
Computational machines and 
optical coatings in the 1950s 

— and later 
By Philip Baumeister 

Nearly all who somehow survived that 
era will readily agree that "the good ol' 

days" were not all that good. 

Most Optics News' readers are familiar with opti
cal coatings. They are applied to the lenses of 
SLR cameras as antireflection coatings, on the 

mirrors used in lasers, and on the architectural glass of 
buildings. Most of these coatings were designed on digital 
computers. This article recalls some of the tribulations of 
computing the spectral transmittance of such coatings in 
the 1950s, focusing on some of the early work in that 
field. Nearly all who somehow survived that era wil l 
readily agree that "the good ol' days" were not all that 
good. 

Also sprach Max Herzberger 
At the beginning of the 1950s, companies that designed 

lenses, such as Bausch and Lomb, Eastman Kodak, and 
Perkin-Elmer, traced rays on mechanical calculators. It 
was the mission of M a x Herzberger to emancipate those 
clerks who toiled daily, from punching the buttons on 
their Marchant or Fridén desktop calculators. Few former 
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residents of Rochester, N.Y., would dispute that Herz
berger was the reigning theoretician in geometrical optics 
and philosopher of that city. Yes, there were also well-
known lens designers in Rochester, such as Rudolf Kings
lake and my former boss, Robert E. Hopkins. Hopkins did 
not mind being called a "ray-bender," but Herzberger did 
mind. Addressing M a x as a ray bender would be like call
ing Gorbachev a capitalist! 

Emergence of the electronic digital computer 
The electronic digital computer was just dawning. 

Herzberger made it clear that he had no affection for it. He 
labored at the Research Laboratory of Eastman Kodak for 
several decades to develop an eikonel theory, which he 
hoped would be an alternative to ray tracing to design a 
lens. Once, speaking to the local section of the Optical 
Society of America, he noted that the. Second World War 
produced two radical advances in our technology: the Nu
clear Weapon and the Electronic Digital Computer. He 
was not certain which boded the greatest threat to the hu
man race. 

Notwithstanding the strictures of Max , these digital 
computers are widely used today for the design of both 
lenses and multilayer coatings. For example, surveys 1 , 2 

that I made in both 1986 and 1988 showed that at least 
15 software packages for optical coating design are mar
keted throughout the world. So much software is available 
because the computer has become relatively inexpensive. 
An IBMPC clone—replete with a printer and a R A M 
memory that stores hundreds of thousands of numbers— 
may be purchased for $1500. 

But compare that with the computational equipment of 
the early 1950s. The computer was rented from IBM for 
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$550 per month (1950 dollars, not inflated 1980 dollars). 
The machine had a capacity to store 50 digits—yes, digits, 
not words. In spite of these limitations, the thirst for com
putational power was sufficient that some companies used 
those "model-T" computers to design both lenses and op
tical coatings. 

There were essentially two classes of electronic digital 
computers in 1951. First, there were machines such as the 
original UNIVAC and one-of-a-kind machines such as the 
Whirlwind (at MIT). In addition, IBM and Sperry Rand 
(now UNISYS) developed simple electronic computers 
that were designed principally to perform payroll compu
tations. The latter were programmed by a wired control 
panel. Eventually, both types of machines were marshalled 
to calculate the properties of thin films. 

Wired control panel computers 
The forebearers of some of the electronic computers of 

the 1950s were the electro-mechanical machines that first 
appeared in the 1930s. For example, Fig. 1 shows such a 
machine that was built by I B M and installed in the Astro
nomical Department of Columbia University in 1933. The 
sequencing of the arithmetic operations was controlled by 
the wired control panel in the front of the machine. IBM 
also marketed in 1933 a model 601 multiplying punch 
that interfaced to punched card accounting machines. 

The fastest electro-mechanical machines mentioned 
above could perform a 10-digit multiplication in about 
one second. The earliest and most primitive electronic dig
ital computers did the same in a millisecond. It is not diffi
cult to see why there was so much "gee-whiz" enthusiasm 
for electronic computers. Today, the "trading up" to a 
newer model of computer usually means that we gain a 
facter of two to four in speed. Imagine an increase of one 
thousand! 

The IBM model 604 was designed as an electronic re
placement for the electro-mechanical multiplying punch 
mentioned above. It was introduced in the Fall of 1948 
and contained hundreds of vacuum tubes. The wired con
trol panel enabled the 604 to add, subtract, multiply, and 
divide, with a typical storage capacity in the range of 50 to 
100 decimal digits. It was envisaged that the machines 
would perform rather simple, mundane tasks, so why 
would you need any more storage? For example, a 604 in 
the payroll section of a tabulating department would be 
programmed to do the following: It read a card with some 
punches in it. Those punches contained the number of 
hours worked and the rate of pay for an employee. After 
the IBM 604 had read the card, it performed a multiplica
tion and outputted the employee earnings in another 
punched card—or possibly in the same card that was read. 

The forebearers of some of the electronic 
computers of the 1950s were the electro
mechanical machines that first appeared 

in the 1930s. 

FIGURE 1. Astronomical calculator installed in the As
tronomy Department at Columbia University in 1933. 
(Photo from IBM Research News, May 1963). 

Calculations at Bausch and Lomb 
The use of the IBM 604 at Bausch and Lomb in Roches

ter, N.Y., was typical of that era. Initially, a 604 was rent
ed by the accounting department to perform payroll calcu
lations. But by night, staff scientist L. Ivan Epstein used 
that machine to perform thin films calculations.3 Soon 
Bausch and Lomb could justify the rental of another IBM 
model 604 (quickly upgraded to a model 607) to perform 
both thin film and lens design computations. Remember 
the Cinemascope system with its anamorphic lens ele
ments? The ray tracing for that lens was done on those 
machines at Bausch and Lomb. 

I am indebted to the recollections of Jean Berning, who 
worked on the programming of the 604 starting in 1952. 
She recounts that her boss, Nissen Finkelstein, and Epstein 
were among the prime movers of the project to program 
the 604 for thin film design.4 

As shown in Fig. 2, Berning's modus operandi for pro
gramming was a control panel with many holes, a box of 
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FIGURE 2. A programmer wiring an input/output control 
panel of an IBM 604 computer at Bausch and Lomb, 
circa 1953. Photograph courtesy of Bausch and Lomb. 

wires, and a staking tool. When the panel was inserted in 
the machine, the wires that were plugged into the panel 
made electrical connections with the contact of the 604. It 
was Berning's task to plug those wires so that prespecified 
arithmetic operations would be performed on each of the 
various program steps. 

Suppose, for example, the card was fed into the maw of 
the card reader of the 604. The punched holes in the card 
contained the four numbers that represented the charac
teristic matrix of a thin film. A matrix multiplication was 
to be performed. On program step 1, Berning would plug 
wires so that a number (i.e., an element of the matrix) 
would be read from the card and transferred into a storage 
register. Then that storage register would be transferred to 
the Multiplier-Quotient register on program step 2. On 
program step 3, she would plug a wire into another stor
age register (say, register 5) and also into the multiply. The 
multiplication of the number in register 5 would then take 
place on that step. And so on to step 4. 

Naturally, the program had to be debugged. Fig. 3 
shows the room where the computations, as well as the 
debugging, took place. The ubiquitous I B M 029 keypunch 
is on the left and the taller cabinet on the right is the I B M 
604. Berning is inserting the I/O panel into the card read
er/card punch that is electrically connected to the 604. The 
usual debugging method was to calculate on a mechanical 
desktop calculator the results of each program step. The 
computer was then launched into the "single step" mode. 
At each program step, switches on the console of the 604 
were flipped and the contents of various registers would 
be displayed on neon lights. As we can see from Fig. 3, the 
operator had to stand to do this. These registers were com
pared with the "correct" results from the desktop calcula

tor. If a mistake had been made, the panel was removed 
from the 604. Some of the wires were removed with the 
staking tool and re-plugged. And then back to the console 
for another try. 

Fig. 4 shows a copy of a slide5 that considers the prob
lem of finding the transmittance of a 15-layer stack (con
taining the absorbing layer) at 60 wavelengths. The graph
ical calculator (i.e., the Smith chart) was the only alterna
tive to the 607. The economical advantage of the 607 is 
quite evident. 

The Card Programmed Calculator (CPC) 
This piece of computation machinery was first assem

bled in late 1949 and can accurately be described as a 
conglomerate. It connected together separate pieces of 
equipment such as an I B M model 402 accounting ma
chine, an IBM 604, and several electro-mechanical storage 
units. Each card that the 402 read had punched into it 
some decimal digits that instructed it about the arithmetic 
operation that it should perform. 

For example, let us suppose that the matrix elements of 
a layer in an optical coating were to be found. It took 
about 13 cards to do this, for each such layer in a stack of 
thin films. The first card would instruct the 402 to read 
the wavenumber from an external box that contained 
stepper switches and then to multiply it by the thickness of 
that layer. The actual multiplication would be performed 
in the 604. The 604 could also find the sines and cosines 
by use of the Taylor series. And so a few cards later the 
402 would read a card instructing the 604 to compute a 
sine. The operator could always tell when this happened, 
because the 402 would halt reading cards until the 604 
had completed a sine calculation. This usually took two to 

FIGURE 3. The scientific computational room at Bausch 
and Lomb, circa 1954. The IBM model 604 is on the 
extreme right From the Bausch and Lomb Magazine, 
20, p.6. 
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Comparison of the costs involved in calculating reflectance and 
transmittance of the combination 

CHHLHHLHLHLHL(INOONEL)LHLHHA at 60 wavelengths 
using machine methods and using hand computing methods 

FIGURE 4. A slide from a paper presented at the April 
1955 meeting of the Optical Society of America.5 

FIGURE 5. Reflectance of a 15-layer coating for a Fabry-
Perot interferometer, as computed on a Card Pro
grammed Calculator.6 For the abscissa reading millimi
crons, translate to nanometer. 

three seconds. The C P C continued this process until it en
countered a stack of eight cards that instructed it to con
vert the Matrix elements into radiant reflectance and trans
mittance. 

Thin film calculations on the CPC 
There were many Card Programmed Calculators (CPC) 

in the United States and other countries, so I am not cer
tain how many groups used them to compute the reflec
tance and transmittance of multilayer coatings. It was for
tunate that I was employed by Shell Development Co. 
(near Berkeley) during the summer of 1954. During work
ing hours, I used the C P C to solve differential equations 
for the growth of a bubble in a liquid drop. Shell encour
aged me to use the machine off hours for thin film calcula
tions. It took about two minutes for the cards to run 
through for a 15-layer stack, such as the reflectance curve 
shown in Fig. 5. The time that I waited for the next result 
was not wasted. I could usually manually plot the reflec
tance or transmittance in "real-time." That way, I could 

often find where I needed more data points to find the 
exact value of some minimum. 

The C P C attacked two problems. The first was a pro
ject at Dartmouth College sponsored by Gerog Hass and 
Lawrence Hadley to find the reflectance and transmittance 
of single layers that had a variety of refractive indices and 
increasing amount of absorption. The calculations had 
been underway for six months using mechanical desktop 
calculators. In four or five hours, the C P C had produced a 
stack of calculations equal to those six months. A broad
band reflector coating for a Fabry-Perot interferometer 
was also computed by trial and error.6 

Also sprach von Neumann 
The next part of the story relates how the computations 

evolved from the plug-board programming to a genre of 
the digital computer that is much closer to what we are 
familiar with today. The story begins in Princeton, N.J., in 
1945 at that famous think tank, the Institute for Advanced 
Study. John von Neumann wrote an article telling how a 
digital computer should work. Almost all of the computa
tional machines that had been built up to that time had 
decimal arithmetic in their guts. He proposed a machine 
that performed binary arithmetic. But the most important 
feature was that the instructions that sequence the opera
tions of the computer were stored in the memory of the 
computer—along with the data, of course. 

It did not take too long before some digital computers 
were constructed that embodied those concepts. The acro
nyms of those computers included such names as WHIRL
WIND, UNIVAC, E D V A C , and SWAC. And not to be for
gotten is the M A N I A C that was built at Los Alamos. But 
it is emphasized that those were esoteric one-of-a-kind 
machines, most of which were dedicated to solving prob
lems related to the national defense at that time. If a per
son working in optical coatings wanted to perform some 
computations on one of those machines, the managers had 
only to be convinced that the optical coatings problem 
was more important than the design of the Mark I Ther
monuclear Device or the aerodynamics of the B-52 bomb
er. 

In 1950, one of the main obstacles to computer devel
opment was the high cost of storage. For example, today 
the installed cost of a bit on a R A M storage chip (on sili
con) is about 50 microdollars per bit. The cost of electron
ic storage in the 1950s was dollars per bit. As alternatives 
to electronic storage, the Williams tube, the magnetic core 
memory, and the magnetic drum were quickly developed 
and launched into production. The plug-programmable 
machines were soon relegated to museums, such as the 
IBM museum in Endicott, N.Y. 
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FIGURE 6. A view of the rotating magnetic drum on the 
IBM model 650, with its array of read/write heads. 

Also sprach Tom Watson—the IBM 650 
The chairman of IBM, Tom Watson, decided in the 

1940s that there was little future for the electronic digital 
computer. By 1951, however, I B M had reversed its posi
tion and in late 1954 the first model 650s were delivered. 
This machine was the first computer that became widely 
available to users in the United States. By today's stan
dards, it was slow, cumbersome to program, and expen
sive. But " in the land of the blind, the one-eyed man is 
king." It was lionized by those of us who were delighted to 
use a real von Neumann programmable computer that 
had 2,000 storage locations. Both the program, data, and 
operating system software had to fit into those 2,000 loca
tions. 

As shown in Fig. 6, the storage of the 650 was a rotat
ing magnetic drum that had many read/write heads along 
its length. Fifty instructions and/or pieces of data were 
stored in the decimal words along one band of the drum, 
which made a complete rotation in about 26 milliseconds. 
The random access time, therefore, was 13 ms. 

This access time could be reduced if the programmer 
noted the time it took for the computer to perform certain 
operations. For example, after the computer was told to 
perform an addition, it was ready to fetch the "number-to-
be-added" after a time delay that amounted to 3/50 of a 
drum revolution. The careful programmer would place 
that number in a storage location that was 3/50 of a drum 
revolution from the instruction that " to ld" the computer 
to perform the addition. This extra care could produce a 
code that could run three to four times faster than the 
program that had been sloppily coded. 

Programming the IBM 650 for optical coatings 
M y thesis advisor, Professor Francis Jenkins, needed 

some Fabry-Perot interferometer plates coated with multi
layer dielectric reflectors that had a reflectance of about 
90% from 400 nm to 700 nm. The design of such a coat
ing required that I code an optimization program for the 
I B M 650, 7 which had only punched card input and 
punched card output. We could rent some time on the ma
chine at the Lawrence Radiation Laboratory; some $300 
of machine rental was initially allocated. 

From 1955-1958, most of the programming was done 
in machine language. But the 605 was a decimal machine. 
We 650 programmers pitied our compatriots who had to 
program in octal on an IBM 701 that also resided on cam
pus. This 650 had no floating point hardware and I wrote 
my own floating point subroutines to perform the matrix 
multiplications. I did get a software package, however, 
from Los Alamos that inverted a matrix. Software was 
free in those days. I B M and everyone else just gave it 
away. 

The ritual of debugging a program was to prepare the 
card deck containing the data and instructions. These con
sisted of numbers such as the two-digit codes for the oper
ations (add, subtract, store, and so on) and four-digit ad
dresses for the data. I would then schedule a block of time 
on the 650. There was invariably a queue of users hover
ing about the console of the machine, waiting to get a 
snatch of computer time. When my turn came, I would 
insert my card deck into the card reader and push the ini
tial button. The cards were then gobbled up by the card 
reader and eventually the program executed. I could usu
ally tell how the program was executing from the pattern 
of the blinking lights on the console of the 650. A certain 
light pattern meant that the program was in a " loop." If 
this happened, I manually interrupted the execution and 
dialed some switches on the console that dumped the stor
age. This dump spewed out as punched cards. Later, I list
ed these cards in an IBM 407 accounting machine and 
attempted to reconstruct from the memory dump how far 
the program progressed. 

The Sidewinder missile filter 
In 1957 the Optical Coating Laboratory, Inc. (now 

known as OCLI) had scarcely more than 40 employees 
and lots of ambition. It had contracted to produce an in
frared filter for the Sidewinder heat-seeking missile. This 
took lots of guts, because it meant that they competed toe-
to-toe with Bausch and Lomb, which had been producing 
infrared filters since 1949. 

I was still completing my graduate work at U C , Berke-
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Software was free in those days. IBM and 
everyone else just gave it away. 

ley when the president of OCLI , Rolf Illsley, contacted me. 
I agreed to design the filter on a part-time basis at the 
Kaiser Data Processing Center in Oakland. The optimiza
tion program mentioned in the foregoing section had be
come operational and I was eager to unleash it on some 
"real" problems. The filter design was quite successful and 
OCLI joined Bausch and Lomb as one of the U.S. produc
ers of infrared filters. 

Future shock in the 60s and 70s 
By the end of the 1950s, the IBM model 604s and mod

el 607s had vanished and most of the thin film calculations 
were performed on either IBM 650s or on several brands 
of smaller computers, such as the Bendix or L P G . Most of 
the larger aerospace companies, such as Lockheed, North
rup, Boeing, North American Aviation, and Douglas, had 
installed IBM 704s, IBM 709s, or Univac 1102s. North
rup Aviation Corp. performed some thin film calculations 
on some of those machines. 

The 1960s saw the mass production of the second gen
eration machines containing semiconductor circuitry— 
machines such as the IBM 7074, IBM 1620, C D C 1604, 
and others. Higher level programming languages such as 
Fortran became available. But nothing was to prepare us 
for the future shock that IBM had in store for us. If we 
gritted our teeth when we performed an octal addition to 
find some location in a memory dump of one of those 
binary machines of the 1950s, the worst was still to come. 
Those diabolically clever computer engineers at IBM in
stalled the even more puzzling hexadecimal addressing 
system on the IBM 360 series. 

And a new genre of programmer—the system program
mer—sallied forth to take control of the lion's share of the 
resources of the computer. Those crumbs of R A M that 
remained were cast to the user. The operating system of 
the IBM 650 consumed 10% of the storage, 15% in the 
R A M on the IBM 7074, and 40% in the IBM 360. We 
asked ourselves: Is that progress? The I B M model 370 se
ries was to appear in the early 1970s. Is it possible that the 
management at IBM could see the handwriting on the 
wall: Would a revolt occur if the IBM operating system OS 

360 continued its relentless devouring of R A M ? Could 
they envisage an angry mob of IBM users descending upon 
the headquarters of I B M at Armonk, N.Y.? Could this 
riot-crazed mob be incited to storm their buildings and 
dismantle them, just as the French peasants leveled the 
Bastille brick-by-brick? The cunning scientific geniuses at 
IBM met this threat directly and squarely by incorporating 
virtual memory into the 370s. In that way, no user ever 
really knew how much R A M was really allocated to him. 
Confused, with their ranks in disarray, the users beat a 
hasty retreat. 

The semiconductor Central Processing Unit of the IBM 
7074 occupied a volume of several cubic meters. This arti
cle was composed on a Macintosh II using an even more 
powerful CPU, the Motorola 68020. It is compressed into 
a square centimeter of silicon. Perhaps there has been pro
gress, after all. 

L'envoi 
The word "progress" mentioned in the foregoing para

graph was written prior to the release of new operating 
systems for the Macintosh. Indeed, I am saddened by the 
fact that any "progress" is clearly ephemeral. For this 
computer user, the battleground has merely switched from 
Armonk to Cupertino, the palatial home of Apple Com
puter. I note that release 4.3 of the system consumed some 
290 K of storage, but that infamous "betaware" release 
6.0 (how many times has my system crashed?—let me 
count the ways!) now hogs some 559 K. 
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