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ABSTRACT

Rudolf Kingslake championed the importance of lens design fundamentals and, with the introduction of computer-
aided design, was wary of what the future held for theory. The transition from ray tracing taking minutes to
taking fractions of a second has changed the way lens design is taught and approached. Today’s powerful
computational tools have largely supplanted fundamentals, yet the synergy of thoughtfully combining theory
with numerical capacity is what leads to the greatest insight, most efficiently. Recently uncovered materials of
Professor Kingslake’s highlight this fact and suggest how lens design’s past has enduring importance today.
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1. INTRODUCTION

The origin of lens design was largely empirical − noticing what types of lenses worked well together to produce
desirable images.1 Theoretical formulations appeared in the late 19th and early 20th century, and arguably the
most important voice was that of Professor Rudolf Kingslake. Kingslake is widely regarded as a forefather of the
field of lens design and is author of the celebrated Lens design fundamentals.2 Professor Kingslake taught at the
Institute of Optics at the University of Rochester for sixty-three years and was teacher to many of today’s most
prominent lens designers, many of whom are themselves mentoring the next generation of students.3 During that
time from 1937 to 1968, Kingslake also worked at Eastman Kodak, rising to the position of Director of Optical
Design for the Apparatus and Optical Division.4

For much of the 20th century, ray tracing speed served as a bottleneck to lens design. Prior to 1930, all
ray tracing was performed by hand using logarithms.5 Then, up until 1960, speeds were improved upon using
mechanical desk calculators, but tracing a single ray still took a handful of minutes (for comparison, today’s
GPU-accelerated ray tracing has the capacity to trace more than one trillion rays per second6). In 1978, Kingslake
even remarked:5

“It is hard for today’s young computer experts to realise that nobody ever traced a skew ray before
about 1950, except as a kind of tour-de-force to prove that it was possible.”

As a result of this computational hurdle, considerable forethought was required to efficiently obtain a favorable
design. These theoretical considerations were what Kingslake heralded. As with just about every field, beginning
in the 1960’s, the advent of the computer revolutionized how lens design was performed. Suddenly, rays took
seconds rather than minutes to trace, and the future of lens design was on the computer. Kingslake recognized this
more than anyone, presenting “Lens Design Without A Computer” in 1978 at a conference on Computer-Aided
Lens Design, contrasting the past with the future.5 He also lamented:7

“In today’s computer age the main trend of lens design is, unfortunately, to ignore our laboriously
acquired knowledge of geometrical optics and substitute for it the mathematical problem of optimizing
a merit function by varying a large number of design parameters...there is a good prospect that in a
very few years this will become the principal activity of lens designers.”
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Although today’s lens design is indeed dominated by “optimizing a merit function,” there is still great value
in Kingslake’s “laboriously acquired” fundamentals since the designer’s understanding is critical for choosing a
starting point and guiding the optimization. There is no question that computers have done wonders for lens
design and have enabled far more advanced designs than thought possible. The issue at hand is that mastery
of both lens design fundamentals and computer software is required for success. Unfortunately, the current
educational landscape places much more emphasis of the latter than the former, and many of the fundamentals
impressed by Kingslake have been lost. One could even make the argument that these fundamentals are more
important now due to their greater potential when used in concert with our powerful computational tools!

2. RECENTLY UNCOVERED

The lens design fundamentals Rudolf Kingslake impressed upon his students were recently uncovered in their
original form. Professor Kingslake was a notorious note-taker and archivist,3 and three collections of his index
cards were unboxed in 2020 (see Fig. 1).

One box contains around 600 cards on “historic lenses in chronological order.” Each card details a different
design form with information such as the manufacturer, designer, earliest date, source of information, as well
as a hand-drawn diagram. Many of these designs and their histories were highlighted in Kingslake’s book
A history of the photographic lens.1 One interesting card from this collection describes the Petzval portrait lens,
first introduced in 1840 (see Fig. 2). On the back of this card, Kingslake wrote additional tidbits on the lens
form’s history including the comment, “That year P.W.F. Ritter von Voigt[lander] made 70 at 120 Gulden each
(one could live for a year on that). By 1842 number sold: 600. Three have survived.” This is just one example
of such cards describing in great detail the history of different lens forms.

A second box holds around 1,000 index cards on “optics students.” Each card includes different biographic
information on every student Kingslake taught through the years. Some of this information includes the student’s
full name, location, undergraduate and graduate education, and masters and doctoral thesis titles with advisors.
Many cards also include unexplained markings such as “OSA” presumably to indicate whether the student was
a member of The Optical Society (OSA). Other unexplained markings include the word “yes” or “no” in the
bottom corner as well as an anonymous checkmark. All of these features can be seen in the example in Fig. 3 for
student Duncan Moore. Many former students have said that Professor Kingslake cared deeply for his students,
and this fact is more than apparent in how closely he followed their life stories.

The third box contains around 750 index cards on “exams, museums.” The cards on “museums” document
different lens designs at various museums including the Smithsonian, the Kodak Harrow museum, “RPS museum”
(presumably the Royal Photographic Society collection), and “Sci museum” (presumably the Science Museum

Figure 1. Three boxes of index cards belonging to Rudolf Kingslake, recently uncovered. Collections include (a) “Historic
lenses in chronological order”, (b) “Optics Students”, and (c) “Exams, Museums.”



Figure 2. An example index card in the “historic lenses in chronological order” box about the Petzval portrait lens.

in London). The cards on “exams” contain problems Professor Kingslake devised while teaching a variety of
courses at the Institute of Optics. Of particular interest, the collection contains 171 lens design problems that
were offered over the course of decades. Kingslake taught two semesters on lens design, and the material depicts
a comprehensive and rigorous survey of the theoretical fundamentals of lens design ranging from geometrical
optics to aberration theory to different design forms. Each problem is annotated with the years it was presented
on an exam, and many problems include hand-drawn illustrations and worked out solutions. For some problems,
Kingslake also included editorial comments for himself such as “poorly answered” or “too easy for an exam
question.” For an example exam problem with solution see Fig. 4.

The immense value of this uncovered collection of lens design problems are twofold. First, the questions offer
fascinating insight into what it was like learning lens design from Professor Kingslake himself. They also paint
a stark picture of how different lens design education was just decades ago, prior to computers taking a more
central role. Many of the problems are mathematical derivations of fundamental concepts one often takes for
granted. Others ask students to explain the steps one would take to design a certain type of lens. Second, the

Figure 3. An example index card in the “optics students” box for Duncan Moore.



Figure 4. Am example card in the “exams” box concerning the “hour-glass aberration.”

problems, regardless of origin, possess significant intellectual merit. Many problems are nuanced and challenging,
requiring a thorough grasp on fundamentals. For example, one question asks:

“One of the most famous of all photographic objectives is the Goerz Dagor, designed by von Höegh
in 1893. Discuss the construction of this lens in detail, explaining the purpose of each feature of
its construction. How can it be argued that this lens was really a combination of an old and a new
achromat?”

Answering this question requires a wide range of understanding including what the Dagor design form is, why
symmetric triplets were used, and how it relates to old and new achromats. A different problem shown in Fig. 4
considers the “hour-glass aberration” and sketches an interesting phenomenon where an hourglass-shaped spot
changes orientation through focus.

These two problems depict the complexity and intrigue of Kingslake’s lens design courses. Together, Kingslake’s
problems make a strong case that fundamentals remain important for a designer’s intuition and full understanding
within today’s paradigm of computer-aided lens design.

3. EXAMPLE PROBLEM: THE RAPID RECTILINEAR

One exam problem that stood out as particularly interesting and warranting a deeper dive can be seen in Fig. 5:



Figure 5. An exam problem of particular interesting regarding the rapid rectilinear design form.

“Explain the underlying principle of the Rapid Rectilinear lens, and show how it is possible to design
an f/8 lens of this type corrected for all aberrations (except Petzval sum) over a moderate field. How
may this design be modified for (a) a small aperture, covering a wide angular field, and (b) a wide
aperture, covering a narrow field?”

This problem was asked four times (1948, 1956, 1960, and 1982) and was not one that had a solution written on
the back of the card.

Introduced first in 1866, the Rapid Rectilinear is one of the most popular photographic lenses ever made and
has been covered widely.1,2 The design form consists of two identical doublets oriented symmetrically about
an internal aperture stop. By using identical doublets, manufacturing efforts were simplified. While the lens
construction is symmetric, the field conjugates typically are not, yet distortion and lateral color are largely
reduced. On the other hand, coma and more so astigmatism are the limiting field aberrations. As in many
designs, undercorrected Petzval is balanced by overcorrected astigmatism to flatten the tangential field. On-axis,
spherical aberration is present but manageable.

The interesting component to this problem is how the design can be modified to accommodate a smaller
aperture and wider field versus a larger aperture and a smaller field. In the box on “historic lenses in chronological
order” there are cards for both the Rapid Rectilinear and a Wide Angle Rectilinear, both from manufacturer J.
H. Dallmeyer (see Fig. 6).

In the Advanced Lens Design course at the Institute of Optics, students consider the Rapid Rectilinear and
how the form and performance change with glass choice. From a list of eleven different glasses, the students

Figure 6. The Rapid Rectilinear and Wide Angle Rectilinear from Kingslake’s box on “historic lenses in chronological
order.”



attempt to find the best performing combination to form the doublets. This is usually an exercise of trial-and-
error where students hypothesize what doublet type would be best (“old” versus “new” achromats, Fraunhofer
versus Steinheil, etc.) and see what works. In Kingslake’s time, however, one would know better than to aimlessly
try different designs considering how long it took to trace a single ray! In this case, today’s students might be
better served to look to Kingslake’s theory rather than rely on their numerical tools. For example, Kingslake
writes:1

“The real clue to the construction of the Rapid Rectilinear lay in the choice of glass. The two glass
types should differ as much as possible in refractive index yet be close in dispersive powers.”

Applying this principle to the 121 possible glass combinations immediately grants three that perform well above
the rest (all of which rely on a high-index, low dispersion lanthanum flint).

For the problem at hand of modifying a Rapid Rectilinear design for a different aperture and field, Kingslake
again provides the answer. In terms of the Abbe number, V :2

“The exact V difference depends on the aperture and field required. For a normal lens of f/6 or
f/8 aperture, a V difference of about 7.0 is satisfactory. A smaller V difference can be used for a
wide-angle lens of f/16 aperture, while a larger V difference leads to a longer lens of higher aperture,
suitable for portraiture. All three of these variations have been used by different manufacturers.”

Considering how central glass choice is to the design of the Rapid Rectilinear, it’s important to consider what
glasses were available when it was originally designed. In 1866, only flints met the Rapid Rectilinear criteria
described above, so two flints of different densities were used. Later in the 1890s, Rapid Rectilinear designs
applied a crown and light barium flint.2 In both of these cases, Steinheil (flint-crown) doublets were used, as
Kingslake illustrated in Fig. 6.

F/# HFOV [deg]
Wide angle 16.67 43.9
Standard 10 30
Portrait 6 19.1

Table 1. Three different system specifications considered for Rapid Rectilinear designs.

Having seen what Kingslake wrote about the Rapid Rectilinear, let’s evaluate his theory using today’s vast
computational tools. With automatic optical design software, Rapid Rectilinear lenses can be designed au-
tonomously by loading a generic starting point, optimizing, and adjusting until a performance criterion is satis-
fied. This was implemented by gradually increasing the merit function’s weighting of the axial field point until
the MTF on-axis surpassed 50% contrast at 10 lp/mm. If a design couldn’t meet this threshold for a 25:1 field
weighting, the design was discarded. This automatic design procedure was executed using all combinations of
common Schott glasses, 79 in all for 6,241 possible doublet configurations. This was also performed for the three
sets of system specifications listed in Table 1. The standard case is based on Steinheil’s original design1 while the
wide angle design has a smaller aperture and larger field-of-view and the portrait design has a larger aperture
and smaller field-of-view. All three cases are engineered to have the same optical invariant for fair comparison.

The fascinating results of this survey can be seen in Fig. 7. The full Schott catalog is included in Fig. 7a
while a reduced catalog of only lead line glasses is in Fig. 7b to demonstrate what was available when originally
conceived in the mid-19th century. The left side of each plot contains designs using Steinheil doublets (flint-
crown), and the right side contains designs with Fraunhofer doublets (crown-flint). Meanwhile, quadrants II and
IV apply “old” achromats, which are doublets where the more dispersive material is of higher refractive index.
Designs in quadrants I and III use “new” achromats where the less dispersive material is also of higher refractive
index. New achromats require glasses separated from the lead line, which explains why these are not present in
Fig. 7b. It also so happens that our vast numerical tools show these designs containing new achromats perform
far better than those using old achromats. For most new achromat designs, the field-averaged MTF at 5 lp/mm
is 2-3x higher than for old achromat designs. From Fig. 7, it is also clear that these higher performing sectors



Figure 7. Rapid Rectilinear design performance based on doublet composition for three system specifications using (a)
the full Schott glass catalog and (b) exclusively lead line glasses.

require glass combinations that were not available when originally designed in 1866. Furthermore, in all cases
there are satisfactory designs using both Steinheil and Fraunhofer doublets; however, close inspection shows
designs using Steinheil out-perform Fraunhofer for old achromats while the opposite is true for new achromats
with Fraunhofer out-performing Steinheil. Finally, the highest performing designs apply a large refractive index
difference but only a moderate Abbe number difference of approximately 5 to 15. This concurs with Kingslake’s
explanation. What is not obvious is if the ideal Abbe number difference is changing with aperture and field
specifications as Kingslake says. One major caveat that most likely explains this discrepancy is that vignetting
did not easily fit into the automated design process and was not used in any designs. The same is not necessarily
true for many Rapid Rectilinear designs faster than around f/8 for use in portraiture. This also explains why
the portrait designs fared worse than the other cases even though the optical invariant was the same.

4. CONCLUSION

Rudolf Kingslake championed the fundamentals of lens design at a time when ray tracing took minutes rather
than the fraction of a second it takes today. This theoretical framework was a necessity to achieve designs on
a reasonable timescale, yet today’s powerful computational tools have weakened the emphasis placed on such
knowledge. A recently uncovered trove of Professor Kingslake’s work has shed light on his time as an educator
and investigator. His collection of lens design exam problems are of particular relevance, contrasting starkly with
today’s curricula. The example problem focusing on the Rapid Rectilinear design form highlights the powerful



synergy that can exist by valuing and practicing fundamentals in concert with today’s vast numerical tools. In
doing so, greater insight can be attained more efficiently than following any single route alone.
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