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parameters can be found in [1581 and it is demonstrated that the choice of these parameters is not critical if the number
variables is large. Subsequent addition of an escape function at each local minimum will drive the optimisation procedurel
to new local minima, and, in principle, the global minimum can be selected at the end of the full search.

6.4.2.5 Saddle-point Detection 116;

For the exploration of the complete merit function landscape, a strategy is needed to escape from the nearest l’”’
minimum to other remote minima. The genetic algorithm and the method of simulated annealing rely on statistj
probabilities to escape from a local minimum. This is at the expense of a high numerical effort. A more systematic w
to escape from a local minimum has been proposed by Bociort and co-workers [301,[321,[311,[3481,[1471. The princi
of the method can be explained with the aid of Fig. 6.17. In three-dimensional space we have sketched the function
f(x, y) = x3 + y3 /2 + x2 + — 2(x + y) + 2 with the z-coordinate used to represent the function value. Four extrema are
found at the corners of a rectangle. The different character of the extrema follows from the values of the second partial
derivatives. For two of the extrema, 82f/ôx2 and ô2f/8y2 have identical sign and these points correspond to the extrema
denoted by max and mm in the figure. At the two other extrema, the second-order derivative coefficients have opposite
signs and these are saddle points. The importance of the saddle points becomes evident when inspecting the minimum
From this point, there are two possible pathways to escape from the minimum towards a region with lower function value,
either following the downward curved dashed path through S1 or a comparable path through the second saddle point S2.
An escape route from a local minimum is thus provided by spotting the nearby saddle points in the merit function
landscape and, from such a saddle point, perform a local optimisation to an adjacent local minimum. This procedure can
be repeated and, basically, a closed network of minima and saddle points should be detectable. From all the local minima
which have been detected, the lowest one is then declared to be the global one.

The three-dimensional intuitive picture above can be generalised in a straightforward way to n-dimensional space. For
this purpose, we write the Taylor expansion of a functionf at an extremum with the aid of Eq. (6.4.2) as

f,(x0 + dx) =f,(x0)
+

where the Hessian tensor H with elements H, is symmetric and has real eigenvalues and orthogonal eigenvectors. The
tensor can be reduced to its diagonal form. The functionfm in the direct neighbourhood of the extremum is then written as

f(x0 + dx) fm(x0) + ,l ()2

Extrema which are maxima or minima have n eigenvalues with the same sign, positive for a minimum and negative for a

maximum. Saddle points arise when at least one of the eigenvalues has a sign that is different from those of the others.

The Morse index of a saddle point is defined by the number of negative eigenvalues A3. For a minimum, the Morse index

is 0, for a maximum the index amounts to n. An important category of saddle points are those with a Morse index of 1

where exactly one eigenvalue is negative. Such saddle points form the simplest connection paths between two minima.
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Figure 6.17: A merit function landscape with two extrema mm and max and two saddle points, S and 2 which connect the

extrema with other maxima or minima in the landscape.
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a)

Figure 6.18: The physical creation of a saddle point by means of a thin meniscus element.

a) A glass-meniscus element with the property c1 = c2 = c1.

b) An air-space menisdus (c, = c3).

The physical creation of saddle points in the merit function landscape is illustrated in Fig. 6.18. The addition to the
optical system of an ‘infinitely thin’ meniscus lens with zero power on the outside of a lens element produces a saddle
point in the merit function. The condition for a saddle point is that the curvatures c1, c2 and c3 in Fig. 6.1 8a are all equal,
that the air gap has zero thickness and that the indices of the two glass elements are identical. With the aid of two extra‘ curvature variables c2 and c3, the two adjacent minima of the merit function in the direct neighbourhood of the saddle
point are found. Another possibility for the creation of a saddle point in the merit function is to cut a lens element into two
parts by means of an infinitely thin air space and to assign some initial value to the two identical curvatures c, and c3 of the
new intemal surfaces (see Fig. 6.1 8b). A systematic exploration of the extra saddle points and their associated minima,
created by the meniscus-shaped glass or air ‘elements’, produces a merit landscape with connecting lines between the
various saddle points and minima.

In Fig. 6.19 we show the design landscape which arises when searching for local minima of the merit function of a

( photographic triplet lens. The global minimum of the merit function corresponds to the triplet systems ml and m2 in the
centre of the landscape chart. The two ‘best’ solutions are almost perfectly minored versions of each other. The saddle
point search has first been carried out by means of the insertion of a meniscus glass element. If it was not possible to find
two associated local minima from the saddle point which was created this way, an extra search was done with the aid of
an air space meniscus lens. The saddle points created with air space menisci are shown in grey boxes in the figure. The
network shape and the connecting lines between minima and saddle points depend on the aperture and field angle which
is used in the optimisation of the triplet lens. Some saddle points and minima may disappear when aperture and field size
are changed and the connection scheme is altered. The new connecting lines are shown by the dashed lines in the figure.
The merit function landscape of Fig. 6.19 shows the important role of the saddle point designs as intermediate stations or
even ‘hubs’ when travelling from one local minimum to the other.

6.5 Optical Tolerancing

_____

[ The analysis of an optical design with respect to fabrication and mounting tolerances allows us at an early stage to detect
critical issues in a design and to devise the appropriate measurement and mounting techniques. More generally, optical
tolerancing is capable of producing the statistical probabilities of achieving a certain optical quality of the complete
instrument, for instance in terms of wavefront aberration residuals, maximum frequency transfer and Strehl intensity of
the diffraction image of a source point. Such a tolerancing analysis may also include the effects of environmental factors
such as homogeneous or inhomogeneous thermal heating, atmospheric pressure variations, humidity, etc. In this brief
section we give a succinct calculation of the effects of deviations from the nominal design and a basic introduction to the
addition of statistical variations in the constructional parameters of an optical design and the influence of these variations
on the expected quality of a manufactured optical system.

6.5.1 A Finite Aberration Formula for Small Surface Perturbations
When mounting lens elements and minor surfaces in an optical system, small geometrical perturbations occur. They can
be classified as surface tilt, lateral surface displacement (decentring) and axial surface displacement. In each of these
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Figure 6.19: The merit function landscape of the so-called triplet lens for photography. All local minima (thick boxes) are
connected by saddle points (thin boxes). An exhaustive search of all saddle points that can be reached from each local
minimum reveals the complete landscape. The lens system labelled ‘m]-m2’ (m2 is the mirror version of ml) is the global
minimum for the chosen merit function. Reproduced from [32]. with the permission of the learned society SPIE and the
authors. F. Bociort and M. van Turnhout.
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