 400 450.0 0.044 6.5 436 384.723

I '
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