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

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

1. Introduction

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

2. The Saddle Point Construction method

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

the merit
function

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,
which can initially consist of a single lens. To extend the system to N + 2 dimensions and generate a saddle point, a
zero-thickness lens element with identical curvatures on both surfaces is introduced (referred to as a 'null’ element).
This 'null’ element allows the addition of two additional variables, representing the curvatures of its surfaces, without
altering the optical properties of the system or affecting the value of the merit function. A saddle point is formed for
specific values of the surface curvature of the null lens element. A conventional saddle point detection algorithm [13]
starts from a system for which the merit function is in a local minimum. Afterwards, the algorithm explores every
direction around this minimum until it reaches a maximum in one or more other directions [14]. This mathematical
approach to the saddle point construction method requires a properly optimized local minimum so that the residual
gradient of the merit function approaches zero. However, it has been shown that the saddle point detection is not
essential for optical design. An empirical approach starting from any local minimum enables one to generate saddle
points while augmenting the number of dimensions of the problem (for instance, the number of surfaces). When the
merit function is in a local minimum, adding variables will in most cases lead to a saddle point [15]. In this paper, we
use the special version of the SPCM for rapid and simplified detection of the saddle point (see Fig. 2) [13]:

1. Start from a local minimum of the merit function (for instance, using a single lens).

2. Insert an element with the two surfaces having the same radii of curvature as the last surface of the previous lens,
a zero thickness and the same material (called a “null” element). For example, ¢3 = ¢4 = ¢2, with ¢3,c4 and ¢2
respectively the radii of curvatures of the first and second surfaces of the ‘null’ element and the second radius of
curvature of the first element.

3. Vary the curvature ¢3 and c4 of the “null” element by a small increment € with ¢3 = ¢4 = ¢2 4+ €. Thus, two new

systems are created.

Optimize the two systems with the default merit function given by Code V.

Incrementally increase the thickness of the “null” element and of the airspace between the two elements, while the

system is re-optimized after to find the 2 new minima induced by the detected saddle point.

6. Optimize the choice of glass of the second element.

il



84
85
86
87

88
89

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

small t€ variatio

Creation of the cemented
of the cuwaturem doublet with glass fitting
the 'null' element

“.

null' element: I
incremental thickness ‘/
augmentation of the 'null' element

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 corresponds
to the number of added elements. These solutions are then summed up in a tree diagram which enables the designer to

select the most appropriate solution SP_a_ p where p represents the number of the solution at depth a with p = [0, a?]
(see Fig. 3).

O L et
Initial System
Depth 1
/’\ / Node 2
SP 11 M SP 12
1
f‘g_ SP21 SP22 SP 23 SP 24
= P~ :

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 method
can be complementary to other Al methods by generating new datasets.
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3. Design of achromatic cemented doublets with the SPC method

In the previous section, we explained the principle of the Saddle Point Construction method and its benefits. To
validate the effectiveness of the method in optical design, we now apply it to the automatic design of an achromatic
cemented doublet.

To evaluate the quality of the generated doublets, we compare them with achromatic doublets designed with a the-
oretical approach. The selected doublets for this comparison are drawn from [16], and from Thorlabs and Edmund
Optics catalogues. Their common optical characteristics are tabulated in Table 1.

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 Point
Construction Method.
In lens design, it is essential to consider the practical constraints in line with manufacturing capablhtles [2] The
following constraints were imposed: a minimum center thickness, a minimum edge thickness, a minimum air gap,
minimum and maximum curvatures (see values specified in Table 2 where SD is the semi-diameter of the lens). These
constraints ensured the achromatic doublets designs remained manufacturable and mechanically robust.

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 %
Minimum Air Gap 1 mm
Effective Focal Length 100 mm
Minimum Curvature - 2><1$D
Maximum Curvature 2X13D

The designing process of the achromat is the following:

e Start with a plane-parallel plate made of material M; with a thickness of 4mm.

e Optimize this initial configuration into a single lens with fixed focal length, F-number and with d the reference
wavelength.

e Apply the SPC method to this local minimum to generate two doublet systems integrating a fictitious glass.

e Perform a glass substitution by fitting the fictitious glass to real materials, followed by a re-optimization of the
optical system with the previous constraints.

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

0.131mm ——— 0.011mm

Optimized intial
System
(Slngle lens)

0.311Tmm —— 0.124mm

Initial System
(Single’lens)

Generated
doublets with
fictitious glass
Glass fitting

0.005mm ———— 0.004mm

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 SPCM
optimisation process. The initial system used as an example leads to the system 1 in the Table 4. The system 1 is
represented by the bottom branch of the tree diagram with an RMS spot size of 0.004mm.

This routine is applied to the j materials of the Schott map, enabling to find 2xj achromatic doublets.

To control the whole process, the Code V glass fitting algorithm was not used, but rather with a bespoke glass
substitution Python algorithm. We then performed a search for the 10 closest real glasses to the fictitious glass. These
10 glasses minimise their distance to the fictitious glass as:

AG; = \/(ndfict - ndglassi)z + (anict - anlassi)Q + (ncfict - ncglassi)27 (1)

where AG; is the euclidean distance between the fictitious glass and the real glass i, nq,,., ,nr,,., and ng,,., are the
refractive indices of the fictious glass at the wavelength d,F,C, and nq,,,.. , nr,,.., and nc,,,., are the refractive
indices of the real glass ¢ at the wavelength d,F,C.

The fictitious glass is replaced by each of these 10 glasses one after the other. After a local optimization of the system,
the glass leading to the smallest spot diagram is kept. This glass substitution process has been applied using the
reduced glass map detailed in section 4.

The Schott glass map from 2024 contains 120 glasses [17], which leads to the design of 240 doublets. Extending this
method to N lenses needs the design of 120 x 2V optical system. For a Tessar lens, this would represent 1920 systems
or 122 880 lenses for a 10 lenses objective. To minimize the computational effort, a reduction of the number of glasses
is required.

4. Creation of a Reduced (Glass Map

Multiple attempts at reducing glass maps have been performed in recent decades [18, 19, 20, 21, 22|. This is
possible since some glasses have very similar optical and chemical properties. The very first step of reducing the glass
map would be to select only one glass from multiple glasses with similar optical properties. For instance, the Schott
catalogue includes N-SF6, N-SF6HT, and N-SF6HTULTRA, three glasses with identical optical properties that differ
mainly in their transmittance characteristics [23]. In such cases, retaining only one representative glass, typically the
most cost-effective, can simplify the selection process. Applying this criterion to the full Schott glass map [17] and
removing the lead containing and radiation resistant glasses, reduces the number of available glasses from 120 to 83.
But the resulting set still remains too large for iterative procedures.

In the history of optical design, several dispersion models have been proposed to select glasses for the design of
achromatic cemented doublets and apochromats [24, 25, 26]. Recently, H. Miinz et al. [12] proposed a new graphical
selection of glasses using principal component analysis (PCA) on the normalized index differences §,;(\;) :

5 (\) = (”j(f;)_l)”j), (2)

with n;(\;) the refractive index of the optical glass of the j-th lens for the three wavelengths Ac= 656,281 nm, A\;=
587,562 nm, and Ap= 486,134 nm and 7; the mean of the refractive indices across these 3 wavelengths.

This leads to two principal components, denoted §(j, PC1) and ¢j, PC3). The principal component analysis, through
the 83 optical glasses, transforms the basis of the 0; diagram, resulting in d(j, PC1) and 4(j, PCs) vectors which
are combinations of the §; at different wavelengths and proportional to the 1st and 2nd order of colour aberrations
respectively. These vectors are robust to changes in catalogues and wavelengths. The coefficients of the two principal
components are normalized to a peak-to-valley deviation of 1 using the following equations:

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

5(jPCl> = (ﬁj — 1) ) (3)
e — 02T (F) = 1.((1goﬁj 1(;1) +0.726n,(C)) ”

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

k
0Ppc, = Z 8;.pc,®;, (5)
j=1)
with <i>j the partial refractive power of the lens j and d® p¢, the i-th axial chromatic aberration. The resulting diagram
for 6®pc, /P andd®pc, /P is shown figure 5, with & = Zle ®; = 1/f where f is the total focal length.
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—0.00035

N-FK51A
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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 A® p¢, /® axis, i.e. A®pe, = 0, we can select
a glass couple with first order axial colour corrected and (A®pc,/®).f as secondary axial colour. The ratio of the
distances between the selected glasses and the resulting doublet on the diagram reflect the individual refractive power.
A larger separation between the glasses implies lower required refractive powers for each element. Lower refractive
powers allow for the use of lenses with larger radii of curvature, thereby reducing spherical aberrations. Therefore, to
design a well-corrected achromatic doublet, it is better to select glasses that are widely separated in the diagram and
connected by a line oriented toward, or as close as possible to, the origin.
Under the specified conditions some glasses cannot be combined with others to design an achromat. This provides a
good basis on which to further reduce the glass catalogue. Because we are designing an achromat, it is not necessary to
achieve A®pc, /® = 0. Instead, glass combinations are selected to satisfy empirically A®pc, /P values ranging from
0 to —3.5 x 10~%. This corresponds to a maximum allowable secondary axial colour of f/2857. A minimum separation
of 0.012 was imposed between selected glasses on the map, to prevent the selection of materials with similar optical
properties. Under these criteria, the glass map was reduced to a total of 34 glasses (see figure 6), tabulated in table 3.

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

LASF35 N-KZFS11 N-LASF41 N-PK51 N-SF'15 N-SF66
N-BASF?2 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




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

N-FK58
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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)

167 5. Results

168 5.1. Axial object field solutions on achromatic doublets

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

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

0,03

Spot Diameter in mm

0,025
0,02
0,015
0,01
0,005
0

2 3 4 5

Doublet number

SPCM Doublet Spot Diameters m Szulc Doublets Spot Diameters m TL AC254-100-A m EO 47641

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 trace
vectors connecting each pair of materials, allowing for the calculation of A®pc,/®; and their separation. As shown in

Table 5, all selected pairs satisfy the condition on A®pc, /®;. However, the minimum separation criterion was not met
for two glass combinations: N-PK51 with N-LASF41, and N-PK52A with N-LASF41. But, the deviations for these
two pairs are minimal, and the combinations do not involve glasses of the same type, suggesting that their inclusion
remains acceptable within the context of the reduced glass map. Furthermore, these three glasses have been selected
in the reduced glass map in combination with other glasses.

Table 5. Glass combinations of the top 5 achromatic cemented doublets with A®pc, /®; (at A®pe, = 0) and their
separations

First element material Second element material Ad®pc,/®; (at Distance between
A®pc, =0) 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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186 One of the resulting doublet examples is illustrated in figure 8. This shows the total spot size of the best automat-
187 ically generated doublet for the axial field, which has a diameter of 8.9 um, as well as its MTF. The ray aberration
188 diagram figure 8.d) shows that for the green and blue wavelengths the curves almost overlap. We can therefore conclude
189 that this generated system is almost diffraction-limited and colour corrected for the axial field.

FIELD
a) b) POSITION

RMS =  0.004236
100% =  0.008990

0.00, 0.00 L
0.000,0.000 DG

Achromat f=100m | Ff = 4 scale: 1.70 HM

DEFOCUSIN 0.00000

Achromat f=100m | F# = 4 Spot Size

C Diffraction MTF d
Achromat f=100m | F# = 4

TANGENTIAL SAGITTAL

F1: DIff. Limit
“F1: (ANG) 0.000 dog

Modulati
I
|
|

o Achromat £ =100mm |
’ F:

30 6 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 RAY ABERRATIONS ( MILLIMETERS )
Spatial Frequency (cycles/mm) HM 17-Nov-25

kv

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, (¢) MTF of
the system, (d) ray aberration curves

190 A Monte Carlo tolerance analysis was performed on the top-performing generated design and on the Thorlabs
191  AC254-100-A achromatic cemented doublet. With typical manufacturing errors of £0.05 mm and +0.1° element tilt,
192 it led to a maximum RMS Spot diameter of 0.8 for the generated achromatic cemented doublet and the Thorlabs

193  AC254-100-A lens (see figure 9). This ensure equal performance of the two systems with the same manufacturing
194 conditions.

a) b)
Monte Carlo (50 trials) - SPCM Doublet Family 6 Branch 1 Monte Carlo (50 trials) - Thorlabs AC-254-100-A
100 100
90 90
:\; 80 g 80
z 7 E()
g 60 g 60
3 50 3 50
%’ 40 ~Field 1 g 40 ~Field 1
K- =
Z ERY
3 20 3 20
10 10
0,0042 0,0048 0,0054 0,006 0,0066 0,0072 0,0078 © 50068 0,007 00072 00074 00076 0,0078
Geom. RMS spot dia. Geom. RMS spot dia.
|codew |codew

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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195 5.2. Non-axial object field solutions on achromatic doublets

196 When using achromatic doublets, it is impossible to achieve a 0° axial object field. They are most often used with
197 a small field of view. To accurately compare our results with catalogue doublets we automatically generated cemented
198 doublets for a field of view of £2.5°.

199 Using the same method, 68 doublets were generated, and the one with the smallest spot size was selected for this
200 comparison.

a)

15.62 MM

SPCM generated cemented doublet Scale: 1.60

FIELD T
POSITION| HM  4-Jul-2025

b)

<, 5 - 005
0.00, 0.00 | “*" RMS 0.005392
0.000,0.000 DG k. A 100% = 0.015100

RMS = 0.035063

0.00, 1.00 4
100% = 0.062543

0.000,2.500 G|

DEFOCUSING 0.00000
SPCM Generated Doublet | Spot Size

FIELD T
POSITION HM  4-Jul-2025

RMS = 0.006658

0.00, 0.00 4
100% = 0.014014

0.000,0.000 DG

RMS = 0.041724

0.00, 1.00 ]
100% = 0.086496

0.000,2.500 DG

E-01 M4

DEFOCUSIN 0.00000
Thorlabs AC254-100-1 | Spot Size

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

201 As shown in Figure 10, the SPCM can automatically generate achromatic cemented doublets with similar
202 performances to catalogue doublets, with a field angle of 2.5°. These results were achieved by applying weights of 5

10
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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 axial
object field and a spot size that is 14 pm smaller for the 2.5° angular object field. As shown figure 11, the spot
diameter progressively increases with the field of view without ensuring its performances across the field of view.

Spot diameter vs Field angle

0,08

0,06
0,05

0,04

Spot Diameter (mm)

0 05 1 15 2 25

Y Field Angle (°)

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 expense
of another. For example, setting the weights to 5 and 1 for field angles of respectively 0° and 2.5°, reduces the size of
the central field spot, as well as the diameter of the 2.5° field spot (See Fig. 12). In addition, the resulting spot for
blue and red wavelengths on the axial field are overlapping which is not the case for the doublet shown figure 10. The
overall performance of the two doublets, which were generated with a total FOV of £2.5°is comparable. However,
diffraction has a stronger impact on the doublet optimised with weights of 5 and 1 for field angles of 0° and 2.5°.
Despite having a smaller central spot diameter than the doublet optimised with weights of 5 and 2 for field angles of
0° and 2.5°, its MTF is farther from the diffraction limit (see fig. 13).
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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
RI1 (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 chromatic
aberrations (see table 6). The doublet optimised with respective weights of 5 and 1 at 0° and 2.5° field of view, has
a coma 10 times smaller than the first doublet designed with the SPCM and the selected Thorlabs doublet. The
SPCM-designed doublets display spherical aberrations half the size of the Thorlabs doublet. However, their lateral
chromatic aberration remains slightly stronger than that of the selected Thorlabs doublet.

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

This article shows the effectiveness of the SPCM combined with a reduced glass map with automatic generation
of lens systems. This has been demonstrated through the automatic design of 68 achromatic doublets. These designs
respect manufacturing capabilities, with at least five configurations exhibiting superior optical performance for an axial
field compared to existing solutions. The five best doublets, which were automatically generated using the SPCM, have
a total spot size for an axial field with a diameter half that of the doublets selected in section 3. When increasing the
FOV to 5°, the doublets generated have similar performance as off-the-shelf doublets.

While glass cost was not considered in the present study, incorporating economic factors could provide an additional
parameter for further reduction of the glass map. Moreover, the methodology could be extended to other or combined
glass maps to expand the range of available materials. However, this approach currently only uses spherical and on-axis
surfaces with a fixed stop aperture position. This is limiting the possibility of designing wide angle or very compact
optical systems. By adding the possibility of using aspherical lenses could mitigate this limitation.

Finally, this approach may be generalized to the design of optical systems with a greater number of elements by
applying SPCM at a deeper level in the solution tree. These systems could then be used as starting point for further
optimisation with aspheres. Colour correction could also be extended to more wavelengths applying the Principal
Component Analysis to additional wavelengths.

Acknowledgments
We acknowledge Optiive for its financial support of this work and A. Argy, F. Baumann, J. Belheine, P.-G. Bibal-

Sobeaux and B. Brouillet for the first Python script on SPC method developed in IPP Team (ICube laboratory). We
thank Paul Montgomery for carefully reading the manuscript.

Funding

This work was funded by Optiive, under a contract with Satt / Conectus.

Conflicts of interest

Authors declares no conflict of interest associated to this work..

Data availability statement

Data underlying the results presented in this paper are not publicly available at this time but may be obtained
from the authors upon reasonable request.

Author contribution statement

Investigation : H.G., P.T., R.P,;

Supervision : P.T., R.P., P.G. M.F_;
Methodology : HM., P.T., R.P., P.G., M.F.;
Software : HM., P.T., R.P;

Validation : P.T., R.P., P.G.,M.F;
Visualization : HM., P.T., R.P,;

Formal analysis : H.M.,P.T., R.P., P.G.,M.F.;

Funding acquisition : P.T., R.P., P.G..M.F.;

13



267
268
269

270

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324

H. Maurey et al.: Automatic search for cemented doublets using the saddle point construction method
Writing — original draft : H.M.;

Writing -review & editing : P.T., R.P.,P.G., M.F.

References

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.

. Bociort, F. (2015) Optical System Optimization, in Hoffman, C. and Driggers, R. (eds) Encyclopedia of Optical and Photonic

Engineering (Print) - Five Volume Set, 2nd edn. Boca Raton: CRC Press, pp. 2206-2212. https://www.taylorfrancis.com/
books /9781351247184 /chapters/10.1081 /E-EOE2-120009685

. Sun, H. (2017) Lens design: a practical guide. Boca Raton: CRC Press, Taylor & Francis Group.
. Zhang, K.-Y., Yuan, X.-Y. and Cui, X.-Q. (2016) Automatic generation of optical initial configuration based on Delano

diagram. Research in Astronomy and Astrophysics, 16(1), p. 007. https://iopscience.iop.org/article/10.1088 /1674-4527/16/
1/007

. Coté, G., Lalonde, J.-F. and Thibault, S. (2021) Deep learning-enabled framework for automatic lens design starting point

generation. Optics Express, 29(3), p. 3841. https://opg.optica.org/abstract.cfm?URI=oe-29-3-3841

. Yow, A. P. et al. (2024) Artificial intelligence in optical lens design. Artificial Intelligence Review, 57(8), p. 193. https:

//link.springer.com/10.1007 /s10462-024-10842-y

. Dai, F., Feng, H. and Xu, Z. (2025) Automatic design method for miniature aspheric lens based on modified basin-hopping

algorithm. Optics Express, 33(11), p. 22570. https://opg.optica.org/abstract.cfm?URI=o0e-33-11-22570

. Mao, B. et al. (2023) FreeformNet: fast and automatic generation of multiple-solution freeform imaging systems enabled by

deep learning. Photonics Research, 11(8), p. 1408. https://opg.optica.org/abstract.cfm?URI=prj-11-8-1408

. Bociort, F. (2009) Finding new local minima in lens design landscapes by constructing saddle points. Optical Engineering,

48(6), p. 063001. http://opticalengineering.spiedigitallibrary.org/article.aspx?doi=10.1117/1.3156022

. Livshits, I. et al. (2014) Using saddle points for challenging optical design tasks. In: Johnson, R. B., Mahajan, V. N. and

Thibault, S. (eds) SPIE Proceedings, San Diego, California, United States, p. 919204. http://proceedings.spiedigitallibrary.
org/proceeding.aspx?doi=10.1117/12.2061975

Van Grol, P., Van Turnhout, M. and Bociort, F. (2014) Obtaining Different Lens System Shapes by using Saddle-Point
Construction. In: Classical Optics 2014, Kohala Coast, Hawaii, p. IW1A.3. https://opg.optica.org/abstract.cim?URI=
1I0DC-2014-IW1A.3

Van Turnhout, M. et al. (2015) Obtaining new local minima in lens design by constructing saddle points. Optics Express,
23(5), p. 6679. https://opg.optica.org/abstract.cfm?URI=oe-23-5-6679

Miinz, H. and Peschka, M. (2024) Principal component analysis of refractive index spaces: From glass properties to residual
colour prediction. EPJ Web of Conferences, 309, p. 03019. https://www.epj-conferences.org/10.1051 /epjconf/202430903019
Hou, Z. (2023) Systematic search for new solutions in lens design. Disertation. Delft University of Technology. https:
//doi.org/10.4233 /uuid:485031ef-4fcf-4c2f-9ab6b-41b037e88afe

Marinescu, O. and Bociort, F. (2007) Network search method in the design of extreme ultraviolet lithographic objectives.
Applied Optics, 46(35), p. 8385. https://opg.optica.org/abstract.cfm?URI=a0-46-35-8385

Bociort, F., Van Turnhout, M. and Marinescu, O. (2007) Practical guide to saddle-point construction in lens design. In:
Mouroulis, P. Z., Smith, W. J. and Johnson, R. B. (eds) SPIE Proceedings, San Diego, CA, p. 666708.

Szulc, A. (1996) Improved solution for the cemented doublet. Applied Optics, 35(19), p. 3548. https://opg.optica.org/
abstract.cfm?URI=a0-35-19-3548

SCHOTT AG (2024) Schott optical glass datasheet collection.

Zhang, S. and Shannon, R. R. (1994) Lens design using a minimum number of glasses. In: Fischer, R. E. and Smith, W. J.
(eds) SPIE Proceedings, San Diego, CA, 2263, pp. 2-9.

Besenmatter, W. (1998) How many glass types does a lens designer really need? In: Gardner, L. R. and Thompson, K. P.
(eds) International Optical Design Conference, Kona, HI, p. 294.

Griffin, D. W. (1998) Selection of optical glasses using Buchdahl’s chromatic coordinate. In: International Optical Design
Conference, Kailua-Kona, Hawaii, p. LTuC.7. https://opg.optica.org/abstract.cfm?URI=IODC-1998-LTuC.7

Sola La Serna, P. and Sénchez-Capuchino Revuelta, J. (2022) Optical glass selection for color corrected broadband instru-
mentation: an overview. Applied Optics, 61(3), p. A50. https://opg.optica.org/abstract.cfm?URI=ao-61-3-A50

Héron, S. and Semet, Y. (2023) Visible imaging system optical design by continuous optimization of glasses. EPJ Web of
Conferences, 287, p. 02009. https://www.epj-conferences.org,/10.1051 /epjconf/202328702009

SCHOTT AG (2025) HT and HTultra Glass Optical glasses with ultra high transmittance.

Lytle, J. D. (1974) Design Of Apochromats By Graphical Construction. In: Smith, W. J. (ed.) SPIE Proceedings, San
Diego, pp. 239-246.

Robb, P. N. (1985) Selection of optical glasses 1: Two materials. Applied Optics, 24(12), p. 1864. https://opg.optica.org/
abstract.cfm?URI=a0-24-12-1864

Miinz, H., Sacks, J. A. and Bentley, J. L. (2025) Single-term theory of induced secondary axial color. Optical
Engineering, 64(03), p. 035101. https://www.spiedigitallibrary.org/journals/optical-engineering/volume-64/issue-03/
035101 /Single-term-theory-of-induced-secondary-axial-color/10.1117/1.0E.64.3.035101.full

14


https://www.taylorfrancis.com/books/9781351247184/chapters/10.1081/E-EOE2-120009685
https://www.taylorfrancis.com/books/9781351247184/chapters/10.1081/E-EOE2-120009685
https://www.taylorfrancis.com/books/9781351247184/chapters/10.1081/E-EOE2-120009685
https://iopscience.iop.org/article/10.1088/1674-4527/16/1/007
https://iopscience.iop.org/article/10.1088/1674-4527/16/1/007
https://iopscience.iop.org/article/10.1088/1674-4527/16/1/007
https://opg.optica.org/abstract.cfm?URI=oe-29-3-3841
https://link.springer.com/10.1007/s10462-024-10842-y
https://link.springer.com/10.1007/s10462-024-10842-y
https://link.springer.com/10.1007/s10462-024-10842-y
https://opg.optica.org/abstract.cfm?URI=oe-33-11-22570
https://opg.optica.org/abstract.cfm?URI=prj-11-8-1408
http://opticalengineering.spiedigitallibrary.org/article.aspx?doi=10.1117/1.3156022
http://proceedings.spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.2061975
http://proceedings.spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.2061975
http://proceedings.spiedigitallibrary.org/proceeding.aspx?doi=10.1117/12.2061975
https://opg.optica.org/abstract.cfm?URI=IODC-2014-IW1A.3
https://opg.optica.org/abstract.cfm?URI=IODC-2014-IW1A.3
https://opg.optica.org/abstract.cfm?URI=IODC-2014-IW1A.3
https://opg.optica.org/abstract.cfm?URI=oe-23-5-6679
https://www.epj-conferences.org/10.1051/epjconf/202430903019
https://doi.org/10.4233/uuid:485031ef-4fcf-4c2f-9a6b-41b037e88afe
https://doi.org/10.4233/uuid:485031ef-4fcf-4c2f-9a6b-41b037e88afe
https://doi.org/10.4233/uuid:485031ef-4fcf-4c2f-9a6b-41b037e88afe
https://opg.optica.org/abstract.cfm?URI=ao-46-35-8385
https://opg.optica.org/abstract.cfm?URI=ao-35-19-3548
https://opg.optica.org/abstract.cfm?URI=ao-35-19-3548
https://opg.optica.org/abstract.cfm?URI=ao-35-19-3548
https://opg.optica.org/abstract.cfm?URI=IODC-1998-LTuC.7
https://opg.optica.org/abstract.cfm?URI=ao-61-3-A50
https://www.epj-conferences.org/10.1051/epjconf/202328702009
https://opg.optica.org/abstract.cfm?URI=ao-24-12-1864
https://opg.optica.org/abstract.cfm?URI=ao-24-12-1864
https://opg.optica.org/abstract.cfm?URI=ao-24-12-1864
https://www.spiedigitallibrary.org/journals/optical-engineering/volume-64/issue-03/035101/Single-term-theory-of-induced-secondary-axial-color/10.1117/1.OE.64.3.035101.full
https://www.spiedigitallibrary.org/journals/optical-engineering/volume-64/issue-03/035101/Single-term-theory-of-induced-secondary-axial-color/10.1117/1.OE.64.3.035101.full
https://www.spiedigitallibrary.org/journals/optical-engineering/volume-64/issue-03/035101/Single-term-theory-of-induced-secondary-axial-color/10.1117/1.OE.64.3.035101.full

	Introduction
	The Saddle Point Construction method
	Design of achromatic cemented doublets with the SPC method
	Creation of a Reduced Glass Map
	Results
	Axial object field solutions on achromatic doublets
	Non-axial object field solutions on achromatic doublets

	Conclusion

