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1 ICube, Université de Strasbourg, CNRS, INSA, F-67000 Strasbourg, France4
2 Optiive, 300 Boulevard Sebastien Brant, 67400 Illkirch-Graffenstaden, France5

Abstract – Conventional optical design relies on iterative and time-consuming optimization methods.6
Finding the right starting system facilitates the design of relevant optical systems. It has been demon-7
strated that Saddle Point Construction Method (SPCM) can be used to design innovative optical systems8
based on pre-existing systems, or from scratch. This paper presents the results of a Python program using9
Code V’s Application Programming Interface (API) and applying the special version of SPCM to auto-10
matically design optical systems using a reduced glass map. To illustrate its robustness, cemented doublets11
have been automatically designed. A reduced glass map with thirty-four Schott glasses was combined with12
the SPCM for the design of 68 achromatic cemented doublets. They were then compared with achromatic13
cemented doublets from well-known manufacturers and with those described in the literature using a semi-14
analytical approach. The achromatic cemented doublets were first designed with a total field of view (FOV)15
of 0° and were subsequently designed with a FOV of 5°. The best achromatic cemented doublets obtained16
performed better or as well as existing achromatic cemented doublets.17

Keywords. Optical Design, optimization method, Saddle Point Construction Method, CODE V, Python,18
Reduced Glass Map19

1. Introduction20

The design of an optical imaging system combines a set of optical constraints (focal length, numerical aperture,21
used wavelengths, etc.), a set of mechanical constraints (total system dimensions, minimum lens center thicknesses,22
etc.) and a set of variables (radii of curvature, center thicknesses, distances between lenses, optical materials, etc.).23
To characterize the system, a relevant merit function that includes optical and mechanical constraints and evaluates24
one or more optical performance parameters useful for solving the design problem must be defined (e.g. geometric25
image spot diameter, Modulation Transfer Function (MTF) modulus values at certain spatial frequencies, etc.). The26
design objective is then to find the set of variables that minimizes the merit function. However, the merit function is27
a non-convex function and is therefore very sensitive to the chosen initial system or starting point. The development28
of increasingly powerful computers and commercial optical design software, such as Code V and Zemax with local29
and global optimization procedures, has accelerated the pace of optical design with increasingly complex and high-30
performance systems. The optimization of optical systems is a non-linear problem, and as a result, searching for one31
or several local minima in the design landscape becomes a challenge [1]. A lens design method from scratch has been32
suggested by H. Sun [2], but this method is iterative and time-consuming. Having a good starting point facilitates33
the design of a relevant system. The selected or created starting point differs depending on the constraints and the34
designer’s strategies. The most common way to find a starting point is to use a previous design close to the constraints35
of the system through patents, articles, or databases. When none of these approaches is feasible, the designer must36
create a starting system from scratch based on their own experience, knowledge or wisely chosen algorithm for its37
creation. For instance a method to automatically generate an initial configuration without a starting point based on the38
Delano diagram was proposed in [3]. A method using a Deep Neural Network (DNN) framework has been proposed for39
automatically generating an initial starting system [4]. A drawback of deep learning is that it requires large databases40
for training. An overview of AI techniques used in optical design has been carried out by Yow et al. [5]. However,41
these methods have been mainly developed for spherical systems. New design methods taking into account aspherical42
surfaces were developed by F. Dai et al. [6] and freeform surfaces by B. Mao et al. [7]. In this article we discuss the43
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use of the saddle point construction method to automatically generate suitable starting points for spherical systems.44
We will first present the Saddle Point Construction Method (SPCM). It has been shown that the SPCM is a powerful45
method to generate new systems from already designed systems by increasing the number of lenses [8, 9, 10, 11]. As a46
use case, we employ this for the automatic generation of achromatic cemented doublets using the spot size as a merit47
function. To reduce the number of generated doublets, we used a reduced glass map based on Principal Component48
Analysis (PCA) [12]. We compare the acquired results for an axial object field with those already published using a49
semi analytical approach. Thereafter, with an angular field of view of ±2.5°, we compare the resulting systems with50
catalogue achromatic cemented doublets. We conclude with the robustness and advantages of the presented method51
and its limits.52

2. The Saddle Point Construction method53

In contrast to conventional optimization and deep learning methods, the Saddle Point Construction (SPC) method54
does not require a starting point or a training data set. This method was explored in order to be applied to optical55
design by Z. Hou [13]. Considering an N-dimensional optimization landscape, the saddle points are then stationary56
points surrounded by local minima and maxima in 1 or N-1 directions forming a horse saddle (see Fig. 1). Indeed,57
saddle points lie between two basins of attraction [8].58

Figure 1. Example of a saddle point generated by the augmentation of dimensionality of the optimisation landscape
from a 1D merit function (left) to a 2D merit function (right).

The SPC method begins with an optimized optical system comprising N variables that minimize its merit function,59
which can initially consist of a single lens. To extend the system to N + 2 dimensions and generate a saddle point, a60
zero-thickness lens element with identical curvatures on both surfaces is introduced (referred to as a ’null’ element).61
This ’null’ element allows the addition of two additional variables, representing the curvatures of its surfaces, without62
altering the optical properties of the system or affecting the value of the merit function. A saddle point is formed for63
specific values of the surface curvature of the null lens element. A conventional saddle point detection algorithm [13]64
starts from a system for which the merit function is in a local minimum. Afterwards, the algorithm explores every65
direction around this minimum until it reaches a maximum in one or more other directions [14]. This mathematical66
approach to the saddle point construction method requires a properly optimized local minimum so that the residual67
gradient of the merit function approaches zero. However, it has been shown that the saddle point detection is not68
essential for optical design. An empirical approach starting from any local minimum enables one to generate saddle69
points while augmenting the number of dimensions of the problem (for instance, the number of surfaces). When the70
merit function is in a local minimum, adding variables will in most cases lead to a saddle point [15]. In this paper, we71
use the special version of the SPCM for rapid and simplified detection of the saddle point (see Fig. 2) [13]:72

1. Start from a local minimum of the merit function (for instance, using a single lens).73
2. Insert an element with the two surfaces having the same radii of curvature as the last surface of the previous lens,74

a zero thickness and the same material (called a “null” element). For example, c3 = c4 = c2, with c3,c4 and c275
respectively the radii of curvatures of the first and second surfaces of the ‘null’ element and the second radius of76
curvature of the first element.77

3. Vary the curvature c3 and c4 of the “null” element by a small increment ϵ with c3 = c4 = c2 ± ϵ. Thus, two new78
systems are created.79

4. Optimize the two systems with the default merit function given by Code V.80
5. Incrementally increase the thickness of the “null” element and of the airspace between the two elements, while the81

system is re-optimized after to find the 2 new minima induced by the detected saddle point.82
6. Optimize the choice of glass of the second element.83
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Figure 2. Saddle point construction example for the design of a doublet system.

The SPC special version leads to several solutions with different numbers of surfaces where the variable a corresponds84
to the number of added elements. These solutions are then summed up in a tree diagram which enables the designer to85
select the most appropriate solution SP_a_p where p represents the number of the solution at depth a with p = [0, a2]86
(see Fig. 3).87

Figure 3. Tree diagram example for a saddle point construction of depth a, where a corresponds to the number of
elements added to the system. The root system is a N elements optimized system, and the final system have (N + a)
elements.

The selected method enables the automatic generation of new starting points without prior knowledge. This method88
can be complementary to other AI methods by generating new datasets.89
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3. Design of achromatic cemented doublets with the SPC method90

In the previous section, we explained the principle of the Saddle Point Construction method and its benefits. To91
validate the effectiveness of the method in optical design, we now apply it to the automatic design of an achromatic92
cemented doublet.93
To evaluate the quality of the generated doublets, we compare them with achromatic doublets designed with a the-94
oretical approach. The selected doublets for this comparison are drawn from [16], and from Thorlabs and Edmund95
Optics catalogues. Their common optical characteristics are tabulated in Table 1.96

Table 1. Characteristics of the selected doublets used for the comparison.

Optical characteristics Value
EFL (mm) 100

F# 4
Wavelengths d,F,C

FOV (°) 0

All selected doublets are made using Schott glasses as well as the designed doublets using the Saddle Point97
Construction Method.98
In lens design, it is essential to consider the practical constraints in line with manufacturing capabilities [2]. The99
following constraints were imposed: a minimum center thickness, a minimum edge thickness, a minimum air gap,100
minimum and maximum curvatures (see values specified in Table 2 where SD is the semi-diameter of the lens). These101
constraints ensured the achromatic doublets designs remained manufacturable and mechanically robust.102

Table 2. Design constraints applied to the design of an achromatic doublet with the SPC method, where SD is the
semi-diameter of the lens

Constraint Type Value
Minimum Edge Thickness 1 mm
Minimum Center Thickness SD

15
Minimum Air Gap 1 mm
Effective Focal Length 100 mm
Minimum Curvature − 1

2×SD
Maximum Curvature 1

2×SD

The designing process of the achromat is the following:103

• Start with a plane-parallel plate made of material Mj with a thickness of 4mm.104
• Optimize this initial configuration into a single lens with fixed focal length, F-number and with d the reference105

wavelength.106
• Apply the SPC method to this local minimum to generate two doublet systems integrating a fictitious glass.107
• Perform a glass substitution by fitting the fictitious glass to real materials, followed by a re-optimization of the108

optical system with the previous constraints.109

The very last optimisation of the optical system is a local optimisation of transverse aberrations. The radii of cur-110
vature and the thickness of the lens elements are set as variables to minimise the spot diameter produced by the system.111

112

Figure 4. Example of RMS spot diameter evolution during the SPCM optimisation process, from initial system to
final doublet after glass fitting.
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The figure 4 shows an example of a tree diagram with resulting RMS spot diameter at each step of the SPCM113
optimisation process. The initial system used as an example leads to the system 1 in the Table 4. The system 1 is114
represented by the bottom branch of the tree diagram with an RMS spot size of 0.004mm.115
This routine is applied to the j materials of the Schott map, enabling to find 2×j achromatic doublets.116
To control the whole process, the Code V glass fitting algorithm was not used, but rather with a bespoke glass117
substitution Python algorithm. We then performed a search for the 10 closest real glasses to the fictitious glass. These118
10 glasses minimise their distance to the fictitious glass as:119

∆Gi =
√
(ndfict

− ndglassi
)2 + (nFfict

− nFglassi
)2 + (nCfict

− nCglassi
)2, (1)

where ∆Gi is the euclidean distance between the fictitious glass and the real glass i, ndfict
,nFfict

and nCfict
are the120

refractive indices of the fictious glass at the wavelength d,F,C, and ndglassi
, nFglassi

and nCglassi
are the refractive121

indices of the real glass i at the wavelength d,F,C.122
The fictitious glass is replaced by each of these 10 glasses one after the other. After a local optimization of the system,123
the glass leading to the smallest spot diagram is kept. This glass substitution process has been applied using the124
reduced glass map detailed in section 4.125
The Schott glass map from 2024 contains 120 glasses [17], which leads to the design of 240 doublets. Extending this126
method to N lenses needs the design of 120× 2N optical system. For a Tessar lens, this would represent 1920 systems127
or 122 880 lenses for a 10 lenses objective. To minimize the computational effort, a reduction of the number of glasses128
is required.129

4. Creation of a Reduced Glass Map130

Multiple attempts at reducing glass maps have been performed in recent decades [18, 19, 20, 21, 22]. This is131
possible since some glasses have very similar optical and chemical properties. The very first step of reducing the glass132
map would be to select only one glass from multiple glasses with similar optical properties. For instance, the Schott133
catalogue includes N-SF6, N-SF6HT, and N-SF6HTULTRA, three glasses with identical optical properties that differ134
mainly in their transmittance characteristics [23]. In such cases, retaining only one representative glass, typically the135
most cost-effective, can simplify the selection process. Applying this criterion to the full Schott glass map [17] and136
removing the lead containing and radiation resistant glasses, reduces the number of available glasses from 120 to 83.137
But the resulting set still remains too large for iterative procedures.138
In the history of optical design, several dispersion models have been proposed to select glasses for the design of139
achromatic cemented doublets and apochromats [24, 25, 26]. Recently, H. Münz et al. [12] proposed a new graphical140
selection of glasses using principal component analysis (PCA) on the normalized index differences δj(λi) :141

δj(λi) =
(nj(λi)− n̄j)

(n̄j − 1)
, (2)

with nj(λi) the refractive index of the optical glass of the j-th lens for the three wavelengths λC= 656,281 nm, λd=142
587,562 nm, and λF= 486,134 nm and n̄j the mean of the refractive indices across these 3 wavelengths.143
This leads to two principal components, denoted δ(j, PC1) and δ(j, PC2). The principal component analysis, through144
the 83 optical glasses, transforms the basis of the δj diagram, resulting in δ(j, PC1) and δ(j, PC2) vectors which145
are combinations of the δj at different wavelengths and proportional to the 1st and 2nd order of colour aberrations146
respectively. These vectors are robust to changes in catalogues and wavelengths. The coefficients of the two principal147
components are normalized to a peak-to-valley deviation of 1 using the following equations:148

δ(jPC1
) =

(−1.077nj(F ) + 0.282nj(d) + 0.795nj(C))

(n̄j − 1)
, (3)

149

δ(jPC2) =
(0.274nj(F )− 1.000nj(d) + 0.726nj(C))

(n̄j − 1)
, (4)

The axial chromatic aberration for first and second order axial colour for a system of k thin lenses in contact can150
therefore be defined as:151

δΦPCi
=

k∑
j=1)

δj,PCi
Φ̄j , (5)

with Φ̄j the partial refractive power of the lens j and δΦPCi
the i-th axial chromatic aberration. The resulting diagram152

for δΦPC1/Φ andδΦPC2/Φ is shown figure 5, with Φ =
∑k

j=1 Φ̄j = 1/f where f is the total focal length.153
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Figure 5. Diagram of the full Schott Glass map after principal component analysis

By tracing a straight line connecting two glasses and intersecting the ∆ΦPC2/Φ axis, i.e. ∆ΦPC1 = 0, we can select154
a glass couple with first order axial colour corrected and (∆ΦPC2/Φ).f as secondary axial colour. The ratio of the155
distances between the selected glasses and the resulting doublet on the diagram reflect the individual refractive power.156
A larger separation between the glasses implies lower required refractive powers for each element. Lower refractive157
powers allow for the use of lenses with larger radii of curvature, thereby reducing spherical aberrations. Therefore, to158
design a well-corrected achromatic doublet, it is better to select glasses that are widely separated in the diagram and159
connected by a line oriented toward, or as close as possible to, the origin.160
Under the specified conditions some glasses cannot be combined with others to design an achromat. This provides a161
good basis on which to further reduce the glass catalogue. Because we are designing an achromat, it is not necessary to162
achieve ∆ΦPC2/Φ = 0. Instead, glass combinations are selected to satisfy empirically ∆ΦPC2/Φ values ranging from163
0 to −3.5× 10−4. This corresponds to a maximum allowable secondary axial colour of f/2857. A minimum separation164
of 0.012 was imposed between selected glasses on the map, to prevent the selection of materials with similar optical165
properties. Under these criteria, the glass map was reduced to a total of 34 glasses (see figure 6), tabulated in table 3.166

Table 3. Schott glasses selected after principal component analysis of the Schott catalogue

LASF35 N-KZFS11 N-LASF41 N-PK51 N-SF15 N-SF66
N-BASF2 N-KZFS5 N-LASF43 N-PK52A N-SF2 N-SF8
N-BASF64 N-KZFS8 N-LASF45 N-SF1 N-SF4 P-LASF47

N-F2 N-LAF7 N-LASF46B N-SF10 N-SF5 P-SF69
N-FK51A N-LASF31A N-LASF55 N-SF11 N-SF57
N-FK58 N-LASF40 N-LASF9 N-SF14 N-SF6
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Figure 6. Diagram of the reduced Schott Glass map after principal component analysis and the application of empir-
ically selected criteria (34 glasses)

5. Results167

5.1. Axial object field solutions on achromatic doublets168

The SPC method, combined with the previous glass map, has led to the design of 68 achromatic doublets with a169
focal length of 100mm and an f-number of 4. To assess the performance of achromatic cemented doublets, the spot170
sizes of the five best performing designed achromatic cemented doublets were compared with the five best achromatic171
cemented doublets designed by A. Szulc [16], as well as two off-the-shelf achromatic cemented doublets: Thorlabs172
reference AC254-100-A and Edmund Optics reference 47-641. As shown in Figure 7, the SPC method designed173
achromatic cemented doublets perform spot diameter approximately half the size of those produced by A. Szulc [16]174
and the off-the-shelf achromatic cemented doublets. The corresponding spot sizes and configurations are presented in175
Table 4, where Ri are the radius of curvature of sequential surfaces, tj are the center thickness of the two lenses and176
s’ the back focal length of the achromatic cemented doublets.177

178
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Table 4. Configurations of the 5 best achromatic cemented doublets and their spot sizes in mm. R1, R2 and R3 are
the radius of curvature of sequential surfaces in millimetres. tj are the center thickness of the two lenses in mm and s’
the back focal length of the achromatic cemented doublets in mm

1 2 3 4 5

Glass 1 N-FK58 N-PK51 N-PK51 N-FK51A N-PK52A
Glass 2 N-LASF31A N-BASF64 N-LASF41 N-LASF47 N-LASF41
R1 (mm) 52.256 69.622 40 41.431 40
R2 (mm) -50.005 -43.523 -61.472 -55.552 -59.612
R3 (mm) -89.575 -106.966 -492.996 -150.846 -258.397
t1 (mm) 4.087 4.541 4.264 4.326 4.306
t2 (mm) 6 6 6 6 6
s′ 97.383 96.421 93.513 94.081 94.100
100 % Spot diameter (mm) 0.009 0.001 0.011 0.012 0.012

Figure 7. Spot size in mm produced by the achromatic cemented doublet designed by the SPC method (yellow),
A. Szulc method (Purple) [16] and the two off-the-shelf achromatic cemented doublets from Thorlabs (green) and
Edmund Optics (blue)

To ensure the materials selected by the SPC method above are optimal, the diagram in Figure 6 was used to trace179
vectors connecting each pair of materials, allowing for the calculation of ∆ΦPC2/Φ̄j and their separation. As shown in180
Table 5, all selected pairs satisfy the condition on ∆ΦPC2

/Φ̄j . However, the minimum separation criterion was not met181
for two glass combinations: N-PK51 with N-LASF41, and N-PK52A with N-LASF41. But, the deviations for these182
two pairs are minimal, and the combinations do not involve glasses of the same type, suggesting that their inclusion183
remains acceptable within the context of the reduced glass map. Furthermore, these three glasses have been selected184
in the reduced glass map in combination with other glasses.185

Table 5. Glass combinations of the top 5 achromatic cemented doublets with ∆ΦPC2
/Φ̄j (at ∆ΦPC1

= 0) and their
separations

First element material Second element material ∆ΦPC2/Φ̄j (at
∆ΦPC1 = 0)

Distance between
materials

N-FK58 N-LASF31A -0.000187 0.01341
N-PK51 N-BASF64 -0.000241 0.01229
N-PK51 N-LASF41 -0.000177 0.01010

N-FK51A P-LASF47 -0.000199 0.01249
N-PK52A N-LASF41 -0.000179 0.01083
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One of the resulting doublet examples is illustrated in figure 8. This shows the total spot size of the best automat-186
ically generated doublet for the axial field, which has a diameter of 8.9 µm, as well as its MTF. The ray aberration187
diagram figure 8.d) shows that for the green and blue wavelengths the curves almost overlap. We can therefore conclude188
that this generated system is almost diffraction-limited and colour corrected for the axial field.189

Figure 8. Results of achromat 1 designed with the Saddle Point Construction and a reduced glass map. (a) 2D Lens
drawing of the system, (b) Spot Diagram of the system with Airy disk at reference wavelength displayed, (c) MTF of
the system, (d) ray aberration curves

A Monte Carlo tolerance analysis was performed on the top-performing generated design and on the Thorlabs190
AC254-100-A achromatic cemented doublet. With typical manufacturing errors of ±0.05 mm and ±0.1° element tilt,191
it led to a maximum RMS Spot diameter of 0.8 for the generated achromatic cemented doublet and the Thorlabs192
AC254-100-A lens (see figure 9). This ensure equal performance of the two systems with the same manufacturing193
conditions.194

Figure 9. Results of a Monte Carlo Tolerance analysis with 50 cycles of (a) the top-performing achromatic cemented
doublet and (b) the Thorlabs AC254-100-A lens
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5.2. Non-axial object field solutions on achromatic doublets195

When using achromatic doublets, it is impossible to achieve a 0° axial object field. They are most often used with196
a small field of view. To accurately compare our results with catalogue doublets we automatically generated cemented197
doublets for a field of view of ±2.5◦.198
Using the same method, 68 doublets were generated, and the one with the smallest spot size was selected for this199
comparison.200

Figure 10. Example of an achromat designed with the Saddle Point Construction and a reduced glass map for an
object field of 2.5° and spot size comparison with a Thorlabs achromatic cemented doublet. (a) 2D Lens drawing of
the system, (b) Spot Diagram of the system with Airy disk at reference wavelength displayed, (c) Spot diagram of the
Thorlabs AC254-100-A achromatic cemented doublet

As shown in Figure 10, the SPCM can automatically generate achromatic cemented doublets with similar201
performances to catalogue doublets, with a field angle of 2.5◦. These results were achieved by applying weights of 5202
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and 2 to field angles of 0◦ and 2.5◦ respectively. This produced a system with a comparable spot size for the axial203
object field and a spot size that is 14 µm smaller for the 2.5◦ angular object field. As shown figure 11, the spot204
diameter progressively increases with the field of view without ensuring its performances across the field of view.205

206

Figure 11. Spot diameter vs field of view of the generated lens figure 10 a) with a total field of view of ±2.5◦

S By modifying the weight distribution across the field angles, we can minimise one field spot size at the expense207
of another. For example, setting the weights to 5 and 1 for field angles of respectively 0◦ and 2.5◦, reduces the size of208
the central field spot, as well as the diameter of the 2.5◦ field spot (See Fig. 12). In addition, the resulting spot for209
blue and red wavelengths on the axial field are overlapping which is not the case for the doublet shown figure 10. The210
overall performance of the two doublets, which were generated with a total FOV of ±2.5◦,is comparable. However,211
diffraction has a stronger impact on the doublet optimised with weights of 5 and 1 for field angles of 0° and 2.5°.212
Despite having a smaller central spot diameter than the doublet optimised with weights of 5 and 2 for field angles of213
0° and 2.5°, its MTF is farther from the diffraction limit (see fig. 13).214

Figure 12. Spot size of an SPCM generated doublet optimized with weights of 5 and 1 for field angles of 0° and 2.5°
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Figure 13. MTF of the doublets generated with the SPCM, (a) optimized with weights of 5 and 2 for field angles of
0° and 2.5°, (b) optimized with weights of 5 and 1 for field angles of 0° and 2.5°

Table 6. Configurations of the two achromatic cemented doublets with non axial field generated with SPCM.

1 2 Thorlabs AC254-100-A

Glass 1 N-PK51 N-PK51 NBK7
Glass 2 N-BASF64 N-KZFS11 SF5
R1 (mm) 68.757 63.731 62.75
R2 (mm) -41.812 -40.000 -45.71
R3 (mm) -101.802 -133.856 -128.23
t1 (mm) 14 11.585 4
t2 (mm) 14 12 2.5
s′ (mm) 89.789 89.467 97.070
Effective focal length 100.000 100.000 100.070
100% Spot diameter (mm) at 0° 0.015 0.01 0.140
100% Spot diameter (mm) at 2.5° 0.063 0.072 0.090
Coma 0.010 0.001 0.011
Spherical aberration -0.025 -0.025 -0.040
Axial Color -0.013 -0.017 -0.014843
Lateral Color -0.005 -0.003 -0.001

The doublets designed using the SPCM and the selected doublet from Thorlabs show comparable axial chromatic215
aberrations (see table 6). The doublet optimised with respective weights of 5 and 1 at 0° and 2.5° field of view, has216
a coma 10 times smaller than the first doublet designed with the SPCM and the selected Thorlabs doublet. The217
SPCM-designed doublets display spherical aberrations half the size of the Thorlabs doublet. However, their lateral218
chromatic aberration remains slightly stronger than that of the selected Thorlabs doublet.219

All simulations have been performed on a 13th Generation Intel® Core™ i7-1370P 3.90 GHz CPU computer with a220
32 Go RAM using Python 3.11 and Code V 2024.03. The average computation time for the creation of the 34 solutions221
tree diagrams was about 24 minutes.222

12



H. Maurey et al.: Automatic search for cemented doublets using the saddle point construction method

6. Conclusion223

This article shows the effectiveness of the SPCM combined with a reduced glass map with automatic generation224
of lens systems. This has been demonstrated through the automatic design of 68 achromatic doublets. These designs225
respect manufacturing capabilities, with at least five configurations exhibiting superior optical performance for an axial226
field compared to existing solutions. The five best doublets, which were automatically generated using the SPCM, have227
a total spot size for an axial field with a diameter half that of the doublets selected in section 3. When increasing the228
FOV to 5◦, the doublets generated have similar performance as off-the-shelf doublets.229
While glass cost was not considered in the present study, incorporating economic factors could provide an additional230
parameter for further reduction of the glass map. Moreover, the methodology could be extended to other or combined231
glass maps to expand the range of available materials. However, this approach currently only uses spherical and on-axis232
surfaces with a fixed stop aperture position. This is limiting the possibility of designing wide angle or very compact233
optical systems. By adding the possibility of using aspherical lenses could mitigate this limitation.234
Finally, this approach may be generalized to the design of optical systems with a greater number of elements by235
applying SPCM at a deeper level in the solution tree. These systems could then be used as starting point for further236
optimisation with aspheres. Colour correction could also be extended to more wavelengths applying the Principal237
Component Analysis to additional wavelengths.238
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