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Abstract: Advanced production tools enable the more widespread adoption of complex optical surface shapes. Recent results
and new capabilities are presented in the areas of shape specification, optical design, and the quantification of mid-spatial
frequency structure.
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1. Introduction
Nominal shape characterisation in terms of orthogonal
polynomials is becoming a more widely available
option across our industry. The associated benefits
mean that this capability is finding its way into design,
metrology, and production tools. Some of the more
surprising benefits that are only recently emerging are
discussed in this talk.

One of the examples in [3] involves an f/1.29
inverse telephoto lens taken from the patent literature.
The original all-spherical system is shown in the top
row in Fig 1. The four surfaces highlighted in red were
recommended by CodeV’s built-in Asphere Expert as
the optimal positions for aspheres.

2. Recent orthogonal developments
An orthogonal basis creates the possibility of highly
efficient fitting processes that are useful for converting
any other description of nominal shape to the
orthogonal basis. For a freeform surface described by a
sag function of the form z = f ( ρ ,θ ) , one possible
orthogonal description can be written as
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where u = ρ / ρ max and Qnm ( x ) are polynomials of
order n that make up a particular gradient-orthogonal
basis. Here, ρmax is the semi-diameter of a cylinder
that tightly encloses the surface. A fitting process
determines values for c , anm , and bnm to match sag
functions prescribed in some other way. It was recently
shown that this can be achieved efficiently by using
FFT-like steps[1]. Such processes are so effective that
they can even be used to fit metrology for as-built
components, and this is demonstrated later in the talk.
To begin, however, some results related to the use of
Eq.(1) within the design process itself are presented.
3. New design capabilities
Orthogonal descriptions span the same range of surface
shapes as the more traditional options, so it could be
expected that equivalent design results would be found
regardless of the description of shape employed during
design. It was recently shown, however, that better
solutions are sometimes found when either multiple
aspheres or high-order aspheres are characterized by
using Eq.(1) [2]. Both rotationally symmetric and
freeform examples are discussed in the talk.

Fig.1 A sequence of design results that
demonstrates the effectiveness of two new
design tools.
Optimization of this system with five aspheric
coefficients per surface in the traditional representation
led to the solution in the second row, but a solution
with a 30% lower merit function was found when
orthogonal representations were used instead. Of
course, the better of these solutions —shown above in
the third row— could be converted back to the
traditional representation after the fact, but it was
unable to be found directly in those terms.

It turned out that none of the aspheres in these
solutions could be tested with a stitching interferometer
such as QED’s SSI-A. A new dll recently developed
for CodeV by QED and tested in a collaboration with
Jenoptik, was reported in [4]. This tool makes it
possible to re-optimize the “unstitchable” solution to
find the system shown in the bottom row of Fig.1 in
which all of the aspheres can be stitched and yet it still
outperforms the traditional solution of the second row.
The key is to have the tools that allow designers to be
asking the right questions, and orthogonal descriptions
have been shown to play a critical role in that.
4. An effective tool for production
The production of complex shapes often demands
subaperture tools and they are accompanied by the need
for extra care related to tolerancing and monitoring
residual mid-spatial frequency structure (MSF). It has
recently been shown [1] that orthogonal polynomials
also offer a promising spectral decomposition that
avoids the difficulties and limitations associated with
the more traditional PSD. The associated spatial
frequency filtering of surface profile data over a
circular aperture can be based solely upon the results of
fitting with orthogonal freeform polynomials like those
of Eq.(1). Non-standard filtering can then be defined
simply in terms of polynomial order. When using
Eq.(1), the order of a term like anm or bnm is written as t
and given by
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Selecting just those terms within specific bands of t
has been found to create a valuable separation of the
frequency content for data of the type seen from asbuilt surfaces.
A synthetic data set is used for demonstration in Fig.
2. Although it is not visible in the original data at left
in the top row, residual signatures typical of standard
fabrication steps are contained within this data. The
striking components of different orders from that data
set are also presented in the figure. In practice, it is
natural to seek such a spectral separation of these
components as part of processes such as tool selection
and development or part qualification, etc. Of course,
other filtering steps are possible for these impressive
spectra that can naturally decompose the data in terms
of both radial and azimuthal frequencies.
5. Conclusions
Orthogonal surface descriptions have been found to aid
in the design of systems involving complex aspheres.
For example, it has recently been shown that
optimization algorithms can unexpectedly deliver better
solutions when the surfaces are described in these terms.
Because Eq.(1) is founded upon considerations of
manufacturability, it may be less surprising to hear that
more cost-effective solutions can also be found in this
way, but this required tools like the dll described above.
This dll is to be made freely available to all CodeV
users, and it will be exciting to learn of the progress

that such tools enable. Another surprising benefit of an
orthogonal description is related to MSF: orthogonality
enables effective tools for isolating different spatial
scales of surface variation over a circular aperture. As
a result, a single mathematical framework can be seen
to offer benefits not only for communicating nominal
surface shape and facilitating design, but also for
supporting production.

Fig.2 Original data set at top left is followed by
a set of band-passed results holding only
1 ≤ t ≤ 10 at top right; 11 ≤ t ≤ 24 at middle left;
25 ≤ t ≤ 64 at middle right; 65 ≤ t ≤ 84 at
bottom left; and 85 ≤ t ≤ 140 at bottom right.
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