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AUTOMATED DESIGN OF ZOOM RIFLESCOPE WITH EXTENDED PARAMETERS

Background. Designing an arbitrary afocal zoom optical system is a complex and multidimensional problem. It cannot
be solved analytically and requires the essential experience and efforts of the designer.

Objective. The purpose of the paper is to present and verify by simulation the method and means to perform an auto-
mated design of complex multi-lens afocal zoom optical systems having variable parameters and characteristics.
Methods. Using the developed specialized software with implemented modification of the adaptive Cauchy differential
evolution algorithm for the parametric synthesis of multi-component optical systems of zoom riflescopes with extended
functional parameters.

Results. The developed optical system of the riflescope provides the 54 magnification ratio and the angular field of view
in the object space from 3.26° to 0.83°. It has a reticle located in the first focal plane, the entrance pupil diameter of
60 mm, the eye relief within the range of 106...111 mm, and the maximum system length of 390 mm. The riflescope
contains 13 lenses in 10 components. The performed simulations showed that the time interval required for the direct
automated design of the riflescope’s optical system is about 30—40 hours for the total number of unknown parameters
(variables) equal to 91. The root-mean-square values of the angular aberrations of axial beams in all (five) configura-
tions of the synthesized zoom system do not exceed 1.25 arc minute in the whole spectral range. The algorithm helps
to determine the prescription data of optical systems, considering the technical requirements and restrictions specified
by the designer.

Conclusions. Computer simulations of the development of the zoom riflescope with the magnification of 5-254, the
entrance pupil diameter of 60 mm, and the reticle located in the first focal plane have confirmed the effectiveness of the
proposed algorithm to design automatically complex multi-lens optical systems with variable parameters. The obtained
results proved the high image quality of the generated 13-lens riflescope with the long eye relief. The implemented mod-
ification of the adaptive Cauchy differential evolution method can be considered a powerful tool that helps to automate
the parametric synthesis of multicomponent optical systems of zoom riflescopes, taking into account the requirements
set by the designer. Future research should test the feasibility of the automated design of other riflescopes containing
more lenses and providing extreme performances.

Keywords: automated optical design; zoom riflescope; optical system; parametric synthesis; global optimization; aberration.

Introduction

Due to its complexity and variety, the design
procedure for multi-element optical systems is usu-
ally a lengthy and iterative process. It requires signif-
icant designer experience and must consider many
technical requirements and design constraints [1—4].
The design procedure becomes more complicated
for afocal zoom optical systems since, throughout
the range of used magnifications, all images must

be at infinity, the position of the exit pupil is to be
practically unchanged, and the system must provide
a high image quality.

The design process is reasonably divided into
separate stages to simplify the task in practice. Only
the first-order parameters of individual compo-
nents are determined in the first stage [5, 6]. Then,
zoom system components are often implemented as
achromats to decrease chromatic aberrations. How-
ever, even this does not help the designer correct the
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residual chromatism in the entire range of the com-
ponent movements.

A serious number of works were devoted to
zoom systems design (for example, [7—13]). Howev-
er, no ‘universal’ approach was found for obtaining
optimal solutions.

Brief review of methods for designing zoom op-
tical systems

An analytical solution to the problem of para-
metric synthesis for an arbitrary zoom optical sys-
tem is not possible due to the complexity and mul-
tidimensional nature of the problem. In this regard,
the following common approach is often applied to
design zoom optical systems. According to it, the
first-order properties and the trajectories of compo-
nent movements (loci) are first determined [7—13].
All components are synthesized based on the 3%-or-
der aberration theory. Then the whole optical sys-
tem is ‘assembled’ from the obtained elements, and
a local optimization algorithm is launched. The lo-
cal optimizer improves the existing starting solution
by introducing relatively small changes in variable
prescription data. It involves the computation of the
first and second derivatives at each step. The iter-
ative process continues until the algorithm finds an
optimal solution or an offered time limit expires.
Despite the advantages, the design approach has
several drawbacks, the main of which are the follow-
ing: the design procedure is quite lengthy; it requires
the active participation of the designer; the solution
is limited to lower-order aberrations, and the start-
ing optical system must provide high image quality.

Global optimization methods have been in-
creasingly used in different fields of science and
technology to overcome (or at least reduce) design
difficulties [14—17]. They determine a pseudo-op-
timal solution in a multidimensional set of possible
solutions satisfying the designer’s requirements. The
merit functions are often compound mathematical
functions containing individual components with
different weights. Thus, global optimizers reduce the
dependence of the result on the designer’s experi-
ence and can provide (although not guarantee) a
desired or acceptable solution to complex technical
problems.

Various global optimization algorithms have
been actively used also for the design of optical systems
in recent years [18—32]. Thus, Young introduced a
point-by-point design algorithm that allows obtaining
free-form imaging systems with improved charac-
teristics [22]. Paper [23] presented a multi-objective

approach of evolutionary memetic optimization di-
viding the process into three different phases: selec-
tion of optical glasses, analysis of possible solutions,
and the detailed study. In papers [24—26], a genetic
algorithm helped to develop classic lenses and zoom
systems with linear and mechanical compensation
of image plane shift. Two versions of the ant col-
ony optimization algorithm were implemented and
tested for optical design problems [27]. A method of
automatic design of a medium-wave infrared zoom
system was described in papers [28, 29]. Similar
global search algorithms were successfully applied
for the developments of varifocal lenses, aspherical
lenses, X-ray lenses [30—33], or finding the starting
schemes of zoom systems [34, 35].

Despite the above-mentioned, to date, there are few pub-
lications devoted to partial or complete automation of the
procedure of aberration design of zoom optical systems
(and, in particular, riflescopes).

Problem statement

The aim of this work is to test the effectiveness
of automated parametric aberration synthesis of a
complex multi-lens optical system of riflescope with
variable parameters. Such verification is done by com-
puter simulation of the developed procedure using one
of the modern global optimization algorithms.

In particular, for the parametric aberration syn-
thesis of the optical system, it is proposed to apply
a modified version of the adaptive Cauchy differen-
tial evolution method [36, 37]. In this method, each
point of the current population stores its numeric
values of the scaling and crossover factors specific
to classic differential evolution. The algorithm gen-
erates new random values of these parameters using
the Cauchy distribution at each iteration. These ran-
dom values have mean values obtained by averaging
parameters within the population at the previous it-
erations. Compared with the Gaussian (normal) dis-
tribution, the Cauchy distribution function provides
wider deviations of random values, which allows a
more detailed study of the given merit function in
the multidimensional parameter space. New values
of specific parameters are saved for a generated trial
point only if the merit function is improved. Thus,
the algorithm adjusts its parameters for a current
task. In general, the algorithm delivers fast conver-
gence, the high quality of a solution, and is efficient
when searching optimum values within the multidi-
mensional functional space.

Earlier [38—43], the developed computer pro-
gram implementing the modified versions of differ-
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ential evolution has helped the authors to obtain the
prescription data of different optical systems with
fixed parameters in an automatic mode. Any surface
radius, axial lens or air thickness, edge thickness, or
glass parameter can be an optimization variable. In
more complex cases, the optimization variables may
include aspheric coefficients, specific parameters of
optical surfaces (e.g., parameters of different diffrac-
tion gratings), and mediums data (including gradient
mediums) [44]. In this work, however, such specific
parameters are not involved. Due to the require-
ments of manufacturability and cheapness, all sur-
faces in the developed optical system must be spher-
ical, and ordinary glasses only should be selected
from the given catalog(s) for all lenses.

The proposed approach

The procedure of the parametric synthesis of an
arbitrary optical system starts with setting the main
functional parameters (like the spectral range, the
field of view, and the relative aperture) and deter-
mining the overall component structure of the op-
tical system. In this case, all lenses are distributed
(by numbers) between the components.

Next, the optimization variables are to be se-
lected. When designing optical systems containing
only flat and spherical optical surfaces, such vari-
ables include surfaces’ radii, axial lens thicknesses,
and optical glass parameters. The designer should
indicate the ranges of acceptable values and practi-
cally arbitrary initial values of all variables.

By freezing the marginal ray’s exit angle at the
rear optical surface of the system, one can ensure
the desired fixed value of the effective focal length of
the system. Obviously, for all configurations of the
telescopic optical systems, this angle must be equal
to zero, and thus their effective focal length will be
infinite.

For the parametric synthesis of the optical sys-
tems, one can set a widely-used merit function min-
imizing the RMS sizes of light spots at the image
surface for specified object field points of view. This
approach does not require any level of image quality
from the initial optical system, but it is significant to
have the rays passing through the system from all ob-
ject field points. Therefore, the initial optical system
may be simply defined as a set of plane-parallel plates.

In the case of the synthesis of diffraction-limited
optical systems, other merit functions can minimize
the wavefront deformations for all specified beams or
maximize the modulation transfer function values at
different spatial frequencies and field points. Such

merit functions are rational to use in the final stages
of designing optical systems with high image quality.

When establishing the merit function, it is ra-
tional to set the limits for the total axial length of the
optical system, acceptable ranges for axial and edge
thicknesses, the maximum values of light heights,
and other restrictions necessary for the physical im-
plementation of the system.

The default elements of the merit function are
often generated automatically by the developed soft-
ware to simplify the merit function setup. Addition-
ally, it is possible to restrict the maximum values
of individual aberrations (e.g., spherical aberration,
relative distortion, longitudinal or lateral chromatic
aberration).

Then, the main design phase launches one of
the global optimization algorithms implemented in
the program. This automatic process does not require
any participation of the designer. Because global
optimization algorithms require essential computa-
tional power, this phase will be the longest in time.
Therefore, it is rational to apply software providing
concurrent calculations to shorten the time interval
required for the optimization process.

In most practical cases, the global optimiza-
tion procedure results in an acceptable final solution
(of course, if such a solution exists under specified re-
strictions). If the algorithm is prematurely interrupt-
ed by the designer, a local optimization tool can
be engaged to ‘fine-tune’ the image quality of the
optical system.

Example of zoom lens design

As a numeric design example, a zoom riflescope
optical system was chosen with the magnification of
5-25< and the entrance pupil diameter of 60 mm. Its
reticle is to be located in the first focal plane. The
total number of lenses should not exceed 13. The
angular field of view in the image space in all zoom
configurations of the system should be at least 32°
in the wide-angle mode and 40° in the narrow-angle
mode. The riflescope should operate in the visible
spectral range (0.47...0.656 um) with the primary
wavelength of 0.555 um. Table 1 includes spectral
data used in the simulation.

Table 1. Wavelength data used in the design

Wavelength, um | 0.41 | 0.51 | 0.555] 0.61 | 0.656
Relative weight 1 2 3 2 1

Vignetting of rays is allowed in the wide-angle
mode only when the exit pupil diameter exceeds 8 mm.
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Fig. 1 illustrates a general schematic structure
of the optical system of the zoom riflescope. From
a functional point of view, the riflescope includes
a two-component telephoto lens, a reticle plate,
a two-lens fixed focusing component, a two-lens
zoom module, and a four-lens eyepiece. The fixed
focusing component with positive optical power re-
duces the light diameters of the next following zoom
module. The zoom module itself contains two mov-
ing lenses to change magnifications. Notably, in this
research, they are implemented as single lenses (not
achromatic cemented doublets).

the telephoto lens’ second component to the reticle
plane should be between 10 and 80 mm. In all zoom
configurations, the eye relief was within the range
of 106 to 111 mm. For riflescope mounting reasons,
the maximum surface light diameters were restricted
to 23 mm for the inverting sub-system and 40 mm
for the eyepiece. The total length L__ of the optical
system (i.e., the distance from the front surface of
the telephoto lens to the rear surface of the eyepiece)

was limited to 390 mm.
The overall merit included several additional
items to reduce the field curvature and provide a
better quality of the real im-

Entrance  Telephoto Reticle Fixed focusing Zoom Eyepiece Exit age formed by the telephoto
pupil lens component module pupil lens at the reticle. These items
forced the algorithm to cor-
rect transverse aberrations of a
— ‘ 1 few meridional rays of the pe-
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faces and axial thicknesses
were indicated as optimization
variables. Besides, all glasses
were selected by the program
automatically from the glass

Fig. 1. General layout of the zoom sight optical system. Question
marks indicate unknown parameters which are to be
determined by the program

In the simulation, five zoom configurations were
considered to achieve high image quality in the entire
magnification range (5-25%). In each zoom configura-
tion, the numeric values were pre-determined for the
angular fields both in the object and image spaces, as
well as the exit pupil diameters. Table 2 presents the
established values of external functional parameters.

During the parametric synthesis of the rifle-
scope, the minimum acceptable values for axial and
edge lens thickness were set to 2.8 mm and 2 mm,
respectively. The distance from the last surface of

Table 2. External parameters of the zoom riflescope

catalog CDGM. The refrac-
tive indices for the primary
wavelength were observed in the range of 1.45...1.85,
while the Abbe numbers were from 20 to 88. The total
number of unknown parameters (variables) was 91.

The initial optical system of the zoom rifle-
scope was set identically in all zoom configurations.
Fig. 2 shows its schematic view.

In principle, at any intermediate zoom con-
figuration of the optical system of the riflescope, its
angular magnification I’ can be determined by the
formula:

Job

r=
fo

Binv’

Zoom . . Angular ﬁ(_eld of view A.ngular. field of view Entrgnce pupil E).cit pupil
. Magnification I, *| in the object space | in the image space diameter diameter
configuration , y
20, degrees 20', degrees D, mm D', mm
1 25 0.83 41.2 60 2.4
2 20 0.98 39 60 3
3 15 1.22 36,8 60 4
4 10 1.74 34.6 60 6
5 5 3.26 32.4 42 8.4
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Fig. 2. Scheme of a starting optical system of the zoom riflescope specified as a set of plane-parallel plates identically in all zoom

configurations

’

where f is the effective focal length of the
telephoto lens; B, is the lateral magnification of the
inverting subsystem which itself contains the fixed
focusing component and the zoom module; f is
the effective focal length of the eyepiece. Here it is
important to note that the designer may not specify
the numeric values of f, B, and f, and the opti-
cal powers of the positive and negative components
of the telephoto lens. In this research, all these pa-
rameters were not pre-determined in any form, and

1

S

their optimum values were found exclusively by the
global optimizer.

The simulation results show that the procedure
of global optimization with 91 variables requires ap-
proximately 30—40 hours of work on a computer
with an Intel Core i9-9900K processor (8 cores,
16 threads) operating concurrently. Fig. 3 illustrates
the optical layout of the developed riflescope for dif-
ferent intermediate zoom configurations.

Fig. 3. Schematic diagram of the obtained zoom riflescope. The diagram shows the system in different configurations for magnifica-
tions I" (from top to bottom): 25, 20~, 15, 10*, and5*.Thick curves indicate zoom lens trajectories. This optical system was
synthesized automatically solely by the global optimization algorithm without applying the local optimizer
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The program met all restrictions specified ear-
lier by the designer for the prescription data of the
lens system. The image quality of the obtained opti-
cal system can be estimated by the root mean square
(RMYS) values of the angular aberrations of the out-
put axial beams. Table 3 includes their numeric val-
ues for five zoom configurations.

Table 3. Values of found angular aberrations of the devel-
oped zoom riflescope

RMS values of angular aberrations
in [arc. minutes] evaluated
for axial field points at different
visible magnifications I’

Spectral range
in which aberrations
were evaluated

[=25\Ir=20:| =5 |I=0<|I'=5"
The primary
wavelength 0.61 | 0.49 | 0.35 | 0.28 | 0.65
(0.555 um)
Wide spectral range
(0.47..0.656 um) 1.21 | 1.00 | 0.77 | 0.64 | 0.97

As it is clear from Table 3, the RMS values of
the angular aberrations of the axial beams in all con-
figurations of the developed zoom riflescope system
do not exceed 0.7 angular minute for the primary
wavelength and 1.25 angular minute in the whole
visible spectral range. It proves the high image qual-
ity achieved by the global optimization algorithm.
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ABTOMATV30BAHUIM PO3PAXYHOK MAHKPATMYHOIO NPULINY 3 POSLWVPEHVMY MAPAMETPAMW

Mpobnematuka. MNpoekTyBaHHs AOBINbHOI adokanbHOI NaHKpaTUYHOI ONTUYHOT CUCTEMU € CKIafHOoto | GaraToBMMIpHOI 3adaqeto,
sika He Moxe ByTu po3B’sidaHa aHaniTM4HUM crnocobom Ta BUMarae 3Ha4HOro AOCBIAY Ta 3yCuib KOHCTPYKTOpa.

Meta gocnigxeHHs. [Nogatu Ta nepesipMTK 3a JONOMOro MOAEMIOBAHHS METO aBTOMAaTU30BaHOro NPOEKTYBaHHS baraToniHao-
BUX adhoKarnbHUX ONTUYHUX CUCTEM 3i BMIHHUMW NapamMeTpamu Ta XxapakTepucTukamu.

MeToauka peanisauii. BukopucTtaHHsi po3pobreHoro cnedianisaoBaHoro nporpaMHoro 3abeaneyeHHs 3 peanisoBaHo MogudikaLi-
€10 afanTuBHOroO AndepeHLianbHOro eBosoLiiHOro anroputMy Kolli Ans napaMeTpmuyHOro cuHTe3dy 6araToKOMMNOHEHTHMX NaHKpaTUYHMX
npuvuinis 3 po3WwWMpeHMU yHKUIOHaNbHNUMK NapameTpamMu.

PesynbraTtu gocnipkeHHA. Po3pobrneHa onTtuyHa cuctema 3abe3nedye 5-kpaTHuin nepenag, 36inblueHb Ta KyToBe norne 3opy B na-
pameTpax npoctopy Bif 3,26° go 0,83°. BoHa Mae npuLinbHy CiTKy, po3MilleHy B nepLuiii pokanbHii NnoLwmuHi, AiameTp BXigHoi 3iHuui 60
MM, BUAaneHHs BUXigHoI 3iHWLi B dianasoHi Big 106 4o 111 MM Ta makcumanbHy AoBXUHY cuctemu — 390 mMMm. Mpuuin Mictute 13 niH3
y 10 komnoHeHTax. [MpoBegeHe MoaentoBaHHS Mokasarno, WO iHTepBan yacy, HeobXigHWI Ansa npoBeaeHHst 6eanocepeHbOr0 aBToMa-
TM30BaHOMO PO3paxyHKy OMTUYHOI CUCTEMM MpULiny, cTaHOBUTL 6rnm3bko 30—40 roguH Npu 3aranbHUX MOLLYKOBMX MapameTpax (3MiH-
HKx) 91. CepeHbOKBaApaTUYHI 3HAYEHHS KyTOBUX abepaLlin OCbOBUX MyYKiB Y BCiX (M'ATUX) CTaHaxX CUHTE30BaHOI NaHKpaTU4HOI CUCTEMU
He nepesuLyoTb 1,25 KyTOBOI XBUVMHM Y BCbOMY CrieKTpanbHOMY AianasoHi. ANropyTM JO3BOMNSAE BU3HAYMTU KOHCTPYKTUBHI NnapameTpu
OMTUYHMX CUCTEM 3 ypaxyBaHHSM TEXHIYHUX BUMOT i OOMEXeHb, 3aaHNX KOHCTPYKTOPOM.

BucHoBku. Komn'toTepHe MoaentoBaHHs, NpoBedeHe Ha Mnpuknagi po3pobku naHKpaTUYHOro Npuuiny 3 BUAUMUM 36inbLUEHHSM
5-25%, piameTpom BxigHOI 3iHu1Li 60 MM Ta CiTKO B NepeaHin dhoKanbHil NnoLwuHi, NigTBepAno edeKTUBHICTb 3anponoHOBaHOro cnocoby
[0 aBTOMaTU30BaHOro Po3paxyHKy CKNagHUX ONTUYHUX CUCTEM 3i 3MIHHUMYK NapameTpamu. OTpuMaHi pesynbTaTi NiATBEpAXKYTb BUCOKY
SIKiCTb 300paxkeHHs1 3reHepoBaHoro 13-niH30BOro Mpuuiny 3 BigaaneHow BUXigHOW 3iHvueto. PeanizoBaHy Moaudikauilo aganTuBHOIO
Metody AvdepeHLUiHoi esontolii Kowi MOoXHa BBaXaTUCH MOTY>XHUM iHCTPYMEHTOM, SIKUN [03BOMSE 3AIMCHIOBATM aBTOMAaTU30BaHWUMN
napaMeTpuyHuUiA CUHTE3 BaraTOKOMMNOHEHTHUX ONTUYHUX CUCTEM NaHKPaTUYHKX NPULINIB 3 ypaxyBaHHSM BUMOT, 3aaHNX KOHCTPYKTOPOM.
HacTynHi gocnigjkeHHs ouinbHO HanpaBuUTW Ha NepeBipKy 34iINCHEHHOCTI aBTOMAaTU30BaHOrO PO3paxyHKy iHLWWX MpULiniB, SKi MaroTb
GinbLUy KinbKicTb NiH3 Ta 3abe3ne4vytoTb EKCTPEMarbHi XapakTepuUCTUKK.

Knio4yoBi cnoBa: aBToMaTn3oBaHui po3paxyHokK; NaHKPaTUYHWUIA NPULIN; ONTUYHA cUCTeMa; NapamMeTpUYHUIA CUHTE3; rmobansbHa
onTuMmisauis; abepaduisi.
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