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How optical scientists work and what they can make has changed profoundly

with the information technology revolution of the past 50 years.The software

packages developed to aid in the traditional activities of lens and coating design

are now several generations old. New programs capable of tackling increasingly

sophisticated optical problems are emerging: examples include optimization pack-

ages for non-imaging optics in illumination and programs to model the complex

physics of multichannel,multiwavelength, fiber-optic telecommunications systems.

Peter Abrahams

Before computers, lens design calculations were done with logarithmic tables or calculators. In these
photographs, Japanese lens designers work at an unknown factory in the 1950s. In 1956, Fuji Photo Film
developed a 1700 vacuum-tube computer for lens design calculations.





T he computer’s ability to simulate
light streamlines the development
process and makes physical proto-

types less necessary than before. Since
computers allow optical designers to
quickly explore alternative solutions, today
there is more room in the designer’s job
for experimentation, creativity—and fun.
The result can often be better design. De-
signers warn, however, that before produc-
tion begins, the results of computer mod-
els must be verified against real-world en-
gineering prototypes. And, they argue, no
existing software can completely replace an
experienced designer’s instinct about the
best point at which to begin a simulation.

Lens design then…
In pre-computer times, lens designers
used mechanical or electrical calculators
to compute refracted angles and the path
of the ray through each successive surface.
As early as the 1920s, at the Zeiss micro-
scope factory in Jena, Germany, Ernst
Abbe stipulated that lens design was to be
done by calculations and that workshop
prototypes would not be used to correct a
system.1 Harold Dennis Taylor, inventor of
the famous Cooke Triplet lens, which first
appeared in a photographic telescope in
1892, visited Jena and met Abbe. Taylor,
however, considered ray tracing only a
time-consuming “mechanical indicator.”
For the sake of speed and efficiency, he
preferred to have his designs made up as
workshop prototypes and tested physical-
ly.2 Taylor favored the elegance of algebra-
ic lens equations––even though they could
not predict effects such as spherical aber-
ration––because he saw the results of ray
tracing as “empirical and uninstructive…
barren of enlightenment.”3

In the 1930s, designers of Leica camera
lenses at the Leitz factory in Wetzlar, Ger-
many, used logarithmic tables to make the
necessary calculations, according to Erwin
Puts, author and Leica camera enthusiast
based in Utrecht, the Netherlands, who
has studied company design documents
from that period.4 For a six-element lens
design, calculations of 200 rays were re-
quired for every lens surface; 3000 calcula-
tions were necessary for the complete lens.
At a rate of 50 calculations a day, the
process would have taken one person three
months of hard work to complete.5 In
practice, teams of workers, mainly women,
were employed to do the job. They care-
fully wrote the results out in long-hand,

using special lettering conventions to dis-
tinguish, for example, a “7” from a “9.”

… and now
By way of comparison, a modern desktop
PC can perform two million ray calcula-
tions per second. For the generation of
lens designers approaching retirement, the
modern computer revolution has been es-
pecially dramatic. Using no more than an
ordinary desktop PC and an affordable
software package, many can now exploit
the experience of a lifetime’s work initiat-
ed on mainframe computers. In this era of
lean budgets, engineers multitasking in
slimmed-down corporations are taking on
new optical design responsibilities, using
lens software they can run themselves.
Students can download sample copies of
software programs and teach themselves
the rudiments of ray tracing and aberra-
tion optimization for free.

When Bruce Walker of Southampton,
Massachusetts, left his position as manager
of optical engineering at Kollmorgen Cor-
poration in 1991, he wanted to start con-
sulting with desktop lens software. Work-
ing for several corporations, including
General Electric, he had used large com-
puters since the 1960s. At Kollmorgen, as
many as 50 staffers supported his design
work on submarine periscopes for the

company’s Electro-Optical Division. His
employer spent thousands of dollars a
month leasing computer hardware and
lens-design software—leasing charges, he
recalls, that were high enough to consti-
tute “a major issue” when they were passed
on to the end customer.

Design on a desktop
Once on his own, Walker invested $2000
in a computer, bought optical engineering
software for another $2000, and with no
further expenses, started out in business,
initially working for former customers.
His initial concern that he might one day
encounter a design problem beyond his
resources has proven unfounded: “It has
never happened in 11 years,” he reports.
Although he keeps to areas of optical de-
sign he knows well, Walker insists that
with the software available today, he can
do everything he wants. And the hardware
is more than up to the job, he adds, with
desktop computers so fast they “outstrip
the designer’s ability to keep up with the
volume of useful data output.”Walker calls
the cost of computing power—including
both hardware and software—“trivial”
compared with the fees a competent de-
signer can earn.

Is optical design more enjoyable thanks
to the new tools? “Yes, but the most fun is
in giving the customer the satisfaction of a
better design,” says Walker. He compares
the experience of using today’s programs
to “feeling you’re getting inside the design,
examining it closely with a number of dif-
ferent approaches,” all for very little mon-
ey. In the past, once designers started
down a particular path, it was often so ex-
pensive to go back and start again they
would struggle on with the original de-
sign, hoping to eventually reach a solution
that would meet the customer’s specifica-
tions. Now, the software can simulate a
different path in five minutes, and the de-
signer can abandon it without regrets if it
leads nowhere.6

But Walker and others warn that the
availability of desktop packages has also
resulted in poor quality design, at least for
inexperienced users. Consultants are avail-
able, of course, to assist those who try and
fail to resolve an optical system on their
own.

Future lens design programs should in-
corporate learning and teaching functions,
and become a repository of knowledge, ac-
cording to Robert Shannon, professor
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Optical designer Bruce Walker of Southampton,
Massachusetts, used a desktop computer to im-
prove his 1964 design for a six-element, 260-mil-
limeter, F/3.0 objective (top). The lower layout
shows the improved 1996 design, with one less el-
ement, twice the light gathering power and im-
proved image quality.
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emeritus of optical sciences at the Optical
Sciences Center, University of Arizona.7 But
that may not be a reasonable expectation,
he adds, partly because it would cost so
much that the resulting software would not
be economical to use. Another problem is
that “knowing” the subject does not guar-
antee that good judgment will be used in
carrying out a design. Efforts to encapsu-
late this knowledge in a computer program
might well be thwarted by the fact that de-
signers, who hold their best ideas close to
the chest in the form of intellectual proper-
ty, might be unwilling to divulge them in
this format for general consumption.

To put today’s design software to the
test, Walker used a modern optics package
(OSLO from Lambda Research Corp., Lit-
tleton, Massachusetts) to analyze a suc-
cessful near-infrared imaging lens he first
designed and approved for manufacture in
1964. Since the original software used
could not work with exact ray data, it opti-
mized coefficients of third-order aberra-
tions: spherical aberration, coma, distor-
tion and astigmatism. By comparison, the
new software calculated the lens’ complete
modulation transfer function, a measure
of the contrast with which a lens resolves
increasing detail. The newly computed
contrast of 0.80 at the target frequency of
25 line pairs per millimeter confirmed the
original design’s good performance.

Improvements to design
Optimization routines in Walker’s new
software showed potential for improve-
ment. But rather than simply increase the
lens’ resolving power, which already satis-
fied specifications, Walker found he could
remove a whole lens from the six-element
design and generate a simpler, five-ele-
ment version—without affecting per-
formance. Then a new layout of the five el-
ements simultaneously doubled the sys-
tem’s overall light-gathering ability. With
all the improvements, he transformed the
original f/3.0 six-element design into a
new f/2.12 system with only five elements
and a better MTF.8

The lenses for the Rover vehicle on the
Jet Propulsion Laboratory’s next Mars
Rover mission in 2003 represent another
demonstration of the power of desktop
lens software.9 Ten different lenses for
panoramic cameras, navigation cameras,
close-up cameras and hazard avoidance
cameras were designed by Gregory Hal-
lock Smith, a consultant in Pasadena, Cal-
ifornia, using a design program (ZEMAX,

by Focus Software, Inc., Tucson, Arizona)
that runs on a standard PC and sells for as
little as $1500 in entry-level versions.

Thin film design software
Of course, today’s computer programs can
also design multilayer thin film coatings to
reduce lens reflections or for use as color
filters or polarizers. Thin film design soft-
ware uses a matrix representation of the
terms of transmission and reflection coef-
ficients in the wave equation for light pass-
ing between media of different refractive
indices.10 The software exploits raw com-
puting power to calculate the multiplied
matrices that represent the one hundred
or more dielectric layers that a high-per-
formance coating may contain.

Large numbers of layers are needed for
high efficiency, narrow bandwidth filters.
That combination is important for multi-
plexers and demultiplexers in fiber-optic
telecommunication systems, where as
many as 160 different channels, each oper-
ating at a slightly different wavelength be-
tween 1530 and 1560 nm, are transmitted
through the same fiber. Input channels are
combined, then separated at output, using
thin film filters with more than a hundred
layers and bandwidths of less than one
nanometer. Many thin film software pack-
ages have special design modules that ad-
dress these dense wavelength division

multiplexing (DWDM) applications.
DWDM filters have also driven improve-
ments in coating technology, since they
demand tighter tolerances in film thick-
ness. Some thin film design packages in-
clude “tolerancing” routines, in which the
designer simulates manufacturing varia-
tions in film thickness and optimizes the
filter to be less sensitive to those errors.
Advances in thin film measurement have
also been crucial in producing these filter
designs.11

Computer-aided 
modeling in fiber optics
The evident triumph of the computer in
modeling lens design and thin films is
partly due to the inherent simplicity of
concepts such as the ray, and the success of
such simplifications in describing an es-
sential, but limited, property of light.
Move to the world of guided-wave optics,
where engineers are trying to reproduce
the functions of electronic components
and circuits in miniaturized devices using
light, and you find a community of work-
ers who would gladly embrace computer
hardware several orders of magnitude
faster than that which is available today.
Typical devices being modeled are semi-
conductor lightwave amplifiers, arrayed
waveguide gratings (AWGs, a possible
fiber-optic multiplexer/demultiplexer de-
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Testing the Rocky 7 generation Rover at Lavic Lake Test Bed in the California Desert.The lenses for the
Rover vehicle on JPL’s next Mars Rover mission in 2003 are another demonstration of the power of desk-
top lens software.
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vice), beam deflectors and semiconductor
lasers.

With light travelling as a “mode” in the
confines of shaped waveguides on planar
substrates, with varying dielectric and
electro-optic properties on planar sub-
strates, the problem can become one of es-
sentially solving Maxwell’s electromagnet-
ic equations for a complex series of
boundary conditions, according to Steve
Holm, a designer working in TRW’s Mi-
croelectronic Products and Technology
Department in Redondo Beach, Califor-
nia. Commercial products for waveguide
simulation were introduced in the mid
1990s, and Holm has used several pack-
ages to help design masks to fabricate ac-
tual devices. For many problems the simu-
lations work well, although verification
with real prototypes is still required. It can
take all night to run simulations seeking
an optimization involving changes in one
parameter. The size of devices that can be
simulated is still quite small and limited by
the computer: Holm uses a fast 1-GHz

computer with 1 Gbyte of memory. Soft-
ware is still expensive: individual packages
cost between $10,000 and $60,000.

Computer simulations of complete
fiber-optic telecommunication systems
have provided critical guidance to manu-
facturers almost since the earliest systems
were installed, according to Graeme Pen-
dock, system engineer for Sycamore Net-
works of Chelmsford, Massachusetts, a
supplier of systems to telecommunica-
tions companies. Major suppliers write
their own simulation software (which can
take hours to run on a fast computer) to
model the effect of lasers, fibers, re-
peaters/regenerators, beam combiners and
splitters in systems with as many as 160
different wavelength channels spanning
thousands of kilometers. Although lab
testing such a system is expensive and time
consuming, this phase is still necessary to
confirm computer predictions for any ma-
jor new system. But with access to simula-
tions, companies feel confident limiting
computer checks to small changes in a ba-

sic system already proven in a hardware
test. Commercial software, made available
more recently, provides a user-friendly in-
terface as well as special analysis modules.

The world of lightpipes
Ray-tracing programs have been adapted
to simulate reflectors and lightpipes that
collect and redistribute light, a function
sometimes called non-imaging optics. The
goal here is not to reproduce an object
one-to-one in a faithful image but to
transform an object, such as a coiled light
bulb filament, into a smooth distribution
of light on, for example, the input surface
to an optical fiber. Although a different
kind of software strategy is required, the
field is poised for a “revolution” like that
already experienced in the field of lens de-
sign and optimization, according to
William Cassarly and Michael Hayford of
Optical Research Associates in Pasadena,
California, a maker of such software.12 In
design applications—car headlamp reflec-
tors, for example—the traditional ap-
proach was to test multiple iterations of
physical prototypes guided by some sim-
ple theory. Computer simulations are now
good enough to commit to making manu-
facturing “tools” for a specific reflector
costing tens of thousands of dollars, they
say. Many applications of the software ex-
ist in the field of information display, from
designing backlights for laptop computer
screens to laying out condenser optics in a
desktop data projector.

The future
Designers of optical products express ex-
citement at the realm of creative possibili-
ties made possible by the advent of com-
puters offering simulated experimental so-
lutions. Computer power has stimulated
optical physics in myriad ways and will
continue to do so as more powerful hard-
ware is harnessed to address increasingly
difficult problems. In the future, in an
ironic twist, optics is likely to return the fa-
vor, contributing to new computing hard-
ware in the shape of holographic memo-
ries and multichannel optical processors.
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One common backlight design uses white dots silk-screened onto an edge-lit acrylic sheet, or wedge, act-
ing as a “lightpipe.” Computer simulation of the output lets designers make a dot pattern that will give a
uniform brightness across the width and height of the screen.

New designs for laptop display backlights can be tested in simulation with ray-tracing software.

Computer software was used to optimize the design of this reflector.
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