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Left: Aspheric departure from a hemispherical whispering gallery improves its image sharpness. There is a highly aberrated inter
mediate image between the two reflections. (Described by Lawrence N. Mertz, OSA 1996 Annual Meeting/ILS-XII/Optics & Imag
ing in the Information Age Advance Program, ThAA5, Oct. 24, 1996, p. 174.) 

Thanks to advances in computing hardware and software, today's lens designers are able to 
go beyond bending rays. Now they apply their hard-earned training to many facets of 
optics, mechanical engineering, manufacturing, and testing to design practical systems. 
This article will begin by describing traditional lens design programs for the reader who 
has no experience with them. We will then address some of the developments that have 
changed the business of optical system design and discuss some other software tools that 
have become important parts of the optical system design process. 

The world of computing, as we all know, has changed drastically in the past 30 years. Gone are 
the days of batch processing by submitting card decks to mainframes (1960s-early 1980s), interactive 

processing by dialing large computers from teletypes (late 1970s), dedicated minicomputers (late 
1970s), and running large programs on workstations (late 1980s). Most lens design is now done on 

desktop and even laptop personal computers. Low-cost, high CPU speed, and greater RAM and 
disk space allow serious computational tasks like optical design to be accomplished without 

the cost of computing concerns. Computers can now be used for learning, experimentation, 
lengthy global optimization, and Monte Carlo simulations. Portable computers and display 

projectors allow results to be presented more effectively to large groups of people. And 
modern operating systems let data be moved easily and accurately between specialized 

optical programs and a wide variety of other applications. 

Lens design software: What is it and what does it do? 
The principal job of a lens design program is to analyze and optimize the image 

sharpness of lens systems. The following sections describe the basic elements of 
any lens design software system. 

The lens model 
Traditional lens design programs represent the lens system as a sequence of 
surfaces. Each surface has a shape—possibly tilted or decentered—a materi
al that follows the surface and the thickness to the plane of the next surface 
in the system. Surfaces may also have other data associated with them, 
such as clear aperture definitions. The initial surface is the object, one of 
the lens surfaces is designated to be the aperture stop (for ray aiming 
and aberration calculations), and the last one is the image surface. 

When creating a system, three items must be specified: a list of one 
or more wavelengths, a list of field points (either points on the object 
surface or field angles), and the aperture size (as entrance pupil 

diameter, NA, or f/number). Non-circular, obscured, or vignetted 
aperture shapes are possible. 

Once these givens are specified, the lens design program traces rays 
from object points to the image surface, aiming them at locations on the 

entrance pupil, defined as the image of the aperture stop surface as seen 
from the object. Each ray is traced "sequentially," in the specified order of 

the surfaces. If a ray misses a surface—or cannot pass the surface due to 
total internal reflection—it "fails" and cannot proceed. On the other hand, 

physically unrealizable systems may be happily modeled. But while negative 
lens thicknesses and air spaces are mathematically acceptable and can be use

ful tools for the designer, most lens design programs have features that keep 
them from occurring accidentally. 

Diagnostics 
Several types of tabular and graphic output, such as layout designs and aberration 

and field plots, are available within the software. This information allows designers to 
quickly assess the quality of a design while it's in progress. They also provide insights 

that can help designers modify their system. When first entering a lens into a system, it is 
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a good idea to have the program plot the layout to be 
sure that everything is where it is expected to be (see 
Fig. 1). If the optical system being worked on includes 
reflective-, tilted-, or decentered-surfaces, the relative 
coordinate system tracking can be confusing, and view
ing a layout to confirm correct data entry is a necessity. 

In the past, lenses were designed with extensive use 
of aberration theory, extracting information from sim
ple paraxial ray traces. While modern computers and 
software allows us to design using "real" rays, calcula
tions of surface contributions to third- and higher-order 
aberrations can help designers decide what to do next to 
push optimizing routines toward the best solutions. 

Ray aberration plots show the positional error of rays 
in the image plane (or the optical path difference), as a 
function of where they cross the aperture. These plots 
illustrate what type and to what degree aberrations are 
limiting the performance of the system (see Fig. 2). Typi
cally individual x and y plots for each field point are 
graphed side by side. Each aberration has its own charac
teristic curve shape; by studying the shape of the perfor
mance curves, it becomes clear which are the dominating 
aberrations of the system. With this knowledge, lens 
designers can develop strategies for improving the design. 

Field plots graphically display the level of astigma
tism and field curvature that is present in a design (see 
Fig. 3). Most useful for wide-field, slow f/number sys
tems, the field plot is a graph of the focus errors of the 
radial and tangential focal surfaces vs. field. 

Optimization 
Having to determine the values of many design parame
ters to high precision may seem overwhelming, but 
automatic optimization routines, which have been avail
able for many years, decrease the complexity of the task. 
Before a program can automatically improve a lens 
design, design parameters (radii, thicknesses, glasses, 
aspheric deformations, etc.) that can be allowed to vary 
must be designated and the error function—a single 
calculable number that will represent the solutions 
quality—must be specified. The optimization routine 
will then change the variables to reduce the value of the 
error function (see Fig. 4). The most common optimiza
tion algorithm is damped least squares, and some pro
grams provide several alternatives to try. 

The error function, often called merit function, is the 
sum of squared error values. Most often, the error val
ues are the distances between ray intercepts on the 
image surface and the chief ray (or the centroid of the 
image spot) for the ray's field point. It is important that 
the lens performance is properly simulated: There must 
be enough field points, rays across the aperture, and 
wavelengths to characterize the system accurately. A 
weight may be assigned to each component of the error 
function, or more simply, to field points, aperture 
points, and wavelengths. Most programs have default 
error function constructions that can be modified as 
appropriate, or the error function can be built from 
scratch. Here is where a designer's judgment can make a 
big difference in the result. 

It is important to understand that the result of opti
mization is not independent of the starting system. 
Standard optimization routines will attempt to find the 
"local minimum" of the error function; but the error 
function is most often a very complex function of many 
variables, with multiple minima (see Fig. 5). If the start
ing solution is close to a minimum that is not very 

Figure 1. A star t ing solut ion in the des ign of a +/-20° s ingle e lement c a m e r a 
lens. The ent rance pupil is in con tac t with the front s u r f a c e . The s e c o n d s u r f a c e 
radius and the image d i s t a n c e give us paraxial focal length a n d focus , respec
tively. The aberrat ions are bad enough to be s e e n in th is lens layout. 

Figure 2. Ray aberrat ion plot for the l a n d s c a p e lens of F igure 6 (page 4 0 ) . 
Vert ical axes are ray errors , horizontal a x e s are ray height at the s top . Three 
wave lengths are p lot ted. The cub ic form of the on-axis plot ind ica tes third 
order aspher ica l aberrat ion, and the i n c r e a s i n g color separa t ion of the tan
gent ia l plots is lateral chromat ic aberrat ion. 
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good, the local optimizer will stop there. So the designer 
must intervene, changing the system to get to a better 
starting point, or forcing the optimizer to move on by 
adjusting the error function. 

Recently, software producers have addressed the prob
lem of multiple minima by introducing "global" optimiz
ers. These routines allow the program to jump around in 
solution space, essentially creating new starting systems 
and saving the better optimization results (see Fig. 6, page 
40). They can produce surprising new design forms, as 
well as absurd unbuildable solutions that are fun to show 
to other designers. In all, global optimization is a valuable 
innovation that enables the designer to more completely 
explore the design possibilities. 

Performance analysis 
Several types of image quality performance evaluations 
are available from any modern lens design program. 
Determining which is the most appropriate depends 
upon the lens application. Geometrical optics evalua
tions include, for example, the geometrical modulation 
transfer function (MTF), RMS-point spread radius, or 
encircled energy functions. Wave-optics evaluations 
include MTF, RMS-wavefront error, and Strehl ratio. 

Tolerances and much, much more 
To produce the best as-built lens, the ability to develop 
realistic tolerances is as important as the optimization. 
Tolerance determination and analysis is one area where 
the large commercial lens design packages differ from 
one another. Image quality sensitivities to small pertur
bations are calculated, simulating compensation proce
dures that can take place during alignment. Tolerances 
are statistically combined to estimate production yields. 
Here is another area where the designer's experience 
and judgment play a crucial role. 

There are many more important capabilities, such as 
multiple configurations (for zoom lenses, scanning sys
tems, etc.), thermal analysis, cost and weight estimation, 
macro languages, and unusual surfaces and materials. 
All of these and more are built into lens design pro
grams today. 

So what's new? 
The basics of lens design programs have existed for 
decades now, yet there have been improvements on 
many different fronts, making them more powerful and 
easier to use. 

Improved user interfaces 
The user interfaces of commercial lens design programs 
vary considerably. Needless to say, they are all interac
tive; batch processing is a thing of the past. While some 
are still typed command entry, most incorporate 
spreadsheet-like entry and pull-down menus for com
mands and access to dialog boxes. If you know the com
mands, the command line interface is fast; graphical 
user interfaces are much easier for the less experienced. 
Although these interfaces are very efficient when 
designed well, there is still room for improvements in 
consistency. 

Figure 3. Field and distortion plots for the tens system of Figure 6. Inward curving 
field and pincushion distortion are characteristics of this simple lens design. 

Figure 4. After conventional optimization, one of the two classic "landscape lens" 
solutions is found. Four parameters varied: Two controlled focal length and focus, 
and two improved sharpness. The error function consisted of 3 field points, 
3 wavelengths, 12 rays across the aperature: 108 rays total. 

Figure 5. The minimum error function as entrance pupil distance is varied. In this 
simple case, we can see two distinct optima. The starting system of Figure 1 was 
at zero entrance pupil distance, so local optimization found the stop in front solu
tion of Figure 4. This is a spreadsheet plot of lens design program data. 



Graphics all the time 
Currently, color graphical displays are instantly available. 
Several windows can be opened simultaneously: a lens lay
out in one, ray aberrations in another, etc. For entertain
ment and perhaps some insight, and at the cost of some 
speed, plot changes during optimization can be watched. 
Some programs allow users to adjust parameters graphi
cally while observing the result on the system. Although 
this may not be the way to design a complex lens system, it 
can help us to improve our understanding of optics. 

Improved optimization 
Global optimization has been a real breakthrough, and 
standard optimization routines have also become much 
friendlier than they used to be—one rarely needs to fuss 
with optimization parameters that don't have anything 
to do with the optical problem. Also, default merit func
tions have become standard, allowing users to get to the 
problem more quickly. 

Catalog design 
Commercial lens manufacturers have made their catalog 
lens designs available from within lens design programs. 
This allows systems to be designed with low-cost elements 
that are currently available. This capability, combined with 
the simpler operation of modern programs, has allowed 
more engineers to perform useful optical design. 

Other software products in the toolbox 
Other specialized optical programs, like illumination 
and stray light analysis, diffraction analysis, and thin 
film coating design are available. There is also a large 
CD-based lens design patent database, useful for finding 
starting solutions and learning about lens designs, as 
well as for developing patent strategies. 

Computer-aided design (CAD) 
Today most mechanical design is done on computers 
with 3-D CAD programs. Though complex mechanical 
design is usually done by a specialist (the descendant of 
the pencil and ruler based drafter), it is reasonable for 
an optical designer to have some ability in mechanical 
CAD. It is possible to "export" a lens system, with or 
without rays, from lens design software to a CAD pro

gram, using data formats such as IGES and STEP. This 
saves time, reduces human error, and ensures that com
plex and sensitive geometries are correct. 

An optical designer with CAD capability can take the 
exported version of a lens design and add mechanical 
features, such as lens flanges. Walls and baffles for stray 
light control can be designed using graphical methods 
that are natural in a CAD environment. Including limit
ing rays in the CAD model allows mechanical designers 
to avoid blocking light paths accidentally. If the product 
contains more than one optical system (e.g., a camera 
with a viewfinder), the optical designer can arrange 
them properly in the C A D model, then mechanical 
designers can build the structure around the optics 
without worry about alignment in the model. When the 
opto-mechanical design is complete enough, it can be 
exported again, this time to illumination and stray light 
analysis software, or for finite element analysis of ther
mal and structural performance. 

Illumination/stray light analysis 
Optical designers can explore territory beyond lens 
design with one of several programs that we call illumi
nation and stray light analysis (ISL) software.1 These 
differ from lens design programs in several respects: 

They are CAD-like. Any optical or mechanical feature 
of the system can be modeled. 
They perform non-sequential ray tracing. Rays are 
not required to encounter surfaces in order, as in tra
ditional lens design programs, so nonimaging sys
tems like light pipes, lens arrays, and baffle structures 
can be analyzed. 
Light sources, scatter, absorption, edge diffraction, etc., 
can be simulated. Surface and material properties are 
specified, even for structural elements. When a ray hits 
a scattering surface, multiple rays continue, weighted 
appropriately. One can then trace hundreds of thou
sands of rays, building up the distribution of light from 
both the specular path and any sources of stray light. 
They are analysis tools—automatic optimization is 
not available. 
ISL programs complement traditional lens design 

programs by providing a more complete model of the 
opto-mechanical system. But, they cannot perform the 
optimization and analysis functions that lens design 
programs are capable of. It may not be easy to build the 
necessary solid models with ISL programs, but they can 
import from lens design and C A D programs, so the 
optical engineer or available CAD expert can create the 
models conveniently elsewhere. 

Spreadsheet 
The ubiquitous spreadsheet may be the most important 
tool of system analysis. It allows one to examine the 
effects of system parameters such as f/number, focal 
length, and detector sensitivity almost instantly.2 Even 
multivariable optimizations can be easily performed, 
although if they get too complex sometimes things don't 
work well. Spreadsheets allow you to design systems that 
cannot be modeled by lens design programs, such as the 
aspheric non-imaging reflector Continued on page 61 

Figure 6. A global optimization found the other landscape lens solution. Note the nega
tive entrance pupil d istance. This is acceptable; it puts the physical stop after the lens. 
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Optical Design Software 

Continued from page 40 
in Figure 7. Spreadsheets are also easily capable of ana
lyzing simple thin film systems, calculating diffraction 
MTF (in focus, obscured, or defocused) and Gaussian 
beam analysis from a simple paraxial raytrace, and 
computing fabrication details of diffractive optics, to 
name just a few examples. 

Spreadsheets are also useful for processing data that 
other programs generate, providing the flexibility to do 
exactly what is needed (see Fig. 5, page 39). For exam
ple, the MTFs of diffractive lenses can be calculated by 
exporting lens design program ray calculations for a 
number of orders, combining them, and calculating the 
MTF in a spreadsheet.3 

Symbolic and numerical computation packages 
For computation needs that go beyond the capabilities 
of a spreadsheet, there are software products that spe
cialize in more advanced mathematics. Many mathe
matical features are included, like Bessel functions and 
Fourier transforms, obviously useful for optical engi
neering. Complex numbers, vectors, and matrices can 
be manipulated. The graphic capabilities are even more 
extensive than spreadsheets (see Fig. 8). At least one of 
these programs has an optical design application pack
age that is available, though we haven't tried it. 

Without being expert users of these products, we've 
done useful algebra, and commonly do system analyses, 
often using the Fourier transform routines. 

The results of all these tools 
Modern lens design software has been improving along 
with the more general computing hardware and soft
ware. The novice or occasional user can accomplish 
more with less effort, thanks to improved user inter
faces and graphics, lens databases, and catalog design. 
The experienced designer can explore more of design 
space in less time, and spend more time on system 
analysis and opto-mechanics. The result is that we can 
develop products and systems more quickly, with 
greater probability of success when they are built, which 
is really why we bend all those rays! 

Postscript 
Extensive information about specific products is readily 
available from the suppliers via the Internet. In many cases, 
free demonstration versions can be downloaded or ob
tained on disk from the manufacturers. A partial list of 

suppliers 
Lens design: 

Focus Software, 
Kidger Optics, 
Optical Re
search Associ
ates, Optikos 
Corp., and Sin
clair Optics 

Illumina
tion and stray 
light: Breault 
Research Orga

nization, Focus Software, Lambda Research Corp., 
and Optical Research Associates 
Symbolic and numerical: Macsyma, MathSoft, The 
MathWorks, Waterloo Maple, and Wolfram Research. 
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Figure 7. This nonimaging trough reflector was 
designed and plotted automatically with a spreadsheet. 
A range of angles from the source, zero to 146° in this 
example, is transformed by the reflector into equally 
spaced tangents of +/-30°. 

Figure 8. (a) The 
optical path differ
ence map of an opti
cal system with 
coma plus a half-
wave linear diffrac
tion grating, comput
ed and plotted using 
a symbolic and 
numerical analysis 
program. (b) The log 
intensity point 
spread function com
puted from the pupil 
function in (a). 
(c) The MTF of the 
system in (a). 
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