Université de Neuchatel
Institut d'Informatique

Knowledge-Based
Optwal Systems Design

Theése

Présentée i le faculté des sciences
pour obtenir le grade de docteur és sciences

par

Taoufik Nouri

Sous la direction de:

Prof. P. J. Erard, Institut d'informatiques de 'université de
Neuchdtel



IMPRIMATUR POUR LA THESE

Knowledge-Based Optical-System. Design.... ..

de Monsieur. JTaoufik Nouri. . .,

UNIVERSITE DE NEUCHATEL
FACULTE DES SCIENGES

La Faculté des sciences de i'Université de Neuchéatel
sur le rapport des membres du jury, -

Messieurs. P.=Jd.. Erard, R. Dandliker, ...
H..Buczek, R. Czichy. et R. Azzam. (New. . ...

autorise !‘impression‘ de la présente thése.
Neuchatel, le . 4 décembre 1991 oo

Le doyen:

Rt

A. Robert



Abstract

This work is a new approach for the design of start optical systems and rep-
resents a new contribution of artificial intelligence techniques in the optical
design field.

A Knowledge-Bzsed Optical-Systerns Design (KBOSD), based on artificial
intelligence algorithms, first order logic, knowledge representation, rules
and heuristics on lens design, is realized.

Cognitive and metacognitive optical systems, their identifications, classifica-
tions, heuristics, and rules on optical des1gn are also reported and com-
mented on.

This KBOSD is equipped with optical knowledge in the domain of centered
dioptrical optical systems used at low aperture and small field angles.

This KBOSD generates centered dioptrical, on-axis and low-aperture optical-
systems, which are used as start systems for the snbseqguent optimization by
existing lens design programs. '

In the design of optical systems, the KBOSD takes into account many user
constraints such as cost, resistance of the optical material (glass) to chemical,
thermal, and mechanical effects, as well as the optical guality such as mini-
mal aberrations and chromatic aberrations corrections.

This KBOSD generates monochromatic or polychromatic optical systems
such as singlet lens, donblet lens, tripiet lens, reversed singlet lens, reversed
doublet lens, reversed triplet lens and telescopes.

This KBOSD is developed in the programining language Prolog and has
knowledge on optical design principles and optical properties; it is made up
of more than 3000 clauses. Inference engine and interconnections in the
cognitive world of optical systems are described. This KBOSD uses neithera -
lens library nor z lens data base, it is completely based on optical design
knowledge.

This KBOSD generates optical start systems that will be optimized using lens
design optimization software.

In our case we used the Sigma [Ref. 17} program (o optimize and evaluate
our optical systems. This KBOSD is designed to be used with any other lens
design software. During the optimization, the merit function converges
rapidly to zero.

Some selected optical systerns entirely designed by the KBOSD (withont
any human intervention) and optimized by a lens design optimization pro-
gram are reported, discussed and compared with an optical system from the



litcrature and with optical systems optimized from a parallel plane plates
start system, The quality of the KBOSD starting systems and their influence
on the final optimization results are also discussed.

According to the results obtained by this KBOSD the validity and power of
this program are established.
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List Of Symbols and Designations

The main symbols and designations used in this text are collected in this
list [Ref. 4], [Ref. 7], [Ref. 9].

Symbol and Designations

A
Ap...As
ABAR

Alphal
Ar
Astig.

B

bfl

C

CD

Clr. Rad
Coma
Cp

Cr
CURVE
D

d
D(U/N)
Dispn,
Distort.
DOTF
E

efl

rule symbol in prolog, edinburgh syntax

is n*i (i angle of incidence for the marginal ray)
Dispersion formnla constants

is n*ibar {ibar = angle of incidence for the chief ray)
-300C et 709C, in 10°6/K

Alkaline resistance

Seidel astigmatism

shape or bending variable for thin lenses

back focal length

chief (or principal ray, ray label)

chief (drawn, Ray label)

clear radins of a surface

Seidel coma :

Middle Specific Heat in J/g.K

Climatic resistance

curvature of surface (=1/RADIUS)

distance between two surfaces, measnred along an exact ray
axial distance between two surfaces {(separation}
d (u/n)

dispersion

Seidel distortion

diffraction MTF

defined by hbar = HEh

equivalent focal length

principal foci

principal focal lengths

Seidel field curvature (Petzval sum = S4[H2)

front focal length

Stain resistance

frequency (lines/mm or cycles/radian)
glass variable

geometric MTF

paraxial marginal ray height

object or image height

paraxial chief ray height

Knoop hardness

exact angle of incidence
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Inc incrementation

Index refractive index before a surface

K power of a sntface or system

KBOSD  knowledge based optical-system design

A Wavelength

Lr conjugate distances from first surface distance, from last surface

L, M, N  direction cosines of exact ray
Lambda Thermal conductibility in W/m.K
LChroma. Seidel longitudinal chromatic aberration
M meridian (e a ray in y-z plane, Ray label)
MAG (m) transverse magnification ’

meridian (drawn, Ray label)

MTF modnlation transfer function

Mue Poisson’s ratio

n sqri{AQ+AT* A2+ A0 * A 24 A3*1.'4 + Ag*A0 +A5*l'8) refractive
index, dispersion formula

nn refractive index { object medium, image medium)

OPD  ° optical path difference

P paraxial (ray label)

R radins of a surface (=1/c)

Rad radian

RADIUS radins of a surface

Rho Density

S sagital (astigmatism)

S skew ray (ray label)

S spherical (surface label)

Sag sagital

Seidel third-order aberrations

SEPN separation between two surfaces

SpherAb.  Seidel spherical aberration

Sr Acid resistance

T tangential (astigmatism)

Tan tangential

TChroma. Seidel transverse (lateral) chromatic aberration or lateral color

Tg Transformation temperature in degrees Celsins

U paraxial marginal ray angle

u paraxial ray angle

UBAR paraxial chief ray angle

w wave front aberration

WL wavelength

XY, Z ray coordinates at a surface



1. Introduction

One of the problems in existing commercial lens design software is its
inability to produce a good optical system design from an optical system
initially formed by plane surfaces [Ref. 19 page 91].

Under the best circumstances of the optimization process, the merit function
of these programs leads to a local minimum and remains incapable of
reaching the global minimum [Ref. 20 page 27], M. Kidger reports on
reasons for the existence of many local minima [Ref. 25 page 71].

The final quality of an optical system is always a function of the start optical
system; thus, it is necessary to start with a potentially good optical systém.

The optical start systems have been designed until the present time by optical
design experts. As G. Forbes from the University of Rochester(NY) stated,
"destgn and optimization codes usually depend on the designer to furnish a
starting point” [Ref. 25].

Some existing lens design programs, called expert system, propose optical
start systems by consulting lens designs from the patent literature as in
Synopsys [Ref. 26) or from a lens daia base as in Genesee [Ref. 27] orin
Sigma [Ref. 17]. ’

One study asserted that the trend of the research in the lens design software
is oriented towards the application of artificial intelligence in proposing and
calculating the start optical system [Ref. 18].

Knowledge-based systems are applied in many domains such as in robotics
and autonomous systems, medicine, computer diagnostics, acronautics etc. In
this research, we applied the concepts of knowledge-based systems to optical
lens design.

This work represents a completely new approach for the optical design of
start systems.

The goal of this work is to study the feasibility and the validity of
knowledge-based optical systems design (KBOSD) based on algorithms
utilized in the antificial intelligence field.

This KBOSD produces start optical systems for subsequent optimization with
existing lens design programs. '

Unlike the existing expert systems this KBOSD uses neither a lens library

nor a lens data base; as its name indicates it, the KBOSD is entirely based on
optical design knowledge and optical heuristics. That the KBOSD is entirely
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based on optical design knowledge and optical heuristics is one aspect of the
originality of this research.

The ¢combination of two different disciplines, anificial intelligence tech-
niques and optical design knowledge base is also new and represents an
important contribution to optical design.

( Knowledge-based optical-systems design )
Y
( Optical start system )
4

( Ray tracing and optimization software )

Fig. 1.1 The KBOSD generates start optical systems.

In this research we are not occupied with optimization and analysis of lens
design programs and there is no competition between this KBOSD and the
ray tracing programs; contrarily, KBOSD completes these programs.

This KBOSD is equipped with optical knowledge in the domain of centered
dioptrical optical systems used at low aperture and small field angle.

The lens design knowledge is expressed by clauses (rules and facts) in the
programming langnage Prolog, which is based on the first order logic {Ref.
14].

Conceming the optical glass, we use the Schott optical glass catalogue [Ref.
9].

At what point can artificial intelligence be nseful in the design of the optical
systems? Why do we select artificial intelligence techniques to solve optical
design problems? In response to these guestions, we must note that it is
complicated to solve optical design problems in classical procedural
programs where the solution must be written. In fact, the solution of a lens
design problem resolution is based on innumerable knowledges such as
heuristics, optical design rules as well as technical and numerical constraints.
For example, in the selection of the optical glass, we have to take into
account many constraints and we must explore many possibilities.
- The modular structure of the optical element and its assembly process
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typically poses a problem that can be solved by artificial intelligence
algorithms. Additicnally, in artificial intelligence the optical knowledge is
expressed in terms of the optical user point of view. For this reason, the
artificial intelligence exploration technigues are selected.

The artificial intelligence also helps us to:

+  represent optical design knowledge

»  express optical design knowledge in a formal method such as algebraic
_lens design meodels and physical laws

+  express optical design knowledge in an informal way such as heuristics

= ransfer the optical design knowledge from the optical expert to the

computer in terms of clauses

manipulate, treat and organize optical design knowledge

solve optical design problems in a declarative or descriptive way

search using heuristical algorithms

backtrack in the inference engine.

Our approach to solving optical design problems is henristic, as opposed to
an algorithmic approach. An algorithm directly solves a specific problem by
implementing the solution in a programming code. The resulting program
solves only the specific problem it was written to solve and usually requires
specific input without which it cannot proceed. A heuristic approach, on the
other hand, is intended to have a much greater flexibility. Our implementa-
tion based on the heuristic approach is written so that it can find the solution
to a range of problems, even when all the data is not available.

This work is realized in the programming languapge Prolog. Why do we
select Prolog?

Using the programming language Prolog, equipped with an inference engine
and the possibility of algorithmic programming, the user has only to
describe the optical problem and the program will find all possible
solutions. To solve an optical problem in Prolog, the desired optical system
is described. Then, the infersnce engine explores the optical knowledge base
and returns a solution. In using the backtracking principle, the inference
engine explores all the possible solutions to a lens design problem.

This method of problem solving is typical of the declarative or descriptive
programming languages such as Prolog. We are specially attracted by this
declarative aspect that altows the resolution of optical problems in an intelli-
gent way. For these reasons, Prolog was selected for the design and the
implementation of this Knowledge based optical system design (KBOSD).

To attempt the goals mentioned above, the following procedures are defined
for this KBOSD:

1) Calculate the opto-geometrical parameters of an optical system aside

11



from a minimum of given parameters, even if these parameters are
incomplete.

2) Test the compatibility of the paraxial opto-geometrical parameters
(between themsclves) of the optical system and propese the adequate
correction in case of an crror.

3) Produce start optical systems for the ray tracing and optimization
software existing on the market, see fig. 1.1.

This KBOSD is equipped with a friendly interface and is easy to use without
having a profound knowledge in the optical design field. The user can enter
a minimurmn of data on the desired optical system such as its geometrical
dimensions, its application and its environment of utilization.

Subsequently, the KBOSD analyses the entered data and produces the start
optical system. This start system fulfills the optimal conditions of ntilization
such as the proper optical glass with the optimal mechanical resistance, the
optimal chemical resistance, the optimal climatic resistance, and is the most
economical. The corrections of the achromatic aberrations and the
heuristical configuration of the optical elements are also takcn into
censideration.

This KBOSD is a useful tool in assisting experts in the conception anc the
calculation of optical systems as well as a helpful teol for non-specialists
who use optical systems.

This KBOSD is a program that performs like a human expert in a given
field [Ref. 13]; in our case the field of competence is optical design, in such
a way that somecone who is not an expert in the aforementioned domain can
utilize this expertisc. An optical designer can easily update the optical
knowledge base of this KBOSD and/or input his own optical knowledge.

This KBOSD, like a human expert, explains its compartments and its
options. This reinforces the user's cenfidence in the decisions given by the
KBOSD, or additionally aids the user by detecting possible faults in the
reasoning of the system. .

To develop a KBOSD, one must have knowledge in the following domains:
1) expertise in cémputer science to encode the optical knowledge, to find
appropriate algorithms and to take advantage of the concept of artificial

intelligence.

2) cognition in order to extract, te analyze, and to organize the optical
knowledge in a coherent manncer.



3) expertise in the application domain, in this case optical-systems design.
The optical expert provides the optical knowledge.

In the first chapter of this thesis, we present the algorithms of artificial
intelligence used in the realization of the KBOSD, its inference engine, its
structure, and its mode of function.

The second chapter covers the cognitive and the metacognitive aspects of the
optical systems. The cognitive aspect treats the identification, the functional
and geometrical classification, the optical systems model as well as the
hearistics conceming their utilization and their assembly. The metacognitive
aspects treat the organization of the optical knowledge in the memory of the
computer and the interconnection between the different cognitive areas. The
transfer of the optical knowledge from the expert to the computer (clauses)
as well as the reasoning of the computer to solve a problem of optical design
are equally present.

The third chapter contains scveral selected optical systems entirely produced
by the KBOSD and analyzed by a lens design optimization program; these
optical systems are only examples.

Optical knowledge base, algorithms, optical rules and henristics used in this
work are also reported and commented on,

Many start optical systems produced by the KBOSD are reported and
commented on, before the optimization. The optimization is processed ac-
cording to the following facts: the thickness, the air separations and the
curvatare radii of the optical lenses are variables; the optical glass and the
diameter are bound.

During the optimization, the merit function of the optimization converges
rapidly to zero; generally, in less than 15 iterations.

The start optical systems are analyzed before aud after the optimization
procedures. The results are compared and commented on.

A doublet lens from the optical design literature, [Ref. 5, page 172], known
by the name of Kingslake doublet, optimized and analyzed according to M.
Kidger {Ref. 17, page 1.3] is displayed.

The dooblet lens from the optical design literature is reported and analyzed
in order to allow some comparisons between this donblet and a second one
prodoced in the same conditions by the KBOSD. According to the analysis
of the doublet lens from the literature, one can see the signification of an
opticat lens of "good quality”.

Chapter five contains comparisons and discussions of optical systems
optimized from paralle]l plane plates start systems with optical systems
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generated by the KBOSD. One demonstrates the incapacity of the lens design
optimization software to produce a "good quality" optical systems starting
from parallel plane plates. However, it is possible to achieve good quality
optical systems by starting from parallel plane plates and mastering the
optimization programs and optical system design,

In ehapter six one treats the optical quality of the KBOSD starting systems
and their influenee on the final optimization results and one disensses "why
the KBOSD starting systems lead to a good quality optical systems after
optimization”. One demonstrates that the KBOSD predesigned starting
optical systems have a low third order aberrations. The third order
aberrations of the KBOSD start systems don't change significantly during
the optimization.

In the domain of eentered dioptrical optical systems used at low.aperture, on
axis and low field angle, such as singlet lens, doublet lens, triplet lens,
reversed singlet lens, reversed doublet lens and reversed triplet lens the
KBOSD generates a "good quality” optical start systems. -

" The KBOSD provides the results in the text file readable by the ray tracing
and optimization programs.

The optieal systems produced by the KBOSD are representative of the

optical design field in the usnal applications. The most eomplex optieal
systemns ean always be broken up into simple optieal systems.

14
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2.0 Introduction

Artificial intelligence is the study of concepts that allow the machines intelli-
gence [Ref. 6].

But what is intelligence? ¥s it the faculty of reasoning, that of learning and
using knowledge or that of perceiving and of manipulating objects from the
real world? Intelligence is composed of all of these facets in addition to -
others. Any exhaustive definition of intelligence does not seem possible. The
intelligence is an amalgam of innumerable talents that permits us to
represent information and to treat it

At what point can artificial intelligence be useful in the design of optical sys-
‘tems? Why do we select antificial intelligence techniques to solve optical
design problems?

In response to these questions, we must note that it is complicated to solve
optical design problems in classical procedural programs where the solution
. must be written.

In fact, the solutionlen of the design problem is based on innumerable
knowledges such as heuristics, optical design rules, as well as technical and
numerical constraints, For example, in the selection of optical glass, we
have to take into account many constraints and we must explore many
possibilities. The modular structure of the optical element and its assembly
process typically pose a problem that can be solved by artificial intelligence
algorithms. Additionally, in artificial intelligence the optical knowledge is
expressed in terms of the optical user point of view, For this reason,
artificial intelligence exploration techniques are adopted.

Using the programming language Prolog, equipped with an inference engine
and the possibility of algorithinic programming, the user has only to
describe the optical problem and the program will find all possible
solutions. The Prolog programming langnage is oriented toward the
implementation of programs based on antificial intelligence principles and
the transfer of knowledge from the expert to the computer. A knowledge
base is implemented in Prolog in terms of clawses. In our case this
knowledge base contains optical knowledge, rules, laws of lens design,
heuristics, and constraints of lens design as well as a base know!edge of
optical glass.

To salve an optical problem, the desired optical system is described. Then

the inference engine explores the optical knowledge base and returns a

solution. In using the backtracking principle, the inference engine explores

all the possible solutions to a lens design problem. This method of problem

solving is typical of the declarative or descriptive programming languages
16



such as Prolog. We are specially attracted by this declarative aspect that
allows the solution of optical problems in an intelligent way. For these
reasons, Prolog was selected for the design and the implementation of this
Knowledge based optical system design (KBOSD).

Notions of a descriptive programming language and artificial intelligence
such as the capacity of reasoning, organizing and nsing the knowledge as
well as manipulating objects will be treated in this chapter as follows:

1.  Fundamental Notiens of the Prolog Programming Language
2.  Expressions of Optical Knowledge in Prolog

3. Pyramidat and Multi-layered Structure of the KBOSD

4. Depth Search Strategy for Optical Design Problem Seolving

These ideas will be illustrated by some examples in the optical design
domain.

2.1 Presentation of the Prolog Programming Language

The name Prolog is a neologism for Programming in logic. Prolog is a de-
scriptive or relational language. In a descriptive language problems are
approached in an entirely different way than in classical procedural
languages such as Fortran or Pascal. The procedures are not programmed,
they arc carefully described and Prolog uses its inference engine to solve
problems. Prolog is based on predicate calculus, a powerful symbolism that
can' be used 10 represent the logical relations between objects and their at-
tributes. Logic programming is a descriptive approach to knowledge
representation and problem solving. Instead of telling the computer what to
do in every situation, the logic programming describes the essential featnres
of a problem and the resnlt as a goal that is to be accomplished, without
giving the computer a step-by-step list of what instructions it is to execnte.
Logic programming emphasizes the stable and structural aspects of
knowledge: objects, events, facts and relationships. This approach is
appropriate when the results that are needed can be placed in a form that
allows the outcome to be determined through a process of deductive
inference. Prolog is made 1o represent and utilize knowledge that exists in a
certain domain. More precisely the domain is a set of objects and
knowledge is materialized by a set of relations that describe the properties
of these objects and their interactions. In our case, the domain in question is
the design of optical systems [Ref. 15]. '

2.1.1 Structure of a Program in Prolog

A program in Prolog is made up of the following elements: facts, mles and
commentaries. Facts describe particular proprieties of the elements and their
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relations; they are the fundamentals element of the knowledge base. Rules
describe general properties of the elements in the data base. In most cases,
they contain variables that will be instantiated with particular constants or
terms from the data base. Each rule is formed by a left member (or the head
of the rule) and a right member (or body of the rule) linked by the
connector ":-" and ending with the character ".". The head of the rule is
reduced to 2 single predicate, and, the right member of the rule is a
succession of predicates, possibly none. A fact is a rule without a right
member. The rules serve to define the relations that make up the program.
A set of rules and facts describing objects and their relanonshlps constitule a
Prolog program,

Execution of 4 program in Prolog consists of responding to 2 question con-
ceming these relations. From the syntactical point of view, a question is a
serie of goals, that represent a conjunction of relations to be satisfied. The
answers to these questions are the constraints, carrying the apparent
variables in a series of goals and satisfying the relations considered. For
-example, it is said that the "the basf2 glass has a refractive index 1.64498 at
the wavelength 1.064 um" is nothing other than an affirmation that a re-
lation refractive_index links two objeets, designated by their names: basf2
and refractive_index_1.064, and that is written as:

Gerefractive_index(basf2, Refractive_index_1064).
refractive_index(basf2, 1.64498).

A querry such as, "which glass possesses the refractive index 1.64498 at the
wavelength of 1.064 um?" is stated in Prolog syntax as: refractive_index(X,
}.64498). Prolog answers: X = basf2. This is the same as looking for a
relation refractive_index_].064 that links variable X = basf2 to another ob-
ject(1.64498).

If one defines a relationship between two objects, the order in which the ob-
jects are given is important. To express the preceding relation, identifiers
are used to name the used objects and the relation that links them. The name
of the relation refractive index is called "predicate,” the objects which carry
the relation are the "arguments.”

The symbol "%" signifies a comment in the Prolog syntax; this symbol is
used in this case to explain the significance and the content of the rules that
it follows.

2.1.2 Fundamental Notions of the Prolog Programming Lan-
goage

Optical km)wledge is expressed in the Prolog programming langnage by
clauses. .
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Prolog can store two basic types of information in its deductive data base:
facts and rules; these are called clauses.

2.1.2.1 Prolog Facts

The simplest kind of statement is called a fact. A fact is a means of stating
that a relatlonshlp holds between objects. A finite set of facts constitutes a
program. - This is the simplest form of a logic program. A set of facts is also
a description of a situation. A fact is merely a special case of a rule. Facts
are also called unit clauses.

A fact is the simplest way to satisfy a goal in Prolog. In such a way, the ar-
guments of the predicate of the goal are unified with those of the selected
fact.

Example 2.1.2,1-1

The following example, part of the knowledge base, furmshes the dispersicn
coefficients of optical glass. These dispersion coefficients are useful for
calcnlating the refractive index of the glass. This means that the
Glass_Namel possesses the following dispersion coefficients: AQ, Al, A2,
A3, A4, AS. ltis a fact in Prolog [Ref. 25].

% coefficient_dispersion( thss_NameI VA0, Al, A2, A3, A4, AS).

coefficient_dispersion(bafnl0,2.7293062,-1.0356456¢-2,2.0236563e-2,
5.8969718e-4,-2.0288303¢-5, 2.8521978¢-6).

coefficient_dispersion{bkl,2.2513742,-9.3254015e-3.1.0539647¢-2,
2.2595365e-4, -1.0729053¢-5, 7.2832778¢-7).

coefficient_dispersion(bkl10,2.2177191,-1.0245661¢-2,9.6627662¢- 3
1.6782840¢-4,-5.5328684¢-6, 3.4747416¢-7).

The facts above provide the refractive indices of three commom glasses as a
function of wavelengths.

Example 2.1.2.1-2

The following facts express the refractive indices of some optical glasses at
specific wavelengths.

% refractive_index(Glass_Namel N2325, NI970, N1529, NI060, Nt.Ns,
Nr}).
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refractive_index(bafnl0, 1.63587, 1.64136, 1.64737, 1.65413, 1.65496,
1.65853, 1.66341).

refractive_index(bkl, 1.48383, 148913, 149468, 1.50015, 1.50075,
1.50317,1.50621).

refractive_index(bkl0, , , | 148827, 148887, 149127, 1.49419).

This means that the optical glass mentioned by the variable Glass_Namel
has the refractive indices N2325, N1970, N1529, N1060, Nt, Ns, Nir at the
following wavelengths[pm] 2325, 1970, 1529, 1060, 1014, 852.1, 707.

2.1.2.2 Prolog Rules

A rule enables us to define new relationships in terms of existing
relationships. The rule base in a KBOSD is the resnlt of the encoding of the
expertise. It may take several rules to express the things that a human expert
knows "instinctively.” Even a simple KBOSD will contain many rules.

Example 2.1.2.2-1

Rules are statements of the form:

use_planaconvex(Optical_Power, Transversal_Magnification, I, Diameter) :-
convergent(Optical_Power),
low_aperture(Optical_Pawer, Diameter),
negative_Transversal Magnification(Transversal_Magnification),
near_infinite_ratio(Transversal_Magnification),
fow_pawer Iens(Op.rical Power),
object_at_infinity(Optical_Power i),
outm ("plano-convex conditions --> ") nl.

The left hand side member:

use_planoconvex(Optical_Power, Transversal_Magnification, I, Diameter)
is the predicate or the head of the rule, while the names which are enclosed
within the parenthesis are called arguments. The right-hand side member is
called the body of the rule.

To solve a problem in Prolog, one has to invoke a goal. The goal will be
compared with the left-hand side member of a rule. In order to be satisfied,
the left hand side member of a rule has to satisfy the right-side member.
Also the rules are used to satisfy goals. Note that the right-hand side member
of a rule is a set of sub-goals that must also be achieved,
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Objects such as Optical_Power, Transversal_Magnification, !, Diameter in
the predicate use_plano are called variables of the predicate. Objects of the
right side soch as low aperture(Optical Power, Diameter), negative_
Transversal_Magnification{Transversal_Magnification)... can also be made
up of rules or of facts.

Example 2.1.22-2
The following rule defines the optical glass of the crown type.

crown(Nd, Nued} -
Nd < 1.6, Nued > 51 .0.

Example 2.1.2.2-3
The following rule defines flint optical glass:

Jlint{Nd, Nued}) :-
Nd >1.6, Nued < 30.0.

The Nd and Nued are the refractive index at the mercury d line and the
Abbe number at the same wavelength.

Example 2.1.2.2-4

The following rule permits the selectlon of an optical glass of hardness Hr
chosen by the user.

knoop_hardness{Glass Name, Hr) -
glass_hardness(Hardness),
Hr >= Hardness .

The clanse glass_hardness(Hardness) contains the hardness coefficient of all
the optical glasses available in the knowledge base.

Example 2.1.22-5

The following clause permits the selection of an optical glass described by its
economical, thermal, chemical, and mechanical properties.

lens index({Glass! Name, Ndj) :-
glass_reference(Glass Namel, Glass Name2, Nd, Nued, Nf Nc, Nel,
Nueel, Nfprim_moins Ncprim ),
economical_glass(Glass_Namel ),
thermal properties(Glass Namel, Alphal, Alpha2, Tg, T, Cp,
Thermal_Conductivitey),
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chemical_praperties(Glass Namel, B, Cr, Fr, Sr, Ar),
mechanical_praperties{Glass_Namel, Rhao, Ema, mue, Hk).

2.1.2.3 Conjunction in Prolog

Here is a Prolog conjunction:

P:-Q.R.

Where P, Q and R are terms.

This clause is read: P is true if Q and R are true, Q and R imply P [Ref. 7).
Here are some examples of our KBOSD using the conjunction notion.

Example 2.1.2.3-1

low_aperture(Optical_Pawer, Diameter) :-
wavelength{{Lambdalj),
catrance_pupil_diameter(Aperture),
power_focal(Facal Length, Optical_Power),
abs{Facal_LengthtAperture) > 4.0,
diameieri Diameter),
ourm(” low aperture ") nl.

This rule is interpreted so that the rule low-aperture( Optical_Power,
Diameter) is true, only when the rule wavelength([Lambdal]) and the rule
entrance_pupil_dizmeter(Aperture) and the rule power_fecal(Focal_Length,
Optical_Power) and the rule abs(Focal_Length/Aperture) > 4.0 and the rule
diameter(Diameter) are true. In this way the conjunction in Prolog is ex-
pressed [Ref. 25].

Example 2.1.2.3-2
The following rule describes the chemical preperties ¢f the optical glass.

chemical_properties(Glass_Name, B, Cr, Fr, Sr, Ar) :-
physical_properties2(Glass_Name, Rho, Ema, mue, Hk, B, Cr, Fr, Sr,
Ar),
presence_of bubbles(Glass_Name, B},
climatic_resistance{Glass_Name, Cr),
stain reszstance(Giasf Name, Fr),
acid_resistance(Glass_, "Name, Sr),
alkaline_resistance(Glass_Name, Ar).

Example 2.1.2.3-3

The following rule describes the mechanical properties of an optical glass
mechanical_praperties(Glass_Name. Rhe, Emo. mue, Hk) -
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physical_properties2(Glass Name, Rho, Emo, mue, Hk, B, Cr, Fr, §r,
Ar),

density(Glass Name, Rho),

elasticity_coefficient{Glass_Name, Emo),
poisson_coefficient(Glass_Name, Mue),

knoop_hardness(Glass_Name, Hk).

2.1.2.4 Disjunction in Prolog

Here is a Prolog disjunction:

P:-Q:R.

Where P, Q and R are terms,

This clavse is read: P is true if Q is true or R is true; or Q or R imply P
[7].

This disjunction can also be written as:

P:-Q.

P:-R.

This is another manner of expressing the disjunction in Prolog.

Here are some examples of our KBOSD using the disjunction notion.

Example 2.1,24-1

Stating a disjunction in Prolog repeats the heading of the rule but with a dif-
ferent body. That is to say that the indented text is different in each one [Ref.
25].

Thus the two following rules are disjunctions.

low_aperture(Optical_Pawer, Diameter) :-
wavelength({Lambdal}),
entrance_pupil_diameter(Aperture),
pawer focal(Foacal Length, Optical_Power),
abs(Facal LengthiAperture) > 4.0,
diameter(Diameter),
outm(” low aperture "),

low_aperture(Optical Power, Diometer) -
wavelength({Lambdal, Lambda2, Lambda3]),
entrance_pupil_diameter(Aperture),
power_focal(Focal_Lengih, Optical_Power),
abs(Focal LengthfAperture) > 2.5,
diameter(Diameter),
outm(” low aperture "}.
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2.1.3 The Role of the Inference Engine

An inference engine is a program that can draw conclusions based on data.
Using strategies borrowed fram formal logic, rule analysis and search pat-
tems, an inference engine provides reasening power. The inference engine
finds its way through a maze of possible paths to arrive at the solution. An
inference engine is designed to solve a problem by applying the expertise that
is coded into the system to the data of the optical problem. The inference
engine selects and follows the pertinent rules, based on the data.

Prolog is a backward-chaining inference engine. It is a search strategy that
starts with what you want to prove and tries to find out if you can obtain the
desired goal from the given facts. To respond to a question, i.e. to satisfy a
conjunction of relations represented by a series of predicates, Prolog will at-
tempt te satisfy the goals, one by one, in the order in which they are
presented. The inference engine permits interpretation of the questions and
rules as follows;

-A question such as:

indice{Ni, No),

known_Variable({I', z']),

relation(re2,0ptical_Power No/(l'-z'}."Nol{l’-2')","Optical_Power"),{,
calcul{Optical_Power, Transversal_Magnification, 1,1, z, 2°).

is interpreted by the order; satisfy first the goal indice(Ni,No), then satisfy
known_Variable(fl’, z']), then satisfy relation(re2, Optical Power, No/(l'-
z'),"Nol(l'- 2')","Optical_Power"), !, then satisfy calculation(Opticel_Power,
Transver-sal_Magnification, 1, I, z, 2').

Note in this example that the presence of "! ", called cut, controls the back-
tracking [Ref. 6], [Ref. 25].

- A rule such as:

calcul(Focal_Length, Transversal Magnification, I, ', 2,2°) :-
power_facal(Facal_Length, Optical_Power),
startcalcul(Optical Power, Transversal_Magnification, I, I, 2, 2'),
transversal_Magnification( Transversal_Magnification),
facal{Optical Power).ni,
test(Optical_Power, Transversael Magnification, 1, I', z, 2°).1,
lens(Optical_Power, Transversal_Magnification, I, I').

is interpreted as: To satisfy the goal calcul(Focal_Length, Transver-
sal ‘Magnification, 1, I, z, 2°), satisfying first the goal power focal
(Focal_Length, Opncal Power), then satisfying the goal startcalcul
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(Opticol_Power, Transversal_Magnification, 1. I', z, z'), then satisfying the
goalTransversal_Mognification{Transversal_Magnification), then satisfying
the goal focal(Optical Power), satisfying the goal test{Optical_Power,
Tronsversal Magnification, I, I', z, z'}), and finally satisfying the goal lens
(Optical Power, Transversal Magnificatian, |, I').

A rule such as dispersion_constants{Glass_Name, A0, Al, A2, A3, A4, A5)
:-., is interpreted as the fact dispersion_canstants(Glass_Nome, A0, Al, A2,
A3, A4, A5) and will always be satisfied. The execution of a Prolog
program is not deterministic i.e. the scries of goals will be satisfied by all
possible ways.

The preceding example allows us to demonstrate some points characteristic
of Prolog. Additional structures of representation of the information and
searching strategies are utilized in the realization of this KBOSD [Ref. 7],
[Ref. 25]. :

2.2 Structure of the KBOSD

Among many notions, concerning the structure of the KBOSD, two particu-
larly interesting ones merit discussion: they are the pyramidal structure and
the multi-layered structure.

2.2.1 Pyramidal Structure of the KBOSD

In a pyramidal structure, the principal or key information is located at the

top of the pyramid. The secondary information necessary for this key is-
situated at the base of the pyramid. This secondary information can have a

pyramidal structere too. The principal and secondary information mentioned

above are, in fact, rules. Such a representation of information offers great

clarity for the comprehension and the management of the knowledge

base.The rules at the base of the pyramid are held at the disposal of their

masters at the top of the pyramid. This pyramidal structure is utilized to

represent the optical knowledge in this KBOSD. All the examples reported in

this section explain the pyramidal structure of the KBOSD.

Example 2.2.1-1

The following example describes the conditions utilized in a plano-convex
optical system,

use_planoconvex(Optical Power, Transversal_Magnification, |,
Diameter) .-
convergent{Optical Power),
low_aperture(Optical_Power, Diameter},
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negative_Transversal_Magnification(Transversal_Magnification),
near_infinite_ratio(Transversal_Magnification),
low_power_lens(Optical_Power),
object_at_infinitefOptical_Power, 1),

outm (“plano-convex conditions --> “),nl.

The rules convergent(Optical_Power), low_aperturef Optical_Power, Dia-
meter ) negative_Transversal_Magnification(Transversal_Magnification),
near_infinite_ratio(Transversal Magnification), low_power _lens(Optical
Power), object_ot_infinite{Optical_Power !} and outm(™ plano-convex condi-
tions --> "} forming the right part are equally rules that must be known by
the Knowledge base; example 2.2.1-3 below explains the significance of the
rule low_gperture(Optical_Pawer, Diameter).

Use_Planoconvex

Convergent Object_At_Infinite
Negative_Lateral_ Neqr_Infmi te_
Magnification Low_Aperture Ratio

Low_Apertare
‘Wavelength Diameter

Eatrance_Pupil_

( Power_Focal
Diameter

abs(Focal_Length/Aperture)> 3.0

Fig. 2.2.1 Pyramidal Structure of the KBOSD

Example 2.2.1-2,

The following example describes the conditions of use of a biconvex optical
system.

use_biconvex{Optical_Power, Transversal_Magnification, I,
Diameter) :-
convergent(Optical_Pawer),
low_aperture(Optical_Poawer, Diameter),
negative Transversal Magnificotion(Transversal Magnification),
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high_optical_power(Optical_Power),
finite_ratio{Transversal Magnification),
outm{"biconvex conditions --> ").nl.

Example 2.2.1-

This example cxplams the significance of the lew-aperture(Optical Pawer
Diameter) rule stated in the above example.

If an optical system is used at two wavelengths wavelength({Lambdal,
Lambdalf)} ,it 15 at low aperture if the ratio of its focal length and its
diameter are larger than 3, abs(Foca! LengthiAperture) > 3.0 ; that is a
heuristic.

law_aperture(Optical_Power, Diameier) .-
wavelength([Lambdal, LambdaZ2]),
entrance_pupil_diametereter(Aperture),
power_facal(Focal Length, Optical Power},
abs(Fucal_LengthiAperture) > 3.0,
diameter(Diameter),
outm (* low aperture "),
nl.

Contrarily, we consider that an optical system used at three different wave-
lengths wavelength( [ Lambdal, Lambda2 Lambda3}), is at low aperture if
the ratio between its focal length and its diameter is greater than 2.5,
abs(Focal_LengthiAperture) > 2.5. This is also a heuristic.

low_aperfure(Optical_Pawer, Diameter) .-
wavelength([Lambdal , Lambda?, Lambda3]),
entrance_pupil_diameter(Aperture),
power_facalfFocal Length, Optical Power),
abs(Focal Length/Aperture} > 2.5,
diameter(Diameter),
outm (" low aperture "),
nl.

2,2,2 Multi-layered Struéture of the KBOSD

A multi-layered structure is a structure of knowledge representation. The
knowledge rules are represented at different hierarchical levels according to
their importance and according to their functions. This multi-layered
structure produces a reasoning structure and an abstract structure which are
also mnlti-layered. Each layer is formed by many rules. The complexity of
the rules is proportional to the level where they are sitnated in the hierarchy.
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The rules located at higher levels are more important than the rules feund at
lower levels. Such a multi-layered structure offers a great advantage for the
clarity of the knowledge representation, for the reasoning facility, as well as
for the speed in order to search a solution.

The communication between these hierarchical levels is established according
to connections between them. Each level executes certain tasks and delegates
the rest of the work to the lower levels. For example, if one calcnlates a lens
used at two wavelengths, it is important to ask first if it will be utilized at
low or high aperturc. This is the first level of reasoning, Subsequently, one
is occupied by the selection of the optical glass according to the achromatic
conditions and the conditions of use desired by the user; this is the second
level of reasening, Afierwards, one is occupied by the lenses forming the
doublet, if the lenses are plano-convex, biconvex.This is the third lcvel of
reasoning. The final level of reasoning in this example is occupied with the
calculation of parameters of each lens such as its thickness, its curvature
radius etc. All the examples reported in this section explain the muiti-layered
structure of the KBOSD.

Example 2.2.2-1

The following rule lens(Optical_Power, Transversal_Magnificatian, |, I')
explains to the KBOSD when it is necessary to use a plano-convex optical
system formed by a simple lens planoconvex_lens(Optical_Power, Thickness,
Radiusl, Radius2, Refractive_Index, Diameter).

lens{Optical_Power, Transversal_Magnificatian, i, I') -
wavelength{ {Lambdal]),
use_planocanvex(Optical Power, Transversal Magnificatian, 1,
Diameter),
lens_index({Glass_Name, Refractive_Index]),
planocanvex_lens(Optical Power, Thickness, Radius!, Radius2,
Refractive_index, Diameter),nl, ’
output_lens{Optical_Power, Thickness, Radius!, Radius2,
Refractive_Index, Glass_Name, Diameter, Lambdal ),
stap_surface{Pasition, entrance_diameter).

This rule is written in a multi-layered structure, see Fig. 2.2.2,

Example 2.2.2-2

The following rule lens(Optical_Power, Transversal_Magnification, 1, I') ex-
plains to the KBOSD when it is necessary to utilize a plano-convex optical

system formed by a douwblet planoconvex_deublet{Optical_Pawer,
Thickness!, Thickness2, Radiusl, Radius2, Radius3, Radius4,
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Refractive_IndexI, Refractive Index2, Glass_Namel, Glass_Name2,
Diameter, Lambdal, Lambda2, Separation).

tens(Optical_Power, Transversal Magnification, |, I} -
wavelength({Lambdal, Lambda2]),
use_planoconvex(Optical_Power, Transversal_Magnification, I,
Diameter),
planoconvex_doublet(Optical_Power, Thickness!, Th;cknessZ Radius!,
Radius2, Radius3, Radius4, Refractive_Index], Refractive_Index2,
Glass_Namel, Glass Name2, Diameter, Lambdal, Lambda2,
Separation),
ni,
output_doublet_lens(Optical_Power, Thickness!, Thickness2, Radiusl,
Radius?, Radius3, Radius4, Refractive_Index], Refractive_Index2,
Glass_Namel, Glass_Name2, Diameter, Lambdal, LambdaZ,
Separation),
Stop_surface(Position, entrance_diameter).

First Layer

Wavelength

Output_Doublet_
Lens

Stbp_Surface Planocenvex_D

oublet

Y

Second Layer
= = = = = = Use_ Planoconvex

Convergent Object_At_Infinite

Negative_Lateral_ Near_Infinite_Ratio

Magnification

Tlurd ];ayer_ — - = Low Aperture _ _ _ _ _ .
Diameter

Entrance_Pupil_ Power_Focal

Diameter abs(Focal_Length/Aperture) > 3.0

Fig. 222 Multi-layered Structure of the KBOSD
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Example 2.2.2-3

The following rule lens(Optical_Power, Transversal_Magnification, 1, I') in-
strects the KBOSD when to utilize a biconvex optical system formed by a
triplet biconvex_triple{...).

lens(Optical_Power, Transversal_Magnification, [, V') :-
wavelength(fLambdal , Lambda?2, Lambda3}),
use_bicanvex(Optical_Pawer, Transversal Magnificatian, 1,
Diameter),
biconvex_triples{Optical_Power, Thicknessl, Thickness2, Thickness3,
Radiusl, Radius2, Radius3, Radius4, Radius5, Radiusé,
Refractive_Indexl, Refractive_Index2, Refractive_Index3,
Glass_Namel, Glass_Name2, Glass_Name3, Diameter, Lambdal
Lambda?, Lambda3, Separationl, Separation2 ),nl,
output_tripletlens{Optical_Pawer, Thicknessi, Thickness2, Thickness3,
Radiusl, Radius2, Radius3, Radius4, Radius5, Radius6,
Refractive Indexl, Refractive_Index2, Refractive_Index3,
Glass_Name!, Glass Name2, Glass_Name3. Diameter, Lambdal,
Lambda2, Lambda3, Separationl, Separation?),
stap_surface(Position, entrance_diameter).

Example 2.2.2-4

The two following clauses permit the assembly of a doublet typc optical
systern at low and high temperatures.

assemblingdaublet( Optical Power, Pawerl, Power2, Refractive_Index] Ref-
ractive_index2, Glass_Namel Glass Name2, Diameter, Separation) .-
fow_temperature(T),
autm(’ ‘assembling pracess doublet *),nl,
lens_index2({Glass! _Name, Glass_Namc2, Refractive Index!
Refracuve__lndexz Vi, v2j),
Separa:ian is 0.0,
Pawerl is VI*Optical Powerf(V1-V2),
Power2 is V2*Optical Pawerl(V2-VI),
abs((PawerliV1} + (Power2iV2)) < 1.0¢-10,
abs(Pawerl + Pawer2 - Optical_Power) < 1.0e-10,

assemblingdaublet( Optical_Power, FowerI Pawer?, Refractive Indexl,
Refractive_Index2, Glass_Namel, Glass_Name2, Diameter, Se-
paration) -
high_temperature(T),
autm(“assembling pracess daublet "),
nl,
Separatian is 0.4,
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lens_index2({Glass!_Name, Glass_Name2, Refractive_Indexi,
Refractive_Index2, VI, V2]},

Power! is VI*Optical Poweri(V1-V2),

Power2 is V2¥Optical Powerl(V2-V]),

abs({Powerl/V1) + (Power2/V2)) < 1.0e-10,

abs{Powerl + Power2 - Optical Power) < I.0e-10.

2.3 Algorithms Used in Search of a Solution within the KBOSD
2.3.1 General Organization of the KBOSD

The inference engine searches for a solution for the posed optical problems
according to the diagram in Fig. 2.3.1.

The double-headed arrows(according to figure 2.3.1) signify that one can
backtrack in case of a failure. The single-headed arrows signify that
backtracking is not possible. Each of the bubbles in the diagram will be
treated explicitly in the following section of this chapter.
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(calcul(Focal_length. Magnificatiom, 1, I', z, 2) )

y
test(Focal_length, Magnificatiom, 1,1, z, 27,
corrections
v
Determine the use context of the
optical system
3
4

{ Optical knowledge base )

Afocal telescopic ( Focal optical systems )
optical systemns

~,

( Optical glass selection )

—

Ontput data of the Output of focal optical systems:
telescopic optical systems: triplet, doublet, singlet,

kepler or galilean type; high-aperture lenses and
corrected at 1, 2'or 3 polychromat corrected at 1, 2, or
wavelengths. 3 wavelengths.

Fig. 2.3.1 General Structure of the KBOSD



2.3.2  Algorithms of Calculation of Parameters of the Optical
Systems

The algorithm below serves to calculate the paraxial parameters of the
optical system. The user must enter at least two parameters.

Input at least two parameters of the optical system
from those listed here: focal length, lateral
magnification, 1, I', z, z".

y

Are all optical system parameters Yes
identified?
Ne
P \/
Search a relationship between the Display the optical
known parameters and the system data.

unknown one.

Fig. 2.3.2 Algorithms of Calculation of QOptical System Parameters
2.3.3  Algorithms of Test of Parameters of the Optical Systems

The algorithm below tests the compatibility of the paraxial parameters of
the optical system when the user enters more than two parameters.

33



Test the feasability of the optical
system, needed parameters: power of the
optical system, magnification, I, 1", z, 2

¥

Test the compatibility between J

three different variables of the
optical system

i

Display the result, which rules were
applied, adequate correction in case of
error, trace.

Repeat the feasability test until the
last test.

[ Display all the right optical system data W
vy

Fig. 2.3.3 Algorithms of the Test of Parameters of the Optical Systems

2.3.4  Algorithms of Determination of the Context of Use of the

Optical System

The following algorithm determines the context of use of an optical system
employing the relations between the opto-geometrical parameters such as di-
ameter, entrance aperture, magnification, length of the optical system, focal

length, object lens distance and lens image distance.
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nification, 1, 1', z, 2°). Enter at least tw

Calcul{(Focal_Length, Latera]_Mag-
)
of the above parameters.

h 4
( Test if the focal length is zero. )

Y, \
Start calculation of afoca] Start calculatlon of focal
optical system. optical system.

y
Test(Optica]__Power, Late-
ral_Magnification, 1, T,
z,Z).

Calcul{Optical_Power,
Angular_Magnification,
Length,_,_, ).

Design of the afocal Design of the focal

optical system. optical system.
Output data of the afocal Output data of the focal
optical system. optical system.

Fig. 2.3.4 Algorithms of Determination of the Context of Use of the Optical
System

For more information concerning this section, see chapter 3.
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2.3.5 Searching Algorithms of Focal Optical System

The following diagram serves to search the focal optical systems. Once the
context of ntilization of the optical system is identified according to the algo-
rithm described in section 2.3.4 one proceeds to the specifications of the
needed optical system. In addition to the opto-geometrical parameters,
physical parameters such as the wavelengths of use are used for specifying
and conceiving the optical system according to the algorithm below.

lens{Optical_Power, Lateral _
Magnification, L, ', z, 2"

Optical system will be used Yes Singlet lens or
at only one wavelength [1 high-aperture singlet lens
" No
f
Optical system will be used Yes Doublet lens or high-
at two wavelengths 11, 12. aperture doublet lens
No
Optical system will be used Triplet or high-aperture
at three wavelengths 11, 12, 13. triplet lens
Optical system will be used Apochromat or complex
at more than three lens system
wavelengths.

=
( No solation )

Fig. 2.3.5 Scarching Algorithms of Focal Optical System
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2.3.5.1 Searching Algorithms of a Singlet Lens

The algorithm below searches within the single lens and large-aperture
single lens set in order to find the- appropriate lens for the desired applica-
tion, This search strategy is based on heuristics.

singlet lens or
high-aperture singlet lens

— Yes \ (&> )
Use conditions of plano-convex 2 &
singlet lens T g
=
N &
=
s L]
( Use conditions of . Yes e
: : =
biconvex singlet lens g RN 5
Noy | | g 5
se conditions of asymmetric Y Yes o 3
biconvex singlet lens @ 3
w
¢
No &
% 2
Use conditiens of plano- £s g oo
concave singlet lens g
=0 )
No¢ ' < 2
1]
Use conditions of Yes o3
biconcave singlet lens - ;;
=8
Oy . E¥A
Use conditions of asymmetric ]Yes; g
biconcave singlet lens =
=
&
°Y &
Use conditions of concave- Yes &
convex smglet lens ~—
Use condltlons of high- Yes
apenure smglet lens

/"

( No solntion

Fig. 2.3.5.1 Searching Algorithms of a Singlet Lens
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. 2.3.5.2 Searching Algorithms of a Doublet Lens

The algorithm below searches within the doublet lens and large-aperture dou-
blet lens set in order to find the appropriate lens for the desired application.
This search strategy is also based on heuristics.

Doublet lens or
hi gh-aperture doublet lens

Yes
Use condmons of plano-convex
doublet lens

Use condmons of Yes e
( bi

iconvex doublet lens

)

“SU9[
102199125 21p Jo SurquIassy

: Y
Use condmons of asymmetric o (e}
blC nvex doublet lens '%-
b2
No y =
L]
Yes| &
Use conditions of plano- @
concave doublet lens &
. 8
Y =)
Use condtttons of S 5
biconcave doublet lens =Y
oE
n
,l( g2
Yes b=
Use conditions of asymmetric 5=
biconcave doublet lens =
Sl=y
. Pt
- o
Noy 28
Y o q
Use conditions of concave- . 3
convex doublet lens 1]
[
Nosl o
=3
=+

{

Use conditions of high- ,Yes
aperture doublet lens -

No solution ) L_J

Fig. 2.3.5.2 Searching Algorithms of a Doublet Lens.
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2.3.5.3 Searching Algorithms of a Triplet Lens

The algorithm below searches within the triplet lens and large-aperture
triplet lens set in order to find the appropriate lens for the desired

application. This search strategy is based on heuristics.

Triplet lens or
high-aperture triplet lens
— 4’ Yes
clse conditions of plano-convex ) >
riplet lens .

N .
0* Yes
( Use conditions of

biconvex triplet lens

Noy

v
Use conditions of asymmetric
biconvex triplet lens

No y

Use conditions of plano-
concave triplet lens

No\}
Use conditions of
biconcave triplet lens

No¢

Use conditions of asymmetric }! &3
iconcave triplet lens

NO‘L

Use conditions of concave- \Yes
convex triplet lens

=

T 15 T

uoHRa1as sseld reondp

N

el
a8

=

(=2

)

No
4 Yes
Use conditions of high-
aperture triplet lens
Nol
C No solution )

Fig. 2.3.5.3 Searching Algorithms of a Triplet Lens
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2.3.6 Searching Algorithms of Afocal Optical System

This algorithm is concerned with searching for afocal optical systems. This
search strategy is based on heuristics which uses lhe context of use of the
optical system.

Afocal optieal system.
Requested parameters are: Iength
and magnification.

y

Magnification i lS
negative.

Laser power will No i
provoke a break Lf:\?;]]:f :El;e\:;( No
down? down"
Yes
Y
Keppler Telescope Galilean Telescope Telescope with

Corrected at 1,2 No solution || Corrected at 1, 2 or three positive
or 3 wavelengths 3 wavelcngths lenses

f y y y

Display the optical system '
data and write it in a text file

Fig. 2.3.6 Searching Algorithms of Afocal Optical System
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2.3.6.1 Searching Algorithms of a Kepler Telescope
A Kepler telescope is formed by two optical systems:

. entrance optical system with a positive focal length
« - exit optical system with a positive focal length

These entrance and exit optical systems can be formed by a combination of

singlet, doublet, or triplet lenses according to the context of use of the tele-
scope as displayed in the diagram below.

' ( Kepler Telescope j

.
Telescope will be used at Yes Telescope with two
only one wavelength 11 singlets lenses
No
Telescope will be used at Yes Telescope with a singlet
two wavelengths 11,12 and a donblet lenses

No

Telescope will be used at Yes Telescope with a doublet
three wavelengths 11,12, 13 and a triplet lenses

Fig. 2.3.6.1 Searching Algorithms of a Kepler Telescope

2.3.6.2  Searching Algorithms of a Galilean Telescope
A Galilean telescope is formed by two optical systems(see chap.3):

. entrance optical system with a negative focal length
. exit optical system with a positive focal length

These entrance and exit optical systems can be formed by singlet, doublet, or
triplet lenses according to the context of use of the telescope as displayed in
the below diagram. »



( Galilean Telescope j

y

Telescope will be used at Yes Telescope with two
only one wavelength 11 singlets lenses

No

Telescope will be uscdat ) Y©S Telescope with a singlet
two wavelengths 11, 12 and a doublet lenses
Telescope will be used at Telescope with a doublet
three wavelengths 11,12, 13 and a triplet lenses

Fig. 2.3.6.2 Searching Algorithms of a Galilean Telescope

2.3.7 Searching Algorithms for Selection of an Optical Glass

The optical glass is one of the most important parameters in the calculation
of an optical system. The search strategy of the optical glass is made ac-

cording to a depth first searching.

The glass data base contains more than 250 different optical glasses.

The first element in the list of optical glasses is taken (depth-first searching)
then it is tested according to the user's glass constraints, see Fig. 2.3.7. The
constraint list is reviewed in depth searching too. This algorithm is

repeated until the end of the list of optical glasses is reached.
This search strategy is used in the other section of this chapter.
This searching is also based on heuristics (see also chapter 3).

42



(

User's constraints such as mechanical, thermal,
chemical, economical, physical, optical...

Fig, 2.3.7 Searching Algorithms for Selection of an Optical Glass

Fjlass data base: Schott catalog J

\contains more than 250 optical glasses.

'
No “Glass mechanical constraints are
] acceptable for the user constraints?
* Yes
No ;
Glass thermal constraints are acceptable
for the user constraints?
' Yes
No [ Glass chemical constraints are acceptable
a for the user's constraints?
o Yes
B3]
B No ( Glass economical constraints are
2 acceptable for the user's constrainis?
o
Z Yes
No("Glass physical constraints are acceptable
for the user's constraints?
¢ Yes
No (Glass optical constraints are acceptable for
€ the user's constraints?
N

(' Code and data of the selected glass. )
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2.4 Conclusion

This chapter concerned some characteristics of the Prolog Programming
Language as well as the anificial imelligence algorithms and topics applied 1o
the optical system design.

The artificial intelligence approach helpes us to attempt many goals,
especially in

» making up base of facts containing optical glasses and thcir
_propesties{Schott eatalog)

» making up lcns design knowledge base containing lens design constraints
and rules, as well as henristics on optical lens dcsign, noting that a
hearistie s a method of learning involve wsing reasoning and past
experience rather than formulas or solutions that are given

« making up optical design knowledge models(format and informal) such as:

« heuristics and the context of us¢ of optical systems are Informal.
« algebraic models of optical systems
« physical laws are formal

+ implementation of algorithms of calculation and test of parameters of
optical systems

* transfer of the optical design knowledge from the expert to the computer
in terms of clanses A

+ solving optical design problems in a declarative way and not by a
procedural algorithm

» thanks to the inference engine backtracking principle ali solutions of a lens
design problem are explored

Using the programming language Prolog, equipped with an inference engine,
one has only ta describe the base of facts, the optical rules, the heuristics and
the relationship between the elements of the knowledge base as well as the
optical problems and the program will find all possible solutions. For the
mentionned above reasons Prolog is called descriptive or declarative
programming language. The possibility of algorithmic or procedural
programming in Prolog allows the control of the inference engine and the
searching algorithms.

One must note that the algorithms presented in this chapter are simplified in
order -to facilitate their comprehension. The algorithms implemented in
Prolog for the KBOSD are morc complex. Ideas discussed in this chapter are
reexamined in chapter 3 with a different approach.
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Forms
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3.6 The Reasoning of the Computer to Solve an Optical Problem

37 Conclusions
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3.0 Introduction
This chapter treats:

« the identification, the classification and the heuristics of the assembly and
the utilization of the spherical, centered, dioptrical opiical systems.

« the transfer of the optical knowledge and optical expertise from the optical
designer to the computer.

« the organization of knowledge and opucal expertise in the computer's
memory.

» the reasoning used by the computer 10 solve an optical design problem.

Thus, one is interested in the cognitive aspect of the optical systems, i.e. in
their categorizations, their structures, their models, and their interconnections
and how to make them computable and comprehensible by the machine.

The power of reasoning and knowledge strategies are adopted and do not rely
on the power of the calculations in the classical sense such as processing
speed, hardware etc. KBOSD is not occupied with extract'mg information from
the optical expert; we suppose that the expertise is acquired and is at our
disposal.

KBOSD contains around 3000 clauses; those presented are only illustrations.

31 Identification of the Optical Systems

A centered optical system is constituted by a series of media separated by the
diopters; it revolves around an axis called the optical axis. An optical system,
an optical element, or an optical surface can be identified by its function or
geomctrical forms.

311 Identification of the Optical Surfaces Accordmg to their Context
of Use

An optical surface is the base element in forming an optical element; it is
ideatified by:

. its curvature radius
. its diameter
. its optical power

‘The diameter is an arbitrary algebraic dimension which is always positive. The
curvature radins is an algebraic dimension that can be negative, positive or
infinite. The curvature radius attributes optical power to the optical surface. If
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the curvature radius is positive { in relation to the incident direction of light,
positive from left to right), it causes the light to converge; thus, one would say
that it has a positive optical power. If the curvature radins is negative, it makes
light diverge, thus its optical power is negative. These parameters determine
the context of uses of the optical surfaces.

31.2 Identification of Optical Elements According to their Context of
Use

An optical element (lens) consists of two refracting interfaces, where at least
one of these is curved. An optical element can be identified by the following
opto-geometrical parameters:

. its optical surfaces
. jis opfical power
. its material (in general of glass}

. The power of an optical element is the algebraic sum of the power of its
optical surfaces. The curvature radins of each optical surface allocates its
usefulness to the optical element. One distingnishes two categories of optical
elements according to the sign of their optical power:

. optical elements of positive power (convergent)
. optical elements of ncgative power (divergent)

In each of these two categories, one distinguishes a dozen different optical ele-
ments that are recognized according to the ratio and the signs of their curva-
ture radii. The power, the signs and the ratio of the curvature radius give us the
context of nse of the optical element.

3.1.3.1 Identification of Optical Systems According to their Context of
Use

An optical system is formed by an element or a series of optical elements, Tt is
identified by its optical power and the number of clements it is made up of.
The power of an optical system is the algebraic sum of the power of iis
elements.

Parameters such as power, magnification (-1/1°), (see Fig. 3.1.4) determine the
context of use of the optical system,
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3.1.3.2 Identification of Optical Systems According to their Geometrlcal
Forms

The optical systems, as well as optical elements, can be identified by the ge-
ometrical forms of their external surfaces according to the table below. An
optical element of positive power is thicker in the center than along the edgcs
An optical element of negative power is thicker on the edges than in the
center.

First optical Second optical | Optical system

surface surface

Plane Convex Plang-convex

Plane Concave Plano-concave

Convex Convex Bi-convex(symmetric or asymmetric)
Convex Concave Meniscus concave, meniscus convex...
Concave Concave Bi-concave (symmetric or asymmetric)

Fig. 3.1.3.2 Example of identification of optical systems according to thelr
geometrical forms

314 Calculations of the Parameters of an Optical System

One of the characteristics of the KBOSD is its capacity to supply a solution
even if the input data for the given problem is not fully available in the be-
ginning. Having knowledge of at least two of the parameters indicated in
figure 3.1.4, one can rediscover all the data of an optical system and
demonstrate its existence.

The four parameters: Power, Magnification (-1/1%, 1 and 1' (see Fig. 3.1.4)
and their relationships perfectly identify the functions as well as the optimal
ose conditions of an oprical system.

Fr dent light

n ' Positive girec-
y at tion of the inci-
F

Fig. 3.1.4 Parameters of an optical system
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Concerning the significance of the variables, see the list of symbols at the
beginning of this text.

Here we describe an algorithm developed in the Prolog syntax {Ref. 14], that
permits the calculation of these parameters (for more details, see chapter 2).

calcul(Optcal_Power, Transversal_Magnification, 1,1', 7, ') -
known_variable({Optical Power Transversal_Magnification,1, ', z, z]).!,
output_result(Optical Power, Transversal Magnification, 1, I, z, 7°).

cafcul(Optical_Power, Transversal_Magnification, 1,1, z, 7'} :-
known_variable([11'}]),
relauon(rulcs.’ Opucal_Power, (nil) + (n'1F), (nil) + (R1)",
“Oprical_Power”),!,
calcul(Optical_Power, Transversal Magnification, I, 1", z, 7').

calewl(Optical_Paower, Transversal Magnification, 1, 1", z, 2') :-
knawn_variable(fl', 2']),
relation(rules2, Optical_Poawer, n'i{F-2°), "n'l{I"-2')", "Optical Power"),!,
calcul(Optical_Power, Transversal_Magnification, 1, 1’, 2, 2').

caleul{Optical_Power, Transversal Magnification, 1,1, z, Z') :-
known_variable({z, z']),
relauan(rules3 Oprical Pawer, -sqri{{n*r’)i{z*Z)},!,
calcul{Optical_Power, Transversal_Magnification, 1,1, z, z°).

calcul(Optical_Power, Transversal_Magnification, 1, I', z, z') :-
known_variable({! z}),
relation(rulesn, Optical _Pawer, ni(l-z}, "ni(i-z)", "Optical Power")!,
calcul(Optical_Power, Transversal Magnification, 1, 1", z, z').

The predicate calcul(Optical Pawer, Transversal Magnification, 1,1°, 2, z’)
above calculates a third variable aside from the two known variables (A B),
known_variable(fA,B]), variable A, B belong to the variable set (Optical _
Power, Transversal_Magnification, 1, I', z, z).

The predicate calcul{Optical Pawer, Transversal ' Magnification, 1, 1’, 2, Z')
will be repeated until all the parameters of the optical system are
determineted, thus satisfying the function known variable(
Optical_Power, Transversal Magnification, 1, 1", z, 7°).

The predicate relation(rulesn, Optical_Power, nifl-z),"n/{I-z)", "Optical
Power”} establishes the relation between the researched variable, Optical_
Power and the vanables already known n,1, and z.
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315 Test of the Parameters of an Optical System

Knowing more than two of the optical systemn parameters, one is obliged to
test their compatibility. If such an optical system exists, then KBOSD begins
to process it. If the parameters are not compatible, an error message is
displayed and an appropriate correction is proposed to the user. In reality, the
rules of testing are numergus.

Here is an example of the algorithms of the parameters test of an optical
system that have been developed in the Prolog syntax [Ref. 14]. The principle
of these algorithms is demonstrated by the following example (for more detail
see chapter 2):

Knowledge of the three parameters, known_variable({l’, z’, Optical_Power]),
test if the value of the variable Optical Power is equal to the value of the
expression n'/( I'- z') and rectifies the result in case of an error.

test] (Optical_Power, Transversal_Magnification, 1,1’, z, 2') :-
known_variable([l’, ', Optical Power]),
relationtest{test2 Optical Power,n'l(-2"),"n'l{I-2)",
"Optical_Power"),!,
test2(Optical Power, Transversal Magmﬁcanon 1LYV, e7).

test2(Optical_Power, Transversal_Magnification, 1,1, 2, 2°) :-
known_variable(fz, ', Optical_Power]},
rela:zontest(test3 Optical_Power, sgrifn*n’l{z*z')},"sqri(n* n’{(Opti
cal_Power)"}!,
testj‘(Opu'caI_Power, Transversul Magnification, 1,1’,z, 7).

test3(Optical_Power, Transversal Magnification, 1, 1’, z, ') -
known_variable([l, z, Optical_Power]),
relationtest(test3,Optical_Power,ni{l-z),"ni(Iz)", "Optical_Power”),!,
testn{Optical Power, Transversal_Magmf ication, 1,1, z, 2},

testn(Optical_Power, Transversal Magnification, 1,1',z,2').
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3.1.6 The Influence of the Environment of Utilization on the Choice of

the Optical System

The medium of use of an aptical system plays an important role in the choice
and the realization of the optical system. The material formmg the optical
system (in general glass) must resist many factors in the utilization
environment such as mechanical and climatic factors...

C Environment of utilization )

Chemical factors

Other factors

f optional

Mechanical
factors ¢
Climatical
factors L
‘ Economic factors ,

Fig. 3.1.6 Examples of canstraints in the utilization environment

Other factors play a determining role in the final elaboration of the optical sys-
tem, such as economic factors (e.g. the price of glass), the polishing time of
the glass, and physical factors such as the intensity of the light used, the
required precision of the final quality, as well as opto-geometrical factors like
the diameter of the entrance pupil of the optical system. If these constraints are
not known by the user, then the KBOSD uses values determined by heuristics.

32 Functional Classification of the Optical Systems

From the functional aspect, an optical system serves to form an image (real or
virtual) of an object (real or virtual). Thus optical systems can be classified ac-
cording to their function into two categories.

. an optical system with zero power is called an afocal system;
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. an optical system whose power is not nil serves to focas the hght
this system is called a focal system.

Each of the two categories is composed of a subset of elements or a subset of op-
tical systems.

3.21 Focal Optical Systems .

They can be formed by ‘one or several optical elements, according to the
wavelengths of the light that traverses them and according to the diameter of
their entrance pupil. Illustrated below are some examples of focal optical
systems. ‘

3.2.1.1 Simple Lens

In effect, to design an optical system of acceptable quality, utilized at a low
entrance pupil and at a single wavelength, a single optical element (lens) is in
general sufficient.

This simple opticzal system called a singlet.

v

/
~

Fig. 3.2.1.1 Example of a singlet lens: Bi-Convex, Plano-Concave and Plano-
Convex
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3.2.1.2 Pair of Simple Reversed lenses

If the entrance pupil becomes large, two elements judiciously assembled
would be necessary wo reduce spherical aberrations. This system is called a
large-aperture singlet.

AN N
A A

Fig. 3.2.1.2 Examples of Pair of Simple Reversed lenses

3.2.1.3 Donblets

To design optical systems at two different wavelengths, one assembles two
optical elements to achieve the achromatic conditions. Such optical systems
are called doublets.

\ ‘ ™~

/ : L

Fig.3.2.1.3 Cemented and Separated Doublets



3.2.1.4 Reversed Doublets

If the entrance pupil becomes large, two judiciously assembled doublets
would be necessary to reduce the aspherical aberrations. Such a system is
called a large aperture reversed doublet.

/ .

] S~

™~ / ~ |~

Fig. 3.2.1.4 Large-aperture reversed doublets

3.21.5 Triplets

With three different wavelengths one is can take three optical elements to
achieve achromatic conditions.

~

|

Fig. 3.2.1.5 Triplet

55



3.21.6 Reversed Triplets

If the entrance pupil becomes large, one is obliged to take two triplets
judiciously assembled to reduce the spherical aberrations. This lead to an
opiical system consisting of six elements; such a system is called 3 reversed
triplet.

Fig. 3.2.1.6 Reversed Triplets

3.2.1.7 Apochromat and Complex Optical Systems

The number of optical elements grows with the number of wavelengths of the
utilized light. To correct for the different aberrations one uses apochromat or
complex lenses. These can always be formed by assembling the optical
systems cited above.

322 Afocal Optical Systems -

As mentioned above, if the power of an optical system is nil, it is recognized
as afocal, one also says that its two focal points are at infinity. In this casc all
incident rays parallel to the axis of the optical system emerge parallel to the
axis, as in the telescope.

Such an optical system is composed of two blocks:

. An entrance optical system
. An exit optical system

These two blocks are optical systems that can be composed of singlet, doublet
or triplet lenses.

56




The exit block (which has a power greater than zero) is always positive and
can be formed by:

. a simple lens, or a singlet
. a doublet
. a triplet.

The entrance block can be positive or negative and is formed by:

. a simple lens (a singlet)
. a doublet
. a triplet.

The number of optical elements forming an afocal system varies according to
.the entrance pupil, magnification, as well as according to the wavelengths of
its utilization.

3.2.2.1 Kepler's Afocal Optical System

One uses a positive entrance block for:

. low light level and/or when
. the total available length of the optical system is relatively large.

This block assembled with a positive exit block is called Kepler's Telescopic Op-
tical System.

T,

_U/\M

Fig. 3.2.2.1 Kepler's Telescopic System

The fact that the light beam is concentrated on a single point(F), between the
two blocks, is not always advantageous. This is true especially in the case of -
high power lasers (see Fig. 3.2.2.1).



3.2.2.2 Galilean Afocal Optical System
One Uses a negative éntry block if;

. a high intcn.;ity light(e.g. laser) is going to be used andfor
. the total available length of the optical system is limited.

This system is called Galilean Telescopic Optical System.

If a positive optical system is used in the entry of an afocal optical system,
transversed by a high intensity light, a breakdown phenomenon is provoked.
Such a phenomenon is not produced with a negative optical system

(divergence). This breakdown phenomenon is a microexplosion that
deteriorates the guality of the wavefront. Such a situation is to be avoided.

——
— L

Fig. 3.2.2.2 a) Galilean Telescopic Optical System with Cemented Doublet

+—
L —|\}

Fig. 3.2.2.2 b) Galilean Telescopic Optical System with Separated Doublet

33 Heuristics on the Use and Assembly of the Optical System
The KBOSD is equipped with the heuristics concemed with:

. mechanical, chemical, and thermal properties of optical glass
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. the facility of polishing, the availability and the price of the optical

glass

. calculations including, the correction of chromatic and geometrical
aberrations as wel! as the quality of the optical systems

. conditions of nse and selection criteria of the optical systems

. assembly of the optical systems

Presented below are some examples of heuristics.

331 Heuristics on the Use of the Optical System

Aside from the parameters such as the focal length, 1, I', Transver-
sal_Magnification; we recognize the context of utilization of the optical
system. Thanks to the context and the identification of the optical system, we
can apply the heuristics to determine the optimal utilization. Here are some
examples of heuristics that are programmed in Prolog in terms of rules.

a) Planc-convex optical system

If the lateral magnification is less than -5, a plano-convex optical system is
supposed to have minimum aberrations. If 1' is infinite, the optical system
serves to collimate the light,

use_planacanvex(Optical Power, Transversal Magnification, I, Diameter) :-
convergent( Optical Power),
low_aperture( Optical Power, Diameter),
negative_transversal_magnification(Transversal Magnification),
near_infinite_ratio(Transversal_Magnification),
low_optical_pewer{ Optical_Power),
object_at_infinite( Optical Power,l}.

b) Bi-convex optical system:;

use_biconvex{ Optical_Power, Transversal_Magnification, I, Diameter) :-
convergent{ Optical Power),
low_aperture( Optical_Power, Diameter),
negative_transversal magng‘?canon{?"ransversa! Magnification),
high_aptical_power( Optical Pawer),’
finite_ratio(Transversal Magnification).

c¢) Bi-convex optical system: If the lateral magnification is -1, the bi-convex
~ optical systern has a minimum of aberrations.

use_bicanvex( Optical_Power, Transversal_Magnification, I, Dmmeter)
convergent( Optical Pawer),
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low_aperture(Optical_Paower, Diameter),
negative_transversal_magnification(Transversal Magnification),
unitratio(Transversal_Magnification).

d) Plano-concave optical system:

use_planccancave(Optical_Power,Transversal_Magnification, |, Diameter) :-
divergeni(Opiical_Power),
low aperture(Optzcai Power, Diameter),
pasitive_transversal_magnification{Transversal Magmﬁcat:an)
near_infinite_ratio(Transversal Magnification),
law_optical_power(QOptical_Power),
object_at_infinite(Optical_Power, [).

e) High-aperture optical system:

use_highaperture{Oprical Power,Transversal Magnification, |, Diameter) ;-
canvergent(Optical_Pawer),
large_aperture(Optical_Power, Diameter).

f) Bi-concave asymmetric optical system:

use_asymeltrichiconcave(Optical_Power, Transversal_Magnification, |, Diame
ter ):- .
divergent{Optical_Power),
low_aperture(Optical_Power, Diameter),
pasitive_transversal_magnification(Transversal_Magnification),
low_optical_power( Optical Pawer),
fi mte_rana(TransversaI_Magnzf cation),
not_unit_ratio(Transversal_Magnification).

Clauses such as:

low_aperture(Optical_Power, Diameter),
near_infinite_ratio{Transversal Magnification),
low_aplical _pawer(Opncal Power),
ebject_at_infinite(Optical_Pawer, {).

are also heuristics that are explicitly described in other places of the KBOSD.

332 Heuristics on the Assembly of the Optical System

A heuristic is in general a rule of reasoning recognized by the specialists, It is,
however, of an inductive nature and risks being modified if a contradiction is
discovered [Ref. 12).
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If the opto-geometrical parameters the goal and the condition of use of an opti-
cal system are known and identified; then one begins to assemble the different
elements that constitute it. This assembly procedure is based on heuristics. The
different elemeuts forming an optical system must abide by certain physical
constraints (achromatics, corrections of aberrations....), geometrical constraints
{diameter, thickness,etc.), econcmical constraints (price, the facility of
treating the glass making up the optical elements, resistance of the glass to
chemical and climatic factors....).

Here are some examples of heuristics.

a) In order for a doublet to be achromatically corrected one must use twe
different glasses; one is the crwon type and the other is the flint type.

b} If two optical surfaces follow cne another and if their curvature radii have
the same sign(positive or negative) and they have to be cemented to each
other, then, the second curvature radius must be smaller than the first;
otherwise, the assemblage is complicated.

¢) If the curvature radius of an optical surface is smaller than its diameter, its
fabrication is equally impossible.

d) If two optical surfaces that have the same curvatre radius follow one
another and are utilized at low temperature, oue can cement them together.

e) If the temperature is high, one cannot cement the optical surfaces together
because the cement is not resistant to high temperatures. This heuristic can be
modified if a cement is discovered that resists high temperatures.

1) If an optical system is formed by three optical elements, the middle element
does not necessarily have to be resistant to chemical and climatic factors
because it is proteclcd on the two sides by the other elements,

g) If an optical system is used at three different wavelengths, it must be compo-
sed of three types of glass to correct for the different chromatic aberrations(two
types of glass can be enough, but did not consider this heuristic).

34 Transfer of Optical Knowledge from the Optical Expert to the
Computer and its Representation

The classification, ideutification, context of use, heuristics and assembly
procedures of optical systems facilitate mastering the optical knowledge and its
representation so that the human expertise can be transferred to the machine.
The optical knowledge is represented in the form of clauses (rules and facts)
and in algebraic models. Qur representation of the knowledge can be examined
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and comprehended in "human terms." Additionally, the rules, the facts, as well
as the requests can be expressed in Prolog, in the form of clauses [Ref. 21],
[Ref. 22].

341 Example of Rules of Optical Knowledge

Optical knowledge is expressed by rules. We display a few examples of these
nules:

lens{ Optical_Pawer, Transversal_Magnification, 1, I') :-
wavelengths(L1, L2),
use_planoconvex(Optical_Power, Transversal Magnification, I, '),
planoconvex_doublet(Optical_Power, Th, R1, R2, R3, R4, NI, N2, DI
S7).

If such a rule is invoked, the inference engine begins by testing:

. if there are twe wavelengths 11,12, if the conditions nsed by a plano-
convex optical system are satisfied, then, the.conclusion is:
. the plano-convex donblet rule is applied that begins to calculate a

known optical system onder the name plano-convex doublet.,

At the same time, each of these rules can in tum invoke other rules and other
clauses.

assemble doubler(Opncal Power, Optical Powerl, Optical Power2, Rq‘rac
tive_Index!, Refractive_Index2, Diameter, Separation) -
Reﬁact:vc Indexl is crown(V1),
Refractive_fndex2 is fliny(V2},
Optical_Powerl is Vi* Optical_Powerl(VI-V2),
Optical_Power2 is V2* Optical_Powerl(Vi-V2).

This rule sclects two glasses (Refractive Index 1, Refractive Index 2), one is of
the flint type and the other is crown. Then it imposes strict constraints on Optical
Power 1 and Optical Power 2.

342 Examples of Facts of Optical Knowledge

The data base contains indispensable data for the KBOSD [Ref. 9]. The
information contained in this data base are static and permanent, they are
readable and non-medifiable while being exccuted. Some examples are
provided.
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Example 3.4.2-1:

This clause gives the dispersion coefficient of an optical glass.

dispersion_coefficient{Glass_Name, Ag. A}, A2, A3, Ag, As). .
dispersion_coefficient(baf3, 24549347, -8.3372035.10°3, 1.6841270.102,
5.0168527.10°%, -1.4413749.10°3, 2.0771351.10°6),

This signifies that the optical glass called baf3 possesses the following disper-
sion coefficients Ag, A1, A2, A3, Ag, As.

Example 3.4.2-2:

physical_properties(Glass Namel, Alphal, Alpha2, Ty, T, Cp, Lambda).
physical_properties(baf4,7.9,8.8,521,694,0.557,0.766 ).

This establishes a relation between the glass, called baf4, and the numerical val-
ues of eertain of its physical properties.

Example 3.4.2-3;

glass_code(bafl2, 639452, 1.63930, 45.18, 0.014151, 1.64266, 44.88,
0.014318}.

Glass_Namel : Name of glass is baf] 2.

Glass_Name2 : Coded name of the glass is 639452

Nd . :1.6393 refractive-index of the glass at a wavelength of 587.6 nm

Nued : 45,18, Abbe number of the glass at a wavelength of 587.6 nm

Nf-Ne 115 0.014151

Ne 1 is 1.64266, refractive index of the glass at a wavelength of 546.1
nm

Nuee : is 44,88 Abbe number of the glass at a wavelength of - 587.6 nm

INf- Ne' : is 0.014318 dispersion coefficient

3.43  Examples of Algebraic Models of Optical Systems
Example 3.4.3-1;

The algebraic model permits the calculation of the refractive index of an optical
glass according to the following formula:

Refractive_Index is sqri(Ag+A*12+A2*1 2+ A3*14 + Ag*-0 +A5*18)
where:
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1 : wavelength ;

AQ. A}, Ap, A3, A4, Aj : dispersion coefficient
sqri X square root.
Example 3.4.3-2;

.

This algebraic model links the parameters of plano-convex lens.

plano_convex_lens{Optical_Power, Thickness, Radiusl, Radius2, Refractive_
Index, Diameter) -
Radiusl is (Refractive_Index- 1.0)) Optical_Power,
Radius? is Infinite,
lens_thickness(Optical_Power, Radzus] Radius2, Diameter, Thickness).

Example 3.4.3-3;

This algebraic model describes the composition of the plano-convex triplet,
- formed by three lenses: a plano-convex lens, a bi-concave lens, and a bi-
convex lens which provide triplet lens parameters and each of the three lenses.

plano_convex_triplet( Optical_Power, Thicknessl, Thickness2, Thickness3,
Radiusl Radius2 Radius3 Radiusd,Radius5 Radiust Refractive
Index], Refractive_Index2, Refractive_Index3, Glass Namel,
Glass_Name2, Glass_ Name3, Diameter, Lambdal, Lambda?2,
Lambda3, Separation], Separation2) .-
plano_convex_lens{Optical_Power!, Thicknessl, Radiusli, Radius2,
Refractive_Index], Diameter),
biconcave lens(Optical_Power2, Thickness2, Radiusl, Radius4,
Refractiive_Index2, Diameter),
biconvex_lens(Power3, Thickness3, Radius3, Radius6, Refract
ive_Index3, Diameter).

35 The Organization of the Opticat Knowledge in the Computer's
Memory

351 Functional Organization

One shares the computer's memory in cogritive areas having different dimen-
sions. The cognitive areas with limited cognitive dimensions are available to
those with larger cognitive dimensions, These cognitive zones include the
procedures and the structures that assist them to satisfy their functions. A
“cognitive area represents optical systems having -the same function and
structure, For example, in the cognitive area called Triplet lens enly optical
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systems of the triplet lens kind can exist, just as the simple lens cognitive zone
does not contain doublets or triplets. Such nse of memory permits easy and
rapid access of the desired information.

Cognitive World
(" Cognitive Field Cognitive Field Cognitive Field )
(" Telescopic Optical . h
Systems Apocchromates Complex Lenses
N vy
Cognitive Area Cognitive Area "Cognitive Area
-
Triplet j G{eversed Doublet J [Reversed Triplet j
_ .
Cognitive Zone Cognitive Zone Cognitive Zone
Optical Glass Environmental
(Assembly Process j ( Research ) QConstraims ,
Cognitive Sector Cognitive Sector Cognitive Sector
(Plano—convex Lens j ( Biconvex Lens )@iconcave Lens )
Cognitive Cell Cognitive Cell Cognitive Cell
: : Calculation of
Calculation of Calenlation of Len
L Optical Power ( Diameter Lens Thickness J

Fig. 3.5.1 Organization of the Optical Knowledge in the Memory of The Compu-
ter :

3.5.2 Melacognitive Organization
The assembly of these optical systems is a complicated procedure that must
satisfy many constraints. The classification, the order of the use of the

information, the prioritization of the constraints, and the method with which
the machine processes the tests of these conditions is called metacognitive
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organization. It is the knowledge on knowledge or the organization of
knowledge (Ref. 12].

This metacognitive organization is essential for the efficicncy and the speed of
reasoning. This is especially true if the KBOSD possesses a large number of
rules. Supposing that the assembly procedure must satisfy five conditions, the
first is the most complicated one. It has the least chance of success as the
conditions are classified (according to heuristics } in the order of decreasing
complexity and with the probability of growing success.

Example 35.2-1;

The following Prolog clause represents an optical system, concave-convex dou-
blet:

lens( Optical_Power, Transversal_Magnification, 1,1} -
wavelength( [Lambdal, Lambda2]),
use_cancavecanvex( Optical _Power, Transversal_Magnification, !, Dia-
meter),
concaveconvex_doublet( Optical Power, Thickness, Radiusi, Radius2,
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
output_doublet_lens(Optical_Pawer, Thickness, Radius!, Radius2,
Radius3, Radius4, Refractive_Index!, Refractive_Index2,
Glass_Namel, Glass_Namc2, Diameter, Lambdal , Lambda2, Separa
tign),
stapsurface{Pasition, Diameter_entree).

The first function is to look at rule one, then rule two, and then rule three as
below:

The first of these rules is the most imporiant to verify and it has the greatest
chance of failing; if it fails, one looks for an altemative, otherwise one stops.
In this way, one avoids supplementary work on the machine; in the event that
it succeeds, the following rules (rules two and then rule three) have a greater

possibility of success. Such a strategy assists us avoid unnecessary calcula-
tions.

353 Interconnections Between the Components of the KBOSD

Each of the cognitive areas possesses agents containing informations on:

. their own compaosition
. the functions for which they are designated
. the method necessary to accomplish these functions
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Thus a cognitive area knows where to find the information to accomplish its
tasks while it does not know who it must serve. It always stands at the
disposition of the other cognitive areas that will call on it. These cognitive
agents represent the interconnections betwecn the diverse cognitive areas.

For example, the cognitive area triplet can call on the cognitive areas singlet,
donblet or assemblage constraints. 1t possesses all the links with the objects it
needs. On the contrary, it does not know that it can be called on by telescopic
optical systems or other objects (see Fig. 3.5.3). By the same token, the
cognitive area of the simple lens has the right to call for the cognitive area
" calculation of an optical area or assembly constraints but it does not know that
it can be called upon by the objects such as doublets, triplets, or telescopic
systems. ! ' '

In summary, the interconnections within the KBOSD is as follows. Each object
contains its own function, composition and path to look for what it needs. In ¢x-
change, the object is always rcadily available for all objects calling on it.

Q elescopic Optical Systems )

A

L Assembling constraints )

Singlet

Calculation of optical
element
T (Calcu]ation of curvature J

Calculation of a power radius
of an optical surface

(Elemenwry optical knowledge )
Fig. 3.5.3 Example of Simplified Interconnections Model
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Example of Interconnections:

kepler_telescope (Tronsversal Magnificotion, Longueur) :-
relation (Length, Optical Powerl, Optical_Power2),
three_different_wavelength{L1, L2, L3},
entrance_optical_system{Optical Powerl),
exit_optical_system{Optical_Power2).

This supposes that one is going to generate a Kepler type telescope used at
three wavelengths, The Kepler telescope block calls on the doublet block and
the triplet block, which has recourse in its turn to a doublet assembly block
and a triplet assembly block.

This assembly block calls on a simple lens block, a singlet, that selicits the
optical surface function. Thus, one sees that during the assembly of an optical
system, it is repeatedly decomposed into simple elements that satisfy iis
physical and geometrical conditions.

36 The Reasoning of the Computer to Solve an Optical Problem

The KBOSD functions with a backward-chaining inference engine (for
more details see chapter 2). Once a goal is selected, the rules concerning this
goal will be activated. This goal is then divided into sub-goals intreduced by
the conditions of the rule and one anempts to prove them. One fixes the
hypothesis used by the rule of the premise-conclusion to go back to the facts
in accordance with this hypotheses.

The role of the inference engine in the KBOSD permits [Ref, 21]:

the asking of questions

relating the facts and the rules

possibly unifying the clauses among themselves

possibly determining values

always finding a solution (sending "no solution available” is a
solution),

. backtracking to find all solutions

To determine an optical system, our KBOSD begins by (see figure 3.6).

. calculating the opto-geometrical parameters of the optical system.

. {possibly) testing the compatibility of these parameters

. recognizing the conditions and the context of utilization of the optical
. Sysiem.

. identifying the optical system

. assembling the different components of the optical system
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. outputing the data of the optical system

If one of these goals fails, the inference engine backtracks while identifying
the cause of the failure and then looks for another alternative to satisfy this
goal.

@lcul(Focal_length, Magnificatiom, 1.1, z, 2) )

¥

test(Focal_length, Magnificatiom, 1,1, z, z),
corrections

Y
Determine the use context of the
optical system

Optical knowledge base )

/

Afocal telescopic
optlcal systems

™~

( Optical glass selection )

— T~y

Focal optical systems

Qutput data of the Qutput of focal optical systems:
telescopic optical systems: triplet, doublet, singlet,

kepler or galilean type; high-aperture lenses and
‘corrected at I, 2 or 3 : polychromat corrected at 1, 2, or
wavelengths. 3 wavelengths.

Fig. 3.6 Reasoning of the Computer to Determine an Optical System
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. Determining a goai to calculate an optical system calls upon a cognitive area,
This cognitive area, in order to satisfy its needs, calls on these optical sub-sys-
tems until an elementary cognitive area, such as a cognitive cell 1s reached.
The cognitive cell is an clementary knowledge area. Here is an example: The

_calculation of the curvature radius of an optical surface aside from its optical
power as displayed in Fig. 3.5.2. First, we solve the sub-problem , then the
problem, followed by the solution of the block, and finally the block is
manipulated.

3.7 Conclusions
The representation and the organization of the aptical knowledge structure of

independent blocks equipped with mterconnccuons to execute their functions
has many advantages:

. each block is independent

. a block can be modified without touching the rest of the KBGSD

. new knowledge blocks can be added in case of the acquisition of
additional knowledge

. blocks can be manipulated to compose new optical systems

. it tests the exactitude and the coherence of new clauses while inserting
them into the knowledge base in the form of blocks

‘ it avoids useless calculations: it uses the power of reasoning, and not

the power of calculation.
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4.4 Introduction

This chapter includes several examples generated by the Knowledge
Based Optical Systems Design (KBOSD) that have been chosen to illus-
trate the capability of the KBOSD and some situations that arise in the
optical design. The optical systems reported in this chapter are entirely
-prodoced by the KBOSD and optimized by the design and optimization
program Sigma-PC [Ref. 17). We have introduced some constraints on
glass, opto-geometrical and physical properties of the optical system,
then the KBOSD generated the optical start system.

Examples of some of the constraints on the glass:

. optical propenies like dispersion, transmittance...

. chemical properties like dimming, staining, latent scratch,
acid resistivity...

. mechanical properties like knoop hardness, abrasion
factor...

. thermal properties like transformation temperature, thermal
cxpansion...

The optical start systems generated by the KBOSD are optimized and
analyzed with the Lens Design Program Sigma PC. Some of these optical
systems are reported below as examples.

4.1 Data and Analysis of a Doublet Lens

This doublet lens is designed at the wavelength of 588 nm, it has a front fo-
cal length of 100.0 mm, a back focal length of 97.18 mm, a clear diameter
of 20 mm and an entrance pupil diameter of 19 mm. The object is supposed
to be at infinity. The nurmerical aperture is 0.095.

This doublet lens is obtained as the resnlt of the optimization of the start
system doublet prodncad by KBOSD and displayed at section 4.1.0.

It is useful to compare this doublet lens produced by the KBOSD with the
doublet given in [Ref, 5 page 172).

This donblet lens consists of four spherical surfaces (TYPE S), the last sur-
face is the image plane. As materials BAF3 and SF15 are used. The refrac-
tive indices (Index], Index2, Index3) for the wavelengths 588 nm, 656 nm
and 488 nm respectively, are given.
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4.1.1.0 Data of the KBOSD Doublet Lens Start System

The doublet Jens shown in Fig. 4.1.1.2 is proposed by the KBOSD as start
system doublet lens.

If one enters the following predicate, calcul(100.0,Magnification, L, L/,
Z, 7", to KBOSD, then, you will get the data of this doublet lens is ob-
tained. The predicate calcul(100.0, Magnification, L, L', Z, Z) is ex-
plained in chaptres 2 and 3.

Displayed below, are the data of the doublet lens before optimization. It
has a focal length of 100) mm and should be used at the wavelength 656.3
nm. It is sapposed to be corrected for the chromatic aberrations at the
wavelengths 656.3 nm and 587.6 nm. During the optimization process, the
curvature radii, the thickness 1 and thickness 2 and the separation are
variables. The type of optical glasses used for the singlet lens must be
fixed during the optimisation.

EFL= 100.0000 [mm]
KBOSD Start System Daoublet Lens File: KBOSD Start System Doublet Lens

WLI1 =0.000588 [rmm]
WL2 = 0.000656 [mm]
WL3 =0,000488 {mm]

# Type Curve Sep. Indexl Index2 Index3 Dispn. Clr. Rad Glass
1 8 0024135 0.000 1.000000 1.000000 1.000000 0.000000 10.00
2 8§ -0.024135 4.143 1.582668 1.578932 1.591255 0.012323 10.00 BAF3
3§ -0.025936 0.000 1.000000 1.000000 1.000000 0.000000 10.00
4 8 0000000 2.000 1.698946 1.692210 1.715041 0.022831 1000 SFI5

4,1.1.1 Data of the Donblet Lens

After five iterations by the optimization program, the merit function
converges to zero, the data of the start system doublet lens displayed
above (in section 4.1.0) are optimized to the data below.

EFL= 100.0000 [mm]
KBOSD Doublet Lens File: Doublet Lens

WL1 = 0.000588 [mm]
WL2 = 0.000656 [mm]
WL3 = (.000488 [mm]

Type Curve Sep. Index]  Index2 Index3 Dispn.  Clr. Rad Glass
S 0.015399 0.000 1.000000 1.000000 1.000000 0.000000 10.00

§ -0.028406 3.698 1.582668 1.578932 1.591255 0.012323 10.00 BAF3
§ -0027862 0.000 1.000000 1.000000 1.000000 0.000000 10.00

S -0005725 2.000 1.698946 1.692210 1.715041 0.022831 10.00 SF15
S 0.000000 97.184 1.000000 1.000000 1.000000 0.000000 1.77 .
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The table below contains the doublet lens information in term of radius,
separation between sorfaces, clear diameter and material. If a surface is
plane, its radius is infinity. All the data are in mm.

EFL= 1000000 [mm]

KBOSD Doublet Lens File: Doublet Lens
Radius(mm] Sep. (mm] Clear diameter Material
64.939 20.00
3.698 BAF3
-35.204 2000
0.000 Air
-35.892 20.00
2.000 SF15
-174.687 20.00
97.184 Air
Image Plane 3154

4.1.1.2 Drawing of the Donblet Lens
Displayed below is the drawing of the KBOSD doublet lens after optimization.

] —
W

Fig. 41.1.2  Drawing of the KBOSD Doublet Lens after OPtimization

4.1.1.3 Doublet lens(Kingslake) from the Literaure

The example displayed below, is a doublet lens from the optical design
literature, [Ref. 5, page 172]. It is optimized and analyzed according to
M. Kidger [Ref. 17, page 1.3]. This doublet lens is reported in order to
give some comparative ideas on the quality of the doublet lens produced
by the KBOSD.

Note that, This doublet is analyzed at the same scale as the doublet lens
produced by the KBOSD.
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4.1.1.4 Data of the Kiungslake Doublet

Displayed below is the data of the Kingslake doublet lens. This deublet is
composed of two single lenses, an asymetric biconvex singlet and a plano-
concave singlet.

EFL= 103.6652 [mm] .
Kingslake Donblet Page. 172 File: Kingslake Doublet Page. 172

WL1 =0.000588 [mm]
WL2 =0.000656 [mm]
WL3 = 0.000488 [mm]

Type Curve Sep. Index]  Index2 Index3 Dispn.  Clr. Rad Glass
S 0.015090 0.000 1.000000 1.000000 1.000000 0.000000 10.00
S -0.022460 3.200 1.563838 1.561010 1.570287 0.009276 10.00 SK11
S -0.005235 1.500 1.666796 1.660%00 1.681110 0.020210 10.00 SFI9
S 0.000000101.279 1.000000 1.000000 1.000000 0.000000 10.00

4,1.1.6 Analysis of the Kingslake Donblet
In this section one reports on the analysis of the Kingslake doublet.

4.1.1.6.1 Transverse Ray Aberrations of the Kingslake
Doublet

Displayed below is the transverse ray aberrations of the Kinsglake dou-
blet lens [Ref. 5, page 172].

TRANSUERT ABERRATIONS 82-13-1987
l Pan H axrs '
i
i
Jan 1.9 deg 0.e200 Sag
.

Fig. 4.1.1.6.1 Transverse Ray Aberrations of the Kingslake
Doublet

4.1.1.6.2 Spot Diagrams of the Kingslake Doublet

Displayed below are the spot diagrams of the Kinsglake doublet lens
[Ref. 5, page 172].
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Fig. 4.1.1.6.2 Spot Diagrams of the Kingslake Doublet

4,1.1.6.3 Modulation Transfer Fanction Analysis of the
Kingsiake Doublet

Displayedd below is the modulated optical transfer function of this
Kingslake doublet lens.
Yite XIWCILAKE DOUELET PACE 172

CIMEIRICOL NTY Max Freq = 100 HRI-FOCHS CEOMETRI
DIefocus= 0.0600 u:..:‘.ensss MJ: 50 From -0.:09%0"25.1“

o —— L‘-—\ﬁt . T A -k S EH
.t —'--._._:: -mm‘
S — PR | Sra e Ly y 3
E A...,__.’:': '-1.‘#31?—\

R2-19-1987

T

Fig. 4.1.1.6.3 Modulation Transfer Function Analysis of the
Kingslake Doublet

4.1.2 Analysis of the Doublet Lens
This analysis contains the third-order aberrations or Seidel abetrations,

the transverse ray aberrations, the optical path differcnce curves, the

spot diagrams, the geometric transfer function and the diffraction
transfer function [Ref. 4].

4.1.2.1 Third-Order Aberrations of the Doublet Lens

In this section we report the Seidel (third-order) aberrations [Ref. 4].
The Lagrange invariant is n.u.h = n'u'h',
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Where n, n' are the refractive indices in the object space and image
space, u.and u' are the paraxial angles, h and h ' are respectively object
and image height.

The meanings of the variables used are explained in the table below:

H paraxial marginal ray height
u paraxml marginal ray angle
A is n.i (i angle of incidence for the marg'mal ray)

ABAR is n.ibar (ibar = angle of incidence for the chief ray)
HBAR paraxial chief ray height

UBAR paraxial chief ray angle

SpherAb.  Seidel spherical aberration

Coma Seidel coma

Astig. Seidel astigmatism

FCurv.: Seidel field curvature (Petzval sum = FCurv.sz)

Distort. Seidel distortion

LChroma. Seidel longitudinal chromatic aberration

TChroma. Seidel transverse (lateral} chromatic aberration or lateral color

A complete list of symbols is located at the begining of this text. The first
table give the values of the parameters (H, U, HBAR, UBAR, D(U/N), A
and ABAR) at each surfaces.

KBOSD Doubiet Lens File: Doublet Lens
Lagrange Invariant = -0.1658

H U HBAR UBAR  D{UMN) A ABAR
9.50000 0.00000 0.00000 0.01746 -0.03403 0.14629 0.01746
9.30083 -0.05386 0.04079 0.01103 -020515 -0.50338 0.01562
9.30083 -0.23918 0.04079 0.01678 {.21907 -0.49832 0.01564
©.23248 003417 0.06147 0.01034 -0.07489 -0.14785 0.01698

-0.09500 0.01733

SpherAb. Coma Astig. FCurv. Distort.  LChroma. TChroma.
0.006919 0.000826 0.000098 0.000156 0.000030 0.010821 0.001291
0.483497 0015004 0.000466 0.000288 -0.000023 0.036454 -0.001131
-0.505952 0015883 -0.000499 -0.000315 0.000026 -0.062282 0.001955
0.015114 0001735 0.000199 0.000065 -0.000030 0.018344 -0.002106

-0.000423 -0.000031 0.000265 0.000193 0.000002 0.003336 0.000009

The second table shows the surface contributions to the Seidel aberra-
tions. The final line shows the sum of the individual surface contribu-
tions. Observe the values of SpherAb., Coma, Astig., FCurv., Distort.
and TChroma. in the final line, they indicates that this doublet has very
small third-order aberrations.
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4.1.2.1.0 Third-Order Aberrations of the Doublet Lens Start
System

Displayed below are the third-order aberrations of the doublet lens start
system before the optimization.

Note the low values of the third-order aberrations of this doublet lens
start system. The longitudinal and transversal chromatic aberrations dis-
played in the last line of this table as well as the distorsion are zero. It is a
good start system for optimization. '

KBOSD Doublet Lens Start System File doublet  D0:39:39 06-12-1991
Lagrange invariant = -0.1658

H U HBAR UBAR DUMN) A ABAR

9.50000  0.00000  0.00000 0.01745 -0.05334  0.22929 0.01746

9.16741 -008441 0.04345 0.01103 -0.20919 -0.48379 0.01580

916741 -0.26252 0.04345 0.01684 0.22915 -0.50030 0.01572

9.05400 -0.05670 0.06421 0.01038  -0.06296 -0.09633 0.01763
-0.09633 0.01763

SpherAb, Coma Astig. FCurv. Distort.  LChroma. TChroma,
0.026639 0.002028 0.000154 0.000244 0.000030 0.010821 0.001291
0.448840 - 0.014654 0.000478 0.000244 -0.000024 0.036454 0.001131
-0.525802 0.016518 -0.000519 -0.000293 0.000026 -0.062282 0.001955
0.005280 -0.000968 0.000177 0.000000 -0.000032 0.018344 -0.002106

-0.045033  0.002924 0.000291 0.000195 -0.000000 0.000000 0.000009

4.1.2.2 Transverse Ray Aberrations of the Doublet Lens

In this scction we report plots of transverse ray aberration as a function of
apcrture, as shown below.

WL= .0DDSBB
Git0mn AXIS
TAHGENTIAL
GiG0ma  1.00deg .0100ma 1.‘5W|
TANGENTIAL smxﬂ

Fig.4.1.2.2 Transverse Ray Aberrations of the Doublet Lens
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The top left curve shows the transverse aberrations of rays in the tangential
plane {or y, z plane), on-axis.

In the bottom the axial plot, we see the aberrations at 12 off-axis. On the left
we have the tangential aberrations; the sagittal aberrations are shown on the
right. The scale for the aberrations is 0.01 mm. The plots can be repeated
for three wavelengths, in this case the transverse ray aberrations is plotted at
588 nm.

4,1,2.3 Optical Path Differences of the Doublet Lens

Below the Optical Path Difference (OPD), otherwise known as wave front
aberration, is plotted.

OPTICAL PATH DIFFERENCES

KBOSO OOUBLET File 10-01-1980
WL= . 000588 DEFDCUS =~ 0.0000
NiGEE AXTS
TANGENTIaL|
h0D5ea 1.d0dep .0005as~ 1.000e0
TANGENTIAL] SAGITTAL)

Fig. 4.1.2.3  Optical Path Differences of the Doublet Lens

This plot is for the wavelength 588 nm. The OFPD scale is 0.0005 mm,

4.1.2.4 Spot Diagrams of the Donblet Lens

In this section we report a plot of the spot diagrams. The scale for the spot
diagrams is indicated on the top left, it is the same as the scale for the trans-
verse ray aberrations. The spot diagrams are plotted in five image positions,
separated by a z-increment (Inc = 0.05 mm). The central set of spot diagram
is in the focal position determined by a paraxial ray trace,
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Fig. 41.2.4  Spot Diagrams of the Doublet Lens

The spot diagrams are shown at the field angele positions on axis and at 1%

4.1.2.5 Modulation Transfer Function Analysis of the Doublet Lens

In this section one reports on the analysis of the KBOSD donblet lens.

" 4.1.2.5.1 Geometric MTF Table and Thru-focus Geometric

MTF of the Doublet Lens

In this section one reports on the geometric MTF, the Thru-focus geometric
MTF and the diffraction MTF.

Focal Plane GOTF Tables

KBOSD Doublet Lens File: Doublet Lens

Defocus = 0.0000 {mm)]

Back focus = 97.184 [mm]

Wavelength = 0.0005876 [mm]

Axis . 1.00 Deg

T S T S
- Frequency ‘

10.00 0962 0962 © 0954 0.961
20.00 0924 0924 0.892 0.921
30.00 0.885 0.885 0.817 0.879
40.00  0.845 0.845 0732 (.835
5000 0.805 0.805 0.641 0.790
60.00 0765 0.765 0.546 0.745
70,00 07925 0725 0.453 0.699
80.00  0.685 0(.685 0362 0.652
90.00  0.645 0645 0278 0.606
100.00 0.606 0.606 0.202 0.561
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If we compare this table with the diffraction MTF table, we observe that
the geometric values differ by 0.02 of the diffraction values. Such differ-
ences indicate that the geometric result is inaccurate, the geometric MTF
is an approximation of the diffraction MTF.

Flle DOURLET XNCED BOUSLEY 18-83-1998

GEOMETRICAL WIF  Kax Frog = 1M THRU-FOCUS GEONSTRICAL NT?
Bolocus= 6,000 ms  Wl.- EOOSE3| Proqc 8 Prom-€.1000 To B.1000

Fig.4.1.2.5.1 Geometmc MTF and Thru focus Geomemc MTF of
the Doublet Lens

On the left we have the conventional Geometric MTF curves, as a func-
tion of the spatial frequency, at each field position. In this case the
diagrams are plotted at a spatial frequency of 100 lines/mm, at the
wavelength 588 nm and at a defocus of zero mm.

On the right we have the thru-focus Geometric MTF, as a function of varia-
tion of the focal plane, at a fixed spatial frequency (Frequency = 50 lines/mm),
over the same range of image positions as in the spot diagrams.
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4.1.2.5.1.0 Geometric MTF and Thru-focus Geometric MTF
of the Doublet Lens Start System

GEGMETRICAL MIT  Max Freq = 109 THRU-FOCUS CEONETRICAL WTF
Defocus= ©.0000 wa  L.= 000388 | Freq = 5¢ From -0.1060 To 0.1008

R TR (S IFs
kw\ k\ | ] :
v ] [t ] e e

t""'--."&\""‘-‘."a::’ I
‘.Elvi,s.ﬁl..}4"‘.{!li‘.€$€~5\"'§#”.”.3..

— "

-4
-4
-4
p
-
-
.

Fig.4.1.2.5.1.0 Geometric MTF and Thru-focus Geometric MTF of
the Doublet Lens Start System before Optimization

4.1.2,5.2 Diffraction MTF of the Doublet Lens

KBOSD Doublet Lens File: Doublet Lens
Defocus = (.000 [mm]
Back focus =97.184 [mm]
Wavelength = 0.000588 [mm]
Axis 1.00 deg
Frequency [Y/mm] S T
. 10,000 0.560 0.960 0.952
20.000 0.920 0.918 0.892
30.000 0.879 0.875 0.824
40.000 0.839 0.831 0.752
50.000 0.798 0.787 0.679
60.000 0.758 0.743 0.609
70.000 0.719 0.700 0.542
80.000 0.680 0.658 0.481
90.000 0.641 0.616 0.426
100.000 0.603 ’ 0.576 0.378

4.2 Data and Analysis of a Singlet Lens

This singlet lens is designed at a wavelength.of 656 nm and has a front focal
length of 110.0 mm and a back focal length of 108.12 mm. It has a clear di-
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ameter of 20 mm and an entrance pupil diameter of 18 mm. The object is
supposed to be at infinity. The numerical aperture is 0.082.

4.2.0 Data of the Singlet Lens Start System

The singlet lens shown below is produced by the KBOSD as a start system.
1t has a focal length of 110 mm and should be used at the wavelength 656
nm. :

During the optimisation process, the curvature radii are variables. The
type of optical glass used for the singlet lens must be fixed during the
optimization.

EFL= 110.0001 [mm]
KBOSD Singlet Lens Start System File: KBOSD Singlet Lens Start System

WL = 0.300656 [mm]

# Type Curve Sep. Index] Irndex2 Index3 Dispn.  CIr. Rad Glass
1S 0013006 0000 1.000000 1.000000 1.000000 0.000000 10.00
28 0000000 2.653 1.692210 1.652209 1.692211 0.000002 10.00 SFI13

Afier 5 iterations, the merit function decreased, but not to zero. The data
displayed in section 4.2.1.] are results of the optimization.

4.2.1.1 Data of the Singlet Lens

Displayed below is the data.(in terms of surfaces curvature) the optimized
KBOSD singlet lens.

EFL= 110.000 [mm]
KBOSD Singlet Lens File: Singlet Lens

‘WLI = 0.000656 {mm]
Type Curve Sep. Index] Index2 Index3 Dispn. Clr Rad Glass
0.013227  0.000 1.000000 1.000000 1000000 0.000000 10.00

#
138
2 5 0.000095 2,600 1.692210 1.692209 1.692211 0.000002 10.00 SFl5
3§ 0.000000 108.123 1.000000 1.000000 1.000000 0.000000 3.91

Displayed below is the data(in terms of curvature radii} of the optimized
KBOSD singlet lens.

EFL= 110.000 [mm]

KBOSD Singlet Lens File: Singlet Lens
Radiusfmm] Sep. [mm] Clear diameter Material
75.603 20.00
2.600 SF15
10510.539 20.00 .
108.123 Air
Image Plane 7.82
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4.2.1.2 Drawing of the Singlet Lens

Displayed below is the drawing of the optimized KBOSD singlet lens. Such
as a singlet lens has the minimum of aberrations(heuristic),

Fig. 42.1.2 Drawing of the KBOSD Singlet Lens after Optimization

4.2.2 Analysis of the Singlet Lens

In this section one reports on the analysis of the optimized KBOSD singlet
lens.

4.2.2.1 Third-Order Aberrations of the Singlet Lens

Displayed below are the third order aberrations of the KBOSD singlet lens
after optimization.
KBOSD Singlet Lens File: Singlet Lens
Lagrange Invariant = -0.3143
H U HBAR  UBAR DUMN) A ABAR
9.00000 0.00000 0.00000 0.03492 -0.02878 0.11904 003492
B.B7339 -0.04870 0.05365 (.02064 -0.05304 -0.0R097 0.03493
-0.08182 0.03492
SpherAb. Coma Astip. FCurv. Diston. LChroma. TChroma,
0.003670 0.001077 0000316 0.000534 0.000249 0.000001 0.000000
0.003086 -0.001331 0.000574 -0.000004 -0.000246 0.000001 -0.000000

0.006756 -0.000255 0.000890 0.000531 0.000003 0.000002 0.000000

The summa of the third order aberratious is displayed at the last line.
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4.2.2.2 Transverse Ray Aberrations of the Singlet Lens

Displayed below are the transverse ray aberrations of the KBOSD singlet
lens after optimization. These transverse ray aberrations are plotted at the
image plane under the following parameters:

. wavelength 656 nm

. field angle positions axis, 12 and 2°
. aberrations scale 50 pm

. sagittal and tangential planes.

THANSVERSE RAY ABERRATIONS
KBOSD SINGLET File SINGLET 10-04-1990
W= 000656 _ UEFOCUS = -.3300

- 0500an AXLS

\.
i Sy
TANGEMTIAL]
.0500am  1.00deg TOKD0mm  1.G0deg
\._ ) M g
N N
TANGENTIAL SAGITTAL

. N .
\ -05D0am 2.0D0deg +05008n a.Einug

N ~J

TANGENTIAL) SAGITTAL

Fig.4.2.2.2  Transverse Ray Aberrations of the KBOSD Singlet [ens after
Optimization

4.2.2.2.0 Transverse Ray Aberrations of the Singlet Lens Start
System
Displayed below is the transverse ray aberrations of the KBOSD singlet lens

before the optimization. This transverse ray aberrations are plotted under
the same parameters as in section 4.2.2.2 above.
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Fig.4.2.22.0 Transverse Ray Aberrations of the Singlet Lens Start
System :

4.2.2.3 Optical Path Differences of the Singlet Lens

.Displayed below is the optical path differences of the KBASD singlet lens
after optimization. These optical path differences are plotted under the
following parameters:

wavelength 656 nm

scale 500 nm

field angle positions axis, 1 2and 2 ©
sagittal and tangential planes
defocus of -0.33 mm.

* 8 & & @
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OPTICAL PATH DIFFERENCES
KBOSD SINGLET File SINGLET 10-01-1990
¥i= 000656 OEFOCUS = -.3300

. 0oosw AXIS

\/
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Fig. 4.2.2.3 Optical Path Differences of the Singlet Lens

4.2.2.4 Spot Diagrams of the Singlet Lens

Displayed below are the spot diagrams of the KBOSD singlet lens after
optimization. These spot diagrams are plotted under the following
parameters:

. wavelength 656 -
. scale 50 pm
. field angle positions axis, 1% and 2 2,
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Fig. 4224  Spot Diagrams of the Singlet Lens
4.2.2.4.0 Spot Dingrams of the Singlet Lens Start System
Displayed below are the spot diagrams of the KBOSD singlet lens before

the eptimization. These spot diagrams are plotted under the same
parameters as in section 4.2.2.4.

TILE singlet TRESD Start Susten Singlet lens BE-11-15%
— ©.85880m Def=(, 208 Tnc=@, 568
-B.1000 -0.9:0 6,868 9,050 0,169

Fig. 4.2.2.40 Spot Diagrams of the Singlet Lens Start Systemn before
Optimization
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4.2.2.5.0 Focal Plane GOTF Tables of the Singlet Lens Start
System

Displayed below, is the result of GOTF analysis of the singlet lens start sys-
tem before optimization. The result of the GOTF after the opnmlzatlon are
dispalayed in the section 4.2.2.5 below.

FOCAL PLANE GOTF TABLES .
KBOSD Start Systemn Singlet Lens  File KBOSD Start System Singlet Lens 12,06.1991
defocus = 0.000 [mm]
back focus = 109.5 [mm]
WL = 0.0006563 [mm]
Axis 1.00 Deg 2.00 Deg
T § T S T S
Frequency [/mm]
5.00 0.889 0.889 (0.858 0Q.876 0.743 0.832
1000 0.656 0.656 0570 0.618 0314 0.501
15.00 0.421 0.421 0319 0.373 0.127 0.246
20.00 0.278 0.278 0.211  (.243 0.125 0172
25.00 0.243 0.243 0.209 0.224 0.098 Q.189
3000 0.258 0.258 0211 Q.241 0050 0.166
3500 0.252 0.252 0.162 0.216 0.042 0.091
4000 0200 0.200 0.100 0.148 0.064 0.046
45.00 0.132 0.132 083 0.091 0.029 0.078
50.00 0.099 0.099 0.106 0.092 0.064 0.124

4.2.2.5 Focal Plane GOTF Tables of the Singlet Lens

Displayed below are the geometric optical transfer function at the focal
plane of the KBOSD singlet lens after optimization,

KBOSD Singlet Lens File: Singlet Lens
Defocus ©  =-0.330 [mm]
Back focus = 108.123 {mm]

Wavelength = 0.000656 [mm)]

Axis 1.00 Deg 2.00 Dep
T S T S T S
Frequency {Y/mm]

5.00 0.948 0.968 0.965 0.968 0922 0.959
10.00 0.917 0917 0.904 0914 0.760 0.881
15.00 0.848 0.847 0.8324 0.842 0.577 0.781
20.00 0.765 0.765 ‘ 0.732 0.757 0.436 0.672
25.00 0.673 0.672 0.636 0.664 0.360 0.569
30.00 0.575 0574 0.543 0.567 0.334 0.483
35.00 0.476 0475 0.459 0.473 0325 042]
40.00 0.380 0.378 0.389 0.385 0.310 0.38]
45.00 0.290 0.289 0.333 0.306 0.283 0359
50.00 0.210 0.208 0.23¢ 0.238 - 0255 0.345
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4.2.2.6 Geometrical MTF and Thru-focus Geometrical MTF of
the Singlet Lens

Displayed below are the geometrical modulate transfer function and the
thru-focus geometrical modulated transfer function of the KBOSD singlet
after optimization. These diagrams are plotted under the following
parameters;

spatial frequency 50 lines/mm

field angle positions axis, 1% and 2¢
sagittal and tangential planes

thru-focus spatial frequency 25 lines/mm

?ilo SINGLET E303) BINGLEY 18-83-199

THILH-FOCUS GROMETRIONL NTP
5 JFron-5.00 I 0.0

M“LNH [

) _—-—...M 'MM

Fig. 42.2.6  Geometrical MTF and Thru-focus Geomctrical MTF of
the Singlet Lens

4.3 Data and Analysis of a Two Reversed Doublet

This two syrﬁmetrical reverscd doublet is designed at a wavelength of
588 nm and is used as a high-aperture lens. It has a EFL = 97.93 mm, a
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clear diameter of 36 mm and an entrance pupil diameter of 31 mm. It
gives the image of an object of 6 mm height and sitnated 190 mm to the
left of the first surface. The magnification is equal to unity. Such an opti-
cal system is powerful if it is used at a magnification near unity. Because
of symmetry, many third order aberrations will be rednced, see for in-
stance Coma, Distort., TChroma. in the third-order aberration table be-
low.

43,10 Data of the Two Reversed Doublet Start System

Displayed below is the the dara of the reversed deublet as proposed by the
KBOSD.

EFL = 94.722 [mm]
KBOSD REVERSED Doublet Lens File: REVDOUB

Object Distance =  190.0005 [mm)]
WLI1 =0.000588 [mm]

WEL2 = 0.000656 [mm]
WL3 = 0.000656 [mm]

=

ype Curve Sep. Index] Index2 Index3  Dispn. Clr,Rad Glass

Plane 0.000 1.000000.1.000000 1.000000 0.000000 18.00
0.020449 2.000 1.648306 1.642708 1.661527 0.018819 18.00  SF12
0.015666 (.000 1.000000 1.000000 1,000000 0.000000 18.00
-0.013666 7.500 1.582668 1.578932 1.591255 0.012323 18.00  BAF3
0.015666 0.000 1.000000 1.000000 1.000000 0.000000 18.00
-0.015666 7.500 1582668 1.578932 1.591255 0.012323 18.00 BAF3
-0.020449  0.000 1.000000 1.000000 1.000000 0.000000 18.00

Plane 2.000 1.648306 1.642708 1.661527 0.01881%9 18.00  SF12

=N R R PR S e
Nntntnnninin

4.3.1.1 Data of the Two Reversed Doublet System

Displayed below is the data of the KBOSD reversed doublet after the opti-
mization, this data are displayed in terms of curvatures of the surfaces of the
lens. ' :

EFL = 97.9305 {mm)]
KBOSD REVERSED Doublet Lens File: REVYDOUB

Object Distance = 190.0005 [mm]

WL1 =0.000588 [mm]
WL2 = 0.000656 [mm]
WL3 = 0.000656 [mm)]

Type Curve Sep. Index] IndexZ Index3  Dispn.. Clr. Rad Glass
1 5 -0.002976 ©.000 1.000000 1.000000 1.000000 0.000000 18,00

S 0.018643 2.000 1.648306 1.642708 1.661527 0.018819 1800  SF12

S 0.018852 0.000 1.000000 1.000000 1.000000 0.000000 18.00
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4 5 -0.013598 7.500 1.582668 1578932 1.591255 0.012323 18.00  BAF3
5§ 0.013598 0.000 1.000000 1.000000 1.000000 0.000000 18.00

6 S -0.018852 7.500 1.582668 1.578932 1.591255 0.012323 18.00 BAF3
7 8 -0.018643 0.000 1.000000 1.000000 1.000000 0.000000 18.00

8§ 5 0002976 2.000 1.648306 1.642708 1.661527 0.018819 18.00 SF12
9 §  0.000000190.000 1.000000 1.000000 1.000000 0.000000121.38 '

Displayed below is the data of the KBOSD reversed doublet after the opti-
mization, this data are displayed in terms of curvature radii of the lens.

EFL = 97.9305 (mm]
KBOSD REVERSED Doublet Lens File: REVDOUB

Object Distance = 190,0005 [mm)

Radiusfmm] Sep. [mm] Clear diameter  Material

-335.979 : 36.00
2.000 SF12
53.640 36.00
0.000 Air
53.044 . 36.00
7.500 BAF3
-73.540 36.00
0.000 Air
73.540 36.00 |
1.500 BAF3
-53.044 36.00
‘ 0.000 Air
-53.640 36.00
2.000 SF12
335.979 36.00
~190.000 Air
Image Plane 10.76

4.3.2.2 Drawing of the Two Reversed Doublet
Displayed below is the drawing of the KBOSD reversed doublet after op-

timization. The data of this reversed doublet are displayed in section
4.3.2.1 above.

94



T —

=
—— |

Fig. 4.3.2.2 Drawing of the Two Reversed Doublet after Optimization

4.3.2 Analysis of the Two Reversed Donblet

In this section one reports on the analysis of the two reversed doublet after
optimization.

4.3.2.1 Third-Order Aberrations of the Two Reversed Doublet

Displayed below are the third order aberrations of the reversed doublet
lens proposed by the KBOSD.

KBOSD REVERSED Doublet Lens File: REVDOUB
Object Distance = 190.0005 [mm]
Lagrange Invariant= -0.2400

H U HBAR UBAR DQ/N) A ABAR
-15.20004 -0.08000 0.08977 -0.01532 0.03976 -0.03476 -0.01558
-15.33270 -0.06633 0.07139 -0.00919 -0.25441 -0.58049 -0.01295
-15.33270 029465 0.07139 -0.01428 024425 -0.58370 -0.01294
-15.93085 -0.07975 -0.00000 -0.00952 0.05039 0.21663 -0.01507
-15.93085 -0.00000 -0.00000 -0.01507 0.05039 -0.21663 -0.01507
-15.33270  0.07975 -0.07139 -0.00952 0.24425 0.58370 -0.01294
-15.33270  0.29465 -0.07139 0.01428 .025441 0.58049 -0.01295
-15.20004 0.06633 -0.08977 -0.00919 0.03976 0.03476 -0.01558
0.08000 -0.01532 :

SpherAb. Coma Astig. FCurv. Distort.  LChroma. TChroma,
0.000730 0.000327 0.000147 -0.000067 0.000036 0.006032 0.002705
-1.314437-0.029323 -0.000654 -0.000422 -0.000024 -0.101620 -0.002267
1.275979 0.028276 0.000627 0.000400 0.000023 0.069684 0.001544
0.037673 -0.002620 0.000182 0.000288 -0.000033 0.026871 -0.001869
0.037673 0.002620 0.000182 0.000288 0.000033 0.026871 0.001869
1.275979 -0.028276 0.000627 0.000400 -0.000023 0.069684 -0.001544
1.314437 0.029323 -0.000654 -0.000422 0.000024 -0.101620 0.002267
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0.000730 -0.000327 0.000147 -0.000067 -0.000036 0.006032 -0.002705
-0.000110 0.000000 0.000603 0.000397 0.000000 0.001933 -0.000000

Note the low values of the summaf(iast line) of these third order aberrations.

4.3.2.2 Transverse Ray Aberrations of the Two Reversed Doublet

Displayed below are the transverse ray aberrations at the image plane of
the optimized KBOSD two reversed doublet at the wavelength 588 nm,
These transverse ray aberrations are displayed at the objet positions axis, 1
mm, 2 mm and 3 mm respectivelly at the tangential and sagittal planes.

TRANSVERSE RAY ABERRATIONS
KBOSO REVERSED OOUBLET File FREVOOUB  40-04-1990

L= 400588 DEFDCUS = ©,0000
-0250na AX18
TANGENTY
. 0230ma IW TOes0rm | 1.00wm l
TANGENTT, SABITTALI
.CZ50am  2.00na | .0Z5ioe  2.00me
TANGENTIA SAGITT
0250mn  3.00m .0250mm 3. (0en
TANGENTI SAGITTAY

Fig. 43.2.2 Transverse Ray Aberrations of the Two Reversed Doublet

4.3.2.3 Optical Path Differences of the Two Reversed Doublet
Displayed below are the optical path differences aberrations, this aberrations

are displayed at the wavelength 588 nm and at the scale 700 nm at the fol-
lowing object positions axis, 1 mm 2 mm and 3mm.
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KBOSO REVERSEQ OOUBLET

OPTICAL PATH OIFFERENCES

File REVOOUB 10-01-14990
WL= . 0005688 DEFOCUS = Q.Q000
~00070m [V313
TANGENT TaL|
0007ma _ §,00mm GO07na |.'r.o .
TANGENTIAL SABITTA
~cocien 2.0 G05Tea 2.00%m
— ﬂ
TmmuJ SADITTAL
-\ .0G07An  3.00ma L\ .GGC7em  3.00nm
TANGEN’HAJ SAGITTAL]

Fig. 4323  Optical Path Differences of the Two Reversed Doublet

4.3.2.4 Spot Diagrams of the Two Reversed Doublet

Displayed below are the spot diagrams of the optimized KBOSD reversed
doublet. This spot diagrams are plotted in the following conditions:

. scale 25 im
. object positions axis, 1 mm, 2 mm and 3 mm
. wavelength 588 nm.
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Fig. 43.24 Spot Diagrams of the Two Reversed Doublet

4.3.2.5 Focal Plane GOTF Tables of the Two Reversed Donblel

Displayed below are the geometric optical transfert function of the opti-
mized KBOSD reversed doublet at the focal plane.

Focal Plane GOTF Tables
KBOSD REVERSED Doublet Lens File: REVDOUB

Defocus =0.0000 fmm]
Back focus = 190.000 [mm]
Wavelength = 0.0005876 [mm}

Axis 1.00 mm 2.00 mm 3.00 mm
S - T S T S - T S
Frequency [lfrnm]

1000 0952 0952 0.947 0.949 0924 0.944 0.831 0.923
20,00 0900 0.900 0.884 0.889 0.802 0.871 0.520 0.800
30.00 0.847 0.847 0814 0.824 0.659 0.788 0.240 0.655
40.00 0.792 0.792 0.740 0.755 0.521 0.701 0.083 0.515
50.00 0.736 0.736 0.666 0685 0.408 . 0.618 0.016 0,399
60.00 0.679 0.679 0595 0.615 0.325 0.542 0.030 0.315
70,00  0.622 0.622 0.530 0.548 0.269 0478 0.072 0.258
8000 0.566 0.566 0.472 0.485 0228 0426 0.080 0218
90.00 0.511 0.511 0.422 0.428 0.190 0.387 0.039 0.180
100.00 0.458 0.458 0.380 0.376 0.146 0.357 0.016 0.137



4.3.2.6 Geometrical MTF and Thru-focus Geometrical MTF of
the Two Reversed Doublet

Displayed below are the geometrical modulated transferi function and the
thru-focos geometrical modulated transfert function of the optimized
KBOSD reversed doublet. The data of the functions plotted below is dis-
played in section 4,3.2.5 above.

GEOMETRICAL NTF  Kax Freg = 168 THRU-FOCUS GEOMETRICAL HIF
Deforns= §.00%8 e Wi.z 000583 | Freq - S8 Froon -9,1908 To 9.1009

NG

+ . .
ekl M i a i
r T =TT T ™r T
L - L L -a 4 -
4 + 4
4 + 9

A

Fig. 4.3.2.6 Geometrical MTF and Thru-focus Geometrical MTF of the
Two Reversed Doublet

4.4 Data and Analysis of the Triplet Lens

In this section we repori the data of a triplet lens which is designed at a
wavelength of 546 nm and assumed to be corrected for the three wave-
length 546 nm, 656 nm and 486 nm. 1t has a front focal length of 100.0
mm, a back focal length of 92.47 mm, a diameter of 26 mm and an ¢n-
trance pupil diameter of 25 mm. The numerical aperture is 0.125. The
object is supposed to be at infinity.
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4.4.1.0 Data of the Start System Triplet Lens

Reported below are the data of the KBOSD start system triplet lens.
During optimization, the merit function converges rapidly to zero. The
results of this triplet lens after optimization are displayed in section
44.1.1.

EFL = 100.0000 [mm]
KBOSD Start System Triplet Lens F=100 [mm]  File: KBOSD Start System Triplet

WLI = 0.000546 [mm]
WL2 = 0.000656 [mm]
WL3 = 0.000486 [mm]

ep. Index] Index2  Index3 Dispn.  Clr.Rad  Glass
1.000000 1.000000 1.000000 0.000000 12.50

0 1.000000 1.000000 1.000000 0.000000 12.50

0 1.558977 1.553827 1.563323 0.009496 12.50 BAKS

g 1.000000 1.000200 1.000000 0.000000 12.50
1.

0 1

g1

T Curve S
SYPEO.OO(}OOO 0.
S 0.021049 0.
§  -0.021049 4.
§ -0.039761 0.
5 1. 727353 1.714359 1.739040 0.024681 12.50 SF18
5 0. .000000 1.000000 1.000000 0.000000 12.50

5 5. 768606 1.753572 1.782302 0.028730 12.50 SF14

0.039761
0.027197
-0.027197

b K= R I N )

4.4.1.1 Data of the Triplet Lens
Displayed below, are the data of the KBOSD triplet lens after optimization.

EFL = 100.0000 [mm]
KBOQSD Triplet Lens F=1({) [mm) File: Triplet Lens

WL1 =0.000546 [mm]
WL2 = 0.000656 [mm]
WL3 = 0.000486 (mm]

ype Curve  Sep. Indexl Index2 Index3 Dispn. Clr.Rad Glass
0.000000 0.000 1.000000 1.00000C¢ 1.000000 0.000000 12.50
0.015087 0.000 1.000000 1.000000 1000000 0.000000 12.50
-0.020926 4.840 1.558977 1.553827 1.563323 0.0094%96 12.50 BAKS3
-0.020413 0.000 1.000000 1.000000 1.000000 0.000000 12.50
-0.004280 1.500 1727353 1.714359 1.739040 0.024681 12.50 SFi18
0.006932 0.000 1.000000 1.000000 1.000000 0.000000 12.50
0.004989 5.804 1.768606 1.753572 1.782302 0.028730 12.50 SF14
0.03000092.471 1.000000 1.000000 1.000000 0.000000 1.75

00 IOV LA Fa b —
01 L 0o LY TN LA GO N

Displayed below is the data(in terms of radii) of the KBOSD triplet lens
after optimization.

EFL = 100.0000 [mm]
KBOSD Triplet Lens F=100 [mm] File: Triplet Lens
Radius[mm] Sep. [mm] Clear diameter Material
Plane 25.00
0.000
66.282 25.00
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4.840 BAKS

-47.787 25.00
0.000 Air
-48.988 - 25.00
1.500 SF18
-233.656 25.00
0.000 Air
144.267 25.00
5.804 SFl14
200.440 25.00
92.471 Air
Image Plane 3.50

4.4.1.2 Drawing of the Triplet Lens

Displayed below are the drawing of the KBOSD lens after optimiza-
tion.

i
M-_—l/

Fig. 44.1.2 Drawing of the Triplet Lens after Optimization

4,42 Analysis of the KBOSD Triplet Lens

In this section one mpoﬁs on the analysis of the KBOSD triplet lens
befare and after aptimization.

4.4.2.1.0 Third-Order Aberrations of the Triplet Lens Start
System

Displayed below, are the third-order aberrations of the triplet lens
start system before optimization.

KBOSD Start System Triplet Lens File triplet

Lagrange Invariant = -(.2182

H U HBAR UBAR D(UN) A ABAR
12.50000 0.00000 0.00000 0.01746 0.00000 0.00000 0.01746
12.50000 0.00000 0.00000 0.01746  -0.06051 0.26311 0.01746

101




12.04339-0.09434 0.05419 0.01120  0.22826 -0.54228 0.01568

12.04339-0.28878 0.05419 0.01682 -0.30872 -0.76763 0.01466

1209508 0.03446 0.07016 0.01064 0.38937 0.89023 0.02320

12.09508 0.40932 0.07016 0.0204] -0.35929 0.73827 0.02232

12.60861 008848 0.13233 001071 -0.15711  -045000 0.01258
-0.10708 0.01618

SpherAb. Coma  Astig. FCurv. Dision. LChroma. TChroma.
0.000000 0.000000 0.000000 0.000000  0.000000 0. G0O0000 O . 000000
0.052366 0.003474 0.000230 0.000359 0.000039 0020033 0.001329
0.808395 -0.023370 0.000676 0.000359 -0.000030 0.039780 -0.001150
-2.190923 0.041849 -0.000799 -0.000797 0.000030 -0.132094 0.002523
-3.732261 -0.09727 -0,002535 -0.000797 -0.000087 -0.153848 -0.004010
2368532 0.071613 0.0021650.000563 0.000082  0.145055  0.004386
0.401143 -0.011216 0.000314 0.000563 -0.000024 0092170 -0.002577

-2.292748 -0.014928 0.000050 0.000250 0.000011 0.011096 0.000501

4.4.2.1 Third-Order Aberrations of the Triplet Lens

Displayed below, are the third-order aberrations of the triplet lens after the
optimization.

KBOSD Triplet Lens F = -IOO [mm] File: Triplet Lens
Lagrange Invariant= -0.2182

H U HBAR UBAR DUMN) A ABAR
1250060 0.00000 0.00000 0.01746 0.00000 0.00000 0.01746
12.50000 0.00000 0.00000 0.01746 -0.04337 0.18859 0.01746
12.17272 -0.06762 0.05419 0.01120 -0.20443 -0.50253 0.01569
12.17272 -0.24780 0.05419 0.01682 0.22533 -0.49629 0.01571
12.11448 -0.03883 0.06950 0.01020 -0.08230 -0.15663 0.01711
12.11448 -0.10478 0.06950 0.01741 0.05065 -0.02081 0.01789
11.55882 -0.09574 0.12541 0.00963 -0.07087 -0.06733 0.01815
-0.12500 0.01752

SpherAb. Coma  Astig. FCurv. Disto. LChroma, TChroma.
0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
0.019283 0.001785 0.000165 0.000258 0.000039 0.014359 0.001329
0.628444 -0.019618 0.000612 0.000357 -0.000030 0.037260 -0.001163
-0.675562 0.021392 -0.000677 -0.000409 0.000034 -0.086318 0.002733
0.024461 -0.002672 0.000292 0.060086 -0.000041 0.027112 -0.002962
-0.000266 0.000228 -0.000196 0.000143 0.000046 -0.004095 0.003521
0.003714 -0.001001 0.000270 -0.000103 -0.000045 0.012643 -0.003407

0.000073 0.000114 0000465 0.000332 0.000003 0.000960 0.000051
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4.4.2.2 Transverse Ray Aberrations of the Triplet Lens

Displayed below are the transverse ray aberrations of the KBOSD triplet
lens after optimization. This diagram is plotted under the following
parameters:

wavelength 546 nm, 656 nm and 486 nm.
scale 25 pm

field angle positions axis{0®) and 1°
sagittal and tangential planes.

TRANSVERSE RAY ABERRATIONS

KBOS50 TRIPLET F=100 File TRIPLET 10-01-1990
WLe 000546 W~ 000656 W= ,000486 DEFOCUS = 0.0000
L 0250mm AXIS
TANGENTIA
L0250 um i.00deg 0250nm 1.90dag
TANGENTIAL]

Fig. 4.4.2.2 Transverse Ray Aberrations of the Triplet Lens

4.4.2.3 Spot Diagrams of the Triplet Lens

Displayed below are the spot diagrams of the KBOSD triplet lens after op-
timization. These spot diagrams are displayed at the following parameters:

. field angle positions axis and 1°
. scale 25 pm
o wavelength 546 nm.
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Fig. 4423 Spot Diagrams of the Triplet Lens

4.4,2.4 Focal Plane GOTF Tables of the Triplet Lens

Displayed below are geomelric optical transfer function at the focal plane
of the KBOSD triplet lens after optimization,

Focal Plane GOTF Tables

KBOSD Triplet Lens F=100 [mm] File: Triplet Lens

Defocus =0.0000 [mm)]
Back focus =92.471 [mm]
Wavelength = 0.0005460 [mm]
Axis 1.00Deg
T T S
Frequency [/mm] .
10.00 0.965 0.965 0.947 0.962
20.00 0.929 0.929 0.861 0.919
3000 0.893 0.893 0.751 0.871
40.00 0.856 03856 0.625 0.819
50.00 0.819 0.819 0494 0.764
§0.00 0.781 0.781 0.367 0.707
70.00 0.744 0.744 0.256 0.649
80.00 0.706 0.706 0.172 0.590
90.00 0.669 0.669 0.129 0.531
100.00 0.632 0.632 0.125 0.473
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4.4,.2.5 Geometrical MTF and Thru-focus Geomelrical MTF of
the Tripiet Lens

Displayed below are the geometrical modnlated transfer function and
the the thru-focus geometrical modulated transfer function of the
KBOSD triplet lens after optimization. The data of the functions
plotted below is displayed in section 4.4.2.5 above. The functions re-
ported below are plottcd under the following parameters:

. spatial frequency 100 lines/mm
. wavelength 546 nm
. field angle position axis and 1°

tangential and sagittal planes.

GEWMETRICAL M Max Froq = 198 THRU-FOCUS GEOMETRICAL MIT
Defocus= B.9090 pn WL.: .BOS46 ] Freq = 58 From -9.1008 To 0.100d

3 £ 1S1]+1 1t &

AN AN AN

Fig. 4.4.2.5 Geometrical MTF and Thru-focus Geometrical MTF of the
Triplet Lens

4.5 Data and Analysis of a High-Aperture Lens

In this section one reports on a high-aperture lens produced by the KBOSD
and optimized by the SIGMA-PC (Ref. 17].

4,5.1.1.0 Data of the Start System of the High-Aperture Lens

Displayed below, are the data of the high-aperture lens start system before
optimization. This high-aperture lens is composed of two symmetric triplet
lenses mounted face to face.

EFL = 55.2786 [mm]
KBOSD Siart System of the High Apert. Lens F=55.2786 [mm] File: Pair Reversed Triplet
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Object Distance = 100.0000 [mm)
WL1 =0.000546 [mm]
WL2 = 0.000656 [mm]
WL3 = 0.000486 [mm]

#Type Curve Sep. Indexl  Index2 Index3 Dispn.  Clr. Rad GLASS
15 0015231 0.000 1.000000 1.000000 1.000000 0.000000 21.00

28 0015231 8159 1.768606 1.753572 1.782302 0.028730 21.00 SF14
38 -0.022649 0.000 1.000000 1.000000 1.000000 0.000000 21.00

45 0022649 2500 1.727353 1.714359 1.739040 0.024681 21.00 SF18
5§ 0021049 0.000 1,000000 1.000000 1.000000 0.000000 21.00

68 -0.013367 8.050 1558977 1.553827 1.563323 0.009496 21.00 BAKS
7§ 0013367 0.000 1.000000 1.000000 1.000000 0.000000 21.00

8§ -0.021049 - 8.050 1.558977 1.553827 1.563323 0.009496 21.00 BAKS
9§ 0022649 0,000 1.000000 1.000000 1.000000 0.000000 21.00

0S5 0022649 2500 i.727353 1.714359 1.739040 0.024681 21.00 SFi8
1§ 0015231 0.000 1.000000 1.000000 1.000000 0.000000 21.00

2S5 -0.015231 8.159 1.768606 1.753572 1.782302 0.028730 21.00 SFi4
35S  0.000000 100.037 1.000000 1.000000 1.000000 0.000000 1.02 :

— et

4,5.1.1 Data of the High-Aperture Lens after Optimization

Displayed below are the data(in terms of curvature) of the high-aperture
triplet lens after optimization. During the optirmization the merit functicn
converges rapidly to zero.

EFL = 55.2786 [mm]
KBOSD High Apert. Lens F=55 [mm] File: Pair Reversed Triplet

Object Distance = 100.0000 {mm]
WL1 = 0.000546 [mm]
WL2 = 0.000656 [mm]
WL3 = 0.000486 [mm]

#Type Curve Sep. indexl Index2 Index3 Dispn.  Clr. Rad GLASS
1§ -0.006759 0.000 1.000000 1.000000 1.000000 0.000000 21.00

2S5 -0.021425 6.159 1.768606 1.753572 1.782302 0.028730 2i.00 SFi4
35 -0008088 0.000 1.000000 1.000000 1.000000 0.000000 21.00
4 5 0.023860 1.500 1.727353 1.714359 1.739040 0.02468] 21.00 SF18
55 002387 0.000 1.000000 1.000000 1.000000 0.000000 21.00
6 S -0.013367 9.950 1.358977 1.553827 1.563323 0.009496 21.00 BAKS
7 § 0013367 0.000 1.000000 1.000000 1.000000 0.000000 21.00
8§ 8 -0.023867 9.950 1.558977 1.553827 1.563323 0.009496 21.00 BAKS
9§ -0.023860 0.000 1.000000 1.000000 1.000000 0.000000 21.00
10 § 0.008088 1.500 1.727353 1.714359 1.739040 0.024681 21.00 SF18
118 - 0.021425 0.000 1.000000 1.000000 1.000000 0.000000 21.00
128 0006759 6.159 1.768606 1.753572 1.782302 0.028730 21.00 SFi4
13 §  0.000000 100.037 1.000000 1.000000 1.000000 0.000000 1.02

Displayed below is the data(in terms of curvature radii) of the KBOSD
high-aperture lens after optimization.

EFL =55.2786 [mm]
KBOSD High Apert.Lens F = 55 [mm] File: Pair Reversed Tripiet
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Object Distance =  100.000 [mm]0

Radius[mm] Sep. [(mm} Clear diameter Material
-147.956 42.00
6.159 SF14
-46.674 42.00
0.000 Air
-123.639 42.00
1.500 SF18
41.910 42.00 '
0.000 Air
41.899 42,00 -
9.950 BAKS
-74.812 42.00
0.000 Air
74.812 42,00
. 9.950 BAKS
-41.899 42.00
0.000 Air
-41.910 : 42.00
1.500 SF18
123.639 42.00
0.060 Air
46.674 42.00
6.159 SF14
147.956 42.00
100,037 Air
Image Plane 2.04

4.5.1.2 Drawing of the High-Aperture Lens

Plotted below is the drawing of the KBOSD high-aperture lens after
optimization.

Fig. 45.1.2 Drawing of the High-Aperture Lens
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4.5.2 Analysis of the High-Aperture Lens after Optimiza-
tion

In this section one reports on the analysis of the optimized KBOSD
high-aperture lens.

4.5.2.1 Third-Order Aberrations of the High-Aperture Lens after
Optimization

Displayed below are the third order aberrations of the optimized KBOSD
high-aperture lens.

KBOSD High Apert. Triplet Lens F = 55 [mm) File: Pair Reversed Triplet
Object Distance =  100.0000 [mm]
Lagrange Invariant= 0.2000

H U HBAR UBAR D{UN) A ABAR

20.00000 0.20000 0.08344 .000917 -0.10285 0.06482 -0.00973
2105837 0.17183 0.05302 -0.00494 .0.14004 -0.49407 -0.01074
21.05837 -0.04289 0.05302 -0.00961 0.07003 -0.21321 -0.01003
21.12871 0.04689 0.04495 -0.00538 0.42054 0.95183 -0.00744
21.12871 0.44769 0.04495 -0.00851 -0.37946 0.95196 -0.00744
22.18694 0.10636 -0.01321 -0.00585 -0.06819 -0.29654 -0.00884 .
2218694 0.00003 -0.0132]1 -0.00901 -0.06823 0.29660 -0.00919
21.12913 -0.10632 -0.07011 -0.00572 -0.37943 -0.95191 -0.00631
21.12913 -0.44763 -0.07011 -0.00798 0.42050 -0.95178 -0.0063]
21.05885 -0.04685 -0.07809 -0.00532 0.07008 021328 -0.01029
21.05885 0.04296 -0.07809 -0.00966 -0.14009 0.49415 -0.01133
20.06070 -0.17179 -0.10725 -0.00473 -0.10280 -0.06475 -0.00965

-0.19993 -0.00893

SpherAb. Coma Astig.  FCurv.  Distort. 1L.Chroma. TChroma.
0.008644 -0.001297 0,000195 -0.000117 -0.000012 06.021061 -0.003161
0.719874 0.015651 0.000340 0.000372 0.000015 0.169015 0.003675
-0.067039 -0.003155 -0.000148 -0.000136 -0.000013 -0.064152 -0.003019
-8.049987 0.062928 -0.000492 -0.000402 0.000007 -0.287351 0.002246
7.265705 -0.056788 0.000444 0.000342 -0.000006 0.122513 -0.000958
0.133039 0.003965 0.000118 0.000192 0.000009 0.040075 0.001194
0.133174 -0.004127 0.000128 0.000192 -0.000010 0.040084 -0.001242
7.264449 0.048133 0.000319 0.000342 0.000004 0.122509 0.000812
-8.048578 -0.053339 -0.000353 -0.00040Z -0.000005 -0.287341 -0.001904
-0.067133 0.003238 -0.000156 -0.000136 0.000014 -0.064175 0.003096
0.720384 -0.016517 0.000379 0.000372 -0.000017 0.169046 -0.003876
0.008621 0.001285 0.000192 -0.000117 0.000011 0.02103% 0.003136

0.021154 -0.000022 0.000964 0.000502 -0.000002 0.002322 -0.00000]

i

Note the low values of the summa(last line) of the order aberrations.
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4.5.2.2 Transverse Ray Aberratidns of the High-Aperture Lens
after Qptimization

Displayed below are the transverse ray aberrations of the optimized KBOSD
high-aperture lens. These transverse ray aberrations are plotted at the image
plane under the following parameters:

. wavelength 546 nm, 486 nm and 656 nm
. aberrations scale 40 pm
. field angle positions axis and 1¢
. sagittal and tangential planes.
THANSVERSE RAY ABERRATIONS
KBOSO TRIPLET F=55 File REVTRIPL 10-01-1990
WL 000546 WL= .0D0ESE WL= .000486 CEFOCUS = 0.0000
. 0400 AXIS |

e

TANGENT LAl

OdG0em  {.008a

R et

TANGENTI

Fig. 4.5.2.2 Transverse Ray Aberrations of the High-Aperture Lens after
Optimization

4.5.2.3 Optical Path Differences of the High-Aperture Lens

Displayed below are the optical path differences of the optimized KBOSD
high-aperture lens. This optical path differences are plotted under the fol-
lowing parameters: ,

wavelength 546 nm

aberrations scale 1 um

field angle positions axis and 1%
sagittal and tangential plane
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OPTICAL PATH DIFFERENCES

KBOSO TRIPLET F=55

File REVTRIPL

10-01-1580
DEFOCUS = 0.0000

WL= 000545
K [X}i3
T —— ——
[ o~
TANGENTIAL]
\ y R .0010am 1. 002
m :
TAHGENT 4| smrrm.l

Fig. 4.5.2.3

Optical Path Differences of the High-Aperture Lens

4.5.2.4 Spot Diagrams of the High-Aperture Lens

Displayed below are the spot diagrams of the optimized KBOSD high-aperture
lens. This spot diagrams are plotted at the image plane under the following pa-

rameters:
. wave length 546 nm
. field angle positions axis and {®
. scale 40 pum
Tl 0,000 m Tnc=D, 2550
.0600 8.6588 . 1008
73 e 2% 0
L] iy, :ﬁ: c.r-?:;:'.-:‘?a L]
| @ ¢ A
Lt

Fig. 4.5.2.4
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4.5.2.5 Focal Plane GOTF Tables of the High-Aperture Lens after
Optimization

Displayed below are the focal plane. geometric optical transfert function of
the optimized KBOSD high-aperture lens.

Focal Plane GOTF Tables
KBOSD High Apert, Lens F=53 [mm] File: Pair Reversed Triplet

Defocus = 0.0000 [mm]
Back focus = 100,037 [mm]
Wavelength  =0.0005460 [mm]

Axis 1.00 mm
T S T S
Frequency (V/mm)

8.00 0970 0970 0.972 0.979
16.00 0910 0910 0.917 0.945
24.00 0.826 0.826 0.839 0.898
32.00 0727 0727 0.744 0.841
40.00 0.622 0.622 0.640 0.775
48.00 0.521 0.521 0.532 0.701
56.00 0432 0432 0427 0.623
64.00 0.360 0.360 0.331 0.542
72.00 0.309 0.309 0.249 0.461
80.00 0.279 0279 0.183 0.381

4.5.2.6 Geometrical MTF and Thru-focus Geometrical MTF of
the High-Aperture Lens

Displayed below are the geometric modulated transfert function and the
thru-focus geometrical modulated transfert function. These diagrams are
plotted under the following parameters:

. spatial frequency 80 lines/mm
. wavelength 546 nm
. thru-focus spatial fréquency 80 lines/mm
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Fig. 45.2.6 Geometrical MTF and Thru-focus Geometrical MTF of
the High-Aperture Lens
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4.6 Data and Analysis of an Afocal Optical System: The
Galilean Telescope

A Galilean telescope is a telescope with a negative, divergent lens and a
positive, convergent lens. A system is assumed to be afocal if its numerical
aperture is zero. The following optical systems are reported as afocal and
function as laser beam expanders or as telescopes. In this case the
magnification is also the angular magnification or the ratio of the beam
sizes in the object and image spaces. This beam expander has a
magnification of four and can be nsed at the following three wavelengths
WLI1 = 588 nm, WL2 = 656 nm and WL3 = 488 nm. lts entrance pupil has
a diameter of 6 mm and the exit'pupil has a diameter of 40 mm, the whole
optical system galilean telescope has a length of around 300 mm.

4.6.1.1.0 Data of the Start System Galilean Telescope

Dispalyed below is the data of a optical start system (before optimization)
for Galilean tclescope proposed by the KBOSD. This optical start system is
‘composed of plano-concave singlet and a plano-convex doublet. The planc-
concave singlet represents the entrance part of the telescope and the doublet
represents its sortance part. The plane surface of the entrance part is
mounted toward the plane surface of the doublet (sonance par); becanse of
this agsembling this start system Galilean telescope leads to a good optical
quality telescope after the optimization.

This Galilean telescope has an angular magnification of 4,

KBOSD Start System Galilean Telescope 4* File: Galilean Telescope
Radius[mm)] Sep. [mm] Clear diameter Material
0.000 Air
-58.900 10.00
2.000 BAF3
Plane 10.00
292922 Air
Plane 40.00
2.000 SF55
223.000 40.00
0.000 - Air
197.100 40.00 .
4.033 BAF3
-197.100 40.00
0.000 Air
Plane 50.35

4.6.1.1 Data of the Optimized Galilean Telescope

Displayed below is the data(in terms of surfaces curvature) of the KBOSD
Galilean telescope after optimization.
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KBOSD Galilean Telescope 4* File: Galilean Telescope

WLI1 =0.000588 [mm]}
WL2 = 0.000656 [mm]
WL3 = 0.000488 (mm]

ype Curve Sep. Indexl Index2 Index3 Dispn. Cir. Rad Glass
0.000000  0.000 1.000000 1.000000 1.000000 0.000000 3.00
-0.016949 0 000 1.000000 1.000000 1.000000 0.000000 5.00
0.000000 2.000 1.582668 1.578932 1.591255 0.012323 5.00 BAF3
0.600000 252,622 1.000000 1.000000 1.000000 0.000000 20.00
0.004484 2,000 1.761794 1.753657 1.781415 0027758 20.00 SF55
0.005076  0.000 1.000000 1.000000 1.0000060 0.000000 20.00
-0.005076  4.000 1.582668 1.578932 1.591255 0.012323 20.00 BAF3
0.000000  0.060 1.000000 1.000000 1.000000 0.000000 25.18

= N WP LY S )
NI L LA -

Displayed below is the data (in terms of curvature radii) of the KBOSD
(alilean telescope after optimization.

KBOSD Galilean Telescope 4*  File: Galilean Telescope

Radins|mm]} Sep. [mm) Clear diameter Material
Plane 6.00
0.000 Air
-59.000 10.00
2.000 | BAF3
Plane 10.00
292,922 Air ¢
Plane 40.00
2.000 SF55
223.000 40.00
0.000 Adr
197.000 40.00
4,000 BAF3
-197.000 40.00 .
0.060 Air
Plane 50.35

4.6.1.2 Drawing of the Galilean Telescope

Displayed below is the drawing of the KBOSD Galilean telescope after
optimization. Heuristically the geometrical form of this KBOSD Galilean
telescope has a minimum of aberrations.

— ||
— L

Fig. 4.6.1.2  Drawing of the Galilean Telescope after Optimization
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4.6.2 Analysis of Optimized the Galilean Telescape

In this section one reports on the analysis of KBOSD Galilean telescope after
optimization.

4.6.2.1 Angular Ray Aberrations

The angular ray aberrations of the KBOSD Galilean telescope after optimization are
plotted under the following parameters:

wavelength 588 nm

scale 0.0003 radian

field angle positions axis and 1¢
tangential and sagittal plane.

According to the diagrams j)lotted below the KBOSD Galilean telescope hds a low
aberrations.

ANGULAR RAY ABERRATIONS

KBOSD NEWTON TELESCOPE File TELNEWZL 10-01-1990
WL= . 00058R .
-0003AA0 AXIS
e

it
TANGENTIAL

~00030M0  1.00deg ~O00D 1,03607

TANGENTIAL| SAGITTAL

Fig.4.6.2.1  Angular Ray Aberrations of the KBOSD Galilean Telescape

4.6.2.2 Focal Plane GOTF Tables
Geametrical MTF

‘For the geometrical MTF angular aberrations are used, and MTF is
computed in terms of the angular frequency, in cycles/radian in the image
space. The MTF is computed in the image space. The geometric MTF is
multiplied by the MTF of a diffraction-limited system. In doing this, it
assumed that the exit pupil radius = entrance pupil radius/angular
magnification. The aberration is defined as an angle, in radians.
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Through-Focus Geometric MTF

The Through-focus geometric MTF is computed in the image space. The
frequency is measured in cycles/radian. It is necessary to compute the
angular aberrations produced by defocusing and this is done by assuming
that a weak perfect lens is placed in the exit pupil plane. The power of this
lens is changed from -2.Zinc to +2.Zinc (Zinc is the defocusing increment
measured in dioptries, as used in the spot diagrams). The medified angular
aberrations are computed, plotted in spot diagrams, and used to compute
through-focus MTF.

According to the diagrams plotted below the KBOSD Galilean telescope has
a good optical quality. This diagrams is plotted uuder the following
parameters:

spatial frequency is 10000 cycles/rad
wavelength 588 um

field angle positions axis and 12
sagittal and tangential plane.

As] Macirer = 1808

_ Fig. 4.6.2.2 Diffraction MTF of the KBOSD Galilean Telescope after
Optimization

Displayed below is the diffraction MTF table of the KBOSD galilean
telescope after optimization. At the frequency of 10000 cycles/rad the
KBOSD Galilean telescope has a spatial resolution 60% on axis, it is
considered as a good resolution.

KBOSD Galilean Telescope 4* File: Galilean Telescope
Defocus =0.003D
Back focus = 0.000 [mm]
Wave length = 0.000588 [mm]
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Axis 1.00 deg
] T

Frequency[c/rad]
1000.000 0.964 0961  0.951
2000.000 0.923 0910 0.879
3000.000 0.879 0.854 0.797
4000.000 0.835 0.797  0.715
5000.000 (.791 0.741  0.638
6000.000 0.750 - 0.688 0.570
7000.000 0.709 0.638 0.511
8000.000 0.671 0.592 0.461
9000.000 0.635 0550 0.417

10000.000 0.600 0.511 0.378%

4.7 Data and Analysis of a Kepler Telescope
A Kepler telescope is a telescope with two bosilive convergent lens.
4.7.1.1.0 Data of the Starl Sysliem Kepler Telescope

Displayed below is the data of a Kepler telescope start system proposed by
the KBOSD. This KBOSD Kepler telescope is composed of two parts. A
plano-convex singlet lens representing the entrance part and a planc-convex
doublet representing the sortance part. The plane surface of this entrance
part is mounted toward the the plane surface of the sortance part.
Heuristically, he geometrical form and the assembling of the KBOSD
telescope lead to a telescope with good optical quality after optimization.
This KBOSD Kepler telescope has a maganification of -3.

KBOSD Start System kepler Telescope 3*  File: TELKEP2L

Radius [mm] Sep. frnm] Clear diameter Material
0.00 i

Air
51.537 . 10.00
2.240 BAF3
Plane 10.00
345.7141 Air
Plane ~ 30.00
2,000 SF13
134,586 30.00
0.000 Air
125.130 30.00
3.800 BAF3
125.130 30.00

0.000 _ Air

4.7.1.1 Data of the Optimized Kepler Telescope

Displayed below is the data of the KBOSD Kepler telescope after
optimization. This data is displayed in terms of surface curvature.

KBOSD KEPLER Telescope 3* File: TELKEP2L
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Type

Qo ~Ihth B d-bhd — e

5
5
5
S
S
S
S
S

WLI1

= 0.000588 [mm]

WL2 = 0.000656 [mm]

WL3 = 0.000489 [mm]
Curve Sep. Index] Index2
0.000000  0.000 1.000000 1.000000
0.019417  0.000 1.000000 1.000000
0.000000  2.240 1.582668 1.578932
0.000000 345.741 1.000000 1.000000
0007463  2.000 1.740765 1.733038
0.008000  0.000 1.000000 1.000000
-0.008000  3.800 1.582668 1.578932
0.000000  0.000 1.000000 1.000000

Index3

1.000000
1.000000
1.591163

1.000000
1.591163
1.000000

Dispn.

0.000000
0.000000
0.012231
0.000000
0.026151
0.C00000
0.012231
0.000000

Clr. Rad Glass

1.50
5.00
5.00
15.00
15.00
15.00
15.00
21.18

BAF3
SF13
BAF3

Displayed below is the data (in terms of of curvature radii) of the KBOSD
Kepler telescope after optimization,

KBOSD KEPLER Telescope 3* File: TELKEP2L
Radius [mm] Sep. fmm] Clear diameter Material
Plane 7.00
0.00 Air
51.500 10.00
2.240 BAF3
Plane 10.00
345.741 Air
Plane 30.00
2.000 SF13
134.000 30.00
0.000 Air
125.000 30.00
3.800 BAF3
125.000 30.00
0.000 Air
Plane 4235

4.7.1.2 Drawing of the Kepler Telescope

Displayed below is a scheme of the KBOSD Kepler telescope after
optimization.

T

AL

Scheme of the kepler Telescopic Optical System
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4,7.2- Analysis of the Kepler Telescope

In this section one reports on the analysis of the KBOSD kepler telescope after
optimization.

4.7.2.1 Angular Ray Aberrations of the Kepler Telescope

Displayed below are the angular ray aberrations of the KBOSD Kepler
telescope after optimization. This angular ray aberrations are plotted under
the following parameters:

wavelength 588 mm

scale 0.0003 rad

angle field positions axis and 1°
tangential and sagiral plane,

ANGULAR RAY ABERRATIONS
<BOS0 KEPLEA TELESCOPE -3 File TELKEP2L 10-01-13990
WL= 000588 :

- GU0JAAD [33 {7

__-.-—/

"

TAMGENTI

GO0IRAD 1. Gooey .bnum:j.:. T

TANGENTIAU SAGITTALI

Fig. 4.7.2.1 Angular Ray Aberrations of the KBOSD Kepler Telescope

4,7.2,2 Optical Path Differcnces of the Kepler Telescope

Displayed below are the optical path differences of the KBOSD Kepler
telescope after optimization. This diagrams are plotted under the following
parameters:

. wavelength 588 nm
. scale 0.001 mm
. tangential and sagittal planes

119



. ‘field angle positions axis and 1°

lKBOSD KEPLER TELESCOPE -3# File TELKEPZL 10-01-1980
WL= .0CO0S5BE
.0010mn AKIS
— 4____.—‘
TANGENTIAL)
\ .001Doe 1.00dag . .0010nm 1.00deg
TANGENTIAL] SAGITFAIJ

Fig. 4.7.2.2 Optical Path Differences of tﬁe KBOSD Kepler Telescope
after Optimization,
4.7.2.3 Diffraction MTF Tables

Displayed below are the diffraction modulated transfer function tables of
the optimized KBOSD Kepler telescope.

KBOSD KEFLER Telescope 3% File: Telkep21
Defocus =0.000D
Back focus = 0.000 [mm]
Wave length = 0,000588 [mm]
Axis 1.00 deg
Frequency [¢/rad] S T
£00.000 0.961 0949 (0923
1600.000 0.908 0.867 0787
2400.000 0.849 . 0.773 0.639
3200.000 0.789 0.678 0.509
4000.000 0.731 0.589 Q.412
4800.000 0.676 0.511 0.348
5600.000 0.626 0.445 Q.307
6400.000 0.580 0.388 Q.279
7200.000 0.538 0,340 0.256
8000.000 0.499 0,300 0.235

At the spatial frequency of 8000 cycles/rad the KBOSD Kepler telescope has
a spatial resolution of 49.9 %; such as resolut;on may considered enough for
many application.

4.7.2.4 Geometrical MTF and Thro-foces Geometric MTF of the
Kepler Telescope

Displayed below are the geometrical modulated transfer function and the
thru-focus geometric modulated transfer function of the KBOSD Kepler
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" telescope after optimization, the data of these diagrams are displayed in
section 4.7.2.3 above. THis diagrams are plotted under the following
parameters:

. spatial frequency 8000 cycles/rad
. wavelength 588 nm

. field angle positions axis and 1%

. sagittal and tangential planes.

The thru-focus modulated transfer function is plotted at the frequency of
4000 cycles/rad.

File TILXEPIL KDOSD NXPLER TELESCOPT 2w 10-@2-1558
AETHCE M o L.z .GRasEs THRG-FOCUE SORETRLER "0, oaze

1] axeg 1| [T s ]

14 l.ﬂdlg: i 13 ]

Fig. 4724 Geometrical MTF and Thru-focus Geometric MTF of the
Kepler Telescope

4.8 Conclusion:

The KBOSD proposes and produces a start optical system in a few seconds
(less than 50 sec. with a Macintosh II fx), This start optical system is
optimized subsequently by a lens design program and afier a several
iterations a good optical design system is obtained. The KBOSD start
systems are precalculated, predesigned and have a low third order
aberrations, because of this rcasons they allows the merit function to
converge rapidly during the optimization,

To attempt the same goal, 2n optical design expert will normally spend
much more time than the computer.

Thus the KBOSD is a powerful tool for assisting an optical design expert
in saving time and reducing the probability of error. It is also a valuable
tool for a novice in the optical design field.

The analysis of optical systems at 100 lines/fmm and high ratios of the focal
length to diameter demonstrate that these optical systems are of good
quality [see appendix 1]. Such optical systems are commonly used at
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lower spatial frequency. The results obtained by this KBOSD are very
encouraging and confirm the validity and vsefulness of such a program.
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5.0 Introduction

In this chapter several optical systems optimized from parallel plane plates’
as start optical systems are reported and compared with optical systems
generated at the same conditions by the KBOSD. The parallel plane plates
start systems are optimized and analyzed with the Lens Design Program
Sigma PC [Ref. 17].

5.1 Discusions and Comparisons of Singlet Lenses

In this section two singlet lenses are compared and discussed. Oue singlet
lens is produced by the KBOSD and optimized nsing the Sigma PC [Ref. 17].
This singlet lens is reported in more detail in section 4.2 of this thesis. The
second singlet lens is produced from parallel plane plates and is also optinti-
zed nsing the Sigma PC [17].

Both singlet lenses are designed at a wavelength of 656 nm and have a front
focal length of 110.0 mm and a back focal length of 108.12 mm. They have
a clear diameter of 20 mm and an entrance pupil diameter of 18 mm. The
object is now at infinity. The numerical aperture is 0.082.

5.1.1 Parallel Plane Plate Start System Singlet Lens

Starting from a parallel plane plate the optimization program was incapable
of starting. In the case of paralle]l plane plate, all surfaces are plane and the
outgoing rays are parallel to the optical axis, this fact leads to a numerical
aperture equal to zero. While the numerical aperture is zero the optimiza-
tion program displays a message ertor "overflow” and stops, It's the first
incapacity of the optimization program if one starts from a parallel plane
plate and tries to attempt a singlet lens of good quality.

To avoid this incapacity of the optimization program one uses the "Angle
Solve” function to alternate the last curvature radius of the parallel plane
plate according to the following relation:

R =F*(N-1)
Where:

R:  Last curvature rading
F:  Focal length of the plano-convex singlet lens.
N:  Refractive index of the plano-convex singlet lens.

Because of this fact the numerical aperture NA becomes:
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Where:

H:  High of the marginal ray at the last surface
Fp: Back focal length of the singlet.

The second assistance to the optimization program is that we input the opti-
cal glass and the separation of the two surfaces. The optical glass(sfl5) pro-
posed by the KBOSD was selected. One assumes that the thickness is 3 mm
which is a reasonable thickness of a plano-convex singlet. The operations
described above lead to the plane parallel start system singlet lens displayed
in Fig. 5.1.1

07-04-1991 Parallel Planes Start System 3inglet

File psinglet

Fig. 5.1.1  Drawing of the Paralle] Plane Plate Start System Singlet
Lens before Optimization.

Note that the convex surface is toward the outgoing rays. The data of the
parallel plane plate start systern singlet lens before the optimization are
displayed below.

EFL= 110.000 [mm]
Parallel Planes Start Systern Singlet File: PSinglet
Radius[mm)] Sep. [mm] Clear diameter Material
Pupil(Plane) . 20.00 :
3 SF15
-76.143 20.00
109.67
Image Plane 8.535
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5.1.2 KBOSD Starl System Singlet Lens

In the same start conditions: the clear diameter = 20 mm, the focal length is
equal to 110 mm and the wavelength = 656 nm, the KBOSD proposes the
plano-convex singlet lens shown below in Fig. 5.1.2.

—tey

Fig. 5.1.2 Drawing of the KBOSD Start System Singlet Lens Before
Optimization

Note that the convex surface is toward the incoming rays.

Calling the predicate calcul(110.0, Magnification, 1, 1080, z, z’) the
KBOSD answered with the data of the start system singlet lens as displayed
below,

EFL= 110.000 [mm]
KBOSD Singlet Lens Start System

Radiusfrmm] Sep. [mm] Clefxr diameter Marterial

Pupil: 76.88 : 20.00
2.653 SF15
Plane 20.00
108.00 : Alr
Image Plane ) 8.55

This plano-convex start system singlet lens proposed by the KBOSD is com-
posed of two surfaces and an optical glass. First surface has a radius of
76.88 mm and the second surface is plane. The singlet lens has a thickness of
2.653 mm, a clear diameter of 20.00 mm and a sf13 optical glass.

5.1.3 Optimization of the Parallel Plane Plate Singlet Lens

Displayed below Fig. 5.1.3.1 are the KBOSD singlet lens start system and the
parallel plane plate start system before the optimization.
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Parallel Planes Start
KBODSE SInglel Stari System System Singlet

=
= =

Fig. 5.1.3.1 KBOSD and Paraliel Plane Plate Start System.

During the optimization process of the KBOSD start system and of the
parallel plane plate start system the curvature radii and the thickness are
variable. The optical glass is fixed.

After twenty iterations the merit function converges and the optimization
program stops. The Data of the parallel plane plate start system of the singlet
lens after Optimization are displayed below.

EFL= 110.000 [mm]
Parallel Plane Plate Start System Singlet  File: PSinglet

Radius[ram] Sep. [mm] ' Clear diameter Material

75.358 20.00
3 SF15
7168.605 20.00
1007.88
Image Plane 7.55

During the optimization, the parallel plane plate start system singlet lens is

_reversed. Its first radius is alternated from infinity to 75.358 mm. Its second
radius is changed from 76.143 to 7168.605 mm. The thickness remains fixed
at 3 mm. These radical changes are provoked by the fact that there is no
predesign of the paralle! plane plate start system singiet.

Illustrated below, Fig. 5.1.3.2 is the parallel plane plate start system of the
singlet lens afier the optimization. Note that the geometrical form of the
parallel plane plate start system after the optimization (Fig. 5.1.3.2)
converged to the geometrical form of the KBOSD start system(Fig. 5.1.2)
before the optimizatien,
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07-04-1994 Parallel Planes Start System Singlet 14; 43

-
_

Fig. 5.1.3.2 Parallel Plane Plate Start System of the Singlet Leas after Op-
timization

5.1.4 Optimization of the KBOSD Start System Singlet Lens

By the optimization, the merit function of the KBOSD singlet start system
converges after five iterations and the optimization program stops. The
KBOSD singlet start system keeps the same geometrical form before and
after the optimization. Only a few changes in the curvature radii are produ-
ced during the optimnzation.

Displayed below is the drawing of the KBOSD start system singlet lens after
the optimization.

Fig. 5.1.4 KBOSD Singlet Start System after Optimization

Displayed below are the data of KBOSD start system singlet lens after the
optimization.

EFL= 110.000 [mm]
KBOSD Singlet Lens Start System after Qptimization

Radius{mm] Sep. [mm] Clear diameter Material
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Pupil: 75.603 20.00
2.600 SF15
10510.539 20.00
108.123 Air
Image Plane 7.82

Heuristically in this particular sitnation, the geometrical form of the singlet,
the convex surface toward the incoming parallel rays and the plane surface
toward the convergent rays, leads to an optical system with a minimum of
aberrations. Ncote that the geometrical form of the start system proposed by
the KBOSD is the same as the geometrical form of the optimization result of
the parallel plane start system,

The start system proposed by the KBOSD kept relatively the same parameters
before and after the optimization. Tts first curvature radius is changed from
76.88 mm to 75.603 mm. The second radins is alternate from infinity to
10510.539 mm, The thickness moved from 2.653 mm to 2.6 mm. The fact
that the KBOSD pre-designed heuristically the start systems explains the
small changes during the optimization and allows the convergence of the
merit function to.a minimum in a small namber of iterations.

5.1.5 Comparisons of the Paraliel Plane Plate Start System
Singlet Lens with the Singlet Lens Generated by the
KBOSD

The optimized parallel plane plate singlet lens and the KBOSD start system
after optimization are analyzed in the same conditions: same clear aperture,
same scale, same field angles and the same spatial frequency. The results of
the analysis are reported in this section in order to compare the guality of
cach singlet lens.
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5.1,5.1 Comparisons of the Transverse Ray Aberrations

Figure 5.1.5.1.1 represents the transverse ray aberrations of the KBOSD
singlet lens at the field angle axis(0¢ degree), 17 and 2° respectively in the
sagittal and tangential image plane. The scale of the transverse ray aberra-
tions is 0.05 mm. :

Figure 5.1.5.1.2 represents the transverse ray aberrations of the para]]el
plane plate start system singlet at the field angle axis(0¢ degree) 12 and 2°
respectively in the sagittal and tangential image plane. The scale of the trans-
verse ray aberrations is 0.05 mm, 3

Displayed below are the transverse ray aberrations of the paraHel plzme plate
start system singlet lens at the wavelength 656 nm after optimization.

Comparing the transverse ray aberrations of the KBOSD singlet displayed in
Fig. 5.1.5.1.1 with the transverse ray aberrations of the parallel plane plate
displayed in Fig. 5.1.5.1.2 one observes: _

. within the zonal area{60% of the clear diamefer) the transverse ray

aberrations are comparable and are closed to zero.
. outside the zonal area, the KBOSD start system has less transverse ray

aberrations than the parallel plane plate start system.
According to the diagrams displayed in Fig. 5.1.5.1.1 and in 5.1.5.1.2 one
may conclude that the KBOSD singlet is of a better quality (in terms of
transverse ray aberrations) than the parallel plane plate start system,

Displayed below are the transverse ray aberrations of the KBOSD singlet lens
at the wavelength 656 nm after optimization. :
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Fig. 5.1.5.1.1 Transverse Ray Aberrations of the KBOSD Start System
Singlet Lens after Optimization
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Fig. 5.1.5.1.2 Transverse Ray Aberrations of the Parallel Plane Plate Start
System Singlet Lens after Optimization
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5.1.5.2 Comparisons of the Spot Diagrams

In this section an analysis of the spot diagrams of the KBOSD singlet start
system and the parallel plane plate singlet start system is reported. The spot
diagrams are reported under the same conditions: same wavelengths, the
same scale and the same field angles.

According to the KBOSD singlet lens start system spot diagrams displayed in
Fig. 5.1.5.2.1 and the spot diagrams of the plan parallel plate start system
displayed in Fig. 5.1.5.2.2 one may conclude that the KBOSD singlet lens
start system has greater performance than the parallel plane plate singlet lens
start system.

Figure 5.1.5.2.1 represents the spot diagrams of the KBOSD singlet lens after
optimization, This spot diagrams is plotted at the following parameters:

. wavelength 656 nm
+  field angle positions (%(axis), 1? and 2°
+  scale 0.05 mm.

Figure Fig. 5.1.5.2.2 represents the spot diagrams of the parallel plane plate
start system singlet lens after optimization. These spot diagrams are plotted at
the:

*  wavelength 656 nm

. field angle positions 0%(axis), 12 and 22
. scale 0.05 mm,
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Fig. 5.1.5.2.2  Spot Diagrams of the Parallel Plane Plate Start System
Singlet Lens
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5.1.5.3 Comparisons of the Geometrical MTF

In this section one reports upon the geometrical MTF of the KBOSD start
system singlet lens and the parallel plane plate start systen: after optimization.
.Both geometrical MTF diagrams dlsp]ayed in figure 5.1.5.3 are plotted at the
same parameters:

. field angles (°(axis), 19 and 22

. spatial frequency 50 lines/mm
. full aperture
L GEOMETRIC MTF
] e - Parallel Planes Start Gystws Singlst  D7-04-1991
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Fig. 5.1.5.3 Geometrical MTF of the KBOSD Singlet Lens(left) and
Geometrical MTF of the parallel plane plate start system(right)

According to the diagrams shown in figure 5.1.5.3 it can be said that the

KBOSD singlet lens has a greater resolution than the singlet lens obtained
from a parallel plane plate start system.
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5.2 Discusions and Comparison of Doublel Lenses

In this section, two doublet lenses are compared and discussed. One doublet
lens is obtained from the optimization of the start system doublet produced
by the KBOSD and displayed in section 4.1.0. The other doublet lens is ob-
tained from the optimization of a parallel plane plates. Both start system
doublet lenses are optimized with the PC Sigma [Ref. 17]. These two doublet
lenses are designed and analyzed under the following conditions:

. wavelength = 588 nm and 656 nm
focal length = 100.0 mm
clear diameter = 20 mm
entrance pupil diameter = 19 mm
object is supposed to be at infinity
numerical aperture = 0,095,
spatial frequency = 100 lines/mm
field angles 0°(axis) and 1°.

- L] L] L] * L. L]

5.2.1 Parallel Plane Plates Start System Doublet Lens

Starting from a parallel plzne plates the optimization program was incapable
of starting. In the case of parallel plane plate, all surfaces are plane and the
outgoing rays are parallel to the optical axis, this fact leads to a numerical
aperture equal to zero. While the numerical aperture is zero the optimization
program displays a message error "overflow™ and stops. lt's the first
incapacity of the optimization program if one starts from a parallel plane
plate and tries to attempt a doublet lens of good quality.

To avoid this incapacity of the optimization program one uses the "Angle
" Solve” function to alternate the last curvature radius of the second parallel
plane plate according to the following relation:

R = F*(Nsf15 - 1}

Where:
R : Curvature radius of the last surface
F : Focal length of the final plano-convex singlet lens.

Nsf15: Refractive index of the second parallel plane plate(sf15).

Due to this fact the numerical aperture NA is calculate according to the fol-
lowing relation:

NA = H/Fy
Where:
H High of the marginal ray at the last surface(aperture radius)
Fp Back focal length of the singlet.
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The second assistance to the optimization program is that we input two opti-
cal glasses. These optical glasses are baf3 and sf15. The baf3 and sf15 optical
glasses are appropriale 10 chromatic aberrations corrections.The optical
glasses baf3 and sf15 are proposed by the KBOSD and used in the pre-design
of the KBOSD doublet start system. The optimization program is incapable
of calculating the thickness of the parallel plane plates doublet lens. A
thickness of 5 mm is introduced for cach parallel plane plate. This thickness
of 5 mm is considered to be 4 reasonable thickness of a doublet start system.
The separation between the two plane plates is zero. The operations described
above lead to the plane parallel start system doublet lens displayed in Fig.
5.21

Parallei Planes start System DoOUDJEt
1

!

Fig. 5.2.1 Drawing of the Parallel Plane Plates Start System Doublet Lens
before Optimization.

The parallel plane plates start system doublet lens is composed of two pieces:
a parallel plane plate with a thickness of 5 mm (left in Fig. 5.2.1) made of
baf3 glass and a plano-convex singlet make of sf15 glass; the plano-convex
singlet has a curvature radins of 69.885 mm, a focal length of 100 mm and a
thickness of 5 mm. This doublet has a clear diameter of 20 min. The image
plane is located at the distance of 100 mm from the last surface of the
doublet.
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The data of the parallel plane plate start system doublet lens before the
optimization are displayed below: .

EFL= 100.000 [mm]
Parallel Planes Start System Doublet before Optimization File: PDoublet

Radius[mm] Sep. [mm] Clear diameter Material

Pupil(Plane} : 20.00
5.00 BAF3
Plane 20.00
0.00 Air
Plane . 20.00
5.0 SF15
-69.895 20.00
100.00 Air
Image Plane 3.57

5.2.2 KBOSD Start System Doublet Lens

Under the same conditions as the parallel plane plates start system doublet the
KBOSD proposes the following start system doubler lens.

KBOSD Doublet $tort System

U

Fig. 522 Drawing of the KBOSD Start System Doublet Lens before
Optimization.

The KBOSD start system doublet lens has a back-focal length of 97.184 mm
and is composed of a bi-convex singlet lens and a plano-concave singlet lens.
The bi-convex singlet is made of baf3 glass, it has curvature radii of 41.435
mm and -41.435 mm and a center thickness of 4,143 mm. The plano-concave
singlet is made of sf13 glass, it has curvature radii of -38.556 mm and
infinity and a center thickness of 2 mm. This KBOSD has a clcar diameter of
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20 mm. The data of the KBOSD start system doublet lens before the
optimization is displayed below:

EFL= 100.000¢ [mm]
KBOSD Start System Doublet before Optimization Fite: KBOSD Doublet

Radius[mm] Sep. [mm] Clear diameter  Material

41435 20.00
4,143 BAF3
-41.435 20.00
0.00 Alr
-38.556 20.00
: 2.0 SF1§
Plane 20.00
160.00 Air
Image Plane 3.57

5.2.3 QOptimization of the Paraliel Plane Plates Start System
Doublet Lens )

Displayed below Fig. 5.2.3.1 are the KBOSD and the paralle! plane plates
start system doublets.

Parallel Planes Stert System Ooublet

¥BOsD Doublet Start Syslem 1

Fig. 5.2.3.1 Drawing of the KBOSD (left) and the Parallel Plane
Plates(right) Start System Doublet before the Optimization.

During the optimizations of the paralle]l plane plates start system the cur-

vature radii and the separations(thicknesses) are variable. The optical glasses
are fixed.
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After twenty eight iterations the merit functions converges. Displayed below
is the data of the parallel plane plates start system after optimization

EFL= 100.000 [mm]
Parallel Planes Start system Doublet after optimization

Radius[mm] Sep. [mm] Clear diameter Material

92127 20.00
1.60 BAF)
-922.083 20.00
45.20 Air
569.555 20.00
96.39 SF15
-74.999 . 20.00
2376 . Air
Image Plane 3.57

The parallel plane plates start system donblet lens is optimized to two bi-
convex singlet lenses separated with a distance of 45.2 mm. The radius of the
first bi-convex singlet is 92.127 mm and the second radios is -922.083 mm.
The thickness of the first bi-convex singlet is 1.6 mm and its optical glass still
baf3. The second bi-convex singlet lens has a thickness of 96.39 mm, it is
made of the sf15 optical glass. The first curvature radius of the second bi-
convex doublet is 569.555 mm and the second radius is -74.999 mm. The
second bi-convex singlet is not appropnated in this situation because of the
high value of its thickness. Using a singlet lens with a thickness of 96.39 mm
one losses optical glass causing the cost 10 rise. The second problem of this
optimized doublet is the shallow thickness which is 1.60 mm of the first bi-
convex lens comparatively with its diameter which is 20 mm. This example
demonstrates the incapacity of the optimization program to generate a
doublet lens from a parallel plane plates start system, even in helping him by
introducing the corrected optical glass, a reasonable thicknesses and the use
of the angle solve function. The last inconvenient of this doublet is separation
of 45.20 mm between the two bi-convex singlet. There is no reason to
introduce such as separation.

Reported below in Fig. 5.2.3.2 is the parallel plane plates start system doublet
lens after optimization using the PC-Sigma [Ref. 17].

140



07-04-1991 Parailel Plenes Start System Doublet

]

File pdoublet ,

'Fig. 5232  Parallel Plane Plates Start System Doublet Lens after
Optimization.

5.2.4 ‘Optimization of the KBOSD Start System Doublet Lens

The optimization of the KBOSD start system donblet lens is done under the
same conditions as the parallel plane plates start system dounblet lens. The
curvature radii and the thickness are variable and the optical glasses are
fixed. Note that the thickness is heuristically pre-designed with the KBOSD.

After five iterations by the optimizafion program, the merit function
converges to zero, the data of the start system doublet lens displayed above,
in section 5.2.2 are optimized to the data displayed below.

EFL= 100.000 [mm]

KBOSD Start System Doublet Lens after Optimization File: Doublet Lens
Radiusfmm] Sep. [mm] Clear diameter Magerial
64,939 20.00
3.698 BAF3
-35.204 20.00
0.000 Air
-35.892 20.00
. 2.000 SF15
-174.687 20.00 )
97.184 Air
Plane 354

Reported below is the drawing of the KBOSD start system doublet lens after
optimization, Fig, 5.2.4.
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Fig. 5.2.4 Drawing of the KBOSD Start System Doublet Lens after -
Optimization.

The results of the optimization of KBOSD start system doublet lens is similar
ta the KBOSD start system before the optimization. During the optimization
process of the KBOSD dowblet, only a small adjustments of the curvature
radii are introduced. After ¢he optimization the KBOSD doublet kept the
same geometrical form as before the optimization. The KBOSD doublet still
composed of a bi-convex and plane-concave singlet lenses. The thicknesses of
the doublet still constant. The fact that the KBOSD pre-designed heuristically
the start system doublet lens explains the small changes during the
optimization. The heuristically pre-designeddoubtet lens s near a minimum
of the merit function, because of these reasons that the merit function
converges rapidly. In this particular sithation the KBOSD start system
doublet lens remember us the Fraunhofer doublet or the Steinheil doublet
[Ref. 20].
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5.2.5 Comparison of the Parallel Plane Plates Slart System
Doublet Lens with the Donblet Lens Generated by the
KBOSD

In spite of the unusable design of the paralle! plan plates doublet after
optimization one analyses and compares it with the KBOSD dounblet after
optimization. The analysis is the same for the KBOSD doublet and the
parallel plane plates donblet. These analytic conditions are:

clear aperture is 19 mm

field angles are 0%(axis) and 1°

aberrations scale is 20 pm for the parallel plane plates doublet,
aberrations scale is 10 pm for KBOSD doublet

spatial frequency is 100 lines/mm

wavelength is 588 nm.

The results of this analysis are reported and commented on below.
5.2.5.1 Comparisons of the Transverse Ray Aberrations

In this section one reports the plots of the transverse ray aberrations as a
function of aperture, as shown below. Figure 5.2.5.1.1 represents the
transverse ray aberrations of the KBOSD dounblet after optimization. This
transverse ray aberrations are at the field angle 0%(axis) and 1° respectively
in the sagmal and tangential 1mage plane. The scale of the transverse ray
aberrations is 0.01 mm.

Figure 5.1.5.1.2 represents the transverse ray aberrations of the parallel
plane plates start system doublet lens after optimization. The transverse ray
aberrations is plotted at the field angle 0%(axis) and 1° respectively in the
sagittal and tangential image plane. Note that the scale of the transverse ray
aberrations is 0.02 mm. '

According to the transverse ray aberrations analysis displayed in Fig.
5.1.5.1.1 and the other one displayed in Fig. 5.1.5.1.2 and taking into account
the scale factor one may conclude that the KBOSD generated doublet lenses
of better quality than the parallel plane plates start system doublet lens. This
judgement is done in terms of transverse ray aberrations.
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Fig.5.2.5.1.1 Transverse Ray aberrations of the KBOSD Start System
Doublet Lens after Optimization.
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Fig. 52.5.1.2 Transverse Ray Abemations of the Parallel Plane Plates Start
System Doublet Lens after Optimization,

5.2.5.2 Comparisons of the Spot Diagrams

In this section an analysis is being made of the spot diagrams of the KBOSD
start system doublet lens and the parallel plane plates dounblet start system.
The KBOSD doublet spot diagrams and the parallel plane plates start system
doublet has been done under the same following conditions:

. wavelength is 588 nm
. field angles pesitions 0%axis) and 1°
. scale 20 um. -
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Displayed below in Fig. 5.2.5.2.1 are the spot diagrams of the KBOSD
doublet after optimization.
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Fig. 5.2.5.2.1 Spot Diagrams of the KBOSD Doublet Lens Start System after
Optimization.

Displayed below

Fig. 5.2.5.2.2 are the spot diagrams of the parallel plane

plates start system doublet after optimization. This spot diagrams is done
under the following parameters:

. wavelength is 588 nm
. field angles positions 0%(axis) and 1°
. scale 20 pm.
Paraliel Planes Start System Obublet
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Fig. 5.2.5.2.2 Spot Diagrams of the KBOSD Parallel Plane Plates Start
System Doublet Lens after Optimization.
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Comparing the. spot diagrams of the KBOSD doublet displayed in Fig.
5.1.5.2.1 with the spot diagrams of the parallel plane plates start system
doublet displayed in Fig. 5.1.5.2.2 one concludes that the KBOSD doublet has
a better quality.

5.2.5.3 Comparisons of the Geometrical MTF

In this section one reports on the geometrical MTF of the KBOSD start
system doublet and the parallel plane plates start system doublet after
optimization. Both geometrical MTF diagrams displayed in figure 5.2.5.3 are
ploited at the same following parameters:

. field angles (®(axis) and 1°
. spatial frequency 100 lines/mm
. full aperture.
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Fig.5.2.5.3 Geometrical MTF of the KBOSD Doublet Lens(left) and
Geometrical MTF of the Parallel Plane Plates Start System(right)
after optimization.

According to the spot diagrams plotted in figure 5.2.5.3 it can be said that the
KBOSD doublet lens has a greater resolution than the parallel plane plates
start system doublet lens after optimization.
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5.3 Discusions and Comparisons of Triplets Lens

In this section one discusses data and comparisons of two triplet lenses. The
first triplet is proposed by the KBOSD as a start system. The second triplet is
optimized from a parallel plane plates start system. Both triplets are designed
under the following parameters:

wavelength of 546 nm

correction for the wavelength 546 nm, 656 nm and 486 nm.
focal length of 100.0 mm

diameter of 26 mm

an entrance pupil diameter of 25 mm.

numericzl aperture is 0,125

object is supposed to be at infinity.

5.3.1 Parallel Plane Plates Start System Triplet Lenses

As explained in sections 5.1.1 and 5.2.1 the optimization program is
incapable of starting the optimization of a triplet lens from paralle! plane
plates. One has to help the optimization program by vsing the angle solve
function. In order to get the expected numerical aperture and focal length,
one uses the angle solve function of the optimization program to change the
curvature radius of the last surface. The second help to the optimization
program one introduces the optical glasses, the thicknesses and the
separations between the plane plates. The optical glasses are bak$, sf18 and
sfl4. These optical glasses are proposed by the KBOSD and lead to a
chromatically corrected triplet lens. Each plan plate has a thickness of 5 mm
and a clear diameter of 25 mm. The separations between the plane plates are
ZETO,

Displayed below, are the data of the parallel planes plates- triplet lens before
optimization.

EFL = 100.000 [mm]
Parallel Flane Piates Start System Triplet Lens before Optimization
Radiusfmm] Sep. [mm] Clear diameter Material
Pupii . 25.00
0.000 Air
Plang 25.00
5.00 BAKS
Flane 25.00
0.000 Air
Plane 25.00
5.00 SF18
Flanc 25.00
0.000 Air
Plane 25.00
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5.00 SFi4
-76.861 25.00
100.00 Air
Image Plane 11.05

Figure 5.3.1 represents the drawing of the parallel plane plates start system
triplet lens before optimization as described above.

Parallel Planes Start
System Triplet

T
-

File pgtripl

Fig. 5.3.1 Drawing of the Parallel Plane Plates Start Systemn Triplet Lens
before Optimization.

5.3.2 KBOSD Start System Triplet Lens

Under the same starting conditions: design wavelength is 546 nm, aberrations
corrections at the wavelength 546 nm, 656 nm and 486 nm, focal length
equal 100.0 mm, diameter of 26 mm, entrance pupil diameter of 25 mm,
numerical aperture is 0.125 and the object is said to be at infinity the KBOSD
proposed the triplet lens displayed below. Note that these starting conditions
are the same for the parallel plane plates triplet lens.

Displayed below, are the data of the KBOSD start system triplet lens before
optimization.

EFL = 100.000 [mmj
KBOSD Triple: Lens before Optimization F=100 [mm]
Radius[mm] Sep. [mm] Clear diameter Material

Plane 25.00
0.000 Air
47.50 25.00
4.840 BAKS
-47.50 25.00
0.000 Air
-26.15 25.00
1.500 SF18
26.15 25.00
0.000 Air
36.76 25.00
5.804 SF14
-36.76 25.00
93.000 Air
Image Plane 3.50
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To get this KBOSD triplet one has to type the fellewing predicate:
calcul(100.0, Magnification, I, 93.0, z, z’) then the KBOSD answers by
displaying the data reported above.

The triplet proposed by the KBOSD is composed of two bi-convex singlet
lerises and a bi-concave singlet lens. The first bi-convex singlet lens is made
of bak5 glass, it has two curvature radii of 47.5 mm and -47.5 mm, a
thickness of 4.84 mm and a clear diameter of 25 mm. The bi-concave singlet
is made of sf18 optical glass; it has two curvature radii of -26.15 mm and
26.15 mm, a center thickness of 1.5 mm and clear diameter of 25 mm. The
Tast bi-convex singlet lens is made of sf14 glass, it has two radii of 36.76 mm
and -36.76 mm, a thickness of 5.804 mm and a clear diameter of 25 mm.

This KBOSD start system triplet should be perfectly corrected for the
chromatic aberrations.

Plotted below is the drawing of KBOSD start system triplet lens. The design
of this triplet emphasizes the geometrical form of the Tessar triplet.

KBOSO Triplet Slarl System

U

|

Fig. 532 Drawing of the KBOSD Start System Triplet Lens before
Optimization,

5.3.3 Optimization of the Parallel Plane Plate Start System
Triplet Lens

In order to point out the differences between the KBOSD start system triplet
and the parallel plane plates start system triplet we display their designs on
the same table.
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F|g 5.3.3.1 Drawing of the KBOSD (left) and the Parallel Plane
Plates(right) Start System Triplet before the Optimization.

During the optimization of the parallel plane plates one leave the curvature
radii and the separations variables and the optical glasses fixed.

After twenty five iterations, the merit function of the optimization converges
and the optimization program stops. Displayed below, are the data of the
parallel plane plates triplet lens after optimization,

EFL = 100.000 [mm]
Paralle] Plane Plates Start System after Optimization  File: PGTriplet Lens

Radius[mm] Sep. [mm} Clear diameter Material
45.875 25.00
30.80 BAKS
-46.438 25.00
0.000 Air
-203.056 25.00
1.500 SF18
-986.100 25.00
3.51 Air
-34.180 25.00
21.76 SFi4
-79.732 25.00
62.73 Air
Image Plane . 3151

The paraliel plane plates triplet lens after optimization is composed of a bi-
convex singlet and two meniscus singlet lenses. The bi-convex singlet lens has
two radii of 45.875 mm and -46.438 mm and a thickness of 30.80 mm !L.
Unfortunately, this singlet is so thick that is unusable. With the exception of
the inconvenience of the thickness, this bi-cenvex singlet is similar to the bi-
convex singlet of the KBOSD triplet start system{displayed in section 5.3.2)
before the optimization. The second meniscus singlet of this optimized triplet
Iens is made of sf14 g]ass it has two corvature radii of -34.18¢ mm and -
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79.732 mm and a thickness of 21.76 mm. This thickness of 21.76 mm is
excessive and make the meniscus also unusable.

Displayed below Fig. 5.3.3.2 is the parallel plane plates start system triplet
lens after optimization.

07-04-1991 Parallel Planes Start System Triplet
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Fig. 53.3.2  Parallel Plane Plates Start System triplet Lens after
Optimization.

5.3.4 Optimization of the KBOSD Start System Triplet Lens

Displayed below, are the data of the KBOSD start system triplet lens after
optimization.

EFL = 100.000 [mm)]
KBOSD Triplet Lens after Optimization  File: Triplet Lens

Radius{mm] Sep. [mm] Clear diameter Material
25.00

PFlane
0.000 Ailr
46,282 25.00
4,840 BAKS5
-47.787 25.00
0.000 Air
-48.988 25.00
1.500 SF18
-233.656 25.00
0.000 Air
144,267 25.00
5.804 SF14
200.440 25.00
92,471 . Air
Plane 3.50
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Drawing of the KBOSD Triplet Lens after Optimization

1] ——

Fig. 5.3.3.2  KBOSD Start System triplet Lens after Optimization.

5.3.5 Comparisons of the Parallel Plane Plates Start System
Triplet Lens with the Triplet Lens Generated by the
KBOSD

The parallel plane plates start system triplet lens after optimization is
analyzed in the same conditions as the triplet lens generated by the KBOSD
after optimization. The analysis conditions are displayed below:

spatial frequency is 100 lines/mm

focal length is 100 mm

wavelengths are 546 nm, 656 nmn and 486 nm
aberrations scale is 0.025 mm

field angle 0°(on axis) and 1%,

The results of this analysis are reported in. this section in order to compare
the optical quality of the triplet optimized from a parallel plane plates with
the KBOSD triplet after optimization,

5.3.5.1 Comparisons of the Transverse Ray Aberrations

Figure 5.3.5.1.1 reported below represents the transverse ray aberrations of
the KBOSD triplet lens after optimization. The KBOSD triplet lens
transversc ray aberrations are plotied at the following parameters:

+ wavelength are 486 nm, 546 nm and 656 nm

+ field angle 0° and 19 respectively in the sagittal and tangential planes.
= aberrations scale is 0.025 mm.
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TRANSVERSE RAY ABERRATIONS

KBOSD TRIPLET F=100 File TRIPLET 10-05~-1890
WL= 000546 KL= 000656 WL= .000485 DEFOCUS = 0.0000
.0250mn AXIS
TANGENTIAL]
.0280mm 1.00dep .0250om 1.00deg
TANGENTIAL] SAGITT

Fig.5.3.5.1.1 Transverse Ray aberrations of the KBOSD Start System
Triplet Lens after Optimization.

Figure 5.3.5.1.2 reported below represents the transverse ray aberrations of
the parallel plane plates triplet lens after optimization. The parallel plane
plates triplet transverse ray aberrations are plotted at the wavelength 486 nm,
546 nm and 656 nm at the field angle (° and 1° respectively in the sagittal
and tangential planes. The aberrations scale is 0.025 mm.

TRANSVERSE RAY ABERRATIONS

Parallal Planaa Start System Triplet File pgtripl 07-04-14991

KWL= . 000546 WL= 000656 KL= 000486 DEFOCUS = 0.0000
0250 (Y33
— __—-"_-_—

"

i TANGENTLAL]

.0250ms 1.00dag 0250w 1.00deg

~— [ I

____F
‘I'mGENTtA_Lj SAGITTAL

Fig. 53.5.1.2 Transverse Ray Aberrations of the Parallel Plane Plates Start
System Triplet Lens after Optimization.

According to the transverse ray aberrations curves plotted in Fig. 5.3.5.1.2
above one observes a vignetting effects at the field angle position 1% in the
sagittal and tangential diagrams. the fact that the aberrations curves are don't
attempt the border of the aperture is typically the sign of the vignetting
effect. This vignetting aberrations is to avoid. With the exception of the
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vignetting effect the quality of the plane parallel plates optimized triplet lens
is comparable to the quality to the KBOSD start system triplet lens.

5.3.5.2 Comparisons of the Spot Diagrams

Figure 5.3.5.2.1 below represents the spot diagrams of the KBOSD Triplet
lens start system after éptimization and figure 5.3.5.2.2 represents the spot
diagrams of the parallel plane plates start system after optimization. These
spot diagrams have been made within the following parameters:

. wavelength 546 nm
. scale (.025 mm
. field angle 0° and 1%

——  0.8258%n Def 9,900 mn tnc=9. 8500
-9.1000 -8.0509 9.08% 9.5509 8,189
| @ L]
L ) ° R .
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Fig. 5.3.5.2.1 Spot Diagrams of the KBOSD Triplet Lens Start System after
Optimization.

Perallel Planea Start Syatem Triplet

—  0.0250 WL = 000546 File pgtripl2

-0.1000 ~0.0500 0.0000 0.4500 Q. 1000
n
# & . ® ge

.00

i - f =

Fig. 5.3.5.2.2 Spot Diagrams of the KBOSD Paralle! Plane Plates Start
System Triplet Lens after Optimization.
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According to the spot diagrams plotted in figure 5.3.5.2.1 and figure
5.3.5.2.2 one may conclude that the optimized parallel plane plates start
system triplet lens has an optical quality(in terms of spot diagrams)
comparable to the KBOSD start system triplet lens.

5.3.5.3 Comparisons of the Geometrical MTF

In this section one reports the geometrical MTF of the KBOSD start system
triplet lens after optimization and also the parallel plane plates start system
triplet lens after optimization. The geometric MTF diagrams displayed in
figure 5.3.5.3 are plotted at the following parameters:

.= field angle 0° and 1¢
+  spatial frequency 100 lines/mm
+  full aperture.

GEOMETRICAL MIF  Mex Freq - 189

Defocus= 8.0000 n  UL.= ,POES46 GEOMETRIC MTF
Parpllal Plsnsw Gtart Eyetes Triplat 07—04-100¢
1.0 Fils pptripl
- T4 \ DEFECUS = .00 me
5 < . = (00546
anzs
- 4
I a.0
il PR 1 4 L] 109
it - : 0
e T g
1.00bep
2.0 a.0
I . i E— 1. N FREQ 109

Fig.5.3.5.3 Geometrical MTF of the KBOSD Triplet Lens(left) and
Geometrical MTF of the Parallel Plane Plates Start System
Triplet Lens(right) after optimization,

According to the diagrams plotted in figure 5.3.5.3 above one concludes that
* the parallel plane plates start system triplet lens after optimization appears to
have a better quality than the triplet optimized from the KBOSD start sysiem
triplet lens. One has to remember that the separation between the parallel
planc plates triplet lens after optimization and the image plane is only 62.75
mm(see section 5.3.3 above); the same separation is 92.471 mm by the
KBOSD start systemn triplet lens after optimization(see 5.3.4 above). Because
of the separation of 62.75 mm, comparatively to the separation of 92.471
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mm that the optimization of the parallel plane plates start system has a better
quality than the KBOSD stant system triplet lens. In any case the triplet
obtained from the optimization of the paralle! plane plates start system is
unusable becanse of the large value of its thickness.

5.4 Discusions of a Triplet Lens Obtained from Paratiel
Piane Plales and Good Masiering of fhe Qptimization
Programs

As mentioned above in section 5.3, the major inconvenience of the parallel
plane plates triplet lens after optimization is the high value of its thickness, In
this section one demonstrates the possibility of obtaining a good quality lens
from plan parallel plates, using the existing commercial optimization
program. In fact, the lens design optimization programs allows the same
parametric control during the optimization, such as the lens thickness, the
lens length(distance from the object plane to the image plane) and the
numerical aperture....

The triplet lens treated in this section is obtained from parallel plane plates
respecting the following steps:

’ start from paralle]l plane plates as displayed above in section 5.3.1

. input three optical glasses chromatically corrected, bak5, sf18 and
sf14 in our case '

. use the angle salve function to change the last surface of the parallel
plane plates to get the expected focal length, 100 mm in our case

. input the total length(distance from the first surface to the image

plane) of the triplet lens, 106 mm in our case

input the distance from the last surface to the image plane
the curvature radii are variable

thicknesses and separations are variable

optical glasses are fixed.

After forty iterations we stoped(intuitively) the optimization program. The
results obtained from the optimization of the parallel plane plates triplet are
comparable to the triplet obtained from the KBOSD triplet start system after
optimization.

Staning from parallel plane plates and trying to attempt the same results as
the KBOSD start system, one has to execute a preliminary work in searching
the corrected optical glasses, in calculating the lens thickness... and then one
has to wait a high number of iterations. In the other side, - the KBOSD
proposes the corrected optical glasses and calculates the optimal thickness, the
expected focal length as well as the other parameters of the iens; these facts
lead rapidly to an optimized lens. Introducing the chromatic corrected optical
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glasses, lens thickness... a special knowledge of the optical design is needed.
In our case this optical design knowledge is memorized in the KBOSD.

541 Data of the Parallel Plane Plates Triplet Lens

Displayed below are the data of a triplet lens obtained from parallel plane
plates and good control of the optimization program. These data are obtained
after optimization.

EFL = 100.000 [mm]
KBOSD Triplet Lens afier Optimization  File: Triplet Lens
Radius[mm] Sep. [mm] Clear diameter Material
Plane 25.00
0.00 Alr
5§3.737 25.00
6.34 BAKS
-60.000 25.00
0.00 Air
-7.158 25.00
. 6.12 SF18
-93.094 25.00
4,19 ‘ Air
-54.706 25.00
5.66 SF14
-121.458 25.00
84 Air
Plane 3.50

This triplet lens is composed of bi-convex singlet lens and two menisciis
singlet lenses. Displayed below is the drawing of triplet obtained from the
parallel plane plates start system and good control of the optimization
program.

HE——

Fig. 5.4.1.1 Drawing of Triplet Obtained from Parallel Plane Plates Start
System and Geod Contral of the Optimization Program

157




ut-_——P’/

Fig. 54.1..2  KBOSD Start System triplet Lens after Optimization.

The triplet lens displayed in Fig. 5.4.1.2 above is described in detail in
section 5.3.2.

54.2 Transverse Ray aberrations of the Parallel Plane Plates
Triplet Lens

In this section one displays the transverse ray aberrations of the triplet lens
obtained from parallel plane plates and good control of the optimization
program,

The transverse ray aberrations displayed in Fig. 4.4.2.1 and Fig. 4.4.2.2 are
plotted at the following parameters:

»  wavelength are 486 nm, 546 nm and 656 nm
»  field angle 0° and 1* respectively in the sagittal and tangential planes.
»  aberrations scale is 0.025 mm.

According to the transverse ray aberrations displayed in Fig. 4.4.2.1 and the
transverse ray aberrations plotted in Fig. 4.4.2.2 one concludes that the
transverse ray aberrations of the KBOSD start system triplet lens is
comparable to the transverse ray aberrations of the optimized parallel plane
plates start system triplet lens.
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TRANSVERSE RAY ABERRATIONS

Paralle) Planes Start Syetem Triplet Fila pgtripl A7-04-1991
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Fig. 44.2.1 Transverse Ray Aberrations of the Triplet Lens Obtained
from Parallel Plane Plates and Good Mastering of the
Optimization Program. .

TRANSVERSE HAY ABERRATIONS

KBOSD TRIPLET F=100 File TRIPLET 10-01-1990
KWL= 000546 Wi= 000556 NL= .000486 DEFOCUS = 0.0000
. G250mn AKTS
TANGENTIAL}
0250 mm 1.00deg - 02500 1.00deg
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Fig.5.4.2.2  Transverse Ray aberrations of the KBOSD Start System
Triplet Lens after Optimization. '
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54.3 Spol Diagrams of (he Parallel Plane Plates Triplet Lens

In this section one displays the spot diagrams of the triplet lens obtained from
parallel plane plates and good control of the optimization program.

" Figure 5.4.3.2 below represents the spot diagrams of the KBOSD Triplet lens
start system after optimization and figure 5.4.3.1 represents the spot
diagrams of the triplet lens obtained from paralie! plane plates start system
and good control of the optimization program after optimization. These spot
diagrams have been done within the following parameters:

. wavelength 546 nm
. scale 0.025 mm
. field angle 0% and 1%

One notes the similarity between the spot diagrams displayed in Fig. 5.4.3.1
and the spot diagrams displayed in Fig. 5.4.3.2.

Parallel Planss Start System Triplet

— 0.0250 WL = 000546  File pptripl  07-04-19
-0. 1000 -0. 0500 0.0000 0.0500 0.1000

o 2l

% ® : 4 3

1.00
+

w

I

Fig. 54.3.1 Spot Diagram of the Triplet Lens Obtained from parallel
plane plates and Good Mastering of the Optimization program
after Optimization.
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"Fig. 5.3.42 Spot Diagrams of the KBOSD Paralle] Plane Plates Start
System Triplet Lens after Optimization.

5.4.4 Geometrical MTF of the Parallel Plane Plates Triplet
Lens

In this section one displays the geometrical MTF of the triplet lens obtained
from parallel plane plates and good control of the optimization program. Fig.
5.4.4(left) represents the geometric MTF of the KBOSD start system triplet
lens after optimization. Fig. 5.4.4(right) represents the triplet lens obtained
from paralle] plane plates start system and good control of the optimization
program. The geometric MTF diagrams displayed in figure 5..4.4 are plotted
at the following parameters:

+  field angle 0° and 1°
»  spatial frequency 100 lines/mm
+  full aperture.

From the comparison of the geomeiric MTF of the KBOSD triplet lens after
optimization (left) with the geometric MTF of the parallel plane plates after
optimization one may conclude that both optical system have comparative
resolution.
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Fig.5.4.4 Geometrical MTF of the KBOSD Triplet Lens(left) and
Geometrical MTF of the Triplet Lens Obtained from Parallel Plane
Plates Start System(right) and Good Mastering of the Optimization
Program.

5.5 Conclusion

In this chapter one optimized and compared several optical systems proposed
by the KBOSD with optical systems generated from parallel plane plates.
Starting from paraliel plane plates one demonstrates the incapacity of the
used optimization program of starting the optimization. Also one has to help
the optimization program by using the angle solve function and by
introducing the appropriated optical glass. On the other hand the KBOSD
proposes start optical systems ready to be optimized using an optimization
program. Contrarily to parallel plane plates start systems, the start systems
proposed by the KBOSD leads rapidly {less number of iterations) to optimal
optical system and contain the appropriated optical parameters such as optical
glasses, Jens thickness....

From this comparative study one concludes that the optical start systems
proposed by the KBOSD and optimized are of a better quality than the optical
starl system obtained from the optimization of paralle] plane plates.

However it is possible to obtain optical systems from the optimization of
parallel plane plates with an optical quality comparable to the optical systems
obtained from the optimization of the KBOSD start systems. This statement s
illustrated by the triplct lens example displayed in section 5.4. To attempt the
same¢ results as the KBOSD start systcms after optimization from parallel
plane plates one has to master the optimization program and to execute a
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preliminary work. This preliminary work is dedicated for the start system
predesign such as the calculation of the thickness and the selection of the
optical glasses.... By executing this preliminary work one has to be equipped
with optical design knowledge. In our case the KBOSD representes the
optical knowledge.
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6.0 Introduction

In this section one explains why the KBOSD start systems lead to a good
quality optical systems after optimization. This explanations are illustrated by
three KBOSD optical start systems, a KBOSD doublet, a KBOSD singlet and
a KBOSD triplet. The quality of the starting systems are illustrated in this
.chapter in terms of the third order aberrations. Comparing the third order
aberrations of the KBOSD starting systems before and after the optimization,
one may conclude the influence of the KBOSD start system on final
optimization results. High order aberrations may have influences on the final
results of the KBOSD optical systems but in this discussion one take only the
order aberrations inta account.

6.1 Comparative Table and Discussions of the KBOSD Doublet

In this section one repons the summa of the third order aberrations of a
doublet lens proposed by the KBOSD before optimization and after
optimization. The third order aberrations of the KBOSD doublet lens are
compared with the third order aberrations of the Kingslake doublet lens. The
KBOSD doublet start system before and after optimization and the Kingslake
doublet are treated in detail in chapter 4, section 4.1 of this work. The values
of the third order aberrations displayed below are expressed in mm.

Lens KBOSD doublet Kingslake KBOSD
start system doublet doublet start

system after
optimization

Spherical -0.045033 0001048 | -0.000423

aberrations

Coma 0.002924 -0.000031 | -0.000031

Astigmatism 0.000291 0.000295 | 0.000265

Field curvature 0.000195 0.000210 [0.000193

Distortion -0.000000 0.000002  [0.000002

Longitndinal 0.003335 0.000178 [0.003336

chiromatic

aberrations .

Transverse 0.000009 -0.000004 [ 0.000009

chromatic

aberrations

Table 6.1 Comparative Table of the Third Order Aberrations of the

KBOSD Doublet and Kingslake Doublet.

According to the second column (KBOSD doublet start system) of the
comparative table above one may conclude that the KBOSD start system is
. potentially a good doublet. This statement is based on the low values of the
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third order aberrations of this start doublet. The values of the third order
aberrations of the KBOSD start system before the optimization are
comparable to the values of the Kingslake doublet.

After optimization the KBOSD doublet has a better quality than the Kingslake
doublet. With the exception of the chromatic aberrations, the values of the
aberrations of the KBOSD doublet, after optimization are less or equal to the
values of the aberrations of the Kingslake doublet.

In the other on the other hand it is necessary to point out that many third
order aberrations such as astigmatism, field curvature, distortion and
chromatic aberrations of KBOSD doublet start system remain the same before
and after the optimization. This fact resulted from the rules used by the
KBOSD to predesign optical design start systems.

Empirically, a doublet lens is composed of two singlet lenses and two types of
optical glass. One singlet lens has a positive focal length and the second one
has a negative focal length. The optical glass is made of crown type and flint
iype. The geometrical form of the two singlet lenses is an important parameter
as well as their thickness and their curvature radii. The facts and rules mentio-
ned above are used by the KBOSD in order to generate a potentially good

_optical design start systems, Because of these reasons the KBOSD start
system leads to a good quality optical system after optimization.

6.2 Comparative Table and Discussions of the KBOSD Singlet

The KBOSD singlet lenses discussed in this chapter are treated in more detail
in chapter 4.2, 7

According to the comparative table displayed below, one may conclude that
there is no larges differences in the third order aberrations before the
optimization and after the optimization. This fact demonstrates that the
KBOSD start systems are good pre-designed and will lead to good quality
optical systems after optimization. To prove this statement in one note, simply
by proposing a singlet lens, the KBOSD calculated the curvature radii,
selected the adequated optical glass and calculated the singlet thickness
according ta physical laws. The KBOSD used some henristics concerning the
gcometrical form and the conditions of nse of the singlet lenses to propose the
appropriate singlet lenses. The geometrical form of the singlet lens proposed
by the KBOSD leads empirically to a good lens element after optimization,
The values of the third order aberrations displayed below are expressed in
mm. :
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Lens KBOSD singlet KBOSD singlet
before optimization after optimization

Spherical aberrations 0.006562 0.006756

Coma -0.000283 -0.000255

Astigmatism 0.000881 0.000890

Field curvature 0.000526 0.000531

Distortion 0.000004 0.000003

Longitudinal 0.000002 0.000002

chromatic :

aberrations

Transverse 0.00000 0.00000

chromatic

aberrations

Table 6.2 Comparative Table of the Third Order Aberrations of the
KBOSD Singlet Lens before and after Optimization.

6.3 Comparative Table and Discussions of the KBOSD Triplet

In this section one demonstrates why a KBOSD optical start system triplet
lens leads to a good optical system triplet after optimization. The data and the
analysis of the triplet discussed in this section are treated in detail in chapter
4, section 4.4.

In table 6.3 displayed below one observes that the third order aberrations of
the KBOSD triplet before and after optimization does not change

significantly , excepting the spherical aberrations. The fact that the third order

aberrations of the KBOSD triplet does not significantly change during the

optimization demonstrates that the KBOSD start system triplet lens leads to a

good triplet lens after optimization. In response to the guestion: Why does the.
KBOSD triplet have a low third order aberrations before the optimization? In

response to this question, in proposing this triplet, the KBOSD:

calcnlated the thicknesses of the three singlet lenses making the triplet
selected three optical glasses chromatically corrected

used heoristics according to the final use of the triplet

selected the optimal geometrical form for the triplet lens.

assembled the different optical elements(singlet lenses) to compose the
triplet lens.

This triplet lens is composed of three singlet lenses: A bi-convex singlet with
a positive focal length, a bi-concave singlet with negative focal length and a
bi-convex singlet with positive focal length. This triplet configuration (focal
length positive, focal length negative and focal length positive) recalls to ns
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the Tessar triplet. Empirically, a triplet with appropriated optical glasses and
with a geometricel form like the Tessar triplet leads to a good triplet after

optimization. The value of the third order aberrations displayed in table 6.3

below are expressed in mm. The high value of the spherical aberrations of the

triplet before the optimization is provoked by the relatively high numerical

aperture. The numerical aperture of this triplet is equal to 0.125. After

optimization the spherical aberrations changed from -2.292748 to 0.000073.

Lens KBOSD triplet lens KBOSD triplet lens
before optimization after optimization

Spherical aberrations -2.292748 ) 0.000073

Coma -0.014928 -0.000114

Astigmatism 0.00005 0.000465

Field curvature - 0.000250 0.000332

Distortion 0.000011 0.000003

Laongitudinal 0.011096 0.000960

chromatic

aberrations

Transverse 0.000501 0.000051

chromatic

aberrations

Table 6.3 Comparative Table of the Third Order Aberrations of the
KBOSD Triplet Lens before and after Optimization.

6.4 Conclusion

In this chapter one discusses the guality of the KBOSD starting systems and
demonstrates their influence on the final optimization results. Note that the
KBOSD starting systems have a low third order aberrations. In proposing a
start system the KBOSD:

«  calculates the thickness of the lens

«  selectes the appropriate opticzal glass {correction of the chromatic aber-
rations)

»  uses heuristics leading to the best geometrical form of the lens(correction
of the geometrical aberrations such as coma, spherical aberrations,
astigmatism)

«  utilizes heuristics and rules to find the appropriate lens design according
to the final use of the lens

*  most lenses proposed by the KBOSD leads empirically to good optical
systems after optimization.

The facts mentioned above explain why the KBOSD optical starting systems
lead to good quality optical systems after optimization.
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7. Conclusions

1n this work a Knowledge Based Optical System Design (KBOSD) is reali-
zed; the progress in the domain of artificial intelligence helps a great deal.

Unlike the existing expert systems this KBOSD nses neither a lens library
nor a lens data base; like the its name indicates it, the KBOSD is entirely ba-
sed on optical design knowledge and heuristics.

With this KBOSD, one proposes a new approach for the optical design of
start systems and demonstrates its feasibility and validity. The combination of
two different disciplines, artificial intelligence techniques and optical design
knowledge base is also new and represents an important contribution to opti-
cal design. The use of artificial intelligence to treat optical lens design is a
new approach to the problem of lens design start systems.

At what point can antificial intelligence be nseful in the design of optical sys-
tems? Why does one select artificial intelligence techniques to solve optical
design problems? In response to these questions, one should note that it is
complicated to solve optical design problems in a classical procedural pro-
gram where the solution must be written. The solution of the lens design
problem is based on innumerable knowledges such as heuristics, optical de-
sign rules, as well as technical and numerical constraints that should be ex-
plored. The modular structure of the optical elcment and its assembly typi-
cally pose a problem that can be solved by artificial intelligence algorithms.
Additionally, with artificial intelligence the optical knowledge is expressed in
terms of the optical user peint of view, For this reason, the artificial intelli-
gence exploration technigues are adopted.

The antificial intelligence approach helps us 10 attempt many goals, especially
in:

« making up the base of facts containing optical glass and its properties.

« making pp the lens design knowledge base containing lens design cons-
iraints and rules, as well as henristics on optical lens design, noting that a
heuristic is a method of learning that involves using reasoning and past
experience rather than formulas or solutions that are given.

« making up optical design knowledge models(formal and informal) such as:

« henristics and the context of use of optical systems are informal
» algebraic models of optical systems are empirically
« physical laws are formal

+ implementation of algorithms of calculation and test of parameters of the
optical systems
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- transfer of the optical design knowledge from the expert to the computer
in terms of clanses

« manipulations and treatments of optical knowledge

« solving optical design problems in a declarative way and not by a proce-
dural algorithm

» thanks to the inference engine and backtracking principle all solutions of a
lens design problem arc explored

The Prolog programming language was chosen because this language is
equipped with an inference engine and the possibility of algerithmic pro-
gramming. The user has only to describe the optical problem and the pro-
gram will then find all possible solutions.

The Prolog programming language is oriented toward the implementation of
artificial intelligence principles and the transfer of knowledge from the ex-
pert to the computer throngh rules and facts.

A knowledge base is implemcnted in Prolog in terms of clanses. In our case
this knowledge base contains optical knowledge, les, laws of lens design,
heuristics and constraints of lens design as well as a base knowledge of opti-
cal glass.

To solve an optical problem in Prolog, the desired optical system is descri-
bed. Then the inference engine explores the optical knowledge base and re-
tums a solution. In using the backtracking principle, the inference engine ex-
plores all the possible solutions to a lens design problem. This method of
problem solving is typical of the declarative or descriptive programming
languages such as Prolog. We are specially attracted by this declarative as-
pect that allows the solution of optical problems in an intelligent way.

In using the programming language Prolog, equipped with an inference en-
gine, one has only to describe the base of facts, the optical rules, the heuris-
tics and the relationship between the elements of the knowledge base as well
as the optical problems, and the program will find all possible solutions. For
the above mentionned reasons Prolog is called descriptive or declarative
programming language. The possibility of algorithmic or procedural pro-
gramming in Prolog allows the control of the inference engine and the sear-
ching algorithms.

The application domain of the KBOSD is the dioptrical optical system of Iow
aperture and low field angle.

This knowledge based optical system design generates optical systems that
are used as a start optical systern for programs of optical optimizations.
The KBOSD describes how and why a solution is selected!

The KBOSD proposes a start optical system in a few seconds. This start opti-
cal system is subsequently optimized by a lens design program and after se-
veral iterations a good optical design system is obtained.
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To achieve the same goal, an optical design expert using just his experience
needs much more time.

The optical start system proposed by the KBOSD and optimized have a better
quality than the optical system obtained from parallel plane plates starting
system and optimized using an existing commercial optimization program.

To obtain optical systems from paralle]l plane plates with an optical quality
comparable to the optical systems obtained from the optimization of the
KBOSD start systems one has to master the optimization program and to do
some preliminary calculations conceming the start system soch as the selec-
tion of the appropriated optical glass. A novice in the optical design field
spendes much of his time mastering the optimization program, the KBOSD
start system is a helpful toal for him. In same simple situation(singlet lenses)
the optimization of parallel plane plates start system leads to the KBOSD op-
tical start system before their optimization.

The KBOSD optical start systems are pre-calculated and pre-designed and
have a low third order aberrations, because of these reasons they lead rapidly
to a good quality optical systems after the optimizations.

Equipped with optical lens design knowledge, with cognitive and metacogni-
tive of optical lens design and the possibility of solving lens design problems,
this KBOSD has all properties of an intelligent knowledge based system.

Thus the KBOSD is a helpful tool for assisting an optical design expert in
saving time and reducing the probability of error. Additionally, an optical
design expert can quite easily enter his own knowledge on optical design to
the KBOSD. In any case the optical knowledge contained in the KBOSD is
not absolute.

The results obtained by this KBOSD are very encouraging and prove the
feasibility of such a program. It is highly recommended to continue the in-
vestigations and to expand upon this knowledge based systems to other do-
mains of optics such as optical compating, polarization and thin films, holo-
graphy and optical fibers.

Future realizations of KBOSD based on the paralle]l programming and/or on
neural computing are also highly recommended.
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Appendix 1: Comparative Lens Dala

We report below the data {16] of some lenses oﬁ the optical design market
so that one get an idea on the performance and the quality of the
mentioned lenses.

This lens data is reported for comparison with optical systems generated

by our KBOSD.
The focal length of all lenses is 50 mm.
Leitz Minolta Canon Praktica

Lens Summicron ]AF 50 mm {EF 50mm | MC 50 mm

| M50 Ff2 F/1.7 F/1.8 F/1.8
Full apper- |64 lines/mm |52 lines/mm {48 lines/mm |38 lines/mm |
ture resolu- 1
tion . ;
Throu-focus |92% 87% 190% 165%
MTF full
aperiure . 1
Distortion  |-0% -0.8% 1% {-1.8%
Resolution |75 lines/mm |71 lines/mm |54 linesfmm |46 lines/mum
F/8 5
Image qual- |Excellent Very good | Good Mean
it '
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Appendix 2; Interfaces KBOSD-User and KBOSD-lens Design
Programs

Using the Knowledge Based Optical System Design one has to enter the
following predicate: calcul(Focal_length, Magnification, 1, 1, z, z’). The user
has to input at least two identified parameters of the following list: Focal
length, Lateral Magnification, 1, I, z and z".

Example 1:

caleul(100.0,-2.0,1,l',z,2") this predicate indicates io the KBQSD that the nser
needs a focal optical system with a focal length of 100.0 wmum and a lateral
magnification of -2.0.

If the focal length is zero then the KBOSD proposed an afocal optical
system.

Example 2:

calcul(0.0,-3.0, 200.0,_,_, ) this predicate indicated to the KBOSD that the
user needs an afocal optical system with an angular magnification -3.0 and a
total Iength of 200.0 mm.

If the user types more than two identified parameters, then the KBOSD tests
the compatibility of these parameters. The signification of the parameters 1,
I', z and z' are displayed below.

n \ Positive direc-
¥ o' tion of the inci-
F P dant light

>t

££1 : J bfl z! y!

Fig. 3.1.4 Parameters of an Optical System

The following parameters: wavelengths, entrance aperture and optical glass
constraints should be entered by the user into the KBOSD.

The KBOSD uses the user's optical parameters to identify the the optical
system and its final conditions of use. The KBOSD assembles the optical
system according io its parameters and its context of use.
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The KBOSD answers by displaying the parameters of the optical systern such
as optical glass, thickness, curvature radii, number of elements forming the
optical system...

The parameters of the optical system displayed by the KBOSD are in a text
file and are readable in the existing optimization programs.
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Appendix 3: Rules and Algorithms of Calculalion of Parameters of
Oplical Systems

The algorithms displayed below serve to calculatc the paraxial parameters of
the optical system. The user should enter at least two parameters.

Input at least two parameters of the optical
system {rom these listed here: focal length,
lateral magnificatian, I, I', z, z'.

y

Are all optical system parameters Yes
identified?

No

1

Search a relationship between the Display the optical
known parameters and the system data.
unknawn one.

Algorithms of calculation of optical system parameters

The algorithms of calculation of optical system parameters are coded in
the programming language Prolog as below,

/*

The predicate output_calcul_resuits displays the results of the caicul, i.e.
the parameters: Optical_Power, Traunsversal_Magnification, L, L', Z and
Z. )

*f

calcul{Optical_power, Transversal_Magnification, L, L', Z, Z) :-
know_variable{[Optical_Power, Transversal_Magnification, L, L’, Z, Z), !,
output_calcul_results(Qptical_Power, Transversal_Magnification, L, L', Z, Z),

/*
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In the following rule if the variables L and L', know_variable{[L, L']), are
known, then, the variable Optical Power is calculated according to the re-
lation: .
Optical_power = (Ni/L) + (No/L').

Where Ni, No are the refractive indices in the object and image space.
*/

calcul{Optical_power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable([L, L),
relation(calcolation_rule_Nol, Optical_Power, (Ni/L) + (No/L'), "(Ni/L) +
No/L')’, "Optical _Power”), !,
calcul(Optical_power, Transversal_Magnification, L, 1", Z, Z).

/‘*

In the following rule if the variables Z' and L', know_variable([L', Z'1),
are known, then, the variable Optical Power is calculated according to the
relation:

Optical_power = No/(L'-Z}.

Where Ni, No are the refractive indices in the object and image space.

*
calcul{Optical_power, Transversal Magnification, L, L', Z,Z :-
indice(Ni, Na),
know_variable([L', Z']),
relation{calculation_rule_No2, Optical_Power, Nof(L'-Z’), "Nof(L'-Z')",
"Optical Power”), !,
calenl(Oprical_power, Transversal _Magnification, L, L', Z, Z').

/*

In the following rule if the variables Z' and L’, know_variable([Z, Z']),
are known, then, the variable Optical Powcr is calculated according to the
relation:

Optical_power = sqrt((Ni*No)/(Z*Z)).

*

caleul(Optical_power, Transversal_Magnification, L, L', Z, Z) -
indice(Ni, No),
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know_variable([Z, Z'}, )
relation(caleulation_rule_No3, Optical_Power, sqri{(Ni¥*No){(Z*Z")), "sqri((Ni
*No)(Z*Z7))", "Optical_Power™), 1,

calcul{Optical_power, Transversal_Magnification, L, L, Z, Z).

/*

In the following rule if the variables Z' and L', know_variable([Z, Z'7),
are known, then, the variable Optical Power is calculated according to the
relation:

Optical_power = -sqri{{Ni*No)/(Z*Z")).

*
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z) -
indice(Ni, No),
know_variable{|Z, Z),
relation(calculation_rule_Nod4, Optical_Power, -sqri({Ni*No)/(Z*Z")}, "-
sqri{(Ni*No)/(Z*Z'))", "Optical_Power™), !,
calcul(Cptical_power, Transversal_Magnification, L, L', Z, Z').

f*

In the following rule if the variables Z and L, know_variable([L, Z]), are
known, then, the variable Optical Power is calculated according to the re-
lation:

Optical_power = Nif{L-Z).

*

calcul(Optical_power, Transversal_Magnificarion, L, L', Z, Z') :-
indice(Ni, No),
know_variable([L, ZJ]),
relation(calculation_rule_No35, Optical_Power, Nif(L-Z), "Nif{L-Z)",
"Optical_Power"), !, )
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z).

/*
“In the following rule if the variables Optical_Power and L',

know_variable([Optical_Power, L']), are known, then, the variable L is
calculated according to the relation:

L = (Ni*L")/((Optical_Power*L") - No).
*
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calcul(Optical_power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni1, No), ]
know_variable([Optical_Power, L'|),
relation(calculation_rule_No6, L, (Ni*L')/{{Optical_Power*L") - No), "(Ni*L'y/
_((Optical_Power*L’) - No)", "L"}, !
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z).

/*

In the following rule if the variables Transversal _Magnification and L',
know_variable([Transversal_ Magnification, L']}, are known, then, the
variable 1. is calculated according to the relation:

L = (-L'*Ni)/(Transversal_Magnification*No).

*

caleul(Optical_power, Transversal_Magnificatton, L, L', Z, Z') :-
indice(Ni, No),
know_variable([Transversal_Magnification, L'}),
relation{calculation_rule_No7, L, (L*Nl)l(Transversa] Magniﬁcalion*No). "(-
L"Ni}/(Transversal_ Magmﬁcauon*No)' "™, !
calcul(Optical_power, Transversal Magmﬁcanon L,L.Z, Z).

I*

In the following rule if the variables Optical_Power and Z,
know_variable([Optical_Power, Z]), are known, then, the variable L is
calculated according to the relation:

L = Z + (Ni/Optical_Power).
*/

calcul(Optical_power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable{[Optical_Power, Z]),
relation(calculation_rule_No8, L, Z + (Ni/Optical_Power), "Z + (Ni/ Opti-
cal_Power) ", "L™, !,
calcul{Optical_power, Transversal_Magnification, L, L', Z, Z').

/*
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In the following rule if the variables Optical_Power and L,
know_variable([Optical_Power, L]), are known, then, the variable L' is
calculated according to the relation

L’ = (No*L)/{({Optical_Power*L) - Ni).
*/

calcol{Qptical_power, Transversal_Magnification, L, U, Z, Z7) :-
indice(Ni, No),
know_variable({Optical_Power, L]),
relation(calcnlation_rule_No9, L', (N o*L)I((Opncal_Powcr*L) Ni), "(No*L)/
{(Optical_Power*L) - Nil", "L™), 1,
calcol(Optical_power, Transversal_Magnification, L, L', Z, Z).

/Ir

In the following rule if the variables Optical_Power and Z’,
know_variable([ Optical_Power, Z']), are known, then, the variable L’ is
calculated according to the relation

L' = Z' + (NofOptical_Power).
*l -

calenl{Optical _power, Transversal_Magnification, L, L, Z, Z) ;-
indice(Ni, No),
know_variable([Optical_Power, Z'1),
relarion(calculation_; rulc NolQ, L', Z' + (No/Opncal Power), "Z' + {No/ Opii-
cal_Power)", "L'), !
calcul{Optical _power, Transversai_Magnification, L, L', Z, Z).
/¥

In the following rule if the variables Transversal_Magnification and L,
know_ variable({Transversal_ Magnification, L]), are known, then, the
variable L’ is calculated according to the relation

L'=Z+ (-Transvcrsal_Magniﬁcation*No*L)lNi.
*/
calcnl(Optical_power, Transversal_Magnification, L, L, Z, Z') :-
indice(Ni, No),
know_variable{[Transversal_Magnification, L)),

relation{calculation_rule_Noll, L', (-Transversal_Magnification*No*L)/Ni, (-
Transversal_Magnification*No*LYNy)", "L"™}. |,
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calcul(Optical_power, Transversal_Magnification, L, L', Z, Z').

/*

In the following rule if the variables Optical Power and L,
know_variable ([Optical_Power, L]}, are known, then, the variable Z is
calculated according to the relation

Z = L - (NifOptical _Power).
¥

calcul(Optical_power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No),
know_variable([Optical_Power, L]),
relation(calculation_rule_No12, Z, L - (Ni/QOptical_Power), "L - (Ni/ Opti-
cal_Power)", "Z"), |,
caleul(Optical_power, Transversal_Magnification, L, L', Z, Z").

/*

In the following rule if the variables Optical_ Power and 7',
know_variable( [Optical_Power, Z']), are known, then, the variable Z is
calculated according to the relation

Z = (Ni*No)/(Optical_Power*Optical_Power*Z").

*

calcul{Optical_power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No),
know_variable({Optical_Power, Z']),
relation{calculation_rule_No13, Z, (Ni*No)/{(Optical_Power*Optical_Power*Z),
"{Ni*No)/Opiical_Power*Qptical _Power*Z'", "Z"), |,
caleul(Optical _power, Transversal_Magnification, L, L', Z, Z').

’{*
In the following rule if the variables Optical Power and Z,
know_variable([Optical_Power, Z]), are known, then, the variable Z' is
calculated according to the relation

Z' = (Ni*No)/(Optical_Power*Optical_Power*Z).
*f
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calcul(Optical _power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable(fQpdcal_Power, Z]),
relation{calculation_rule_Nold, Z' (N:‘No)/(()pt:cal _Power*Qptical_Power*Z),
"(Ni*No)/Optical_Power*Optical_| Powcr"‘Z" M, 1,
calcul{Optical_power, Transvcrsal_MagniﬁcaIion, L L.Z Z).

/*

In the following rule if the variables Optical Power and L/
know_variable({Optical_ Power, L']), are known, then, the vanab]c Zis
calculated according to the relation

Z =L’ - ( No/fOptical_Power).
*f

calcul(Optical_power, Transversal_Magnification, L, L', Z, Z'} :-
indice(Ni, No),
know_variable{[Optical_Power, L])
relation{calculalion_rule_Nol5, - ( No/Optical_Power), "L -( No/ Opti-
cal_Power)", "2, !,
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z°).

/*

In the following rule if the variables L and U, know_variable([L, L'},
are known, then, the variable Transversal _Magnification is calculated ac-
cording to the relation

Transversal_Magnification = - (Ni*L")}/(No*L).
*/

calcul{Optical_power, Transversal_Magnification, L, L', Z, Z) :-
indice (Ni, No),
know_variable([L, L'},
relation{calculation_rule_No18, Transversal_Magnification, - (Ni*L')/(No*L), "-
(Ni*L')/ (No*L)", "Transversal_Magnification"), 1,
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z).

/*

In the following rule if the variables Transversal_Magnification and L',
know_variable({Transversal_ Magnification, L']), are known, then, the
variable Optical_Power is calculated according to the relation:
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Optical_Power = (- No*Transversal_Magnification+ No)/L.".
*/ V

calcul(Optical_power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No),
know_variable([Transversal_Magnification, L']),
relation(calculation_rule_No17, Optical_Power, {- No*Transversal_Magnification
+ No) /L, "(- No* Transversal_Magnification+Ne)/ L", "Optical_Power"}, 1,
calcul(Qpuical_power, Transversal_Magnification, L, L', Z, Z1).

’f*

In the following rule if the variables Transversal_Magnification and Opti-
cal_Power, know_variable([Optical_Power, Transversal_ Magnification]),
are known, then, the variable L' is calculated according to the relation

L' = (No*Transversal_Magnification+No)/ Optical_Power.
*/

calcul(Optical_power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No),
know_variable([Optical_Power, Transversal_Magnification]),
relatien(calculation_rule_Nol8,L',(No*Transversal_Magnification+No)/ Opti-
cal_Power, "(- No*Transversal_Magnification+No)/Optical_Power”, "L™), !,
calcul{Optical_power, Transversal_Magnificaiion, L, L', Z, Z7).

/*

In the following rule if the variables Optical_Power and L,
know_variable([ Optical_Power, L]}, are known, then, the variable Trans-
versal_Magnification is calculated according to the relation:

Transversal_Magnification = (Ni/((-Optical_Power* L ) + Ni))

*/

calcul(Optical_power, Transversal_Magnificalion, L, L', Z, Z) :-
indice(Ni, No}),
know_varable([Optical_Power, L]),
relation{calculation_rule_No19, Transversal_Magnification, (Ni/({(-Optical_Power*.
L) + Ni)), "(N/({-Optical_Power*L}+Ni})", "Transversal_Magnification™), !,
calcol(Optical_power, Transversal_Magnification, L, L, Z, Z').
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*.

In the following rule if the variables Optical_Power and L,
know_variable([Optical_ Power, L]}, are known, then, the variable Z' is
calculated according to the relation

Z = (No*U((Opticla]_Power*L)-Ni))-No/ Optical_Power,
*/ '

calcul(Oprical_power, Transversal Magnification, L, L', Z, Z7} :-
indice{Ni, No),
know_variable([Optical_Power, L1},
relation({calculation_rule_No20, Z', (No*L/((Optical_Power*L)-Ni}}-No/ Opti-
cal_Power, "(No*LA{Opuical_Power*L)-Ni)}-No/Opucal_Power", "Z"}, !,
calcul(Optical_power, Transversal_Magnificarion, L, L', Z, Z)).

/*

In the following rule if the variables Optical_Power and L',
know_variable([Optical_ Power, L']), are known, then, the variable
Transversal_Magnification is calculated according to the relation

Transversal_Magnification = (No-Qptical_Power* L')/No,

*/

calcul{Optical_power, Transversal_Magnification, L, L', 2, Z) :-
indice{Ni, No),
know_variable(|Optical_Power, L)),
relation{calculation_rule_No21, Transversal_Magnification, (No-Opticat_Power
*L"WNo, "(No-Optical_Power*L’)/No”, "Transversal_Magnification™), !,
calcul(Optical_power, Transversz]_Magnification, L, L', Z, Z).

/*

In the following rule if the variables Optical_Power and Z',
know_vaniable([Optical_ Power, Z']), are known, then, the variable
Transversal_ Magnification is calculated according to the relation

L=((Ni*No)/(Optical_Power*Qgptical_Power*Z1)+(Ni/Optical_Power).

*/

calcul(Optical_power, Transversal_Magnification, L, L', Z, Z") :-
indice(Ni, Na),
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know_variable([Optical_Power, Z),

relation(calculation_rule_No22,L.((Ni*No)/(Optical_Power*Qptical_Power*Z))+
(NifOptical_ Power),”((N:"No)l(Opncal Powcr"Opncal Power*Z)+ (Ni/ Opti-

cal_Power)","L"), !

calcul(Optical _ power Transversal,_Magnificadon, L, L', Z, Z).

j’*

In the following rule if the variables Optical_Power and L,
know_variable([Optical_ Power, L]), are known, then, the variable Z' is
calculated according to the relation

Z' =(Ni*No)/(Optical_Power*(Optical_Power*L-Ni)}).

*f

calcul{Optical_power, Transversal_Magnification, L, L', Z, Z) :-
indice{Ni, No),
know_variable([Optical_Power, L}),
relation(calculation_rule_No23, Z', (Ni*No)/(Optical_Power*(Optical _Power*L-
Ni}}, “(Ni*No)/(Optical_Power*(Optical_Power*L-Ni))", "Z"), !,
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z'),

/*
This rule is used by the calcul predicates.

This rule links the value, Var_Free, and the formula, Formule, during the
algorithm calculatioun of an optical system.

If a variable is free(Var_Free), then, the formula is assigned to
it(Var_Free is Formule).

This rule displéys the relation between an optical variable and the optical
rule (Text_Formule) that indicts the way to calculate it.

*/
relation{(Rule_No, Var_Free, Formule, Text_Formule, Var_Text) :-
free(Var_Free),
Var_Free is Formule,
nl,

-outl{ Rule_Nag},
out(Var_Text),

outm(" ="},
out(Text_Farmule),
onim{” --> "),

nl,

out{Var_Free),
outm(” = ),
out(Formule),

nl.
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/*

This rule testes if a variable is known, not free.
It is applied to a list of variables.

*

know_variable{((J}.

know_variable([P1A]) -
bound(P),
know_variable(A).

/*

This rule is used to display the data of a focal optical system after the cal-
culation algorithm.

*/.

output_calcul_results{Optical_Power, Transvcrse_Magniﬁcatioﬁ, LL,ZZ):-
power_focal(Focal_Length, Optical_Powet),
nl,
outm("Focal_Length --> "},
outl{ Focal_Length),

outm{"Optical_Power -> "),
outl( Optical_Power),
outrn("Transversal_Magnification  --> "),
out){ Transversal_Magnification),
ountm("Obj-Lens > ",

outl{ L),

oum{"Lens-Image > "),

outl( L),

outm("Obj-Focal_Length  --> "),
outl( Z),
outm("Focal_Length-lmage --> ),
outl{ Z4,

nL
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Appendix 4: Rules and Algorithms of Test of Parameters of
Optical Systems

The algarithm below tests the compatibility aof the paraxial parameters of the
aptical systems when the user enters mare than two parameters.

(" Test the feasability of the aptical
system, neaeded parameters: power af the
koptical system, magnificatian, I, I', z, 2’

f

(" Test the compatibility between
— three different variables of the

\ aptical system

Display the result, which rules were
applied, adequate correction in case of

errar, trace.

: Repeat the feasability test until the
last test. :

Display all the right apticat system data

Algorithms of the Test of Parameters of the Optical Systems

The algorithms of the test of parameters of the optical systems are coded in the
programming language Prolog as displayed below.

test(Qptical_Power, Transversal_Magnification, L, L', Z, Z') -
indice{Ni, No),
nl,
know_variable(fL. L' Optical_Power]},
relationtest(test1,Optical_Power,(Ni/L)+(No/L'},"(Ni/L}+(No/L'}","Optical_Power")

]
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test1(Optical_Power, Transversal_Magnification, 1., L', Z, Z7).

est{Optical_Power, Transversal_Magnification, L, L', Z, Z) -
indice(Ni, No),
know_variable(fL, L',Optical_Power]),
relationtest(test], Optical_Power, (Ni/L) + (No/L'), "(Ni/L) + (No/L")",
"Optical_Power"),
test1(Optical_Power, Transversal_Magnification, L, L', Z, Z').

/*

If three variables, Optical_Power, L' and Z' are known, know_ va-
riable([L', Z', Optical_Power]), then, their compatablility is tested accor-
ding 1o the relation:

Optical_Power = No/{L-Z').

*f
test1(Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable([L', Z'.Optical_Power]),
relationtesi(test2, Oprical_Power, No/(L'-Z), "Ne/(L-Z)", "Optical_Power"}, !,
test2(Optical_Power, Transversal_Magnification, L, L', Z, Z)).

/*

If three variables, Transvei‘s;al_Magnification, L' and L are known,
know_variable{[ Transversal_Magnification, L', L]}, then, their compata-
blility is tested according to the relation:

L = (-LL"*Ni)/(Transversal_Magnification*No}. -

*

test2(Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(N1i, No),
know_variable([Z, Z',Optical_Power]),
relationtest(test3, Optical_Power, sqri(Ni*No/(Z*Z"), "sqrt{Ni*No/(Z*Z))",
"Optical_Power™), !,
test3(Optical_Power, Transvcrsal_Magniﬁcationl, L. L.Z,Z".

/*
If three variables, Z, Z' and Optical_Power are known, know_variable{[Z,
Z',Optical_ Power]), then, their compatablility is tested according to the
relation:

Optical_Power = sqri(Ni*No/(Z*Z")).
*f
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test3(Optical_Power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No),
know_vartable({{Z, Z',Optical vaer})
relationtest(testd, Optical_Power, sqri(Ni*No/(Z*Z")), "sqri{Ni*No/{(Z*Z"))",
"Optical_Power"), |,
test4(Optical_Power, Transversal_Magnification, L, L, Z, Z).

/*

If three variables, L, Z, and Optical_Power are known, know_variable([L,
Z, Optical_ Power]), then, their compatablility is tested according to the
relation:

Optical_Power = Nif(L-Z).

*

test4{Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable{[L, Z,Optical_Power]),
relationtest(testS, Optical_Power, Ni/(L-Z), "NiAL-Z)", "Opnca] _Power™), |,
test5{Optical_Power, Transversal Magnification, L, L', Z, Z').

/*

If three variables, Transversal_Magnification, L' and L are known,
know_variable{[ Transversal_Magnification, L', L]), then, their compa-
tablility is tested according to the relation:

L = (-L"*Ni)/(Transversal _Magnification*No).

*/
test3(Optical_Power, Transversel_Magnification, L, L', Z, Z') :-
indice(Ni, No},
know_variable([Optical_Power, L', L]},
relariontest(tests, L, (Ni*L")/((Optical_Power*L’)-No},"(Ni*L")/ ({(Optical_ Po-
wer¥L') - No)', "L™, !,
lcstﬁ(Oprica]_qucr, Transversal_Magnification, L, L', Z, Z}.-
1*

If three variables, Transversal _Magnification, L' and L are known,
know_variable([Transversal_Magnification, L', L]), then, their compata-
blility is tested according to the relation:

L = (-L'*Ni)/(Transversal_Magnification*No).
*f
test6(Optical_Power, Transversal_Magnification, L, L', Z, Z) -
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indice(Ni, No),

know_variable([Transversal_Magnification, L', L]),

relationtest(test?, L., (-L'#Ni)/(Transversal_Magnification*No), "(-L'*Ni)/
(Transversal_Magnification*Nao)", "L"), !,

1est?(Optical_Power, Transversal_Magnification, L, L', Z, Z).

f*

If three variables, Optical_Power, Z and L are known,
know_variable([Optical_Power, Z, L]), then, their compatablility is tested
according to the relation:

L = Z + (Ni/Optical _ Power).

*f

test7(Optical_Power, Transversal_Magnification, L, L', Z, Z') -
indice(Ni, Na),
know _variable([Optical_Power, Z, L]),
relationtest(test8, L, Z+(N1/Opncal Power), "Z + (Ni/Optical_Power)", "L"},
test8(Oprical_Power, Transversal_Magnification, L, L', Z, Z.

[*

If three wvariables, Optical_Power, L, and L are known,
know_variable([Optical_ Power, L, L]) then, their compatablility is tes-
ted according to the relation:

L’ = Z(No*L)/({(Optical_Power*L} - Ni)
*

test8(Oprical_Power, Transversal_Magnification, L, L', Z, Z) =-
indice(Ni, No),
know_variable([Optical_Power, L. L)),
refationtest(testd, L', (No*L)/((Optical_Pawer*L) - Ni), "(No*L)/((Optical_ Po-
wertL) - Niy', "™y 1 -
testHOptical_Power, Transversal_Magnification, L, L', Z, Z.

/*

If three variables, Optical_Power, L', and Z' are known, know_variable([
Optical_Power, Z', L']), then, their compatablility is tested according to
the relation:

L' = (Z + (No/Optical_Power))
*f
test9(Optical_Power, Transversal_Magnification, L, L', Z, Z7) :-
192



indice(Ni, No),

know_variable([Optical_Power, Z', L']),

rc]auomest(lestlo L, Z + (No/Optu:al Powen), "Z' + (No/Opm:a] Power)"
L™, |

testh(Opnca] _Power, Transversal_Magnification, L, L', Z, Z°).

!*

if three variables, Transversal_Magnification, L and L' are known, know_
vaniable([Transversal_Magnification, L, L']), then, their compatablility is
tested according to the relation:

L' = (-Transversal_Magnification*No*L}/Ni.

*f
test10(Optical_Power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No),
know_variable([Transversal_Magnification, L, L']),
relationtest(test11, L', (-Transversal_Magnification*No*L)/Ni, "(-Transver-
sal_Magnification*Mo*L)/Ni)", "L™), !,
test11(Optical_Power, Transversal_Magnification, L, L', Z, Z).
/*

If three wvariables, Optical_Power, L and 2Z - are
know_variable([Optical_Power, L, Z]), then, their compatablility is tested
according to the relation: '

Z = L - (NifOptical_Power)
*/
test11(Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable(fOptical_Power, L, ZJ),

relationtest(test12, Z, L - (Ni/Optical_Power), "L - (Ni/Optical_Power)", "Z"), !,
test12(Optical_Power, Transversal_Magnification, L, L', Z, Z'}.

/*
1f three wvariables, Optical_Power, Z' and Z are

know_variable([Optical_Power, Z', Z}), then, their compatablility is tested
according to the relation:

= (N‘i*No)/(Optical_Power*Oprical_Powcr*Z').
*/

test12(Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
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know_variable([Optical_Power, Z', Z}),

relationtest{test13, Z, (N:*No)/(()ptlcal Power*Qptical_Power*2"), "(Ni*No)/
{Optical_Power*Optical_Power*Z)", "Z"), 1,

:est13(0pucal Power, Transversal_Magnifi cation, L, L, Z, zh.

f*
if three variables, Optical_Power, Z' and 2Z are

know_variable{[Optical_Power, Z, Z']), then, their compatablility is tested
according to the relation:

= (Ni*No)/ (Optical_Power*Optical: Power*Z).

*}
test]ﬁ(Optica]_Powcr, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No), -
know_variable({Optical_Power, Z, Z']),
re]auontest(testlfi VAR (Nl*NO)I(Optlcal Powcr*Opncal Power*Z),
(Ni*No){Optical_ Power"()pt:cal Power*Z)", "Z'™), !,
Ies:ld(OpncaJ _Power, Transversal_Magnification, L, L Z 7.
M

If three variables, Optical_Power, Z' and L are know_variable([Optical_
Power, L', Z']), then, their compatablility is tested according to the rela-
tion: S

Z = L' - No/Optical_Power).

*f
test14(Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable([Optical_Power, L', Z7),
mlauontcst(tcstls Z', L -( No/Optical_Power); "L’ -{No/Optical_Power)", "2,
testlS(Opncal Power, Transversal Magmficatmn L L Z Z%
J*

In the following rule, if three variables, Transversal_Magnification, L and
L', are know know_variable([Transversal_Magnification, L, L’]), then,
their compatablility is tested according to the relation:

Transversal_Magnification = - (Ni*L")/(No*L).
*/

test15(Opuical_Power, Transversal Magnificarion, L, L", Z, Z) -
indice(Ni, No),
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know_variable([Transversal_Magnificadon, L, L)),

relationtesi(test16, Transversal_Magnification, - (Ni*L")/(No*L), “- (Ni*L')/
(No*L)", "Transversal_Magnification"), !,

test16(Optical_Power, Transversal_Magnification, L, L', Z, Z7).

I*

In the following rule, if three variables, Transversal_Magnification, L'
and Optical_Power, are know know_variable([Transversal_Magnification,
Optical_Power, L']), then, their compatablility is tested according to the
relation:

Optical_Power] = (-No*Transversal _ Magnification+No)/L'.

*

test16¢Optical_Power, Transversal_Magnificadon, L, L', Z, Z') :-
indice(Ni, No),
know_variable([Transversal_Magnification, L', Optical_Power]),
relationtest(test] 7, Optical_Power, (-No*Transversal_Magnification+No)/L', (-
No* Transversal_Magnification+No)/L"™, "Optical_Power™), !,
test17(Optical_Power, Transversal _Magnification, L, L', Z, Z').

ft

In the following rule, if three variables, Transversal_Magnification, L'
and Optical_Power, are know know_variable{]{ Transversal_Magnification,
Optical_Power, L"), then, their compatablility is tested according to the
relation:

L = (-No*Transversal_Magnification+No)/Optical_Power.

*f

test17(Optical_Power, Transversal_Magnification, L, L', Z,Z") -
indice(Ni, No),
know_variable{[Optical_Power, Transversal_Magnification, L']),
relationtest(test18, L', (-No*Transversal_Magnification+No)/Optical_Power, "(-
No*Transversal_Magnification+No)/Optical_Power", "L"™), 1,
test18(Optical_Power, Transversal _Magnification, L, L', Z, Z').

1*

In the following rule, if three variables, Transversal_Magnification, L and

Optical_Power, are know_variable({Optical_Power, L, Transversal_ Ma-

gnification]), then, their compatablility is tested according to the relation:
Transversal Magnification = (Ni/({(-Optical_Power* L)}+Ni)).

*f
test18{Optical_Power, Transversal_Magnification, L, L', Z, Z') :-

indice(Ni, No),
know_variable([Optical_Power, L, Transversal Magnification]},
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relationtest(test] 9, Transversal_Magnification, (Ni/((-Optical_Power* L)+Ni}),
"(Nif((-Optical_Power*L)+Ni})", "Transvcrsal_Magnification"), !,
1e5t19(Opiical_Power, Transversal_Magnification, L, L', Z, Z).

/*

In the following rule, if three variables, L, Z' and Optical_Power, are
know_varniable([ Optical_Power, L, Z]), then, their compatablility is tes-
ted according to the relation:

Z' = ((No*L)/((Optical_Power*L)-Ni)}-(No/Optical_Power).
*/
test19(Optical_Power, Transversal_Magnification, L, L', Z, Z) =-
indice(Ni, No),
know_variable([Optical_Power, L, Z')),
relationtest(iest20, Z', ((No*L)/({Optical_Power*L)-Ni))-(No/Optical_Power),

"((No*L)/ {{Optical_Power*L)-Ni))-No/Optical _Power”, "Z'), !,
test20(Optical_Power, Transversal_Magnification, L, L', Z, Z').

‘

!#

In the following rule, if three varizbles, Transversal_Magnification, L'
and Optical_Power, arc know_variable([Optical _Power, L', Transversal_
Magnification]}, then, their compatablility is tested according to the rela-
tion:

Transyersal_Ma gnification = (No-Optical_Power*L"}/No,

*/

1e5t20¢Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No),
know_variable{[Optical_Power, L', Transversal_Magnification}},
relationtest(tes121, Transversal_Magnification, {No-Optical_Power*L'}/No, "{No-
Optical_Power*L')/No", "Transversal_Magnification™), !,
test21{Oprical_Power, Transversal_Magnification, L. L', Z, Z').

/*

In the following rule, if three variables, Z', L and Optical_Power, are
know_variable([Optical_Power, Z', L]), then, their compatablility is tested
according to the relation:

L = ((Ni*No)/(Optical_Power*Qptical_Power*Z))+(Ni/Optical_Power).
*/
1es121{Optical_Power, Transversal_Magnification, L, L', Z,Z') :-
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/*

indice(Ni, No),

know_variable([Optical_Power, Z', L]),

relationtest{test22, L, ((Nl*No)l(Optlcal Power*Optical _ Powcr"‘Z N+ (Nif Optl-
cal_Power),"(Ni*No/{Optical_Power*Optical ] Power*Z))+(N1/Opt1ca] Power)",

1,

test22(0puca1_Powcr. Transversal_Magnification, L, L', Z, Z}.

In the following rule, if three variables, Z', L and Optical_Power, are
know_variable{{Optical_Power, Z', L]}, then, their compatablility. is tested

*

according to the relation:

Z = (Ni*No)l(Optical_Power*(Optical_Power*L—Ni)).

test22(Optical_Power, Transversal_Magnification, L, L', Z, Z) -

/*

indice(Ni, No),

know_variable([Optical_Power, L, Z7),

relationtest(test23, Z', (Ni*No)/(Optical_Power*(Optical _Power*L-Ni)),
"{Ni*No)/(Optical_Power* (Optical_Power*L-Ni))", "Z", \.

This rule is used to link the variable, Var_Free, and the equation, For-
mule, if the algorithm test of an optical system succeeds.

*

’!*

relationtest(Test_No, Var_Free, Formule, Text_Formule, Var_Text) :-
delta(Var_Free, Formule, Delta),
abs{Delta) < 0.01,

nl,

write(Tast_No},

nl,

out(Var_Text),

oumm(” isequalto "),
out(Text_Formule),

outm(" —-> "),

nl,

write{Var_Free),

outm(" ="),

write(Formule),

nh,
outm({" ", 30,
outm(" Test successful ).
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This rule is used to link the varizble, Var_Free, and the formula, Formule,
if the algorithm test of an optical system fails.
This rule also proposes the appropriate value of. the variable Var_Free.

*

relationtesy(Test_No, Var_Free, Formule, Text_Formule, Var_Text) :-
nl, outm("Error according to "),
write(Test_No),
out(Var_Text),
outm(" <> "),
out(Text_Formule),
write(Var_Free),
outm(™ < "),
write(Formule),
outm{” ", 20),
outm("-->",
write(Var_Text),
wrile(" can be only "),
Formula is Formule,
write(Formula),
outm("> Test fails <),
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Appendix 5: Hetiurisiics Concerning  Assembling of Optical
Lenses

The following clauses are used for assémbling the doublet and triplet lenses,
as well as high aperture lenses.

/*

The following rule, assemblingdoublet{Optical_Power, Optical_Powerl,
Optical_Power2,Refractive_Index1,Refractive_Index2,Glass_Nam1, Glass_
Nam2, Diameter, Separation), is used for the assembhng process of a doublet
lens at low temperature.

The doublet lens is cemenied together if it will be used at low temperature ie
the separation between the two singlets is zero.

Two optical glasses are selected according to the clause lens refractive index
2; these two optical glasses satisfy the chromatic correction conditions
according to the physical laws:

Optical_Powerl is V1*Optical Power/{(V1-V2},
Optical_Power2 is V2*Optical_Power/(V2-V1).

*/. \

assemblingdoublet(Optical_Power, Oprical_Powerl, Oprical_Power2, Refractive_IndexI,
Refractive_Index2, Glass_Nam 1, Glass_Nam2, Diameter, Separation) :-
low_temperature(T), .
0|l.|tm("assembling process doublet "),
nl,
lens_refractive_index2([Glass_Naml, Glass_Nam2, Refractive_Index1, Refrac-
tive_Index2, V1, V2]),
Separation is 0.0,
Optical_Powerl is V1*Optical_Power/(V1-V2),
Optical_Power2 is V2*Optical_Power/(V2-V1).

I*

The following rule, assemblingdoublet(Optical Power, Optical_Powerl,
Optical_Power2, Refractive_Index1, Refractive_Index2, Glass_Nam]l,
Glass_Nam?2, Diameter, Separation), 15 used for an assembling process
doublet lens at high temperature.

If a doublet lens will be used at high temperature, then, the separation
between the two singlet lenses must be different from zero. It is not possible
to cement the two singlet lenses together because the cement melts at high
temperature.

The cement nsually used melts at 150 degrees celcius, This is a heuristic.

199



In this case, one has to separate both singlet lenses with a distance of 0.4 mm.
. This distance of 0.4 mm is considered as optimal for the optical aberrations
and for the optical lenses manufacturer.

The manufacturer uses a ring to separate the singlet lenses. It is easy to
produce a ring of such as thickness. If the thickness is smaller than (.4 mm it
is difficult to manufacture the ring,

If the thickness is greater than 0.4 mm, it has a bad effect on the optical
quality of the doublet lens. This valoe is a heuristic too.

Two optical glasses are selected according to the clause lens refractive index
2; these two optical glasses satisfy the chromanc correction conditions
according to the physical laws:

Optical _Power] is V1*Optical_Power/(V1-V2),
Optical_Power2 is V2*Optical_Power/(V2-V1).

*/

assemblingdoublel(Optical_Power, Optical_Powerl, Optical_Power2, Refractive_Index1,
Refractive_Index2, Glass_Nam], Glass_Nam2, Diameter, Separation) :-
high_temperature(T),

outm("assembling process doublet "),

nl,

Separation is 0.4,

lens_refractive_index2([Gilass_Nam1, Glass_Nam2, Refractive_Index1, Refrac-
tive_Index2, V1, V2]),

Optical_Power] is V1*Optical_Power{V1-¥2),

Qptical_Power2 is V2*Qpftical_Power/(V2-V1).

/*

The following rule is used for an assembling thickness donblet lens.

*/

assemblingthickness(Thickness, Thickness1, Thickness2) :- Thickness is Thicknessl + Thi-
ckness2.

*

The following rule, assemblingtriplet{(Optical_Power0, Optical_Powerl,
Optical_Power2, Optical_Power3, Refractive_Index], Refractive_Index2,
Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter,
Separationl, Separation2), is used to assemble triplet.

The triplets are assembled at low temperature or at high temperature.

At low temperature a triplet lens can be cemented.
At high temperature 2 triplet lens must be separated by an air space.
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One selects three optical glasses according to the rule lens refractive_index3,
then, the chromatic abberations are corrected according to the fellowing
physical laws:

N is VI*(T3 - T2)+V2*¥(T1 - T3) + V3*(T2 - T1),

Optical_Power] is (V1*(T3 - T2y*Optical_Power)/N,
Optical_Power2 is (V2*(T1 - T3)*Optical_Power)/N,
Optical_Power3 is (V3*(T2 - T1)*Optical_Power)/N.

At least two of the three optical glasses must be different.
The separation of the singlet lenses making up the iriplet is a heuristic too,
the separation] and separatton2 are zero.

*

assemblingtriplet(Optical_Power(), Optical_Powerl, Optical_Power2, Optical_Power3, Re-
fractive_Index1, Refractive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2,
Glass_Nam3, Diameter, Scparationl, Separation2) ;-
low_temperature(T), corrigefocal(Optical_Power(, Optical_Power),
lens_refractive_index3([Glass_Naml, Glass_Nam2, Glass_Nam3, Refrac-
tive_Index]1, Refractive_Index2, Refractive_Index3, T1, T2, T3, V1, V2, V3]),
Nis V1I*(T3 - T2)+V2¥(T1 - T3) + V3*(T2 - T1),
Optical_Powerl is (V1*(T3 - T2)*Optical_Power)/N,
Optical_Power2 is (V2*(T1 - T3)*Optical Power)/N,
Optical_Power3 is (V3*(T2 - T1)*Optical_ Powcr)/N
oi.um( "assembling process triplet "),
n
Separation] is 0.0, Separation2 is 0.0.

f*

The following rule is used for assembling a triplet at high temperature for
correcting the chromatic aberrations. '
The separationl is 0.4 and the separation? is 3 mm, The second separation
will be optimized during the optimization process.

*

assemblingtriplet(Optical_Power(, Optical_Powerl, Optical_Power2, Optical_Power3, Re-
fractive_Index1, Refractive_Index2, Refractive_Index3, Glass_Nam1, Glass_Nam2,
Glass_Nam3, Diameter, Separationl, Separation2) :-
high_temperature(T),
carrigefocal(Optical_Power(), Optical_Power),
lens_refractive_index3{{Glass_Naml, Glass_Nam2, Giass_Nam3, Refrac-
tive_Indexl,Refractivc_lndexz, Refractive_Index3, T1, T2 T3, V1, V2, V3I)
Nis V1*(T3- T2) + V2¥(T1 - T3) + V35(T2 - TD),
Optical _Powerl is (V1*(T3 - T2)*Optical_Power)/N,
Optical_Power2 is {V2*(T1 - T3)*Qptical_Power)/N,
Optical_Power3 is (V3*(T2 - T1)}*Optical_Power)/N,
outm({"assembling process wipletr "),
Separation] is 0.4, Separation2 is 3.0.
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Appendix 6: Geometrical Heuristics Concerning the Design of
Optical Lenses :

/#

The following heuristic assighs a center thickness to 4 singlet lens. If the
Focal length is greater than 50 mm, then, the center thickness is 2.0 mm.

*f
tdgethitkness(Eﬂgcthickncés,?ower) -
power_focal(Focal, Power),

abs(Focal) >= 50.0,
Edgethickness is 2.0.

»

The following heuristic assigns a center thickness to a singlet lens. If tthe
Focal length is less than 50 mm, then, the ceater thickness is 1.5 mm.

¥
edgethickness(Edgethickness,Power) :-
power_focal(Focal,Power),

abs{Focal) < 50.0,
Edgethickness is 1.50.

/‘*

According to this rule, the curvature radius of a lens must be greater than its
diameter/2.

*f
radivs_diametre(Radius, Diameter) :-

abs{Radius) > Diameter, 1,
nl, outm{” The curvarure radius must be >= Diameter/2.0 ).

/#

The following heuristic gives the scparation between the entrance and exit
block of an afocal optical system. This separation is given as the sum of focal
length of {he entrance and exit optical system,

*

separation{Focal_Lengihl, Focal_Lengih2, _, Separation, _) :-
Separation is Focal_Length] + Focal_Length2.

/*
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The next two rules calculate the sagitta of a singlet lens from its radius, its
diameter and its optical power.

*/

sagitta(Optical_Power, Radivs, Diameter, Sagitta) :-
radivs_to_curvature(Radivs, Curvature_Radiuvs), Radius > 0.0,
radius_diametre(Radius, Diameter),
Sagitta is Curvature_Radius*(Diameter/2.0)*(Diameter/2.0)/(1.0 + sqrt(1.0 - .
((Diameter/2.0)*(Diameter/2.0)*(Curvature_Radius*Curvature_Radius)))).

sagitta(Optical_Power, Radius, Diameter, Sagitta) :-
radivs_to_curvature(Radivs, Curvature_Radius), Radivs < 0.0,
radius_diametre(Radius, Diameter),
Sagitta is - Curvature_Radius*(Diameter/2.0)*(Diameter/2.0)/(1.0+sqrt(1.0-
{(Diameter/2.0)*(Diameter/2,0)*(Curvarure_Radius*Curvature_Radius))}).

/*

The heartistics, annulusdiam(Annulus), give an annulus to a singlet lens
according to the dimension of the aperture of the lens.

The annnlus is the part of the lens from where the lens will be fized.

If the aperture of a singlet lens is less than 20 mm, then, following heuristics
assigns a distance of 2 mm to its annulus.

*/

annulusdiam{Annulus) :-
diampupille(Apenure),
Aperture<=20,
Annulus is 2.0

/*

According to the following heuristics, if the aperture of a singiet lens is
between 20 mm and 40 mm, then, its annulus is 4 mm.

*/

annulusdiam(Annulus) :-
diampupilte(Aperture),
Aperture >20,
Apcriure<=40,
Annulus is 4.0.

J*

According to the following heuristics, if the aperture of a singlet lens is
between 40 mm and 100 mm, then, its annulns is 5 mm.
*/
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annulusdiam{Annulus) :-
diampupille(Aperture}),
Aperture > 40,
Aperture <= 100,
Annulus is 5.0.

/*

According to the following heuristics, if the aperture of a singlet lens is
greater than 100 mm, then, its annulus is & mm.

*/

annulusdiam{Annulus) :-
diampupille(Aperture),
Aperre > 100,
Annulus is 6.0.

/*

The following henristic defines the high aperture condition in case of a
singlet lens. If the ratio abs(Focal_Length/Aperture) =< 4.0, then, the singlet
is considered as high aperture.

*/

high_aperture(Optical_Power, Diameter) :-
wavelength{{Lambdall},
pupil_diameter{Aperture),
power_focal(Focal_Length, Optical_Power),
abs(Focal_Length/Aperure) =< 4.0,
diameter{Diameter).

J*

The following heuristic defines the high aperture cendition in case of a
doublet iens. If abs{Focal_Length/Aperture) =< 3.0, then, the doublet is
considered as a high aperture optical system.

*/

high_aperture(Optical_Power, Diameter) :-
wavelength([Lambdal, Lambda2]},
pupil_diameter(Aperture},
power_focal{Focal_Length, Optical_Power),
abs{Focal_Length/Aperture) =< 3.0,
diameter(Diameter).

/*
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The following heuristic defines the high-aperture condition in case of a triplet
lens. If abs(Focal_Length/Aperture) =< 2.5, then, the triplet is considered as
a high aperture optical system.

*

high_aperture(Opticel_Power, Diameler) :-
wavelength([Lambdal, Lambda2, Lambda3]},
pupil_diameter{ Aperture),
power_focal(Focal_Length, Optical_Power},
abs{Focal Length/Aperture) =< 2.5,
diameter{Diameter).

.f*

The following henristic defines the low aperture condition in case of a singlet
lens. 1f abs(Focal_Length/Aperture) >4.0, then, the singlet is considered as a
low aperture optical system.

*

low_aperture(Optical_Power, Diameter) :-
wavelength([Lambdal]),
pupil diameter{Aperture),
power_focal(Focal_Length, Optical_Power),
abs(Focal_Length/Aperture) > 4.0,
diameter{Diameter),
© outm(" low aperture ).

/*
The following heuristic defines the low aperture condition in case of a

~ doublet lens. If the ratio abs(Focal_Length/Aperture) > 3.0, then, the doublet -
is considered as a low aperture optical system.

¥

low_aperture(Optical_Power, Diameter) ;-
wavelength{[L.ambdat, Lambda2]),
pupil_diameter{A perture),
power_focal(Focal_Length, Optical_Power),
abs(Focal_Length/Aperwre) > 3.0,
diameter(Diameter),
outm(" low aperture ).

/*

The following heuristic defines the low aperture condition in case of a triplet
lens. If the ratio abs(Focal_Length/Aperture) > 2.5, then, the triplet is
considered as a low aperture optical system.

*f
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low_aperture(QOptical_Power, Diameter) .-
wavelength([Lambdal, Lambda2, Lambda3]),
pupil_diameter(Aperture),
power_focal(Focal_Length, Optical_Power),
abs(Focal_Length/Aperture} > 2.5,
diameter(Diameter),

outm({" low aperture  "}.
*

This rule calculates the diameter of a singlet lens. The following heuristic
gives the diameter as the sum-of the aperture and the annulus.

*

diameter(Diameter) :-
annulusdiam(Annulus),
pupil_diameter(Aperiure),
Diameter is Aperture + Annulus.

I*

This rules states the conditions of vmual image: Optical_Pawer > 0.0 and L
< Focal_Length.

*/

virtuel_image{Optical_Power, L} :-
power_focal(Focal_Length, Optical_Power),
Opticai_Power > 0.0, L < Focal_Length,
outm(" virtuel image ").

/*

If the Optical_Power of a lens is negative, then, tmage is virfual.
*/

virtuel_image(Optical_Power, L) :-

Optical_Power < 0.0,
outm(" virtuel_image ").

/*

The following heuristic defines a low power lens. In fact, if a focal length of
an optical system is greater than 100 mm, then, the optical system is
considered as low power optical systen.

*

low_power_lens(Optical_Power) :-
power_focal(Focal_Length, Optical_Power),
abs(Focal_Length) > 100.0,
outm("low power lens power and "),
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f*

By this heuristic, one defines a high power optical system; if the focal
length is <= 100 mm, then, the optical system is considered as high power
optical system.

*

high_power_lens(Optical_Power) :-
power_focal(Focal_Length, Optical_Power),
abs(Focal_Length) =< 100.0,
outm("high optical power lens and").

f*

The following heuristic defines if an object is at a near distance. If the
condition: abs(L*5.0) =< Optical_Power - 1.0/L, then, the object is
considered {o be at a near distance.

*f

not_object_at_infinity(Optical_Power, L) :-
power_focal(Focal_Length, Optical_Power),
abs(L*5.0) =< Optical_Power - 1.0/L,
outm("not object at infinity").

e

The following heuristic states if an object is at infinity. 1f the condition:
abs(L*5.0) >= Optical_Power -1.0/L, is satisfied, then, the object is
considered to be at infinity.

*/
object_at_infinity(Optical_Power, L) :-
power_focal(Focal_Length, Optical_Power),

abs(L*5.0) »= Optical_Power -1.0/L,
outm("object at infinity and").

j*

The following three rules convert the focal length of an optical system to its
power and vice versa.

*

power_focal(Focal_Length, Optical_Power) :-
bound{Focal_Length),
Focal_Length =\=0.0,
Optical_Power is 1.0/Focal_Length.
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power_focal(Focal_Length, Optical_Power) :-
bound(Optical_Power),
Optical_Power =\= 0.0,
Focal_Length is 1.0/Optical_Power.

power_focal(Focal_Length, Optical_Power) :- -
frec(Focal_Length),
free(Optical_Power).

/*

The next three rules convert the radius of an optical system to its curvature
radius and vice versa.

*

radius_to_curvawre(Radius, Curvawre_Radius) :-
bound{Radius),
Radius == 0.0,
Curvature_Radius is 1.0/Radius.

radius_to_curvature(Radius, Curvature_Radius) :-
bound(Curvarure_Radius},
Curvatore_Radius == 0.0,
Radius is 1.0/Curvature_Radius.

radius_to_curvature(Radius, Curvature_Radius) :-

free{Radius},
free(Curvature_Radius).

/*

The next two heuristics describe the near infinite ratio condition.
If the magnification of an optical system is greater than five or less than 0.2,
it is considered as a near infinite optical system,
*/
nearinfiniteratio{Transverse_Magnification) :-
abs(Transverse_Magnificaton) > 5.0,
outm(“near infinite ratio - "),
nearinfiniteratio{Transverse_Magnification) :-

abs{Transverse_Magnification) =< 0.2,
outm("near infinite ratio ")

l*
The following heuristic describes the finitc ratio condition.
*f

finiteratio{Transverse_Magnification) :-
abs(Transverse_Magnification) =< 5.0,
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abs(Transverse_Magnificanon) >=0.95,
outm("finite ratio and ),
nl.

/*
The following heuristic describes the unit ratio condition.
*/

unitratio{T’ ransvcrsc_MagniﬁEaﬁon) -
abs(Transverse_Magnification) =:= 1.0,
outm("unit ratio ™),
nl.

/*
The following heuristic describes the not unit ratio.
*/

notunitratio{ Transverse_Magnification) :-
abs(Transverse_Magnification) =\= 1.0,
outm(”not unit ratio and "),
nl.

j*
The following heunstic states the aplanatic conditions.
*/

aplanatic(Transverse_Magnification) :-
abs{Transverse_Magnification} < 0.95,
abs(Transverse_Magnification) > 0.2,
01lnm( "aplanatisme condition and ™),
nl.

/*

The following heuristic indicates the stop surface of a triplet lens.

A triplet is composed of six optical surfaces, the surface number four is the
stop surface or an addienal surface located between surface number four and
surface number five.

*/

stopsurface(Position, Aperture) :-
wavelength([L.ambdal, Lambda2, Lambda3]),
pupil _diameter(A perture),
Position is 4,
outm("Stop surface is surface number 4, 4 surface from the left, its diameteris "),
Diameter is Aperture*0.9
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outl{Diameter).
¥

The following heuristic indicates the stop surface of a doublet lens. A doublet
is composed of four optical surfaces, the surface number one is the stop sur-
face. :

*/‘ !

stopsurface{Positdon, Aperiure) :-
wavelength{[Lambdal, Lambda2]),
pupil_ diameter(Aperture),
Position is 1,
outm({"Stop surface is surface number 1, 1 surface from the left, its diameter is “%
outl(Aperture).

/*

The following heuristic indicates the stop surface of a singlet lens.
A singlet is composed of two optical surfaces, the surface number cone is the
stop surface.

*

stopsurface (Position, Aperture) -
' wavelength{[Lambdal]),
pupil_diameter{ Apetture),
Position is 1,
outm("Stop surface is surface number 1, 1 surface from the left, its diameteris ™),
outl(Aperture).

/*

The following heuristic indicates the stop surface of a high aperture singlet
lens.

A high aperture singlet lens is composed of two singlet lens mounted back to
back, the stop surface is located between surface number three and surface
number four,

*

stopsurface(Position, Aperture) :-
wavelength([Lambdali}),
usehighaperture(_, _._, ),
pupil_diameter{Aperture),
Position is 3,
outm("Stop surface is surface number 3, 3 surface from the left, its diameteris "),
outl{ Apenure).
I*
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The following heuristic indicates the stop surface of a high aperture doublet
lens.

A high aperture doublet lens is composed of eight optical surfaces, the
surface number four or surface number five is the stop surface. '
The stop surface can be an additionaly plane located between surface number
four and surface number five.

*

- stopsurface(Position, Aperture) :-
wavelength([Lambdal, Lambda2]),
usehighapertare(_,_._,_),
pupil_diameter(Aperture),
Posilion is 5,
outm("Stop surface is surface number 5, 5 surface from the left, its diameteris "),
outl{Aperture).

/*

The following heuristic indicates the stop surface of a high aperture triplet
lens.

A high aperture triplet lens is composed of twelve optical surfaces, the
surface number six or surface number seven is the stop surface.

The stop surface can be an additionaly plane located between surface numbcr
six and surface number seven. -

*/

stopsurface(Position, Aperture) :-
wavelength([Lambdal, Lambda2, Lambda3]),
usehighapenture{_,_,_,_),
Position is 7,
pupil_diameter(Aperture),
outm{"Stop surface is surface number 7, 7 surface from the left, its diameter is "),
outl(Aperniure),

/*

The following heuristic defines a long length. If a distance is greater than
twenty millimeters, it is considered a long distance.

The following heuristic is used in the case of calculation of an afocal optical
system.

*

longlength({Length, Angular Magnification) :-
Length >= 20.0.

/*
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The following heuristic gives the sense of a short length. If a distance is less
than twenty millimeters, it is considered a short distance. This heuristic is
used in the case of calculation of an afocal optical system.

If the Angular_Magnification is greater or egal to three, then, a distance of
50 mm is considered short distance.

*/

shortlength(Length, Angular_Magnification) -
Length < 50.0, abs(Angular_Magnification) >=3.0.

infini(Infini) ;-
Infini is 1.0e+38.

r*

The following heuristic defines high temperature. It is used in the
assembling algorithm of an optical system. 150 degree is considered as high
temperature because the cement melts at this temperature.

*
hightemperature(T) :-

temperature(T),

T > 150.0,

outm{"high temperature and ").
¥

The following henristic defines low temperature. It is used in the assembling
algorithm of an optical system.

*/
lowtemperature(T) :-
temperature(T), T =< 150.0,
outm("low wemperature and "),
/‘*

The following heuristic states the breakdown conditions,
The value ten of the laser power is arbitrary. The user can enter his own
value.

*f

breakdownrisk(Laserpower) :-
laserpower(Laserpower),
Laserpower > 10.0,
outml{"break down risk ==>"),

1
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The following heuristic states the no breakdown condition. The user can
enter his own value.

*/

nobreakdownrisk(Laserpower) :-
laserpower(Laserpower),
Laserpower < 10.0,
outml{"no break down risk ==>").

¥

This rule calculates the thickness of a convergent singlet lens according to its
sagitta. :

The thickness of a singlet lens is given by the following relation:

Thickness = Sagittal + Sagitta2 + Edgethickness.

Where the sagittal and sagitta2 are relative to the surface number one and
surface number two of the singlet.

*

lensthickness(Optical _Power, Radiusl, Radius2, Diameter, Thickness) :-
edgethickness(Edgethickness, Optical _Pawer),
Optical_Power > 0.0,
sagitta(Optical_Power, Radius1, Diameter, Sagittal),
sagitta(Optical _Power, Radius2, Diameter, Sagitta2),
Thickness is Sagittal +Sagitta2 + Edgethickness.

*

This rule assigns the thickness of a negative lens to its center thickness.

¥/

lensthickness(Optical_Power, Radius1, Radius2, Diameter, Thickness) :-
centerthickness(Centerthickness, Optical_Power),

Optical_Power < 0.0,
Thickness is Centerthickness.

/*

The following rule defines a convergent lens.
If the focal length of a lens is positive it is called a convergent lens.

¥/
convergent(Optical_Power) :-

Optical_Powcr > 0.0,
outm(" convergent lens").

J*
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The following rule defines a divergent lens.
If the focal length of a lens is negative it is called a divergent lens,
¥/
divergeni(Optical_Power) :-
Optical_Power < 0.0,
oumn(” divergent lens and ").

”*

The following rule defines a negative transversal magnification.
*
negative_transversal_magnification(Transverse_Magnification) :-

Transverse_Magnification < 0.0,
outm("negative transverse magnification and ™).

The following rule defines a positive transversal magnification.
*l ’
positive_transversversal_magnification(Transverse_Magnification) :-
Transverse_Magnification > 0.0,
outrn("posilive ransversversal magnification and ").

’

/*

The foliowing rule defines a negative angular magnification.
*f
negative_angular_magnification{ Anguiz_Magnificarion ) :-

Angular Magnification < 0.0,

outm("negative angular magnification and").

”~
The following rule defines a positive angular magnification.
*
positive_angular_magnification(Angular_Magnification) :-
Angular_Magnification > 0.0,
ourm("positive angular magnification and"}.

/*

The following heuristic introduces a small correction to the optical power in
case of a triplet lens because of the separation heuristic.

*/
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corrigefocal(Optical_Power0, Opiical_Power) :-
power_focal(Focal_Length, Optical_Power(),
Focal Length =< 125.0,
Optical _Power is 2.250*Optical_Power(/3.0.

215



Appendix 7:  Henristics Concernin'g the Context of Use of Focal
: Optical Systems

/*

The following heuristics are used to determine the use conditions of an
optical system.

The relationship between the following parameters Optical_Power, Transver-
sal_Magnification, L. and the Diameter of the optical system are nsed to
identify the use context.

A clause is satisfied if all the conditions of the body.of the clause are
satisfied.

The comment found in each clause such as, outm({"plano-convex conditions
-->"), is used to trace the reasoning and the path of the inference engine.

For example, the clause:
vseplanoconvex(Optical_Power, Transversal_Magnification,L,Diameter)

is satisfied if all the following rules, convergent{Optical_Power),
low_aperiure(Optical_Power, Diameter), negative_transversal_magnification
(Transversal_Magnification), nearinfiniteratio(Transversal_Magnification),
low_power_lens(Optical_Power) and object_at_infinity(Optical_Power, L)
are satisfied.

There are ten different context of use of optical systems according to the
sign, the ratio and the size of the following parameters: Optical_Power,
Transversal_Magnification, L znd the Diameter.

The rule below indicates when a plano-convex optical system is used.
*/

useplanoconvex(Optical_Power, Transversal_Magnification, L, Diameter) :-
convergent(Optical_Power),
low_aperture{Qptical_Power, Diameter),
negative_transversal_magnification(Transversal_Magnificaiion),
nearinfiniteratio(Transversal_Magnification),
low_power_lens(Optical_Power),
object_at_infinity{Optical_Power, L),
outm({"plano-convex conditons --> ).

l*

The following heuristic indicates when a bi-convex optical system is used.
*
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usebicaonvex(Optical_Power, Transversal_Magnification, L, Diameter) :-
convergent(Optical_Power),
low_aperture(Optical_Power, Diameter),
negative_transversal_magnificaion(Transversal_Magnification),
high_power_lens(Optical Power),
finiteratio(Transversal_Magnification),
outm("bi-convex conditions --> "),

*

The following heuristic indicates when a bi-convex optical system is nsed.
*f

nsebiconvex(Optical_Power, Transversal_Magnification, L, Diameter) -
convergent{Optical_Power),
low_aperture{Optical_Power, Diameter),
negative_transversal_magnification(Transversal_Magnification},
unitratio{Transversal_Magnification},
outm("bi-convex conditions --> ™).

‘{*

The following heuristic indicates when a planc-concave optical system is
used.

*/

useplanoconcave(Optical_Power, Transversal_Magnification, L, Diameter) :-
divergent(Optical_Power},
low_aperture(Optical_Power, Diameter),
positive_transverse_magnification(Transversal_Magnificarion),
nearinfiniteratio(Transversal_Magnification),
low_power_lens(Optical_Power),
object_at_infinity(Optcal_Power, L),
outm("'plano-concave conditions --> ™).

/*

The following heuristic indicates when an asymetric bi-convex optical system
is used.

*f

useasymetricbiconvex{(Optical_Power, Transversal_Magnification, L, Diameter) :-
convergent(Optical_Power},
low_aperture(Opiical_Power, Diameter),
negative_transversal_magnification(Transversal_Magnification),
notunitratio(Transversal_Magnification),
low_power_lens(Optical_Power),
finiterano(Transversal_Magnification),
outm("asymetric bi-convex conditions --> ).
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r~

The following heuristic indicates when a bi-concave oplical system is used.
*

usebiconcave(Qptical_Power, Transversal_Magnification, L, Diameter) :-
divergent{Optical_Power),
low_aperture(Optical_Power, Diameter),
positive_transversé_magnification(Transversal_Magnification),
high_powet_lens(Optical_Power),
finiteratio{Transversal_Magnification},
outm{"biconcave conditions —> ").

~*

The following heuristics indicates when an asymetric bi-concave optical
system is used.

*

useasymerrichiconcave(Optical_Power, Transversal_Magnification, L, Diameter) ;-
divergent{Optical_Power),
low_apenture(Optical_ Power, Diameter),
positive_transverse_magnificagon{Transversal_Magniftcation},
low_power_lens(Optical_Power),
finiteratio{Transversal_Magnification),
notunitratio{Transversal_Magnification),
outm("asymetric biconcave condions -->").

r

The following heuristics indicates when a concave convex optical system is
used.

*

useconcaveconvex{Optical_Power, Transversal_Magnification, L, Diameter) :-
convergent(Optical_Power),
low_aperture(Optical_Power, Diameter),
aplanatic(M),
outm("concave convex conditions --> "),

*

The following heudstic indicates when a concave convex, meniscus optical
system is used.

*/

useconvexconcave{Optical_Power, Transversal_Magnification, L, Diameter) :-
di_vergent(Optica]_Powcr), '
high_aperture(Optical_Power, Diameter),
aplanatic(M),
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, outm{"concave convex, meniscus, conditions -->").

f*

The following heuristic indicates when a high aperture optical system is
used. '

*

usehighaperture(Optical_Power, Transversal_Magnificaton, L, Diameter) :-
high_aperture{(Optical_Power, Diameter),
outm(" high aperture conditions --> "),
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Appendix 8: Rules used in the Calcutation of Singlet Lenses

The following rules are used for the calcnlation of a singlet lens.

The parameters, Optical_Power, Thickness, Refractive_Index and Diameter,
are needed for this calculation. As output , the following clauses return the
first and the second radius(Radiusl and Radins2) of the singlet lens as well as
the lens thickness at the center.

The trace comment written as (" ---> Plano-convex lens calculations, ™), is
located at the beginning of the clause and thus, can follow the inference en-
gine reasoning.

One distingnishes nine different simple singlet lenses which are plano-con-
vex, bi-convex, bi-concave, plano-concave, convex-concave, COncave-con-
vex, asymetric bi-convex, asymetric bi-concave and high aperture lenses.
The asymetric bi-convex and asymetric bi-concave are called best form lens.
The high aperture lens is made up of two lenses located back to back.

A singlet lens is composed of two optical surfaces and is identified by two
radii, radius 1 and radius 2, by its optical power, by its diameter and by its
optical glass material as well as its thickness.

/*

The following rule calcnlates a plano-convex singlet lens.
It returns also the thickness, the refractive index, the diameter and the fisrt
and second radius of the singlet lens.

*/

ptanoconvexlens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, Diame-
ter) :- )
al,

write(" ---> Plano-convex lens calculations, "),

infinity(Infini),

Radius] is (Refractive_Index - 1.0}/Optical_Power,

Radius2 is lnfini,

lensthickness{Optical_Power, Radius1, Radius2, Diameter, Thickness).

/*
The following rule calculates a bi-convex singlet lens.

Mt returns also the thickness, the refractive index, the diameter and the fisrt
and second radius of the singlet lens.

*/
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biconvexlens(Optical_Power, Thickness, Radins1, Radiuéz. Refractive_Index, Diameter) ;-
nl,
write(" ---> Biconvex lens calculations, ™),
ni,
Radius] is 2.0*(Refractive_Index-1.0)/Optical_Power,
Radius? is - Radius1, !
lensthickness(Optical_Power, Radius, Radius2, Diameter, Thickness).

/*

The following rule calculates a bi-concave singlet lens.
It returns also the thickness, the refractive index, the diameter and the fisrt
and second radius of the singlet lens.

*/
biconcavelens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, Diameter):-
nl,
write(" ---> Biconcave lens calculations, ™),
nl,
Radius] is (2.0*(Refractive_Index -1.0)/Optical_Power),
Radius2 is - Radius],
lensthickness(Optical_Power, Radius1, Radius2, Diameter, Thickness).
/¥

The following rule calculates a plano-concave singlet lens.
It returns also the thickness, the refractive index, the diameter and the fisrt
and second radius of the singlet lens.

*/
p]anoconcaveler-\s(Oplical_Powcr, Thickness, Radiusl, Radius2, Refractive_Index, Diame-
ter) :-
write(" ---> Plano-concave lens calculations, ),
infinity(knfini),
Radius] is (Refractive_Index-1.0)/Optical_Power,
Radius2 is Infini,
lensthickness(Optical_Power, Radius1, Radius2, Diameter, Thickness).

!*

The following rule calculates a convex concave singlet lens.

It returns also the thickness, the refractive index, the diameter and the fisrt
and second radius of the singlet lens.

It returns also the thickness, the refractive index, the diameter and the fisrt
and second radius of the singlet lens.

*
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convexconcavelens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, Dia-
meter) -
write(" ---» Concave-convex, meniscus lens calculations ™),

Optical_Powerl is -Optical_Power/2.0, Optical_Power2 is -3.0*Optical_Power/2.0,
Radius] is (Refractive_Index-1.0)/Optical_Powerl,

Radius2 is (Refractive_Index-1.0)/(Optical_Power2),

lensthickness(Optical_Power, Radius], Radius2, Diameter, Thickness).

l*

The following rule calculates a concave-convex singlet lens.
It returns also the thickness, the refractive index, the diameter and the fisrt
- and second radius of the singlet lens.

*

concaveconvexlens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, Dia-
meter) -
nl, .

write(" ---> Concave-convex, meniscus lens calculations ™),

nl,

Optical_Power1 is Optical_Power/2.0), Optical_Power2 is 3.0*Optical_Power/2.0,
Radiusl is -(Refractive_Index-1.0//Optical_Powerl,

Radius2 is -(Refractive_lndex-1.0)/(Optical_Power2),
lensthickness{Qptical_Power, Radius1, Radius2, Diameter, Thickness).

!*

The following rule calculates a best form asymetric bi-convex singlet lens.
It retumns also the thickness, the refractive index, the diameter and the fisnt
and second radius of the singlet lens.

*

asymetricbiconvexlens{Optical_Power, Thickness, Radius1, Radiuvs2, Refractive_Index,
Diameter) :-
nl,
\\;rile(" ---> Best form lens, asymetricbi-convexlens calculations ™),
nl,
Optical_Powcr! is Optical_Power/6.0, Optical_Power2 is (10.0/12.0)* Opui-
cal_Power,
Radius] is ((Refractive_Index -1.0)/Optical_Powerl),
Radius2 is -((Refractive_lndex-1.0)Optical_Power2),
lensthickness{Opiical_Power, Radiusl, Radius2, Diameter, Thickness).

/*

The following rule calculates a best form asymetric bi-concave singlet lens.
It retums also the thickness, the refractive index, the diameter and the fisnt
and second radius of the singlet lens.
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*/

asymetricbiconcavelens(Optical_Power, Thickness, Radius1, Radius2, Refractive_lndex,
Diameter) :-
nl,
write(" —-> Best form lens, asymetricbiconcavelens calcnlations ™),
nl,
Optical_Powerl is Optical_Power/6.0, Optical_Power2 is (10.0/12.0)* Opti-
cal_Power,
Radiust is ((Refractive_Index -1.0)/Qptical_Powerl),
Radius? is - ((Refractive_Index-1.0)/Optical, Power2),
tensthickness(Optical_Power, Radius], Radius2, Diameter, Thickness).

/*

The following rule calculates a high aperture singlet lens.
It returns also the thickness, the refractive index, the diameter and second
radii of the plano-convex singlet lenses.

*

highaperturelens(Optical_Powerl, Optical_Power2, Thickness1, Thickness2, Radiusl, Ra-
dius2, Radius3, Radius4, Refractive_Index, Diameter) :-
nl,
write(" ---> high aperture lens calculadons "),
nl,
plancconvextens(Optical_Powerl, Thicknessl, Radinsl, Radius2, Refrac-
tive_lndex, Diameter),
plancconvexlens(Optical_Power2, Thickness2, Radius4, Radins3, Refrac-
tive_Index, Diameter).
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Appendix 9:  Heuristics Used to Design Donblet Lenses

/*

The following clauses calculate the doublet optical lenses. One distinguishes
seven different optical doublet lenses which are plano-convex doublet, bi-
convex donblet, plano-concave doublet, bi-concave doublet, asymetric bi-
concave doublet, asymetric bi-concave doublet, concave-convex doublet,
convex-concave doublet and high aperture donblet.

Each doublet is identified by its optical power, its thickness, its four radii,
(Radins!, Radius2, Radius3 and Radiusd4) its diameter and its two optical
glasses.

Each doublet is made up of two singlet lenses of which one must be Flint
and the other Crown optical glass. These two singlet lenses are assembled
with the clauses assembling donblet.

The high aperture doublet is made up of two doublets assembled back to
back.

The following henristic is used to make a plano-convex doublet leus.
This plano-convex doublet is made np of two singlet lenses, a bi-convex
lens and a plano-concave lens.

*

planocconvexdoublet(Optical_Power, Thicknesst, Thickness2, Radius!, Radius2, Radius3,
Radius4, Refractive_Index1, Refractive_Index2, Glass_Nam1, Glass_Nam2, Dia-
meler, Lambdal, Lambda2, Separation) -
nl,
outml(" --> plano-convex doublet ”),
assemblingdounblet(Qptical_Power, Optical_Powert, Opticali_Power2, Refrac-
Live_Index1, Refractive_Index2, Glass_Naml, Glass_Nam?2, Diameier, Separation),
biconvexlens(Optical_Powerl, Thickness1, Radiust, Radius2, Refractive_Index],
Diameter),
ontput_lens(Oplical_Powerl, Thickness1, Radiusl, Radius2, Refractive_lndex1,
Glass_Nam 1, Diameter, Lambdal),
planoconcavelens(Optical Power2. Thickness2, Radius3, Radivs4, Refrac-
tive_Index2, Diameter),
ontput_lens(Qptical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, LambdaZ2),
assemblingthickness(Thickness, Thickness1, Thickness2).

/*

The following heuristic is used to make a bi-convex doublet lens.
This bi-convex doublet is made up of two singlet lenses, a bi-convex lens
and a concave-convex lens.

*
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biconvexdoublet(Optical_Power, Thickness1, Thickness2, Radiusl, Radius2, Radius3,
Radius4, Refractive_Index], Refractive_Index2, Glass_Nam]l, Glass_Nam2, Dia-
mleter, Lambdal, Lambda2, Separation) :-
ni,
outml(" --> biconvex doublet ),
assemblingdoublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_Index ], Refractive_Index2, Glass_Nam1, Glass_Nam?2, Diameter, Separation),
biconvexlens(Optical_Powerl, Thickness], Radius1, Radius2, Refractve_Index]1,
Diameter),
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl,
Glass_Nam]1, Diameter, Lambdal),
concaveconvexlens(Optical_Power2, Thickness2, Radiusd, Radius3, Refrac-
tive_Index2, Diameter),
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, Lambda2),
assemblingthickness(Thickness, Thicknessl, Thickness2).

F

The following heuristic is used to make a planoc-concave doublet lens.
This plano-convave doublet is made up of two singlet lenses, a bi-concave
lens and a plano-convex lens.

*/

plancconcavedoublet(Optical Power, Thickness], Thickness2, Radius1, Radius2, Radius3,
Radiusd4, Refraclive_Indexl, Refractive_Index2, Glass_Nam1, Glass_Nam2, Dia-
meter, Lambdal, Lambda2, Separation) :-
nl,
outml(” --> plano-concave doublet ™), -
assemblingdoublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_Index1, Refractive_Index2, Glass_Naml, Glass_Nam2, Diameter, Separation),
biconcavelens{Optical_Powerl, Thicknessl, Radius1, Radius2, Refractive_Indexl1,
Diameter),
output_lens{Optical_Power1, Thickness!, Radiusl, Radius2, Refractive_lndex]1,
Glass_Nam1, Diameter, Lambdal),
planoconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tive_Index2, Diameter),
output_lens{(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam2, Diameter, Lambda2),
assemblingthickness(Thickness, Thickness1, Thickness2).

"

The following heuristic is nsed to make a bi-concave doublet lens,
This bi-concave doublet is made up of two singlet lenses, two plano-concave
lenses which are mounted facing one another.

*/

biconcavedpublcl(Oplicgl_Power, Thicknessl, Thickness2, Radiusl, Radius2, Radius3,
Radius4, Refractive_Indax], Refractive_Index2, Glass_Naml, Glass_Nam2, Dia-
meter, Lambdal, Lambda2, Separation) :-
nl

>
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outmi(" -> biconcave doublet ™),

assemblingdoublet{Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_Index1, Refractive_Index2, Glass_Nam]l, Glass_Nam2, Diameter, Separation),
planoconcavclcns(Optical_,Power], Thickness], Radiusl, Radius2, Refrac-
tive_Index1, Diameter),

ourpul_]ens(Optlcal Powerl, Thicknessl, Radms] Radnusz Refractive_Index],
Glass_Nam1, Diameter, Lambdal),

planoconcavelens(Optical_Power2, Thickness2, Radius4, Radius3, Refrac-
tive_Index2, Diameter),

outpui_lens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam?2, Diameter, Lambda2),

assemblingthickness(Thickness, Thicknessl, Thickness2),

IM

The following heunristic is used to make an asymetric bi-concave doublet
lens.

This asymetric bi-concave doublet is made up of two singlet lenses, a plano-

concave lens and a second plano-concave singlet lens different from the

first one.

*/

asymetricbiconcavedoublet(Optical_Power, Thickness1, Thickness2, Radiusl, Radius2,
Radius3, Radiusd, Refractive_lndex1, Refractive_lndex2, Glass_Naml,
Glass_Nam2, Diameter, Lambdal, La:nbdaZ Separation) :-
nl,
outml( --> asymetric biconcave doublet "),
assembtingdoublet{Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_Index1, Refractive_Index2, Glass_Nam]l, Glass_Nam2, Diameter, Separation),
planoconcavelens(Optical _Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index1, Diameter),
output_lens(Optical_Powerl, Thickness1, Radiusl, Radius2, Refractive_Index1,
Glass_Nam1, Diameter, Lambdal),
planoconcavelens(Optical_Power2, Thickness2, Radiusd, Radius3, Refrac-
tive_Index2, Diameter),
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, Lambda2),
assemblingthickness(Thickness, Thicknessl, Thickness2).

’*

The following heuristic is nsed to make an asymetric bi-convex dounblet lens.
This asymetric bi-convex doublet is made up of two singlet lenses, a bi-
convex lens and a second concave-convex singlet lens different from the
first one.

*f

asymetrichiconvexdoublet(Qptical_Power, Thickness1, Thickness2, Radiusl, Radius2,
Radius3, Radius4, Refractive_Index], Refractive_Index2, Glass_Naml,
Glass_Nam2, Diameter, Lambdal, Lambda2, Separation} :-
nl, .
outmi{" --> asymetric biconvex doubles ™),
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asscmb]ingdoub]ei(Optica]ﬂPower, Optical_Powerl, Optical_Power2, Refrac-
tive_Index1, Refractive_Index2, Glass_Nam], Glass_Nam2, Diameter, Separation),
biconvextens(Optical_Powerl, Thickness], Radms] Rad:usZ Refractive_Index1,
Diametear),

output_lens(Optical_Powerl, Thicknessl, Radiusl, RadmsZ, Refractive_Index],
Glass "Nam |, Diameter, Lambdal),

concaveconvcxIcns(Opncal Power2, Thickness2, Radius3, Radins4, Refrac-
tive_Index2, Diameter),

outpul_lcns(Opncal_PowerZ, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass Nam2, Diameter, Lambda2), ’

assemblingthickness(Thickness, Thickness1, Thickness2).

f&

The following heuristic is used to make a concave convex doublet lens.

This concave-convex doublet is made up of two singlet lenses, a plano-con-
vex lens and a second plano-concave singlet lens different from the first
one, '

*

concaveconvexdoublet(Optical_Power, Thickness], Thickness2, Radiusl, Radius2, Ra-
dins3, Radius4, Refragtive_Index], Refractive_Index2, Glass_Nam1, Glass_Nam2,
D]inmetcr, Lambdal, Lambda2, Separation) :-
nl,
outml{" --> concave convex dauhlet “},
assemblingdoublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_Index1, Refractive_Index2, Glass_Nam1, Glass_Nam2, Diatheter, Separation),
p]anoconvexlcns(Optical_Powcr], Thicknessl, Radiusl, Radius2, Refrac-
dve_Index1, Diameter),
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index1,
Glass_Naml, Diameter, Lambdal)
p]anoconcavclcns(Opucal Power2, Thickness2, Radius3, Radiusd4, Refrac-
tive_Index2, Diameter),
output_lens(Optical_Power2, Thickness2, Radins3, Radms4 Refractive_ lndch
Glass_Nam2, Diameter, Lambda2),
assemblingthickness{Thickness, Thicknessl, Thickness2),

r~

The following heuristic is used to make a convex concave doublet lens.

This convex-concave doublet is made up of two singlel lenses, a plano-con-
cave lens and a second plano-convex singlet lens different from the first
one.

*/

convexconcavedoublet(Optical _Power, Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radius4, Refractive_Index1, Refractive_Index2, Glass_Nam1, Glass_Nam?2,
Diameter, Lambdat, Lambda2, Separation) :-
nl,
outmb(” --> convex cancave doublet ™),
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assemblingdoublet{(Optical_Power, Opiical_Powerl, Optical_Power2, Refrac-
tive_Index1, Refractive_Index2, Glass_Nam], Glass_Nam2, Diameter, Separation),
planocongavelens{Optical_Power2, Thickness2, Radins3, Radins4, Refrac-
tive_Index?, Diameter),

output_lens(Optical_Power2, Thickness2, Radius3, Radiusd4, Refractive_Index2,
Glass_Nam2, Diameter, LambdaZ2),

planoconvexlens{Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index]1, Diameter),

output_tens{Opiical_Powerl, Thicknessl, Radius], Radius2, Refractive_Indexl,
Glass_Nam1, Diameter, Lambdal),

assemblingthickness(Thickness, Thicknessl, Thickness2).

The following heuristic is used to make a high aperture doublet lens.

This high aperture doublet is made up of two doublet lenses mounnted back
to back, both are plano-convex doublet lenses,

This high aperture lens is made up of four singlet lenses. In reality, it is not
a doublet lens but it is considered to be in the same group as the doublet
lenses.

*f

highaperturedoublet{Optical_Power], Optical_Power2, Thickness1, Thickness?, Thick-

ness3, Thicknessd, Radiusl, Radius2, Radius3, Radins4, Radius5, Radius6, Ra-

" dius?, Radins8, Refractive_Index1, Refractive_Index2, Glass_Nam], Glass_Nam2,

Diameter, Lambdal, Lambda2, Separation) :-

nk,

outm{" --> high aperture two reversed identical achromats caleulation ),
planoconvexdoubley(Oprical_Powerl, Thickness1, Thickness2, Radinst, Radius2,
Radius3, Radius4,

Refractive_lndex!, Refractive_Index2, Glass_Naml, Glass_Nam2, Diameter,
Lambdal, Lambda2, Separarion),

planoconvexdoublet{Optical_Power2, Thickness3, Thicknessd, Radius5, Radius6,
Radius7, Radius8, Refractive_Index!, Refractive_Index2, Glass_Naml,
Glass_Nam2, Diameter, Lambdal, Lambda?, Separation).
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Appendix 10: Heuristics Used to Design Triplet Lenses

/*

A triplet lens is composed of three singlet lenses assembled according to the
clause assembling triplet. A triplet lens is identified by its optical power, its
thickness, the radius of the three singlet lenses, the refractive indices of the
singlet lenses and its thickness. There are seven different possible triplet
lenses which are plano-convex triplet, bi-convex triplet, asymetric bi-
convex triplet, asymetric bi-concave triplet, plano-concave triplet, bi-
concave triplet and concave-convex triplet according to the clauses found
below. A triplet can be composed of a doublet lens and a singlet lens or of
three singlet lenses. These triplets can be composed of in many possible
ways as demonstrated below.

The following henristic is used 1o make a plano-convex triplet.
*

planoconvextriplet{Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Ra-
dius2, Radius3, Radius4, Radius5, Radiusb, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diame-
ter, Lambdal, Lambda2, Lambda3, Separationl, Separation2):-
assemblingtriplet{Optical_Power, Optical_Powerl, Optical_Power2, Opii-
cal_Power3, Refractive_lndex1, Refractive_Index2, Refractive_Index3,
Glass_Nam1, Glass_Nam?2, Glass_Nam3, Diameter, Separation], Separation2),
Optical Powerl > 0.0,
Optical_Power2 < (.0,
Optical_Power3 > 0.0,
outmi{" --> plano-convex tripler "), '
planoconvexlens(Optical_Powerl, Thicknessl, Radius, Radius2, Refrac-
tive_Index1, Diameter),
Radius] is -1.0*Radius,
output_lens{Optical_Powerl, Thicknessl, Radius2, Radiusl, Refractive_Index],
Glass_Nam1, Diameter, Lambdal), -
biconcavelens{Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),
biconvexlens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3,
Diameter), : :
output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refraciive_Index3,
Glass_Nam3, Diameter, Lambdal).

”*

The following henristic is used to mzke a plano-convex triplet.
*/
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planoconvextriplet{Optical_Power, Thicknessl, Thickness2, Thickress3, Radius!, Ra-
dius2?, Radius3, Radius4, Radius5, Radius6, Refractive_lndex], Refractive_Index2,
Refractive_Index?, Glass_Naml, Glass_Nam2, Glass_Nam?3, Diameter, Lambdal,
Lambda2, Lambda3, Separation], Scparation2) :-
assemblingtriplet{Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index1, Refractive_Index2, Refractive_Index3,
Glass_Nam, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separadon2),
Optical_Power] < 0.0,
Optical_Power2 > 0.0,
Optical_Power3 < 0.0,
outml{” —> plano-convex triplet ™),
planoconcavelens(Optical_Powerl, Thicknessl, Radius, Radius2, Refrac-
tive_Index 1, Diameter), .
Radiusl is -1.0*Radius,
output_lens(Optical_Powerl, Thickness], Radius2, Radiusl, Refractive_lndex1,
Glass_Nam1, Diameter, Lambdal),
biconvexlens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Diameter),
output_lens{Optical_Power2, Thickness2, Radius3, Radius4, Refractive_IndexZ,
Glass_Nam2, Diameter, Lambdal),
convexconcavelens(Optical_Power3, Thickness3, Radius5, Radius6, Refrac-
tive_Index3, Diameter),
outpui_lens{Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).

~

The following heuristic is tised to make a plano-convex triplet.

*/

planoconvextriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Ra-
dius2, Radius3, Radius4, Radius5, Radius6, Refractive_Index 1, Refractive_Index2,
Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separztionl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Paowerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index1, Refractive_lndex2, Refractive_Ilndex3,
Glass_Nam |, Glass_Nam2, Glass_Nam3, Diameter, Separation!, Separation2),
Optical_Power] < 0.0, :
Optical_Power2 > 0.0,
Optical_Power3 > 0.0,
outml(” --> plano-convex triplet ), -
planoconcavelens(Optical_Powerl, Thickness!, Radius, Radius2, Refrac-
tive_lndex1, Diameter),
Radius] is -1.0*Radius,
ourput_lens(Optical_Power]l, Thicknessl, Radius2, Radius!, Refractive_IndexI,
Glass_Naml, Diameter, Lambdal),
biconvexlens(Optical _Power2, Thickness2, Radins3, Radius4, Refractive_ladex2,
Diameter),
output_lens{Optical_Power2, Thickuess2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),
planoconvexlens(Optical_Power3, Thickness3, Radius5, Radius6, Refrac-
tive_Index3, Diameter),
output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).
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/‘

The following heuristic is used to make a bi-convex triplet.

*/

biconvextriplet(Optical_Power, Thickness], Thickness2, Thickness3, Radiusl, Radius2,
Radius3, Radius4, Radius5, Radius6, Refractive_Index1, Refractive_Index2, Re-
fractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diametcr, Lambdal,
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index1, Refractive_lndex2, Refractive_Index3,
Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Power} > 0.0,
Optical _Power2 < 0.0,
Optical_Power3 > 0.0,
outml(” --> biconvextriplet ),
biconvexlens(Optical Powerl, Thicknessl, Radius], Radius2, Refractive_lndex1,
Diameter),
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index],
Glass_Nam], Diameter, Lambdal),
biconcavelens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Diameter),
output_lens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),
biconvexlens(Optical_Power3, Thickness3, RadiusS, Radius6, Refractive_Index3,
Diameter),
output_lens(Optical_Power3, Th:ckness3 Radius5, Radiuss, Refractive_lIndex3,
Glass_Nam3, Diameter, Lambdai),

/‘

The following heuristic is used to make a bi-convex triplet.
*t

biconvexmiplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Radius2,
Radius3, Radius4, Radius5, Radius6, Refractive_Index], Refractive_Index2, Re-
fractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separation], Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3,
Glass_Naml, Glass Nam2, Glass_Nam3, Diameter, Separationl, Separation),
Optical_Powerl < 0.0,
Optical_Power2 > 0.0,
Optical_Power3 < 0.0,
outml{" --> biconvexiriplet "),
convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_lndex 1, Diameter),
output_lens(Qptical_Powerl, Thickness!, Radiusl, Radius2, Refractive_Index1,
Glass_Nam], Diameter, Lambdal),
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_lndex2,
Diameter),
gutput_lens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam?2, Diameter, Larnbdal),
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convexconcavelens(Optical_Power3, Thickness3, Radius5, Radius6, Refrac-
uve_Index3, Diameter),

output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).

”

The following heuristic is used to make a bi-convex triplet.
*

biconvextriplet(Qptical_Power, Thicknessl, Thickness2, Thickness3, RadiusI, Radius2,
Radius3, Radius4, Radius5, Radius6, Refractive_Index]1, Refractive_Index2, Re-
fractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separation], Separation2) :-
agsemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opii-
cal_Power3, Refractive_lndexI, Refraciive_Index2, Refractive_Index3,
Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Powerl < 0.0,
Optical_Power2 > 0.0,
Optical _Power3 > 0.0,
outml{" --> biconvextriplet "),
convexconcavelens(Optical_Power], Thickness], Radiusl, Radius2, Refrac-
tive_Index I, Diameter),
output_lens{Optical_Power], Thickncssl, Radiust, Radius2, Refractive_Index],
Glass_Naml, Diameter, Lambdal),
biconvexlens{Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),
output_lens{Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),
biconvexlens(Optical_Power3, Thickness3, Radius5, Radiusé, Refractive_Index3,
Diameter),
outpur_lens{Optical_Powerd, Thickness3, Radius6, Radius5, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal). '

f*

The following heuristic is used 10 make an asymetric bi-convex triplet.
*

asymetricbiconvextriplet(Optical_Power, Thickness1, Thickness2, Thickness3, Radiusl,
Radius2, Radius3, Radius4, Radius5, Radius$, Refractive_Index1, Refrac-
tive_Index2, Refractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diame-
ter, Lambdal, Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Power], Optical_Power2, Opii-
cal_Powerd, Refractive_Index], Refractive_Index2, Refractive_index3,
Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Scparationl, Scparation2),
Optical_Power] > 0.0,
Optical_Power2 < 0.0,
Optical_Power3 > 0.0, .
outml(” --> asymetric biconvex triplet "),
biconvexlens(Optical_Powerl, Thickness], Radiusl, Radius2, Refractive_Index1,
Diameter),
output_lens(Optical_Powerl, Thickness1, Radiusl, Radius2, Refractive_Index1I,
Glass_Nam1, Diameter, Lambdal),
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asymetricbiconcavelens{Optical_Power2, Thickness2, Radius3, Radins4, Refrac-
tive_Index2, Diameter),

outpui_tens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal), .
asymetricbiconvexlens{Optical_Power3, Thickness3, Radius5, Radiusé, Refrac-
tive_Index3, Diameter),

output_lens(Optical Power3, Thickness3, -Radiusé, -Radius5, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).

f-&

The following heuristic is used to make an asymetric bi-convex triplet.
*f

asymetricbiconvextriplet(Optical_Power, Thickness1, Thickness2, Thickness3, Radiusl,
Radins2, Radius3, Radius4, Radius5, Radins6é, Refractive_Index1, Refrac-
tive_Index2, Refractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diame-
ter, Lambdal, Lambda2, Lambda3, Separation], Separation?) :-
assemblingtriplet{Optical_Power, Opticai_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index], Refractive_Index2, Refractive_Index3,
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Sepatation], Separation2),
Optical_Powerl < 0.0,
Optical_Power2 > 0.0,
Optical_Power3 < 0.0,
outml(” --> asymetric biconvex triplet ),
convexconcavelens(Oprical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Indext, Diameter),
output_lens(Optical_Power], Thickness!, RadinsI, Radius2, Refractive_Index],
Glass_Nam1, Diameter, Lambdal),
biconvexlens{Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),
convexconcavelens(Optical_Power3, Thickness3, Radius3, Radiusé, Refrac-
tive_lndex3, Diameter),
output_lens(Optical Power3, Thickness3, Radiusé, Radius5, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).

*

The following heuristic is nsed to make an asymetric bi-convex triplet.
*

asymetricbiconvextriplet{Optical_Power, Thickness], Thickness2, Thickness3, Radiusl,
Radius2, Radius3, Radius4, Radius5, Radivusé, Refractive_IndexI, Refrac-
tive_Index2, Refractive_Index3, Glass Naml, Glass_Nam?2, Glass_Nam3, Diame-
ter, Lambdal, Lambda2, Lambda3, Separation], Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index1, Refractive_Index2, Refractive_Ilndex3,
Glass_Mam1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Power? < 0.0, Optical_Power2 > 0.0, Optical_Power3 > (.0,
ontml(" --> asymetric biconvex triplet ),
convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index 1, Diameter),
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output_lens(Optical_Power!, Thickness], Radius1, Radius2, Refractive_Index],
Glass_Nam1, Diameter, Lambdal),

biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),

output_| lcns(Opncal Power2, Thickness?, Radius3, Radius4, Refractive_lndex2,
Glass_Nam2, Diameter, Lambdal),

biconvexlens(Optical_Power3, Th:ckncss?, Radius5, Radius6, Refractive_Index3,
Diameter), .

output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3,
Glass_Nam3, D:amctcr Lambdal).

/*

The following heuristic is used to make a plano-concave triplet.
*/

planoconcaverriplet(Optical_Power, Thickness!, Thickness2, Thickness3, Radiusl, Ra-
dius2, Radius3, Radiusd, Radius5, Radius6, Refractive_Index1, Refractive_Index2,
Refractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separadon], Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index1, Refractive_Index2, Refractive_Index3,
Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Opticai_Power] > (.0,
Optical_Power2 < 0.0,
Optical_Power3 > 0.0,
outml(" --> plano-concave triplet "),
planoconvexlens{Optical_Powerl, Thickness!, Radius, Radius2, Refrac-
tive_Index 1, Diameter), -
Radius] is -1.0*Radius;
output_lens(Optical_Powerl, Thickness], Radius2, Radius!, Refractive_Index1,
Glass_Nam1, Diameter, Lambdal),
biconcavelens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Diameter),
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Rcfracuvc Index2,
Glass_Namv2, Diameter, Lambdal)
concaveconvexlens{Optical_Power3, Thickness3, Radius3, Radious6, Refrac-
tive_Index3, Diameter},
output_lens(Optical_Power3, Thickness3, Radius3, Radius6, Refractive_lndex3,
Glass_Nam3, Diameter, Lambdai).

[k

The following heuristic is used to make a plano-concave triplet.
*f

planoconcavetriplet(Optical_Power, Thickness], Thickness2, Thickness3, Radiusl, Ra-
dius2, Radivs3, Radius4, Radius5, Radius6, Refractive_Index1, Refractive_Index2,
Refractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet{Optical_Power, Optical_Powerl, Optical Power2, Opti-
cal_Power3, Refractive_Index1, Refractive_Index2, Refractive_Index3,
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Powerl < 0.0, Optical_Fower2 > 0.0, Optical_Power3 < 0.0,
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outml(” --> plano-concave triplet "),

planaconcavelens(Optical_Power], Thickness], Radius, Radivs2, Refrac-
tive_lndex1, Diameter),

Radius! is -1 0*Radius,

output_tens(Optical_Powerl, Thickness], Radius2, Radiusl, Refractive_Index],
Glass_Nam]l, Diameter, Lambdal},

biconvexlens(Optical_Power2, Thickness2, Radius3, Radivs4, Refractive_Index2,
Diameter),

output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Namv2, Diameter, Lambdal),

biconcavelens(QOptical_Power3, Thickness3, Radius3, Radius6, Refractive_ladex3,
Diameter),

output_lens(Optical_Power3, Thickness3, Radius5, Radiusé, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).

fdt

The following heuristic is used to make a plano-concave triplet.
*

planoconcavetriplet(Optical_Power, Thickness], Thickness2, Thickness3, Radius], Ra-
dius2, Radius3, Radius4, Radius5, Radiusé, Refractive_Index1, Refractive_lIndex2,
Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_lndex], Refractive_Index2, Refractive_lndex3,
Glass_Nam], Glass_Nam2, Glass_Nam3, Diameter, Separation], Separation2),
Optical_Powerl < 0.0, Optical_Power2 > 0.0, Optical_Power3 > 0.0,
outml{" --> plano-concave triplet ), )
planoconcavelens(Optical_Powerl, Thicknessl, Radius, Radius2,
Refractive_Index1, Diameter), .
Radius] is -1.0*Radius,
cutput_tens{Optical_Powerl, Thicknesst, Radius2, Radiusi, Refractive_Indexl,
Glass_Naml, Diameter, Lambdal),
biconvexlens(Optical_Power2, Thickness2, Radius3, Radins4, Refractive_Index2,
Diameter),
output_| ]cns(Opm:aI Power2, Thickness2, Radius3, Radiusd, Refractive_lndex2,
Glass_Namv2, Diameter, Lambdal),
concaveconvcxlens(Optical_Powcr3, Thickness3, Radiusi, Radiusé, Refrac-
tive_Index3, Diameter),
output_lens(Optical_Power3, Thickness3, Radius5, Radiust, Refractive_lndex3,
Glass_Nam3, Diameter, Lambdal}.

f*

The following heuristic is used to make a bi-concave triplet.
*

biconcaveriplet{Optical_Fower, Thicknessl, Thickness2, Thickness3, Radius], Radius2,
Radius3, Radius4, Radius5, Radius6, Refractive_lndexi, Refractive_Index?2, Re-
fractive_lndex3, Glass_Nam]l, Glass_Nam2, Glass Nam3 Diameter, Lambdal,
Lambda2, La.mbda3 Separauonl Separation2) :-
assemblingtriplet(Oprical_Power, Optical_ Powcr], Optical_Power2, Opti-
cal_Power3, Rcfractive_lndcxl, Refractive_Index2, Refractive_Index3,
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”

Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separation], Separation2},
Optical_Powerl < (.0, )

Optical_Power2 > 0.0,

Optical_Power3 < 0.0,

outml(” --> biconcave triplet "},

convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radins2, Refrac-
tive_Index1, Diameter),

output_lens(Optical_Power], Thicknessl, Radius), Radius2, Refractive_Index],
Glass_Naml, Diameter, Lambdal),

biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),

outpui_lens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),

biconcavelens{Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3,
Diameter),

output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_lndex3,
Glass_Nam3, Diameter, Lambdal).

The following heuristic is used to make a bi-concave triplet.

*

biconcavetriplet{Optical_Power, Thickness], Thickness2, Thickness3, Radiusl, Radius2,

/*

Radius3, Radius4, Radius5, Radiush, Refractive_Index1, Refractive_Index2, Re-
fractive_Index3, Glass_Naml1, Glass_Nam?2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3,
Glass_Nam), Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Powerl < 0.0, Optical_Power2 > 0.0, Optical_Power3 > 0.0,

ouml(” —> biconcave tripler ),

convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index1, Diameter),

output_lens(Optical_Powerl, Thickness], Radiusl, Radius2, Refractive_Index!,
Glass_Nam1, Diameter, Lambdal),

biconvexlens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Diameter), .
output_lens(Optical_Power2, Thickness2, Radius3, Radiusd, Refractive_Index2,
Glass_Nam2, Diameter, Lambdal),

concaveconvexlens(Optical_Power3, Thickness3, Radius5, Radius6, Refrac-
tive_Ilndex3, Diameter),

output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_lndex3,
Glass_Nam3, Diameter, Lambdal).

The following heuristic is nsed to make an asymetrical bi-concave triplet.

*f

asymetricbiconcavetriplet(Optical_Power, Thickness], Thickness2, Thickness3, Radiusl,

Radius2, Radius3, Radiusd4, Radius5, Radinsb, Refractive_Indexl, Refrac-
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f*

tive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diame-
ter, Lambdal, Lambda2, Lambda3, Separation1, Separation2) :-
assemblingtriplei(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Index], Refraciive_Index2, Refractive_Index3,
Glass_Nam], Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Powerl < 0.0, Optical_Power2 > (0.0, Optical_Power3 < 0.0,

outml(” --> asymetric biconcave iplet 7),

convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index 1, Diameter), .

output_lens{Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index1,
Glass_Nam], Diameter, Lambdal),

biconvexlens{(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),

output_lens(QOptical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nara2, Diameter, Lambdal),

blconcave]cns(Opuca] Power3, Thickness3, Radius3, Radins6, Refractive_Index3,
Diameter),

output_lens(Optical_Power3, Thickness3, Radius5, Radiust, Refractive_lndex3,
Glass_Nam3, Diameter, Lambdal).

The following heuristic is used to make an asymetrical bi-concave triplet.

*

asymetricbiconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radios],

i

Radius2, Radius3, Radius4, Radius3, Radius6, Refractive_lndex1, Refrac-
tive_Index2, Refractive_Index3, Glass_Nam], Glass_Nam?2, Glass_Nam3, Diame-
ter, Lambdal, Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refracrive_Index1, Refractive_Index2, Refractive_Index3,
Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical _Power] < 0.0,

Optical_Power2 > 0.0,

Optical_Power3 > 0.0,

outml(” --> asymetric biconcave triplet ),

convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index}, Diameter),

output_lens(Optical Power!, Thicknessi, Radius], Radius2, Refractive_Index],
Glass_Nam], Diameter, Lambdal), _
b:cmvcx]cns(Opncal Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Diameter),

output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam?2, Diameter, Lambdal),

concavcconvcxlens(OpncaI Power3, Th:ckness3 Radius5, Radius6, Refrac-
tive_[ndex3, Diameter),

outpus_lens(Optical _Power3, Thlcknc553 Radius3, Radius6, Refractive_Index3,
Glass_Nam3, Diameter, Lambda])

The following heuristic is nsed to make a concave convex triplet.

*
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concaveconvextriplet(Optical_Power, Thic‘knessl. Thickness2, Thickness3, Radiusl, Ra-

/*

dius2, Radius3, Radiusd, RadiusS, Radius6, Refractive_lndex1, Refractive_Index2,
Refractive_Index3, Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Lambdal,
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Opitical_Power], Opticai_Power2, Opti-
cal_Power3, Refractive_Index], Refractive_Index2, Refractive_Index3,
Glass_Nam1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2),
Optical_Power] > 0.0,

Oplical_Power2 < 0.0,

Optical_Power3 > 0.0,

outml{" --> concave convex tiplet ),

asymetricbiconvexlens(Optical_Powerl, Thickness?, Radiusl, Radius2, Refrac-
tive_Index 1, Diameter), :

output_lens(Optical_Powerl, Thickness!, Radius!, Radius2, Refractive_IndexI,
Glass_Nam |1, Dinmeter, Lambdal),

asymetricbiconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tive_Index2, Diameter),

output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam?2, Diameter, Lambdal),

concaveconvexlens(Optical_Power3, Thickness3, Radius5, Radivs6, Refrac-
tive_Index3, Diameter),

output_lens(Optical_Power3, Thickness3, Radius5, Radiusé, Refractive_Index3,
Glass_Nam3, Diameter, Lambdal).

The following heuristic is used for a making high aperture triplet .
This high aperture triplet is made up of six singlet lenses: two triplet lenses
mounted face to face.

In reality, it is not a triplet lens, but it is categorised with the triplet lens
group.

It is considered as a complex optical lens.

*

‘highaperturetriplet(Optical _Powera, Optical_Powerb, Thicknessla, Thickness2a, Thick-

ness3a, Thicknessib, Thickness2b, Thickness3b, Radiusla, Radius2a, Radius3a,
Radivs4a, Radius5a, Radius6a, Radiuslb, Racdius2b, Radius3b, Radiusdb, Ra-
dius5b, Radius6b, Refractive_Indexl, Refractive_Index2, Refractive_Index3,
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separation], Separation2) :-
outrni(" --> high aperture triplet ),

wavelength([Lambdal, Lambda2, Iambda3]),

planoconvextriplet(Optical_Powera, Thicknessla, Thickness2a, Thickness3a, Ra-
dinsla, Radius2a, Radius3a, Radiusda, Radius3a, Radius6a, Refractive_Index1,
Refractive_Index2, Refractive_lndex3, Glass_Naml, Glass_Nam2, Glass_Nam3,
Diameter, Lambdal,, Lambda2, Lambda3, Separation ], SeparationZ),
p]anoconvexmplct(Opuca[ Powerb, Thicknessib, Thickness2b, Thickness3b, Ra
diuslb, Radius2b, Radius3b, Radms4b Radius5b, Radius6b, Refractive_Index1,
Refractive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3,
Diameter, Lambdatl, Lambda2, Lambda3, Separationl, Separation2),
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Appendix 11: Searching Algorithms of Focal Optical Systems

The algorithm displayed in this diagram searches for and identifies the

focal optical systems,

lens(Optical_Power, Lateral_
Magnification, 1, I', z, 2"

Optical system will be used Yes Singlet lens or
at only one wavelength 11 high-aperture singlet lens

) )

No
f
Optical system will be used Yes Doublet lens or high-
at two wavelengths 11,12, aperture doublet lens
No
f
Optical system will be used Yes Triplet or high-aperture
at three wavelengths 11, 12, 13. triplet lens
No
f
Optical system will be used Yes Apochromat or complex
at more than three lens system
wavelengths.,
No

y

( No solution )

Searching algorithms of focal optical systems
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Appendix 12: Rules and Searching Algorithms of Singlet Lenses

The below algoﬁthm searches within the single lens and large aperture sin-
glet lens set in order to find the appropriate lens for the desired application.
This search strategy is based on heuristics.

Singlet Tens or
high-aperture singlet lens
i Yes () 7 0)
Use conditions of plano-conve B &
singlet lens T 5
N =
y 5
- - o
( Use conditions of )Yes; o
. . O -
biconvex singlet lens g —> 5
Noy g 2
se conditions of asymmetric \ Yes 0;% by
biconvex singiet lens ] g
(]
w
No y o
Y 2
Use conditions of plano- Sls s
concave singlet lens g g
Noy g
o
Use conditions of Yes §§
biconcave singlet lens - 5
8=
No¢ *a
ik
Use conditions of asymmetric ! ¢ & a
biconcave singlet lens -
S
Zd
No¢ o
B
-

Use conditions of concave- ) Y&
convex singlet lens
No ‘L
Use conditions of high- Yes
aperture singlet lens

No ‘L N
No solution )

N6 @

Searching algorithms of a singlet lens
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The searching algorithms of singlet lenses are coded in the programming
language Prolog as displayed below.

/*

If only one wavelength will be used, wavelength([Lambdal]), then the use
cendition useplanoconvex(Optical_Power, Transversal_Magnification, L,
Diameter), will be tested then the predicate lens indice, lensin-
dice([Glass_Name, Refractive_Index]), is activated then the predicale, pla-
noconvexlens{Optical_Power, Thickness, Radiusl, Radius2, Refrac-
tive_Index, Diameter), is activated and finally the lens data is displayed ac-
cording to the predicate output_lens{Optical_Power, Thickness, Radiusl,
Radius2, Refractive_Index, Glass_Name, Diameter, Lambdal).

The predicate, stop_surface(Position, entrance_Diameter), proposes the
position and the diameter of the stop surface.

The predicate lensindice gives the refractive index of the optical glass.

*

lens(Optical_Power, Transversal_Magnification, L, L} :-
wavelength([Lambdal]),
useplanoconvex(Optical_Power, Transversal _Magnification, L, Diameter),
lensindice([Glass_Name, Refractive_Index]),
planoconvexlens(Optical_Power, Thickness, Radius1, Radius2, Refractive_Index,
Diameter),
output_lens(Optical_Power, Thickness, Radiusl, Radius2, Refracnve Index,
(Glass_Name, Diameter, Lambdal),
stop_surface(Posilion, entrance_Diameter).

r* '

The following rule generates a bi-convex lens.

The predicate wavelength tests if only one wavelength will be used.

The predicate usebiconvex tests if the bi-convex use conditions are satisfied.
The predicate lensindice gives the refractive index of the optical glass.

The predicate biconvexlens gives the data of the bi-convex singlet lens,
The predicate output_lens displays the data of the bi-convex singlet lens,
The predicate stop_surface retums the diameter and the position of the
stop surface.

*

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength{[Lambdal]},
usebiconvex(Oprical_Power, Transversal_Magnification, L, Diameter),
lensindice([Glass_Name, Refractive_Index]),
biconvexlens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index,
Diameter),
ountput_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index,
Glass_Name, Diameter, Lambdal),
stop_surface(Position, entrance_Diameter).
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/*

The following rule generates an asymetric bi-convex lens.

The predicate wavelength tests if only one wavelength will be used.

The predicate useasymetricbiconvex tests if the asymetric bi-convex nse
conditions are satisfied.

The predicate lensindice gives the refractive index of the optical glass.

The predicate asymetricbiconvexlens gives the data of the asymetric bi-
convex singlet lens.

The predicate output_lens displays the data of the asymetric bi-convex sin-
glet lens.

The predicate stop_surface returns the diameter and the position of the
stop surface.

*

lens(Optical_Power, Transversal_Magnification, L, L") ;-
wavelength{[Lambdal]),
useasymetricbiconvex{Optical, Power, Transversal_Magnification, L, Diameter),
ensindice([Glass_Name, Refractive_index]),
asymetricbiconvexlens(Optical_Power. Thickness, Radiusl, Radius2, Refrac-
tive_Index, Diameter),
output_lens(Optical_Power, Thickness, Radius], Radius2, Refractive_Index,
Glass_Name, Diameter, Lambdal),
stop_surfice(Position, entrance_Diameter).

*

The following rule penerates a plano-concave lens.

The predicate wavetength tests if only one wavelength will be nsed.

The predicate lensindice gives the refractive index of the optical glass.

The predicate useplanoconcave tests if the plano-concave use conditions are
satisfied.

The predicate planoconcavelens gives the data of the asymetric plano-con-
cave singlet lens.

The predicate output_lens displays the data of the plano-concave singlet
lens.

The predicate stop_surface returns the diameter and the position of the
stop surface.

*/

lens(Optical_Power, Transversal_Magnification, L, L") ;-
wavelength([Lambdal])
uscplanoconcave(Optical_Power, Transversal_Magnification, L, Diameter),
lensindice([Glass_Name, Refractive_Index]),
planoconcavelens(Optical_Power, Thickness, Radius], Radius2, Refraclive_Index,
Diameter),
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output_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_lndex,
Glass_Name, Diameter, Lambdal),
stop_sutface(Positicn, entrance_Diameter).

/*

The following rule generates a bi-concave lens.

The predicate wavelength tests if only one wavelength will be used.

The predicate lensindice gives the refractive index of the optical glass.

The predicate usebiconcave tests if the bi-concave use conditions are satis-
fied.

The predicate biconcavelens gives the data of the bi-concave singlet lens.
The predicate output_lens displays the data of the bi-concave singlet lens.
The predicate stop_surface returns the diameter and the position of the
stop surface.

g

lens(Optical_Power, Transversal_Magnification, L, L) -
wavelength{[Lambdal]),
usebiconcave{Optical Power, Transversal_Magnification, L, Diameter),
lensindice{{Glass_Name, Refractive_ladex]),
biconcavelens(Optical_Power, Thickness, Radius!, Radius2, Refractive_Index,
Diameter),
outpul_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_lndex,
Glass_Name, Diameter, Lambdal),
stop_surface{Position, entrance_Diameter).

/*

The following rule generates an asymetric bi-concave lens.

The predicate wavelength tests if only one wavelength will be used.

The predicate lensindice gives the refractive index of the optical glass.

The predicate useasymetricbicancave tests if the asymetric bi-concave use
conditions are satisfied."

The predicate asymetricbiconcavelens gives the data of the asymetric bi-
concave singlet lens.

The predicate output_lens displays the data of the asymetric bi-coucave
singlet lens.

The predicate stop_surface retumns the diameter and the position of the
stop surface. '

*

lens(QOptical_Power, Transversal_Magnification, L, L) :-
wavelength{|Lambdal]),
useasymetricbiconcave(Optical_Power, Transversal_Magnificanon, L, Diameter),
lensindice{[Glass_Name, Refractive_Index]),
asymetricbiconcavelens(Optical_Power, Thickness, Radiusl, Radius2, Refrac-
tive_Index, Diameter),
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output_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index,
Glass_Name, Diameter, Lambdal),
stop_surface(Position, entrance_Diameier).

/*

The following rule gcnerates a concave-convex lens with a pesitive optical
power.,

The predicate wavelength tests if only one wavelength will be used.

The predicate lensindice gives the refractive index of the optical glass.

The predicate useconcaveconvex tests if the concaveconvex use conditions
are satisfied.

The predicate concaveconvexlens gives the data of the concave-convex sin-
glet lens.

The predicate output_ lens displays the data of the concave-convex singlet
lens.

The predicate stop_surface returns the diameter and the position of the
stop surface.

*

lens(Optical_Power, Transversal_Magnification, L, L") ;-
wavelength([Lambdal]),
useconcaveconvex(Optical_Power, Transversal_Magnificadon, L, Diameter),
lensindice{[Glass_Name, Refractive_Index]),
Optical_Power > 0.0,
Radius] is Si/(Refractive_Index +1.0),
concaveconvexlens(Optical_Power, Thickness, Radius], _, Refractive_Index, Dia-
meter), Radius2 is S¢ - Thickness, MenOptical_Power is (Refractive_Index-1.0)*(
{{(Refractive_lndex+1.0)/5i) + 1.0/(So - Thickness)),
output_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index,
Glass_Name, Diameter, Lambdal),
stop_surface(Position, entrance_Diameter),

f*

The following rule generates a concave-convex lens.

The predicate wavelength tests if only one wavelength will be used.

The predicate lensindice gives the refractive index of the optical glass.

The predicate useconcaveconvex tests if the concaveconvex use conditions
are satisfied.

The predicate concaveconvexlens gives the data of the concave-convex sin-
glet lens.

The predicate output_lens displays the data of the concave-convex singlet
lens.

The predicate stop_surface returns the diameter and the position of the
stop surface. .

*/
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lens(Optical_Power, Transversal_Magnification, L, L) :-
wavelength([Lambdal]),
useconcaveconvex(Optical_Power, Transversal_Magnification, L, Diameter),
convexconcave(Optical_Power, Transversal_Magnification, L, Diameter),
lensindice{[Glass_Name, Refractive_Index]), .
concaveconvexlens(Optical_Power, Thickness, Radiusi, Radius2, Refrac-
tive_Index, Diameter),
ontput_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index,
Glass_Name, Diameter, Lambdal),
stop_surface(Position, entrance_Diameter}),

/*

The predicate below generates a high aperture singlet lens used at only one
wavelength and tests whether the high aperture conditions are satisfied,

The predicate usehighaperture tests the high aperure conditions,

This high apernure singlet is made up of two singlet lenses mounted back to
back.

The predicate highaperturelens retums the data of the high aperture singlet.
The predicate output lens displays the data of the singlet lens.

The predicate stop surface displays the position and the diameter of the stop
surface,

The stop surface is located at the symetrical plane i.e. between the two sin-
glets.

*

lens(Optical_Power, Transversal_Magnification, L, L) :-
wavelength{(Lambdail),
uschighaperture(Qptical_Power, Transversal_Magnification, L, Diameter),
lensindice([Glass_Name, Refractive_Index]),
outm(” Reversed singlet --> "),
Optical_Power?2 is 1.0/So, Optical_Powert is 1.0/L,
highaperturelens(Optical_Powerl, Optical_Power2, Thicknessi, Thickness2, Ra-
dius1, Radius2, Radius3, Radius4, Refractive_index, Diameter),
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radins2, Refractive_lndex,
Glass_Name, Diameter, Lambdai),
ontput_lens(Optical_Power2, Thickness2, Radius4, Radius3, Refractive_Index,
Glass_Name, Diameter, Lambdal).
stopsurface(Position, entrance_Diameter).
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Appendix 13: Scarching Algorithms of Doublet Lenses

The below algorithm searches within the doublet lens and large aperture
doublet lens set in order to find the appropriate lens for the desired appli-
cation. This search strategy is also based en heuristics,
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The searching algorithms of doublet lenses are coded in the programming
language Prolog as displayed below

*

The folowing rule is applied if the optical system will be used at two wave-
lengths.

The predicate below tests waveIength([Lambdal Lambda2]} and the use
conditions.

If the use conditions of a plano-convex doublet are satisfied then this dou-
blet is calculated and the data is displayed according to the predicate out-
put_donblet_lens.

*/

lens(Optical_Power, Transversal_Magnification, £, L) :-
wavelength{[Lambdal, Lambda2]),
useplanocanvex{QOplical_Power, Transversal_Magnification, L, Diameter),
planoconvexdouble1(Optical_Power, Thickness!, Thickness2, Radiusl, Radius2,
Radius3, Radius4, Refractive_Index1, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
output_doublet_lens(Optical_Power, Thicknessl, Thickness2, Radiust, Radius2,
Radius3, Radius4, Refractive_index!, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation},
stop_surface(Position, entrance_Diameter).

,,f*

The following rule generates a bi-convex donblet lens used at two wave-
lengths.

The predicate wavelength tests if the doublet lens will be used at two wave-
lengths.

The predicate usebiconvex tests if the bi-convex use conditions are satisfied.
The predicate biconvexdoutlet retums the data of the bi-convex doublet
lens.

The predicate output_doublet_lens displays the data of the doublet lens.

The predicate stop_surface returns the dianieter and the position of the stop
surface.

*

lens{Optical_Power, Transversal_Magnification, L, L') :-
wavelength(|Lambda i, Lambda2}),
usebiconvex{QOpiical_Power, Transversal_Magnification, L, Diameter},
biconvexdoublei(Optical_Power, Thicknessl, Thickness2, Radius], Radius2, Ra-
dius3, Radiusd4, Refractive_lndexi, Refractive_lndex2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
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output_doublet_lens{Optical_Power, Thicknessl, Thickness2, Radinsl, Radius2,
Radius3, Radius4, Refractive_Index1, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),

stop_surface(Position, entrance_Diameter).

/*

The following rule generates an asymetric bi-convex doublet lens used at
two wavelengths.

The predicate wavelength tests if the doublet lens will be used at two wave-
lengths.

The predicate useasymetricbiconvex tests'if the asymetric bi-convex use
conditions are satisfied.

The predicate asymetricbiconvexdoublet returns the data of the asymetric
bi-convex doublet lens.

The predicate output_doublet_lens displays the data of the doublet lens.

The predicate stop_surface retumns the diameter and the position of the stop
surface.

*f

lens(Optical_Power, Transversal_Magnification, L, L) :-
wavelength([Lambdal, Lambda2]},
useasymetricbiconvex(Optical_Power, Transversal_Magnification, L, Diameter),
asymetrichiconvexdoublet(Optical_Power, Thickness], Thickness2, Radiusl, Ra-
dius2, Radius3, Radius4, Refractive_lndex]1, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
output_doublet_lens(Optical_Power, Thicknessi, Thickness2, Radiusi, Radius2,
Radius3, Radius4, Refractive_Index]1, Refraciive_lndex2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
stop_surface(Pasition, entrance_Diameter).

/*

The following rule generates a plano-concave doublet lens used at two wa-
velengths.

The predicate wavelength tests if the doublet lens will be used at two wave-
lengths.

The predicate useplanoconcave tests if the plano-concave use conditions are
satisfied.

The predicate planoconcavedoublet retumns the data of the plano-concave
doublet lens.

The predicate output_doublet_lens displays the data of the doublet lens,
The predicate stop_surface returns the diameter and the position of the stop
surface.

*

lens(Optical_Power, Transversal_Magnification, L, L) :-
wavelength([Lambdal, Lambda2]),
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useplanoconcave(Optical_Power, Transversal_Magnificalion, L, Diameter),
planoconcavedoublet(Optical_Power, Thickness |, Thickness2, Radiusl, Radius2,
Radiuns3, Radiusd4, Refractive_Index], Refractive_lndex2, Glass_Namel,
" Glass_Name2, Diameter, Lamdal, Lambda2, Separation),
output_doublel_lens(Optical_Power, Thicknessl, Thickness2, Radius], Radius2,
Radiuns3, Radius4, Refractive_Index1, Refractive_Index2,
Nam]l, Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
stop_surface(Position, entrance_Diameter).

'f*

The following rule generates a bi.-concave doutlet lens used at two wave-
!F't'l]g r;j)]rs:e.dicate wavelength tests if the doublet lens will be nsed at two wave-
'll?"r':f t:::)cﬂ:dicale usebiconcave tests if the bi-concave use conditions are satis-
'?’ﬁg.predicale biconcavedoublet returns the data of the bi-concave doublet
}lgtl::predicatc output_doublet_lens displays the data of the doublet lens,

':;h;apctdicate stop_surface retums the diameter and the position of the stop

*/

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelengih{[Lambdal, Lambda2]}),
vsebiconcave(Optical_Power, Transversal_Magnification, L, Diameter),
biconcavedoublet{Optical_Power, Thickness1, Thickness2, Radius1, Radius2, Ra-
dius3, Radius4, Refractive_Index1, Refractive_lndex2,
Naml, Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
output_doublet_lens(Optical_Power, Thickness1, Thickness2, Radiusl, Radius2,
Radius3, Radius4, Refractive_Index1, Refractive_Index2,
Nami, Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
stop_surface(Position, entrance_Diameter).

/*

The following rule generates an asymetric bi-concave doublet lens used at
two wavelengths,

The predicate wavelength tests if the doublet léns will be used at two wave-
lengths.

The predicate useasymetricbiconcave tests if the asymetric bi-concave use
conditions are satisfied.

The predicate asymetricbiconcavedoublet returns the data of the asymetric
bi-concave doublet lens. ‘

The predicate output_doublet_lens displays the data of the doublet lens,

The predicate stop_surface returns the diameter and the position of the stop
surface.
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*

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength{[Lambdal, Lambda2]),
useasymetricbiconcave(Optical_Power, Transversal_Magnification, L, Diameter),
asymetricbiconcavedouble«{Optical_Power, Thickness1, Thickness2, Radius], Ra-
dins2, Radius3, Radius4, Refractive_Index1, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameser, Lambdal, Lambda2, Scparation),
output_doublet_lens(Optical_Power, Thickness1, Thickness2, Radiusl, Radins2,
Radius3, Radius4, Refractive_Indexl. Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
stop_surface(Position, entrance_Diameter).

/*

The following rule generates a concave-convex doublet lens used at two
wavelengths.

The predicate wavelength tests if the doublet lens will be used at two wave-
lengths. '

The predicate iseconcaveconvex tests if the concave-convex use conditions
are satisfied.

The predicate concaveconvexdoublet returns the data of the concave-convex
doublet lens.

The predicate output_doublet_lens displays the data of the concave-convex
doublet lens.

The predicate stop_surface returns the diameter and the position of the stop
surface.

*

lens(Optical _Power, Transversal_Magnification, L, L) :-
wavelength{[LLambdal, Lambda2]),
usecancaveconvex{Optical_Power, Transversal_Magnification, L, Diameter),
concavecanvexdoublet(Optical_Power, Thickness], Thickness2, Radivsl, Radins2,
Radins3, Radius4, Refractive_Index1, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, LambdaZ2, Separanon),

. output_doublet_lens(Optical_Power, Thicknessl, Thickness2, Radiusl, Radius2,
Radius3, Radivs4, Refraciive_Indexl, Refractive_lndex2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
stop_surface(Position, entrance_Diameter).

/*

The follewing rule generates a convcx-concave doublet lens used at two
wavelengths. '

The predicate wavelength tests if the doublct lens will be used at two wave-
lengths,

The predicaic useconvexconcave tests if the convex-concave use conditions
are satisfied.

The predicate convexconcavedoublet returns the data of the convex-concave
donblet lens,
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The predicate output_doublet_lens displays the data of the convex-concave
doublet lens.

The predicate stop_surface retums the diameter and the position of the stop
surface.

*

lens(Optical_Power, Transversal Magnification, L, L'} :-
wavelength([Lambdal, Lambda2]),
useconvexconcave(Optical _Power, Transvcrsal _Magnification, L, Dlameter)
convexconcavedouble:{Opnca] Power, Thickness1, Thickness2, Radins], Radius2,
Radius3, Radius4, Refractive Index!, Rcfractwc Index2, Glass_Namel,
Glass_ Name2 Diameter, Lambdal, Lambdaz Separation),
nl,
output_doublel_lens(Oplica]_Powcr, Thickness], Thickness2, RadiusI, Radius2,
Radins3, Radius4, Refractive_Index1, Refractive_lndex2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation},
stop_surfacz(Position, entrance_Diameter).

f’k

This rule is used at two wavelengths and at high aperture conditions.

This rule explains the mounting of high aperture doublet lenses.

The high aperture doublet lenses are made up of two doublet lenses moun-
ted back to back. _

The predicate stop_surface returns the position and the diameter of the stop
surface.

In this case, the stop surface is located in the middle of the four lenses, the
symetrical plane i.e. between the two doublet leus.

*/

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength([Lambdal, Lambda2]},
uschlghapcrmre(OpncaJ _Power, Transversal Magmﬁcanon L. Diameter),
outm(” Reversed achromat --> ™),
Optical_Power? is 1.0/S0,
Optical_Powerl is 1.0/,
highaperturedoublet{Optical_Powerl, Optical_Power2, Thicknessl, Thickness2,
Thickness3, Thicknessd, Radiusl, Radius?2, Radins3, Radius4, Radius5, Radiusé,
Radius7, Radius8, Refractive_lndex1, Refractive_Index2, Glass_Namel,
Glass_Name2, Diameter, Lambdal, Lambda2, Separation),
output_doublet_lens(Optical_Powerl, Thickness], Thickness2, Radins1, Radius2,
Radius3, Radius4, Refractive_Indexl, Refractive_lndex2, Glass_Namel,
Glass Name2 Diameter, Lambdal, Lambda2, Separatlon)
output_doublet_lens{Optical_| Powerz Thlckncss3 Thickness4, Radius5, Radius6,
Radins?, Radius8, Refractive_Index1, Refractive_lndex2, Glass_Namel,
Glass_Namez, Diameter, Lambdal, Lambdaz, Separation).
stop_surface(Position, entrance_Diameter).
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Appendix 14: Rules and Searching Algorithms of Triplel
Lenses

The below algorithm searches within the triplet lens ang large aperture

triplet lens set in order to find the appropriate lens for the desired applica-
tion. This search strategy is based on heuristics.
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The searching algorithms of triplet lenses are coded in the programming
langnage Prolog as displayed below,

/#

This rule is used at three wavelengths in order to generate a plano-convex
triplet if the plano-convex conditions are satisfied.

The predicate planoconvextriplet retumns the data of the triplet lens.

The triplet lens data is displayed according to the predicate ont-
put_triplet_lens.

The stop_surface predicate gives the diameter and the positien of the stop
surface.

*

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength([Lambdal, Lambda2, Lambda3]),
useplanoconvex(Optical_Power, Transversal_Magnification, L, Diameter),
plancconvextriplet(Optical_Power, Thicknessl, Thickress2, Thickness3, Radius],
Radius2, Radius3, Radiusd4, Radius5, Radiusé, Refractive_Index], Refrac-
itve_lndex2, Refractive_lndex3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2),
output_triplet_lens{(Optical_Power, Thickness1, Thickness2, Thickness3, Radius2,
-Radiusl, Radius3, Radius4, Radius5, Radius6, Refractive_lndex1, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, L.ambda3, Separation1, Separation2),
stop_surface(Position, entrance_Diameter).

/*

This rule generates a bi-convex triplet lens used at three wavelengths.

The predicate wavelength tests if the triplet lens will be used at three wave-
lengths.

The predicate usebiconvex tests if the bi-convex use e conditions are satisfied.
The predicate biconvextriplet retumns the data of the bi-convex triplet lens.
The predicate output_triplet_lens displays the data of the triplet lens.

The predicate stop_surface retums the diameter and the posmen of the stop
surface.

*/

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength([Lambdal, Lambda2, Lambda3]},
usebiconvex(Optical_Power, Transversal_Magnification, L, Diameter),
bicenvexiriplet(Optical_Power, Thickness1, Thickness2, Thickness3, Radius?,
Radius2, Radius3, Radiusd4, Radius5, Radiusé, Refractive_Index1, Refrac-
tive_Index2, Refractive_lndex3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2),
outpui_triplei_lens(Optical Power, Thickness1, Thickness2, Thickness3, Radiusl,
Radius2, Radius3, Radiusd4, Radius5, Radius6, Refractive_lndex], Refrac-
tive_Index2, Refractive_lndex3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation|, Separation2),
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stop_surface(Position, entrance_Diameter).
/*,

This rule generates an asymetric bi-convex triplet lens used at three wave-
lengths.

The predicate wavelength tests if the triplet lens will be used at three wave-
lengths.

The predicate useasymetricbiconvex tests if the asymetric bi-convex nse
conditions are satisfied.

The predicate asymetricbiconvextriplet returns the data of the asymetric bi-
convex triplet lens.

The predicate ontput_triplet_lens displays the data of the triplet lens.

The predicate stop_surface returns the diameter and the position of the stop
surface.

*

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength(lLambdal, Lambdaz2, Lambda3]),
useasymetricbiconvex(Optical_Power, Transversal_Magnificaton, L, Diameter),
asymetrichiconvextriplet(Optical_Power, Thicknessi, Thickness2, Thickness3,
Radius1, Radius2, Radius3, Radius4, RadiusS, Radius6, Refractive_Index1, Re-
fractive_Index?2, Refractive_Index3, Glass_Name1, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2),
output_triplet_lens(Optical_Power, Thickness1, Thickness2, Thickness3, Radius1,
Radius2, Radius3, Radius4, Radius5, Radius6, Refractive_lndexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation1, Separalion2),
stop_sutface(Position, entrance_Diameler).

f*

This rule generates a plane-concave triplet lens used at three wavelengths.
The predicate wavelength tests if the triplet Icns will be used at three wave-
lengths.

The predicate useplanoconcave tests if the plane-concave use conditions are
satisfied.

The predicate planoconcavetriplet retumns the data of the plane-concave
triplet lens. : '

The predicate output_triplet_lens displays the data of the triplet lens.

The predicate stop_surface returns the diameter and the position of the stop
surface.

¥/
lens(Optical_Power, Transversal_Magnificasion, L, L") :-

wavelength{[Lambdal, Lambda2, Lambda3]),
uscplanoconcave(Optical_Power, Transversal_Magnification, L, Diameter),
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planoconcavetriplet(Optical_Power, Thickness1, Thickness2, Thickness3, Radiusl,
Radius2, Radins3, Radius4, Radius5, Radius6, Refractive_Index1, Refrac-
tive_Index?, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation], Separation2),
outpul_triplet_lens(Optical_Power, Thickness1, Thickness2, Thickness3, Radius1,
Radius?, Radius3, Radiusd4, Radins5, Radius6, Refractive_Index1, Refrac-
tive_lndex2, Refractive_Index3, Glass_Namel, Glass_Name2, Giass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation, Scparation2),
stop_surface(Position, entrance_Diameter).

/*

This rule generates a bi-concave triplet lens used at three wavelengths.

The predicate wavelength tests if the triplet lens will be used at three wave-
lengths. :

The predicate usebiconcave tests if the bi-concave use conditions are satis-
fied.

The predicate biconcavetriplet returns the data of the bi-concave triplet
lens.

The predicate cutput_triplet_lens displays the data of the triplet lens.

The predicate stop_surface returns the diameter and the position of the stop
surface.

*f

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength{[Lambdal, Lambda2, Lambda3]),
usebiconcave(Optical_Power, Transversal_Magnification, L, Diameter),
biconcavetriplet(Optical _Power, Thickness1, Thickness2, Thickness3, Radiusl,
Radius2, Radins3, Radius4, Radius5, Radius6, Refractive_index1, Refrac-
tive_Index?, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2),
output_triplet_lens(Optical_Power, Thickness], Thickness2, Thickness3, Radiusl,
Radius2, Radius3, Radius4, Radius5, Radius6, Refractive_Indext, Refrac-
tive_lIndex2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation], Separation2),
stop_surface(Position, entrance_Diameter).

/*

This rule generates an asymetric bi-concave triplet lens used at three wave-
lengths. ,

The predicatc wavelength tests if the triplet lens will be used at three wave-
lengths.

The predicate uscasymetricbiconcave tests if the asymetric bi-concave use
conditions are satisfied.

The predicate asymetricbiconcavetriplet returns the data of the asymetric
bi-concave triplet lens.

The predicate output_triplet_lcns displays the data of the triplet lens.

The predicate stop_surface returns the diameter and the position of the stop
surface.
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*

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength{[Lambdal, Lambda2, Lambda3]),
useasymetricbiconcave{Qptical_Power, Transversal_Magnification, L, Diameter),
asymetricbiconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickness3,
Radiusl, Radius2, Radius3, Radius4, Radius5, Radiusé, Refractive_lndex1, Re-
fractive_Index2, Refractive_lndex3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation], Separation2),
output_triplet_lens(Optical _Power, Thickness1, Thickness2, Thickness3, Radius1,
Radius2, Radius3, Radius4, Radius5, Radiusé, Refractive_lndex], Refrac-
tive_Index2, Refractive_lndex3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2),
stop_suvface(Positian, entrance_Diameter).

f*

This rule generates a concave-convex triplet lens used at three wavelengths.
The predicate wavelength tests if the triplet lens will be used at three wave-
lengths.

The predicate useconcaveconvex tests if the concave-convex use conditions
are satisfied.

The predicate concaveconvextriplet returns the data of the concave-convex
triplet lens.

The predicate output_triplet_Iens displays the data of the triplet lens.

The predicate stop_surface rcturns the diameter and the position of the stop
surface,

*/

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength([Lambdal, Lambda2, Lambda3]),
useconcaveconvex{Optical_Power, Transversal_Magnification, L, Diameter),
concaveconvextriplet(Optical_Fower, Thickness1, Thickness2. Thickness3, Ra-
diusl, Radius2, Radius3, Radiusd, Radius3, Radius6, Refractive_Index1, Refrac-
tive_Index2, Refractive_lndex3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation!, Separation2),
output_triplet_lens(Optical_Pawer, Thickness1, Thickness2, Thickness3, Radius],
Radius2, Radius3, Radiusd, RadiusS, Radius6é, Refractive_Index1, Refrac-
tive_lndex2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation], Separation2),
swop_surface(Position, entrance_Diameter).

/#

This rule generates a convex-concave triplet lens used at three wavelengths,
The predicate wavelength tests if the triplet lens will be used at three wave-
lengths,

The predicate useconvexconcave tests if the convex-concave nse conditions
are satisfied.
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The predicate convexconcavetriplet returns the data of the convex-concave
triplet lens.

The predicate output_triplet_lens dlsplays the data of the triplet lens.

The predicate stop_surface returns the diameter and the position of the stop
surface. :

*/

lens(Optical_Power, Transversal_Magnification, L, L) :-
wavelength([Lambdal, Lambda2, Lambda3]),
useconvexconcave(Optical_Power, Transversal_Magnification, L, Diameter),
convexconcavetriplet(Optical_Power, Thickness1, Thickness2, Thickness3, Ra-
diusl, Radius2, Radius3, Radius4, Radius5, Rad1u56 Refractive_Index1, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_NameZ, G]ass_NamcS,
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2}),
output_triplet_lens(Optical_Power, Thickness|, Thickness2, Thickness3, Radiusl,
Radius?, Radius3, Radiusd4, Radius5, Radius6, Refraciive_Index1, Refrac-
tive_lndex2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3,
Diameter, Lambdal, Lambda2, Lambda3, Separation}, Separation2),
stop_surface(Position, entrance_Diameter).

/*

This rule generates a high aperture lens; corrected at three wavelengths.
This high aperture lens is made up of two (riplet lenses mounted back to
back.

The predicate usehighaperture tests if the high aperture conditions are sa-
fisfied.

The predicate highaperturetriplet returns the data of the two triplet lenses
(high aperture lens).

The predicate output_triplet_lens displays the data of the two triplet lens.
The predicate stop_surface returns the diameter and the position of the stop
surface.

In this case, the stop surface is located at the symetry plane of the high
aperture lens i.e., between the two triplet lenses.

*/

lens(Optical_Power, Transversal_Magnification, L, L") :-
wavelength([Lambdal, Lambda2, Lambda3]},
usehighaperture(Optical_Power, Transversal Magmﬁcanon L. Diameter),
outm(” Reversed triplet --> "),
nl, Optical_Powerb is 1.0/So,
Optical Powerais 1.0/L,
highaperturetriplet{Optical_Powera, Optical_Powerb, Thicknessla, Thickness2a,
Thickness3a, Thickness1b, ThicknessZb, Thickness3b, Radiusla, Radius2a, Ra-
dius3a, Radiusda, Radius5a, Radiusda, Radius1b, Radius2b, Radius3b, Radiusdb,
Radius5b, Radius6b, Refractive_Index1, Refractive_Index2, Refractive_Index3,
Glass_Name1l, Glass_Name2, Glass_Name3, Diameler, Separation], Separation2),
outpui_triplet_lens(Optical_Powera, Thicknessla, Thickness2a, Thickness3a, Ra-
diusla, Radius2a, Radius3a, Radiusda, Radius5a, Radius6a, Refractive_Index1,
Refractive_lIndex2, Refractive_lndex3, Glass_Namel, Glass_Name2,
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Glass_Name3, Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separa-
ticn), :

output_tripler_lens(Optical_Powerb, Thicknessib, Thickness2b, Thickness3b, Ra-
dinslb, Radius2b, Radius3b, Radiusdb, Radiussh, Radius6b, Refractive_Index1,
Refractive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2,
Glaszs__Namel Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separa-
tion2},

stop_surface(Position, entrance_Diameter).
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Appendix 15: Searching Algorithms of Afocal Optical Systems

This algorithm is concemed with searching for afocal optical systems. This
search strategy is based on heuristics which uses the context of use of the optical
system,

Afocal optical system.
Requested parameters are: length
and magnification.

y

Magmﬁcanon lS

negatwe
Laser power will
Laser power w1ll No
[E?Jrffe a break provoke a break
down?
Yes _ Yes
f f
Keppler Telescope Galilean Telescope Telescope with
Corrected at 1, 2 No solution || Corrected at 1, 2 or three positive
or 3 wavelengths 3 wavelengths lenses
Y y y y
Display the optical system
data and write it in a text file

Searching Algorithms of an Afocal Optical System
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The searching algorithms of the afocal optical systems is coded in the
programming language Prolog as displayed below:

stan_afocalens{Angular_Magnification, Length) -
write("Optical_Power = 0.0 ==> afocal optical system™),
nl,
afocalens(Angular_Magnification, Length).

/*

The following heuristics states: If the angular magnification is negative
and there is a break down risk then it is not possible to design such as
telescope.

*

afocalens(Angular_Magnification, Length) -
negative_angular_magnification(Angular_Magnification),
breakdownrisk(Laserpower),
nl,
outm("'such as system is not possible"),
nl,
outm(“because the angular magaification is < "),
nl,
outm("and these is a break down™).

[*

The following heuristics states: If the angular magnification is negative
and there is no break down risk then a Kepler telescope can be used.

¥/

afocalens(Angular_Magnification, Length) :-
negative_angular_magnification(Angular_ Magmﬁcamn),
nobreakdownrisk(Laserpower),
keplerafocalens(Angular_Magnification, Powerl, Power2, Length),

/‘*

The following heuristics states: If the angular magnification is positive and
there is a break down risk then a Galilean telescope can be used.

*/
afocalens(Angular_Magnification, Length) :-
positive_angular_magnification{Angular_Magnification),

breakdownrisk(Laserpower),
galileanafocalens(Angular_Magnification, Powerl, Power2, Length),
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/*

The following heuristics states: If the angular magnification is positive and
there is no break down risk then a telescope composed of three positive
optical lenses can be used.

This case can be elaborated later.

*/
afocalens{Angular_Magnification, Length) =
positive_angular_magnification{Angular_Magnification),

nobreakdownrisk(Laserpower),
threelementafocalens{Angular_Magnification, Powerl, Power2, Power3, Length).

/’I!

The following heuristics states: If the angular magnification is positive and
there is no break down risk and the telescope length is short then a
Galilean telescope must be used.

*/

afocalens{Angular_Magnification, Length} :-
positive_angular_magnification{ Angular_Magnification),
nobreakdownrisk(Laserpower),
shorlength(Leagth, Angular_Magnification),
galileanafocalens(Angular_Magnification, Powerl, Power2, Length).
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. Appendix 16: Heuristics and Searching Aigorithms concerning the
Kepler Telescope

A Kepler telescope is formed by two optical systems:

. entrance optical system with a positive focal length
. exit optical system with a positive focal length

These entrance and exit optical systems can be formed by singlet, doublet or

triplet lens according to the context of use of the telescope as displayed in the
below diagram. )

[ Kepler Telescope j
Telescope will be nsed at Yes Telescope with two
only one wavelength 11 singlets lenses

No
Telescope will be used at 1 Y©S Telescope with a singlet
two wavelengths 11,12 and a doubiet lenses

No

Telescope will be used at Yes Telescope with a doublet
three wavelengths 11,12, 13 and a triplet lenses

Searching Algorithms concerning the Kepler Telescope

The heuristics and searching algorithms of the Kepler tclescope are coded
in the programming language Prolog as displayed below.

/*

The following rule designs a Kepler telescope used at one wavelength.

A such as telescope is composed of two plano-convex singlet lenses
mounted face to face and separated with a distance, called Length.

The Length is the sum of the focal length of the two plano-convex lenses.

*/

keplerafocalens{Angular_Magnification, Power!, Power2, Length) :-
wavelength{[Lambdal]),
longlength(Length, Angular_Magnification),
write("--> kepler telescope ™),
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/*

Powerl is (1.0 - Angular_Magnification)/ Length,

nl,

[ensindice{|Glass_Nam1, Refractive_Index1]),
angularmagnification(Anguolar_Magnification, Powerl, Power2, Diameterl,
Diameter2),
nl,
planoconvexlens(Powerl, Thickness]l, Radiusl, Radius2, Refractive_IndexI,
Diameter1),

nl,

outputlens{Powerl, Thicknessl, Radiusi, Radius2, Refractive_Indexl,
Glass_Nam 1, Diameterl, Lambdatl),

lensindice([Glass_Nam?2, Refractive_Index2]),

planoconvexlens{Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
DliameterZ),

nl,

outpuilens(Power2, Thickness2, Radius4, Radius3, Refractive_Index2,
Glass_Nam?, Diameter2, Lambdal),

outputafocalens(Angular_Magnification, Powerl, Power2, Diameter], Diameter2,
Thickness1, Thickness2, Thickness3, Thickness4, Thickness5, Radiusi, Radius2,
Radius3, Radius4, Radius5, Radius6, Radius?, Radius8, Radius®, Radius10, Re-
fractive_IndexI, Refractive_Index2, Refractive_Index3, Refractive_lndex4, Re-
fractive_Index5, Glass_Naml, Glass_Nam?2, Glass_Nam3, Glass_Namd,
Glass_Nam$5, Separation], Separation2, Separation3, Lambdal, Lambda2,
Lambda3).

The following rule designs a Kepler telescope nsed at two wavelengths.

A such as telescope is composed of a plano-convex singlet lens and a
plano-doublet lens mounted face to face and separated with a distance,
called Length.

The Length is the sum of the focal length of the plano-convex singlet and
the plano-convex doublet lens.

¥

keplerafocalens{ Angular_Magnification, Powerl, Power2, Length) :-

wavelength([Lambdal, LambdaZ2]),

write("--> kepler telescope ),

longlength{Length, Angular_Magnification),

Powerl is (1.0 - Angular_Magnification)/Length,

nl,

angularmagnification{Angular_Magnification, Powerl, Power2, Diameter!,
Diameter2),

nl,

lensindice{[Glass_Nam1, Refractive_index1]),

planoconvexlens(PowerI, Thicknessl, Radiusl, Radius2, Refractive_Index!,
Diameterl),

nl,

outputlens(Power], Thicknessl, Radiusl, Radius2, Refractive_Indexi,
Glass_Naml, Diameterl, Lambdz1},

planoconvexdoublet{Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, Radius6, Refractive_index2, Refracrive_Index3, Glass_Nam2,
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separation2),
output_doublet_lens(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, Radius6, Refractive_Index2, Refracnive_lndex3, Glass_Nam2,
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separation2),
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/*

ontputafocalens{Angular_Magnification, Power1, Power2, Diametert, Diameter2,
Thickness1, Thickness2, Thickness3, Thicknessd, Thicknesss, Radmsl Radius2,
Radius3, Radiusd, Radius5, Radius6, Radius7, Radius®, Radius9, Raﬂmsl(] Re-
fractive_lndcxl, Refractivc_lndch, Refractive_]ndex3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Namd,
Glass_Nam5, Separationl, Separation2, Separation3, Lambdal, Lambda2,
Lambda3),

The following rule designs a Kepler telescope used at two wavelengths and
with a short length,

A such as telescope is composed of a bi-convex singlet lens and a bi-
doublet lens mounted face to face and separated with a distance, called
Length.

The Length is the sum of the focal length of the bi-convex smglet and the
bi-convex doublet lens.

*f

keplerafocalens{Angular_Magnification, Pawerl, Power2, Length) :-

/*

wavelength([Lambdal, Lambda2]),

write("--> kepller telescope "),

shontlength(Length, Angular_Magnification),

Powerl 15 (1.0 - Angular_Magnification)/Length,

nl,

angularmagnification(Angular_Magnification, Powerl, Power2, Diameter],

Diameter2),

nl,

lensindice{[Glass_Nam]l, Refractive_Index1]),

biconvexlens{Powerl, Thickness], Radius1, Radius2, Refractive_Index1, Diame-
terl),

nl,

ontputlens{Powerl, Thicknessl, Radinsl, Radius2, Refractive_Index1,
Glass_Nam]1, Diameter], Lambdal),

biconvexdoublet{Power2, Thickness2, Thickness3, Radius3, Radius4, Radius5,
Radius6, Refractive_Index2, Refractive_Index3, Glass_Nam2, Glass_Nam3,
Diameter2, Lambdal, Lambda2, Separation2), -

outpnt_doublet_lens(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, Radius6, Refractive_Index2, Refractive_lndex3, Glass_Nam2,
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separation2),
outputafocalens{Angular_Magnificaiion, Powerl, Power2, Diameter], Diameter2,
Thicknessi, Thickness2, Thickness3, Thickness4, Thickness3, Radins1, Radius2,
Radius3, Radins4, Radius5, Radins6, Radius7, Radius8, Radins9, Radins 10, Re-
fractive_Index1, Refractive_Index2, Refractive_Index3, Refractive_Indexd, Re-
fractive_Index5, Glass_Naml1, Glass_Nam2, Glass_Nam32, Giass_Nam4,
Glass_Nam3, Separationl, Separation2, Separation3, Lambdal, Lambda2,
Lambda3}.

The following rule designs a Kepler telescope uvsed at three wavelengths
and with a short length.
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A such as. telescope is composed of a bi-convex singlet lens and a bi-
convex triplet lens separated with a distance, called Length.

The Length is the sum of the focal length of the bi-convex triplet and the
bi-convex singlet lens.

*

keplerafocalens(Angular_Magnification, Powerl, Power2, Length) -
wavelength([Lambdai, Lambda2, Lambda3]),
write("--> kepller telescope ),
shortength(Length, Angular_Magnification),
Powerl is (1.0 - Angular_Magnification)/Length,
nl, .
angularmagnification{Angular_Magnification, Power!, Power2, Diameterl,
Diameter2),
nl,
lensindice([Glass_Nam1, Refractive_lndex1]),
biconvexlens(Powerl, Thickness), Radius], Radius2, Refractive_Index1, Diame-
terl),
al, )
outputlens(Powerl, Thicknessl, Radiusl, Radins2, Refractive_lndexl,
Glass_Nam1, Diameterl, Lambdal),
biconvextriple(Power2, Thickness2, Thickness3, Radius5, Radius6, Radius?,
Radins8, Radius9, Radius10, Refractive_Index3, Refractive_lndex4, Refrac-
rive_Index5, Glass_Nam3, Glass_Namd, Glass_Nam3, Diameter2, Lambdal,
Lambda2, Lambda3, Separation2, Separatian3),
output_triplet_lens(Power2, Thickness2, Thickness3, Radius5, Radius6, Radius7,
Radius8, Radius®, Radius10, Refractive_Index3, Refractive_Indexd, Refrac-
tive_Index5, Glass_Nam3, Glass_Nam4, Glass_Nam5, Diameter2, Lambdal,
Lambda2, Lambda3, Separation2, Separation3), ‘
cutputafocalens{Angular_Magnification, Powerl, Power2, Diameter], Diameter2,
Thickness], Thickness2, Thickness3, Thicknessd, Thickness5, Radius], Radius2,
Radius3, Radius4, Radius3, Radiusé, Radins?, Radiusg, Radius9, Radius1Q, Re-
fractive_lndex1, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Namd,
Glass_Nam5, Separationl, Separation2, Separation3, Lambdal, Lambda2,
Lambda3).

/*

The following rule designs a Kepler telescope used at three wavelengths
and with a long length.

A such as telescope is composed of a plano-convex singlet lens and a
plano-convex triplet lens mounted face to face and separated with a
distance, called Length.

The Length is the sum of the focal length of the plano-convex doublet and
the plano-convex triplet lens.

*

keplerafocalens(Angular_Magnification, Powerl, Power2, Length) :-
wavelength({Lambdal, Lambda2, Lambda3]),
write("--> kepler telescope "), -
longlength(Length, Angular_Magnification),
Powerl is (1.0 - Angular_Magnification)/Length,
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nl,

angulannag‘nificalion(Angu]ar_Magnificalion, Powerl, Power2, Diameterl,
Diameter2),

nl,

planoconvcxdoub]et(?owerl Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radidsd, Refractive_Index], Refractive_Index2, Glass_Naml,
Glass_Nam?2, Diameterl, Lambdal, Lambda2, Scparauonl)
ourpm_doublct_l_ens(Powcrl, Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radiusd, Refractive_Index], Refractive _lndex2, Glass_Naml,
Glass_Nam2, Diameter], Lambdal, Lambda2, Separation1),
planoconvextriplet(Power2, Thickness3, Thicknessd, Thickness5, Radius5, Ra-
dius6é, Radius7, Radius8, Radius9, Radiusl0, Refractive_Index3, Refrac-
tive_Indexd, Refractive_Index3, Glass_Nam3, Glass_Namd, Glass_Nam3, Dia-
meter2, Lambdal, Lambda2, Lambda3, Separation2, Separation3), .
outpu_triplet_lens(Power2, Thickness3, Thickness4, ThicknessS, Radiusi,
Radius2, Radius3, Radius4, Radius5, Radiusé, Refractive_Index3,
Refractive_Indexd, Refractive_Index5, Glass_Nam3, Glass_Namd4, Glass_Nam3,
Diameter2, Lambdnl Lambda2, Lambda3, Separation2, Separation3),
outputafocalens(Angular Magnification, Powerl, Paower2, Diameterl, Diameter2,
Thickness1, Thickness2, Thickness3, Thicknessd, ThtcknessS Radius1, Radius2,
Radius3, Radiusd4, Radius5, Radius6, Radius7, RadiusS. Radius9, RadiuslQ, Re-
fractive_Index1, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_lndex5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4,
Glass_Nam35, Separationl, Separation2, Separation3, Lambdal, Lambda2,
Lambda3).
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Appendix 17: Heuristics and Searching Algorithms concerning the
Galilean Telescope

A Galilean telescope is formed by two optical systems:

. entrance optical system with a negative focal length
. exit optical system with a positive focal Iength

These entrance and exit optical systems can be formed by a singlet, doublet or

triplet lens according to the context of use of the telescope as displayed in the
below diagram.

( Galilean Telescape

y
Telescope will be used at Yes Telescope with two
only one wavelength 11 singlets lenses
No
Telescope will be used at Yes Telescope with a singlet
two wavelengths 11, 12 and a doublet lenses

Telescope will be used at Telescope with a dounblet
three wavelengths 11,12,13 and a triplet lenses

Searching Algorithms of a Galilean Telescope

The rules conerning the Galilean telescope are coded in the programming
language Prolog as displayed below.

‘[*

The following rule designs a Galilean telescope nsed at one wavelength.

A such as telescope is composed of a plano-concave singlet lens and a
plano-convex singlet lens mounted face to face and separated with a
distance, called Length.

The Length is the difference of the focal length of the plano-concave
singlet and the plano-convex singlet lens.

*/

galileanafocalens(Angular_Magnification, Powerl, Power?, Lengih} :-
wavelength{[Lambdal]),
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f*

write("--> Galilean telescope ™),

Power] is (1.0 - Angular_Magnification)/Length,

nl,

angularmagnification{Angular_Magnification, Powerl, Power2, Diameter],
DliameterZ),

nl,

lensindice({[Glass_Nam 1, Refraciive_Index1]),

planoconcavelens(Powerl, Thicknessi, Radiusl, Radius2, Refractive_Index1,
Diameterl},

nl,

outputlens(Powerl, Thicknessi, Radiusl, Radius2, Refractive_lndex],
Glass_Nam1, Diameter], Lambdal),

lensindice{|Glass_Nam2, Refractive_Index2]),

planoconvexlens(Power2, Thickness2, Radius4, Radius3, Refractive_Index2,
D]iamcer),

nl,

cutputlens{Power2, Thickness2, Radius3, Radius4, Refractive_Index2,
Glass_Nam2, Diameter2, Lambdal),

outputafocalens{ Angular_Magnification, Power], Power2, Diameter], Diameter2,
Thickness], Thickness2, Thickness3, Thicknessd, Thickness5, Radius1, Radins2,
Radius3, Radius4, Radius5, Radius6, Radws7, Radius3, Radius?, Radius10, Re-
fractive_Index1, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Namd4,
Glass_NamS5, Separation], Separation2, Separation3, Lambdal, Lambda2,
Lambda3).

The following rule designs a Galilean telescope used at one wavelength.

A such as telescope is composed of a plano-concave singlet lens and a
plano-convex doublet lens mounted face to face and separated with a
distance, called Length.

The Length is the sum of the focal length of the plano-concave singlet and
the plano-convex doublet lens.

*/

galileanafocalens(Angular_Magnification, Powerl, Power2, Length) -

wavelength([Lambdal, Lambda2]),

write("--> Galilean welescope ™).

Power] is (1.0 - Angular_Magnification)/Length,

nl,

angularmagnification{Angular_Magnification, Powerl, Power2, Diameterl,
Diameter2), .

nl,

lensindice((Glass_Nam1, Refractive_Index1]).

planoconcavelens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index1,
Diameterl),

nl,

outputlens{(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index1,
Glass_Nam 1, Diameter], Lambdal),

planoconvexdoublet(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, Radiusé, Refractive_lndex2, Refractive_Index3, Glass_Nam?2,
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separation2),
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/*

ountput_doublet_lens(Power2, Thickness2, Thickness3, Radius3, Radins4, Ra-
diusS, Radius6, Refractive_lndex2, Refractive_lndex3, Glass_Nam2,
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separatien]),

outputafocalens{ Angnlar_Magnification, Power], Power2, Diameterl, Diameter2,
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2,
Radius3, Radins4, Radius5, Radius6, Radins7, Radius8, Radius%, Radins10, Re-
fractive_Index1, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4,
Glass_Nam35, Separationl, Separation2, Separation3, Lambdal, Lambda2,
Lambda3). :

The following rule designs a Galilean telescope nsed at three wavelengths.
A such as telescope is composed of a plano-convex doublet lens and a
plano-convex triplet lens mounted face to face and separated with a
distance, called Length.

The Length-is the sum of the focal length of the plano-convex triplet and
the plano-convex doublet lens.

*

galileanafocalens(Angular_Magnification, Powerl, Power2, Length) :-

/*

wavelength{[Lambdal, Lambda2, Lambda3]),

wriie("--> Galilean telescope "), -

P;)werl is (1.0 - Angular_Magnification)/Length,

nl, .
angularmagpification(Angular_Magnification, Power]l, Power2, Diameter],
Diameter2),

nl,

planoconcavedoublei(Powerl, Thicknessl, Thickness2, Radiosl, Radins2, Ra-
dius3, Radius4, Refractive_Index1, Refractive_lndex2, Glass_Naml,
Glass_Nam2, Diameterl, Lambdal, Lambda2, Separaton),
output_doublet_lens(Powerl, Thickness], Thickness2, Radinsl, Radins2, Ra-
dius3, Radius4, Refractive_Index1, Refractive_Index2, Glass_Naml,

. Glass_Nam2, Diameterl, Lambdal, Lambda2, Separationl),

planoconvextriplet(Power2, Thickness3, Thickness4, Thickness5, Radius5, Ra-
dius6, Radins?, Radius8, Radius9, RadiuslO, Refractive_lndex3, Refrac-
tive_Index4, Refractive_Index53, Glass_Nam3, Glass_Nam4, Glass_Nam35, Dia-
meier2, Lambdal, Lambda2, Lambda3, Separation2, Separation3),
outpui_triplet_lens{Power2, Thickness3, Thickness4, Thickness5, Radius5, Ra-
dius6, Radivs7, Radius8, Radius9, Radius10, 1ndice3, Refractive_Index4, Re-
fractive_lndex5, Glass_Nam3, Glass_Nam4, Glass_Nam35, Diameter2, Lambdal,
Lambda2, Lambda3, Separationl, Separation2),
outputafocalens(Angular_Magnification, Powerl, Power2, Diameterl, Diameter2,
Thickness ], Thickness2, Thickness3, Thicknessd4, Thickness5, Radivsl, Radivs2,
Radius3, Radius4, RadinsS, Radius6, Radius7, Radius8, Radius9, Radius10, Re-
fracitve_Index], Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4,
Glass_Nam35, Separationl, Separation2, Separation3, Lambdal, Lambda2,
Lambda3}.
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The following rule designs a iclescope composed of three pesitive lenses.
Such as telescope needs a special heuristics that are not availible at this
moment.

*/

threelementafocalens(Angular_Magnification, Powerl1, Power2, Power3, Length) :-
outm(" We didn't consider such a telescope at this moment").

™

The next two rules calculate the diameter of the sortance block of
telescopic optical system as well as the optical power of the entrance and
sortance block.

*

angularmagnification{ Angular_Magnification, Optical_Powerl, Optical_Power2,
Diameterl, Diameter2) :-
Angular_Magnification < 0.0,
diameter(Diameterl ),
Diameter2 is -Angular_ Magmﬁcanon"‘Dmmctcrl
Optical_Power?2 is - Optical_Powerl/Angular_Magnification,

angularmagnification(Angular_Magnification, Optical_Powerl, Optical_Power2,
Diameterl, Diameter2} :-
Angular_Magnification > 0.0,
diameter(Diameterl},
Diameter2 is Angular_Magnification*Diameterl,
Oprical_Power2 is abs(Optical_Powerl/Angular_Magnification).
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Appendix 18: Rules, Heuristics and Searching Algorithms for the
Selection of the Optical Glass

The optical glass is one of the most important parameters during the calculation
of the optical system. The search strategy of the optical glass is made according
to a depth first searching.

The glass data base contains more than 250 different optical glasses.

The first element in the list of optical glass is taken (depth first searching) then
it is tested according to the user glass constraints, The constraint list is revie-
wed in depth searching too.

This algorithm is repeated until the end of the list of optical glasses is rcachéd.

This search strategy is used at the other section of this chapter.
This searching is also based on heuristics.
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User's constraints such as mechanical, thermal,
chemical, economical, physical, optical...

contains more than 250 optical glasses.

[Glass data base: Schott catalog ]

Y v |

No " Glass mechanical constraints are
™ acceptable for the user constraints?

¢ Yes

‘NO [ Glass thermal constraints are acceptable

for the vser constraints?

¢m

Glass chemical constraints are acceptable
0 P
72} N .
@ for the user's constraints?
a0
E * Yes
2, No { Glass economical constraints are
2 acceptable for the user's constraints?
Fd
7 Yes
N9 Glass physical constraints are acceptable
for the user’s constraints?
Yes
No (Glass optical constraints are acceptable for
the user's constraints?
o/

LCode and data of the selected glass. )

Searching algorithms for selection of an optical glass
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The searching algorithms for selection of an optical glass is coded in the
programming language Prolog as displayed below.

/*
The following rule retums the dispersion coefficients of an optical glass.

*

dispersion_formula_coefficicnis(Optical_Glass, AQ, Al, A2, A3, Ad, AS5) :-
coefl_disp(Optical_Glass, AQ, Al, A2),
coef2_disp(Optical_Glass, A3, A4, A5).

j*

The following rule calculates the refractive index of an optical glass ac-
cording to his dispersion coefficients.

*/

refractive_index_calculation(Optical_Glass, Lambda, Indice_de_refraction) :-
dispersion_formula_coefficients(Optical_Glass, AQ, Al, A2, A3, Ad, A5),
power_of(Lambda, 2.0, Y1),
power_of(Lambda, -2.0, Y_2),
power_of{Lambda, -4.0, Y_4),
power_of{l.ambda, -6.0, Y_6),
power_of(Lambda, -8.0, Y_8),
]Ilgjf\c’ g;: refraction is sqri(AQ + A1*Y1 + A2%Y_2 + A3YY_4 + A4*Y_6 +

% Thermical conductivity varies from (Q(highst value) to 1.4(lowst value)

thermical_conductivity(Optical_Glass, X) :-
temperature(T), free_variable(X, 0.0),
conversion(X, X1), X1 =< 50.0/abs(T).

presences_of_bubbles(Optical_Glass, X) -
depre_de_resistance_chimique(Degre_Chimik),
conversion(X, X1), X1 =< Degre_Chimik,

climatic_resistance(Optical_Glass, X) :-
degre_de_resistance_chimique(Degre_Chimik),
conversion(X, X1), X1 =< Degre_Chimik +1.0.

stain_resistance(Optical_Glass, X) -
degre_de_resistance_chimique(Degre_Chimik),
canversion(X, X1), X1 =< Degre_Chimik.

alkaline_resistance(Optical_Glass, X} -
free_variable(X, 4.0),
alcalis_milieuf Alcalis),
conversion(X, X1), Y1lis 15.0- X1, Y1 >= Alcalis.

acid_resistance(Optical_Glass, X) :-
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free_variable(X, 5.0),
acidite_milieu(Acidie),
conversion(X, X1), X1 =< Acidite.

density(Optical_Glass, X) :-
densite_verre(Densite), conversion(X, X1}, X1 =<Densite.

elasticity _coefficient(Optical_Glass, X) :-
elasticite_verre(Elasticite),
conversion(X, X1),
X1 =< Elasticite.

poisson_coefficien{Optical_Glass, X) :-
conversion(X, X1),
X1>0.0

knoop_hardness(Optical_Glass, X) :-

durete_verre(Hardness),
conversion(X, X1), X1 >= Hardness .

!*
The following rule selects an economical glass, if the variable Price is 0.
*
economical_optical_glass{Optical_Glass) :-
economical(Price), Price > 0.0,

economical_glasse(Oprical | Glass Nd, Nued , Densite , AO, Al AZ A3, A4,
AS).

f‘*
The following rule defines the physical properties of an optical glass.
*f

physical_properties{Optical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduthermique, Rho,
Emo, Mue, Hk, B, Cr, Fr, Sr, Ar) -
propl_ phy51k(0pt:cal Glass, Alphal, Alpha2, Tg,T Cp, Conduthermique), -
prop2_physik (Oprical_ Glass, Rho, Emo, Mue, Hk, B, Cr, Fr, Sr, Ar).

*

Thermical_dilatation varies from 4*10e-6 (highst value) to 16*10e-6
(lowst value)

*f

thermical_dilatation_moins30_plus70(Optical_Glass, X) :-
temperature(T),
conversian(X, X1),
X1 =< 640.0/T.
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/‘:t
Thermical dilatation varies from +20 to +300, X varies de 4 (highst value)
to 16*10pe-6(lowst value)

*

thermical _dilatation_plus20_plus300(Optical_Glass, X):-
temperature(T), T > 40.0,
conversion(X, X1),
X1 < 3000.0/abs(T).

% Melts temperature must be > 4* work temperature.

melts_temperature(Optical_Glass, XI) -
conversion(X, X1), emperature(T), X1>3.2*abs(T).

% Specific_heat varies fro 0.4 (highst value) to 1.6 (lowst value)

specific_heat(Optical_Glass, X) -
temperatore(T), free_variable(X, 0.4),
conversion{X, X1}, X1 =< 100.0/abs(T).

krone(Nd, Nued) :-
Nd < 1.6, Nued > 51.0.

fiinte(Nd, Nued) :-
Nd>1.6, Nued < 30.0.

‘{*

The two following rules defines the climatical properties of an optical
glass. :

*f

climatical_properties(QOptical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduci_thermique) :-
propl_physik(Optical _Glass, Alphal, Alpha2, Tg, T, Cp, Conduct_thermigue),
thermical_dilatation moins30_plus70(Optical_Glass, Alphal),
temperature_of_transformation(Optical_Glass, Tg),
specific_heat(Optical_Glass, Cp),
thermical_conductivity(Optical_Glass, Conduct_thermigue).

climatical_properties{Qptical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduct_thermique) :-
propt_physik{Optical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduct_thermigue),
thermical_dilatation_plus20_plus300(Optical_Glass, Alpha2),
temperaturee_of_transformaaon(Optical_Glass, Tg),
specific_heat(Optical Glass, Cp),
thermical _conductivity(Optical_(lass, Conduct_thermique).

/‘*
The following rule defines the chemical properties of an optical glass.
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*/

chemical_properties(Optical_Glass, B, Cr, Fr, 51, Ar) :-
prop2_physik(Optical_Glass, Rho, Emo, Mue, Hk, B, Cr, Fr, Sr, Ar),
presences_of_bubbles(Optical _Glass, B),
climatic_resistance(Optical_Glass, Cr),
stain_resistance{Optical_Glass, Fr),
acid_resistance(Optical_Glass, Sr),
alkaline_resisiance(Optical_Glass, Ar).

/*
The following rule defines the mechanical properties of an optical glass.
*f

mechanical_properties(Optical_Glass, Rho, Emo, Mue, Hk) :-
prop2_physik(Optical_Glass, Rho, Emo, Mue, Hk, B Cr, Fr, Sr, Ar),
density(Optical_Glass, Rho),
elasticity_coefficient(Optical_Glass, Emo),
poisson_coefficient(Optical_Glass, Mue),
knoop_hardness(Optical_Glass, Hk).

/*

The following rule retums the name, Glass_Naml, of an optical glass and
its refractive index Nd.

Refering to the Glass_Naml, one get all information from the facts base
about this optical glass.

This selected optical glass has to satisfy the economical, climatical, me-
chanical and chemical conditions.

*/

lensindice([Glass_Nami, NdJ) :-
entete_verre(Glass_Nam1, Glass_Nam2, Nd, Nued, Ni_Nc, Net, Nueel, Ni-
prim_moins_Ncprim ),
economical_optical_glass(Glass_Naml),
climatical_propertics(Glass_Nam1, Alphal, Alpha2, Tg, T, Cp, Con-
duct_thermique),
chemicel_properties(Glass_Nam1, B, Cr. Fr, S, Ar),
mechanical_properties(Glass_] Nnm] Rho. Emo, Muoe, Hk) .

/*

The following rule retumns two optical glasses referred with the names
Glass_Nam!l and Glass_Nam?2.

It is used in the case of the doublet lens. One of the optical glasses is Krone
type and the other one is flint type.

276



*/

lensindEcZ(lzGlass_Naml , Glass_Nam2, Refractive_index1, Refractive_Index2, Nueel,
uee?]) :-
entete_verre(Glass_Nam], Qptical_Glass, Nd, Nued, Nf_Nc, Nel, Nueel, Nf-
prim_moins_Ncprim ),
economical_optical_glass(Glass_Naml},
flinte(Nel, Nueel),
Refractive_[ndex] is Nel,
chemical_properties(Glass_Naml, B, Cr, Fr, Sr, An),
cli_matical_propenies(Glass_Naml, Alphal, Alpha2, Tg, T, Cp, Conduci_ ther-
mique),
mechanical_properties(Glass_Nam1, Rho, Emo, Mue, Hk),
entete_verre(Glass_Nam?2, Optical_Glassill, Nd1, Nuedl, Nfl_Ncl, Ne2,
Nuee2, Nfprim_moins_Ncprim]1),
economical_optical_glass(Glass_Nam?2},
Glass_Naml =\= Glass_Nam?2,
krone(Ne2, Nuee2),
Refractive_Index2 is Ne2,
chemical_properies(Glass_Nam2, B2, Cr2, Fr2, 5r2, Ar2),
climatical_properties(Glass_Nam2, Alphall, Alpha2l, Tgl, T1, Cpl, Con-
duct_thermiquel},
mechanical_properties(Glass_Nam2, Rho2, Emo2, Mue2, Hk2).

/*

The following rule returns three different optical glasses referred with the
names Glass_Nam]l, Glass_Nam?2 and Glass_Nam3. It is used in the case of
the triplet lens.

*/

lensindice3([Glass_Nam1, Glass_Nam?2, Glass_Nam3, Refractive_Index1, Refrac-

gveag:}c)lexl Refractive_Index3, TetagCl, TetagC2, TetagC3, Nuedl, Nued2,
ue -

entete_verre(Glass_Nam1, Optical_Glass], Ndi, Nuedl, Nf_Ncl, Nel, Nueel,
Niprim_moins_Ncprim1 ),
economical_optical_glass(Glass_Nam1),
indice2_refract(Glass_Nam1, NC, Nc', N632, IN589 , N587 , N346 ),
indice3_refract(Glass_Naml , Nf, Nf, Ng , Nh, Ni),
Refractdve_Index] is N587, TctagCl is (Ng - NC)I(Nf_Nc]).
krone(Refractive_lndex1, Nunedl),

- chemical _properties{Glass_Naml, B, Cr, Fr, 5r, A1), .
climatical_properties{Glass_Naml, Alphal, Alpha2, Tg, T, Cp, Con-
duct_thermique),
mechanical_properties(Glass_Naml, Rhol, Emol, Muel, Hk1},
found_2_optical_glass(Glass_Naml, Glass_Nam2, Glass_Nam3, Refrac-
tive_Index 1, Refractve_Index2, Rcfracnvc Index3, TetagC] TetagC2, TetagC3,
Nuedl, Nucd2 Nucd3)

/*

!
In this case it is not necessary that the second optical glass has a high me-
chanical resistance!!!
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*

found_2_optical_glass(Glass_Nam1, Glass_Nam2, Glass_Nam3, Refractive_Index1, Re-
fractive_index2, Refractive_lndex3, TetagC] TetagC2, TemgC3 Nued1, Nued2,
Nued3) :-
entete_verre(Glass_Nam2, Optical_Glass1, Ndi, Nued2, Nf Nc, Nel, Nueel,
Nfprim_mains, Ncpnmi)
economical_optical _glass(Glass_Nam2),
Glass_Nam2 == Glass_Naml,
indice2_refraci(Glass_Nam2, NC, Nc', N632, N589 , N587 , N546 ),
indice3d_refract(Glass_Nam2 , Nf, Nf, Ng , Nh, Ni),
Refractive_Index2 is N587, TetagC2 is (Ng - NC)/(Nf_Nc),
Glass_Nami1==Glass_Nam?2,
flinte(Refractive_Index2, Nued2),
chemical_properties(Glass_Nam2, B, Cr, Fr, 8r, Ar),
climatical_properties(Glass_Nam2, Alphal, Alpha2, Tg, T, Cp, Con-
duct_thermique),
found_3_optical_glass{Glass_Nam}, Glass_ Nam2, Glass_Nam3, Refrac-
tive_Index1, Refractive Index2, Refractive_Index3, TetagCl, TetagC2, TetagC3,
Nuedi, Nued2, Nuedl).

found_3_opuical_glass(Glass_Nam1, Glass_Nam?2, Glass_Nam3, Refractive_IndexI, Re-

If\r;acti;tz_lndtle Refractive_Index3, TetagCl, TetagC2, TetagC3, Nuedl, Nued2,
ued3) ;-

entete - verre{Glass_Nam3, Optical_Glass1, Ndl, Nued3, Nf_Nc, Nel, Nueel,
Nfprim_moins_Ncpriml },
economical_optical_glass(Glass_Nam3),
Glass_Nam3=\=Glass_Nam?2,
Glass_Nam3=\=Glass_Nam1,
indice?_refract(Glass_Nam3, NC, Nc', N632, N589 , N5&7 , N546 ),
indice3_refract(Glass_Nam3 , Nf, Nf', Ng , Nh, Ni),
Refractive_Index3 is N587,
flinte(Refractivc_Index3, Nued3),
chemical_properties(Glass_Nam3, B, Cr, Fr, S, An,
climatical_properties(Glass_Nam3, Alphal, Alpha2, Tg, T, Cp, Con-
duct_thermique),
mechanical_properties(Glass_Nam3, Rha3, Emo3, Mue3, Hk3),
TetagC3 is (Ng - NC)/(Nf_Nc).

power_of(X, N, Y) :-
Y is exp(N*in{X}).

conversion(X, Y) -
integer(X). Y is floa(X).

conversion{X, Y):-
real(X), Y is X.
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Appendix 19: Facl Base of the Physical Properties of the
Optical Glass

/*

This base of facts contains the physical{thermal) propertms of thc optical
glasses.

The paramelers are:

279

Alphal:  Thermal coefficient in the domain: -30 degree Te 70 Degree.
Alpha2:  Thermal coefficient in the domain: 20 degree To 300 Degree.
Tg: Melts Temperature in degree.

Cp: Specific heat coefficient.

Lambda:  Thermal conductivity.

*/

%proplphysik(Glass_Name,Alphal, Alpha2, Tg, T, Cp, Lambda).
propl_physik(bafnl0, 6.8, 7.9, 630, 745, 0.595, 0.798 ).
prop1_physik(bafnl1, 6.8 7.9, 631, 750, ., )
propl_physik(bafné, 7.8, 85, 549, v e ).
propl_physik(baf12, 6.8, 7.9, 594, . , . }-
_ prop]_physik(bafl3, 7.4, 8.5, 608, 719, ., )-
propl_physik(baf3, 7.8, 8.8, 533, 720, , s )-
propl_physik(baf4, 7.9, 8.8, 521, 694, 0.557, 0.766 .
propl_physik(baf5, 7.0, 7.8, 604, 765, ’ .
prapl_physik(baf50, 8.3, 9.6, 548, 682, , )-
propl_physik(baf51, 8.4, 9.6, 556, 693, s ).
propl_physik(baf52, 8.4, 9.4, 546, 697, 0636, 0.884 ).
prop!_physik{baf53, 6.5, 7.4, 630, . .0.561,0.857 ).
propl_physik¢baf54, 6.2, 1.3, 630, . ,0.574,0872 ).
propl_physik(bafg, 7.0, 7.9, 589, 737, ) ).
propi_physik(baf9, 6.5, 7.5, 610, 740, s ).
propl_physik(bak1, 7.6, 8.7, 602, 746, 0.687, 0.795 ).
propl_physik{bak2, 8.0, 3.1, 562, 27, ., s ).
propl_physik(bak4, 7.0, 8.1, 552, 707, 0.678, 0.856 ).
propl_physik(baks, 7.8, 9.0, 580, 737, ., )
prop1_physik(bak30, 3.7, 4.6, 629, 820, 0.758, 1.044 ).
prop1_physik(baké, 7.3, B.5, 578, 716, , )
propl_physik(balif3, 8.1, 9.4, 543, 714, ., ).
prop1_physik(balfa, 6.4, 1.5, 569, 731, 0.670, 0.827 ).
propl_physik(half5, g1, 2.3, 529, 724, . ., )
propl_physik(balf50, 8.3, 9.6, 355, 710, 0.624, 0.928 ).
propl_physik(balf51, 8.1, 9.4, 527, 700, 0.615, 0.934 )
propl_physik(balf6, 6.7, 7.9, 577, 724, 0502, 0.779 ).
propl _physik(balf8, 8.3, 9.3, 513, 701, , ).
propl_physik(balkn3, 7.9, 9.0, 562, 738, 0749, 1.029 ).
prop1_physik(balk]1, 9.1,10.4, 509, 681, 0.766, 1.043 ).
propl_physik(basf1, 8.5, 9.5, 493, 658, 0.553, 0.741).
prop1_physik(basf10, 8.6, 9.8, 434, 635, ., . )
propl_physik(basfl2, 7.9, 9.0, 532, 656, R ).



propl_physik(basf13, 7.1, 8.2, 584, v
propl_physik(basf14, 7.0, 8.0, 538, sy
propl _physik(bas(2, 8.2, 9.3, 493, 640, .,
propl_physik(basf3, 7.9, 8.9, 502, 688, .
propl_physik(basf30, 5.5, 6.5, 500, 589, .
propl_physik{basf51, 5.4, 64, 522, 630, 0.536, 0.722
propl_physik(basf52, 5.2, 6.2, 533, 628, ,

propl _physik(basf54, 7.3, 8.2, 515, 627, R
propl_physik(basf55, 5.1, 6.0, 509, 637, 0.544, 0.892
propl_physik(basf56, 8.1, 9.2, 491, R ,0.511,0.808
propl_physik(basf57, 7.1, 8.0, 549, . 05480872
propl_physik(basf6, 7.4, 8.6, 570, 706, ,
prop1_physik(basfb4, 7.3, 8.7, 580, = 712, ,
prop]_physik(bk1, 7.7, 89, 547, 730, 0.825, 1.069
propl_physik(bk 10, 5.8, 6.6, 532, 753, , ,
prop1_physik(bk3, 53, 6.1, 553, 721, .,
propl_physik(bké, 7.8, 9.1, 537, 684, ,
propl_physik(bk7, 7.1, 8.3, 559, 719, 0.858, 1.114
prop] _physik(bk8, 7.4, 8.7, 544, 704, . .
propl_physik({fk1, 8.4, 9.1, 1390, 640, . |

prop 1 _physik{fk3, 8.2, 9.4, 362, T 622, |, )
pron]_physik(fk5, 9.2,10.0, 464, 672, 0.808, 0.925
propl_physik(fks1, 13.6,16.0, 405, . ,0.636,0911
propl_physik(fk52, 14.4,16.0, 434, . ,0.716,0.861
propl _physik(fk54, 14.6, 16.9, 403, v .
propl_physik(fnl1, 7.5, 8.8, 572, 691, 0.787, 0.657
propl_physik(fl, 8.7, 9.6, 432, 593, 0.523, 0.783
propl_physik(f13, 8.7, 9.7, 434, 604, .
propl_physik(f14, 7.9, 9.0, 438, . . r oy
propl_physik(f15, 8.1, 9.2, 433, 598, , ]
propl_physik(f2, 8.2, 9.3, 432, 593, 0.557, 0.780
propl_physik(f3, 8.0, 9.1, 438, 602, .
propl_physik(f4, 8.3, 9.2, 436, 614, 0.553, 0.768
prop1_physik(Fs, 8.0, 9.0, 438, 608, , .
propl_physik(f6, 8.5, 9.4, 439, 605, ,
propl_physik({f7, 9.8, 10.7, 429, 580, . ,
propl_physik(f8, 8.2, 9.3, 446, 609, .
propl1_physik(f9, 7.7, 8.6, 468, 625, ,
prop1_physik(kfl, 8.8,10.0, 478, 649, . .
propl_physikikf3, 8.1, 9.4, 470, 657, , .
propl_physik{kfs0, 7.3, 8.3, 475. » 0.754,1.093
propl_physik(ki6, 6.9, 8.0, 446, s
propl_physik(kf9, 6.8, 7.9, 445, 661, ,
propl_physik(kzfnl, 7.1, 1.8, 460, 675, .
propl_physik(kzfn2, 6.1, 6.8, 422, 630, , .
propl_physiktkzfsn2, © 4.5, 5.5, 499, v s
propl_physik(kzfsnd, 4.5, 5.5, 492, 594, 0.636, 0.766
propl_physik{kzfsn3, 4.5, 5.5, 501, . N
propl_physik(kzfsn7, 4.8, 58, 512, ' v
prop1_physik(kzfsn9, 4.1, 5.1, 512, rs v
prop1_physikkzfs], 50, 6.0, 472, 547, . .
propl_physik(kzfsé, 5.1, 6.1, 482, . ,0.649,0.800
prop1_physik(kzfs8, 53, 6.2, 470, . ,0.511,0.841
prop1_physik(kzf6, 5.5, 6.4, 444, s e
propl_physik(k1Q, 6.5, 7.4, 459, 691, ,
propl_physik(k11, 64, 7.0, 493, 766, ,
prop]_physik(k3, 8.3, 9.8, 521, 698, . .
prop1_physik(kd, 7.3, 84, 507 686, ,
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propl_physik(k5,
propl_physik(k50,
propl_physik(k51,
propl_physik(k7,
prop]_physik(1afn10,
propl_physik(lafn21,
propl_physik{lafn23,
propl_physik(lafn24,

propl_physik(lafn28, .

propl_physik(lafn7,
propl_physik(lafn§,
prop]_physik({lafl la,
propl_physik(lafl3,
prop!_physik(laf2,
propI_physik(laf20,
prop]_physik{laf22a,
propl_physik(laf25,
propl_physik{laf26,
propl_physik(laf3,
propI_physik{iaf9,
propl_physik(laki12,
-propl _physik({laki21,
propl_physik(lakn12,
propl_physik(lakn13,
propl_physik{iakn14,
propl_physik(lakn22,
propl_physik(lakn6,
propl_physik(lakn7,
propl_physik(lak10,
propl_physik(lak11,
propl_physik(lak16a,
propl_physik{lak20,
propl_physik{lak21,
propl_physik({lak23,
propl_physik{lak28g,
propl_physik(iak31,
prop1_physik(lak33,
prop1_physik(lak8,
propl_physik(lak9,
propl_physik(lasfnl5,
propl_physik(lasfnl§,
propl_physik(lastn30,
propl_physik(fasfn31,
propl_physik(lasfn9,
propl_physik(fasf11,
propl_physik(lasf13,
propl_physik(lasf3,
propl_physik(lasf32,
propl_physik(lasf33,
propl_physik(lasf8,
propl_physik(lf1,
propl_physik(1f2,
propl_physik(1f3,
propl_physik(if4,
propl_physik(lfs,
propl_physik(If6,
propl_physik(1f7,
propl_physik(1fg,
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543,
553,
521,
513,
619,
642,
609,
642,
668,
500,
545,
470,
582,
544,
609,
670,
588,
553,
647,
450,
636,
641,
621,
614,
661,
679,
634,
618,
620,
616,
641,
592,
627,
608,
625,
653,
664,
640,
650,
671,
660,
672,
760,
698,
644,
619,
630,
544,
543,
476,
435,
440,
463,
442,
419,
431,
442,
439,
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- 720,

733,

712,
707,
724,
704,
723,
745,
573,

638,

567,

740,
743,
783,
678,
638,
740,
535,
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propl_physik(lif1, - 8.1, 9.2, 448, 628, V.
prop1_physik(lIf2, 7.9, 9.1, 440, 629, .
propl_physik(11f3, 7.0, 7.9, 518, v v
propl_physikllf4, 8.2, 9.3, 465, 640, ,
propl_physik(lif6, 7.5, 8.5, 422, 627, . '
propl_physik(ll{7, 7.3, 84, 422, 625, '
propl_physik{pk1, 6.2, 6.8, 572, i
propl_physik(pk2, 6.9, 8.1, 568, 721, .
propl_physik(pk3; 7.1, 8.3, 567, 710, 0.779, 1.193
propl_physik(pk50, 8.8, 9.9, 494, 620, 0.8i2, 0Q.772
propl _physik(pk51, 13.1, 14.8, 488, , . .
propi _physik{psk2, 6.4, 1.5, 608, 724, .
propl_physik(psk3, 6.2, 7.4, 602, 736, 0.682, 0.9%0
propl_physik(pskS0, 8.6, 9.9, 543, 652, ,
propl_physik(psk52, 8.5, 9.9, 597, . , -
propl_physik(psk53, 9.4, 10.7, 614, 701, 0.603, 0.612
propl _physik(sf156, 8.7,10.1, 591, 693, .
propl_physik(sfl§, 9.0, 10:3, 585, s v
prop1_physik(sfn64, 85, 9.7, 578, 666, .
propl_physik(sf1, 8.1, 9.1, 417, 566, .
prop1_physik(sf10, 7.5, 8.5, 454, 595, 0465, 0.741
propi_physik(sfi1, 6.1, 6.9, 503, 635, 0431, 0.737
propl_physik(sf12, 7.8, 8.8, 452, 611, s
prop1_physik(sf13, 7.1, 8.0, 472, 604, | ,
prop!_physik{sf14, 6.6, 7.4, 478, 617, ,
prop1_physik(sf15, 7.9, 9.0, 455, . 595, .
propl_physik(sf16, 8.4, 9.3, 443, 6, , R
propl_physik(sf17, - 8.5, 9.3, 434, . ,
propl_physik(sf18, 8.1, 9.2, 422, 561, ,
prop1_physik(sf19, 7.7, 8.6, 434, 593, ,
propl_physik(sf2, 8.4, 9.2, 441, 600, 0.498, 0.735
propl_physik(sf3, 8.4, 9.5, 415, 548, 0423, 0.706
propl_physik(sf4, 8.0, 9.0, 420, 552, 0410, 0.650
prop1_physik(sf5, 8.2, 9.2, 425, 580, .
prop1_physik(sf50, 10.1, 11.3, 401, 543, 0,645, 0.699
propl_physik(sf51, 7.8, 8.6, 455, . . v
propl_physik(sf52, 9.5, 10.5, 406, 547, .
prop!_physik(sf53, 8.2, 9.3, 420, 557, . .
prop ! _physik(sf54, 7.7. 8.8, 432, ..
prop ! _physik(sf55, 8.2, 9.3, 421, . R .
prop | _physik(sf56, 7.9, 8.8, 429, 556, )
prop | _physik(sf57, 8.3, 9.2, 422, 519, )
prop1_physik(sfS8, 9.0,10.1, 390, am, ., -
prop 1_physik(sf59, 9.4, 10.3, 362, . ,0.306,0.506
prop | _physik(sf®6, 8.1, 9.0, 423, 538, 0.389, - 0.673
prop I_physik{sf61, 7.9, 9.0, 424, . ,0.414,0.800
prop | _physik(sf62, 8.2, 9.0, 439, 581, 0.473, 0.802
propl_physik(sf63, 8.2, 9.0, 430, . ,0.431,0.744
prop1_physik(sf7, 7.9, 8.9, 448, 608, ,
prop | _physik(sf8, 8.2, 9.1, 423, 576, .
propl_physik(sf9, 8.1, 9.2, 434, 584, ,
prop1_physik(skn!8, 6.4, 7.6, 643, 751, R
prop!_physik(skl, 6.1, 7.1, 650, 786, ,
prop | _physik(sk 10, 7.0, 8.0, 624, 744, R
propi_physik(sk!1, 6.5, 1.6, 610, 760, ,
prop!_physik(sk12, 6.4, 1.5, 633, 765, )

6.8, 7.9, 620, 75%, ,
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propl_physik{sk 14, 6.0, 7.0, 649, 773, 0.636, 0.851 ).
prop1_physik(sk15, 69, 7.7, 634, 744, . ).
prop]_physik(sk16, 63, 7.3, 638, 750, 0578 0.818 ).
propl_physik(sk19, 6.4, 7.5, 649, 778, 0.611, O0.808 ).
propl_physik(sk2, 6.0, 7.0, 654, 823, 0.595, 0.776 ).
propl_physik{sk20, 6.4, 7.5, 605, s s s s ).
propl_physik(sk3, 6.3, 7.4, 644, 777, ., ., )
prop]_physik(sk4, 6.4, T4, 643, 767, 0.582, 0.875 ).
propl_physik(sks, 5.5, 6.5, 658, ™, ., )
propl_physik{sk51, 8.9,10.1, 597, 684, , ., )
propl_physik(sk52, 6.0, 7.2, 624, r s ).
propl_physik(sk33, 6.0, 7.2, 605, 100, , )
. prop1_physik(sko, 6.2, 1.2, 648, 788, . ).
prop1_physik(sk7, 64, 7.4, 643, 772, . ).
propl_physik(sk8, 6.0, 7.0, 638, 802, . . ).
propl_physik(sk9, 6.0, 7.0, 641, 810, , ).
prop1_physik(sskn3, 6.8, 7.9, 641, 751, 0.574, ).
propl_physik(sskn8, 7.1, 8.2, 597, 730, , ).
propl_physik(ssk1, 6.3, 7.3, 621, 759, 0.561, 0.764 ).
propl_physik(ssk2, 62, 7.1, 636, 713, 0.561, 0.763 ).
propl_physik(ssk3, 6.5, 7.6, 615,773, RN ).
propl_physik(ssk4, 6.1, 7.1, 639, 1, ;0 ).
propl_physik{ssk50, 7.4, 8.5, 612, 746, , ).
propl_physik(ssk51, 7.6, 8.7, 616, 771, . ).
propl_physik(ssk52, 6.7, 7.6, 639, . 05530872 ).
propl_physik(tifa5, 9.0, 10.2, 472, R ,0.808,0.926 ).
propl_physik(tif1, 9.1, 9.9, 443, . e )-
prop1_physik(tif2, 8.6, 9.5, 453, 648, . )
propl_physik(tif3, 10.1, 11.0, 419, 601, R ).
prop1_physik(iif4, 8.9, 9.9, 463, s s s ).
propl_physik(tifs, 13.9, 16.7, 410, 494, v ).
propl_physik(tik1, 10.3, 11.3, 340, N J0.842,0.773 ).
propl_physik(1isf1, 9.0, 10.4, 495, s ).
propl_physik{ubk7, 7.0, 8.3, 563, 716, . ).
propl_physik(uk50, 7.0, 8.1, 554, 735, ., . 0964 ).
propl_physik(zkn7, 45, 5.4, 528, 721, 0770, 1042 ).
propl_physik(zkl, 7.5. 86562, 732, . ).
propl_physik(zkSs, 8.7, 10.2, 534, 726, y BB

This base of facts contains the physical (chemical and mechanical)
properties of the optical glasses.

The parameters are:

Rho: Density.

Eme: Elasticity coefficient
Mue: Poisson coefficient
Hk: Knoop Hardness

B:  Presence of pubbles
Cr: Climatic resistance
Fr: Stains resistance

Sr:  Acid resistance

Ar: alkaline resistance
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prop2_physik(bafn10, 3.76,89,0.281,480,
prop2_physik(bafnll, 3.76,88,0.279.470,
prop2_physik(bafn6, 3.17,77, 0.234, 460,
prop2_physik(baf12, 3.60,79, 0.262, 460,
prop2_physik(baf13, 3.80,84, 0.273, 470,
prop2_physik(bafl, 3.28,64, 0.261, 420,
prop2_physik(baf4, 3.50,66, 0.247, 400,
prop2_physik(baf5, 3,54,71, 0255, 450,
prop2_physik(baf50, 3.80,93, 0.266, 490,
prop2_physik(baf51, 3.42,89, 0.266, 470,
prop2_physik(baf52, 3.32,72, 0.259, 440,
prop2_physik(baf53, 3.75,90, 0.264, 510,
prop2_physik(baf54, 3.78,90, 0.269, 530,
prop2_physik{baf8, 3.67,73, 0.260, 460,
prop2_physik(baf9, 3.85,78, 0.269, 460,
prop2_physik{bakl, 3.19,74, 0.253, 460,
prop2_physik(bak2, 2.86,71, 0.233, 450,
prop2_physik(bak4, 3.10,77, 0.241, 470,
prop2_physik(baks, 3.02.72, 0.241, 460,
prop2_physik(bak50,2.93,81, 0.259, 520,
prop2_physik(bak6, 3.10,79, 0.241, 480,
prap2_physik(balf3, 3.18,70, 0.250, 450,
prop2_physik(batfd, 3,17,76, 0.244, 460,
prop2_physik(balf3, 2.95,65, 0.236, 440,
prop2_physik(balf50,3.11,79, 0.247, 480,
prop2_physik(batf51,3.03,75, 0.240, 460,
prop2_physik(balf6, 3.32,75, 0.254, 470,
prop2_physik(balf8, 2.99.65, 0.233, 420,
prop2_physik(balkn3,2.61,72, 0.212, 470,
prop2_physik(balkl, 2.70,68, 0.234, 430,
prop2_physik(basf1, 3.66,62, 0.242, 400,
prop2_physik(basf10,3.91,67, 0.256, 400,
prop2_physik{basf12,3.90,74, 0.261, 430,
prop2_physik(basf13,3.97 81, 0.268, 450,
prop2_physik(basf14,4.00,77, 0.258, 420,
prop2_physik(basf2, 3.90,66, 0.245, 410,
prop2_physik(basf5, 3.49.63, 0.231, 400,
prop2_physik(basf50,4.07,77, 0.285, 450,
prop2_physik(basf51,4.31,80, 0.289, 450,
prop2_physik(basf52,3.96,86, 0.283, 480,

prop2_physik(basf54,4.41,71, 0.265, 440, -

prop2_physik(basf55,3.9574,  0.269, 450,
prop2_physik(basf56,3.85,66, 0.250, 430,
prop2_physik(basf57,3.73,77, 0.248, 450,
prop2_physik(basf6, 3.79,80, 0.263, 450,
prop2_physik(basf64,3.20,105, 0.262, 540,
prop2_physik(bk1, 2.46,74, 0.210, 480,
prop2_physik(bk10, 2.39,72, 0.205, 490,
prop2_physik(bk3, 2.37.74. 0.204, 510,
prop2_physik(bk6, 2.69,81, 0.222, 490,
prop2_physik(bk7, 2.51.81, 0.208, 520,
prop2_physik(bk8, 2.57,80, 0.213, 520,
prop2_physik(fk1, 31,50, 0.251, 1370,
prop2_physik(fk3, 2746, 0.245, 1340,
prop2_physik(fk$, 45,62, 0.205, 450,
prop2_physik(fk51, 3.73,79, 0.287, 360,
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propZ_physik(kzfs8, 4.13,70,
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prop2_physik(k10, 2.52,66,
prop2_physik(k1l, 2.50,67,
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prop2_physik(k51, 2.47.71,
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prop2_physik(lafn10,4,16,117,
prop2_physik(lafn21,4.34,126,
prop2_physik(lafn23,4.20,82,

prop2_physik(lafn24,4.04,120,
prop2_physik(lafn28,4.24,123,

prop2_physik(lafn7, 4.38,8Q,
prop2_physik(lafn8, 4.02,98,
prop2_physik(laf11a, 4.60,71,
prop2_physik(laf13, 4,55,95,
prop2_physik(laf2, 4.34,93,
prop2_physik{iaf20, 3.87,94,

prop2_physik{laf22a,4.21,100,
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prop2_physik(sfl6, 3.37,93,
prop2_physik(sfné4, 3.00,93,
prop2_physik(sf1, 4.46,57,
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0233,
0.235,
0.235,
0.232,
0.229,
0.238,
0.228,
0.231,
0239,

0.241,

0.233,

D.242,

0.229,

0242,

D238,

0.237,

0.247,
0.242,
0.253,
D.264,
0.269,
0.248,
0.235,
0.226,
0.235,
0.226,
0.233,
0229,
0.296,
0.262,
0273,
0.239,
0.251,
0.258,
0261,
0.275,
0.267,
0.265,
0263,
0.235,
0.263.
0.268,
0.256,
0.291.
0.283,
0.260,
0.268,

- 0.264,

0.265,
0.266,
0.278,
0.256,
0.263,
0.255,
0.261,
0.265,
(.264,

360,
380,
370,
370,
340,
350,
330,
360,
350,
330,
330,
340,
360,
380,
350,
340,
360,
330,
330,
300,
270,
250,
310,
340,

340,
350,
340,

470,
490,
480,
51q,
490,
470,
490,
450,
490,
500,

530,

480,

500,
480,
380,
520,
350,
450,
490,
470q,
480,
470,
460,
450,
460,
460,

460, -

480,
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0.239,
0.238,
0.245,
0.243,
0.262,
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0.239,
0.212,
0.223,
0.214,
0.240,
0.238,

470,
500,
410,
440,
450,
390,
410,
310,
330,
450,
500,
460,
450,
430,
430,

288

.
—— b

Moo ok

)

- e o a

— e et B e D e s e e DD )
OO CO~WwooOOOoOO—O
B = R G2 LA LA R RO RO RO PO LA —

—_— . O D e e e e e s D D

— e N3
oS
Nt St e ot S S St T gt Vgt Vgt e T Tt Tt



Appendix 20: Base of Facts of the Code of the Optical Glass

™

This base of facts contains the data of the optical glass.

The parameters are:

Glass_namel:
Glass_name?2:
Nd:

Nued:

Nf-Nc:

dispersion,

Ne:
Nuee
Nf'- Nc'

Name of the optical glass
Code of the optical glass
Refractive indexe of the optical glass at the line d

Abbe Number of the optical glass at the line d

The difference between the refractive index at the line f
and at the line c; this coefficient is used for the

Refractive index at the line ¢
Abbe Number at the line e
The difference between the refractive index at the line

f and at the line ¢'. This coefficient is used for the
dispersion.

*f

entete_verre(bafn10,670471,
entete_verre(bafnl1,667484,

entete_verre(bafn6, 589485,
entete_verre(baf12,639452,
enete_verre(bafl3,669450,
entete_verre(baf3,583468,
entete_verre(bafd,606439,
entele_verre(bafs,607494,
entete_verre(baf50,683445,
entete_verre(baf51,652449,
entete_verre(baf52,609464,
entete_verre(baf53,670471,
entete_verre(baf54,667482,
entete_verre (baf8,624470,
entete_verre(baf9,643480,
entete_verre(bak1,573575,
entete_verre(bak2,540597,
entete_verre(bak4,569561,
entete_verre(bak3,557587,
entete_verre(bak50,568580,
cntete_verre(bak6,574564,
entete_vemre(balf3,571529,
entete_verre(balf4,580537,
entete_verre{balf5,547536,
entete_verre{baif50,589514,
entete_verre(baif51,574521,
eniete_verre(balf6,589530,
entete_verre(balf8,554512,
entete_verre(balkn3,518602,

1.67003,47.11,
1.66672,48.42,
1.58900,48.45,
1.63930,45.18,
1.66892,44.96,
1.58267,46.47,
1.60562,43.93,
1.60729,49.40,
1.68273,44.50,
1.65224,44.93,
1.60859,46.44,
1.67003,47.10,
1.66672,48.22,
1.62374,47.00,
1.64328,47.96,
1.57250,57.55,
1.53996,59.71,
1.56883,56.13,
1.55671,58.65,
1.56774,57.99,
1.57444,56.40,
1.57135,52.93,
1.57957,83.71,
1.54739,53.63,
1.58893,51.37,
1.57393,52.10,
1.58904,53.01,
1.55361,51.18,
1.51849,60.25,

289

0.014222,
0.013769,
0.012158,
0.014151,
0.014877,
0.012538,
0.013787,
0.012293,
0.015341,
0.014517,
0013104,
0.014226,
0.013826,
0.013270,
0013414,
0.009948,
0.009043,
0.010135,
0.009492,
0.009790,
0.010186,
0.010794,
0.010790,
0.010207,
0.011464,
0.011017,
0011111,
0.010816,
0.008606,

1.67341,
1.67000,
1.59189,
1.64266,
1.67245,
1.58563,
1.60889,
1.61021,
1.68637,
1.65569,
1.61170,
1.67341,
1.67001,
1.62690,
1.64647,
1.57487,
1.54212,
1.57125,
1.55897,
1.57007,
1.57687,
1.57392,
1.58214,
1.54982,
1.59166.
1.57656,
1.59169,
1.55618,
1.52054,

% enteie_verre(Glass_namel,Glass_name2 Nd,Nued, Nf-Nc, Ne, Nuee Nf- Nc').

46.82,0.014384).
48.13,0.013920). -
48.16,0.012290),
44.88,0.014318).
44.67,0.015055).
46.17,0.012684).
43.63,0.013956).
49.11,0.012426).
44.23,0.015519).
44.64,0.014688).
46.14,0.013257).
46.81,0.014385).
47.94,0.013975).
46.71,0.013422).
47.66,0.013565).
57.27,0.010038).
59.44.0.009120).
55.85,0.010229).
58.37,0.009576).
57.75,0.009872).
56.12,0.010280).
52.64,0.010902).
53.43,0.010896).
53.33,0.010309).
51.08,0.011582),
51.81,0.011129).
52.73,0.011222).
50.89,0.010930).
59.99,0.008677).



entete_verre{balk1,526600,
entete_verre(basf],626390,
entete_verre(basf10,650392,
entete_verre{basf12,670392,
. entete_verre{basf13,698386,
entete_verre(basf14,700350,
entete_verre{basf2,664358,
entete_verre(basf5,603425,
entete_verre(basfi0,710366,
entete_verre(basfs1,724381,
entete_verre(basf52,702410,
entete_verre(basf54,736322,
enlete_verre(basf55,700347,
entete_verre(basf56,657367,
entete_verre(basf57,651419,
entete_verre(basf6,668419,
entete_verre{basf64,701396,
entete_verre(bk1,510635,
entete_verre(bk 10,498670,
entete_verre(bk3,498651,
entete_verre(bk6,531621,
~entete_verre(bk7,517642,
entete_verre{bk8,520637,
entete_verre(fkl, 471673,
entete_verre(fk3, 465658,
emete_verre(fky, 487704,
entete_verre(fk51,487845,
entete_verre(fk52,486818,
entete_verre(fk54,437907,
entete_verre(fnll,621362,
entete_verre(fl, 626357,
entete_verre(f13, 622360,
entete_verre(fl4, 601382,
entete_verre(f15, 606378,
entete_verre{f2, 620364,
entete_verre(f3, 613370,
eniete_verre(fd, 617366,
entete_verre(f5, 603380,
entete_verre{f6, 636353,
entete_verre(f7, 625356,
entete_verre(f8, 596392,
enete_verre(f?, 620381,
entete_verre(kfl, 540511,
entete_verre(kf3, 515547,
entete_verre(kf50,531511,
entete_verre(kf6, 517522,
entete_verre(kf9, 523515,
entete_verre(kzfnl,551496,
entete_verre(kzfn2,529516,
entete_verre(kzfsn2,558542,
entete_verre(kzfsnd,613443,
éntete_verre(kzfsns,654396,
entete_verre(kzfsn7,681372,
entete_vernre(kzfsn9,599460,
emete_verre(kzfst, 613443,
© entete_verre(kzfs6,592485,
entete_verre(kzfs8,720346,
entee_verre(kzf6,527511,

1.52642,60.03,
1.62606,38.96,
1.65016,39.15,
1.66998,39.20,
1.69761.38.57.
1.69968.34.96,
1.66446,35.83,
1.60323,42.48,
1.71020,36.62,
1.72373,38.11,
1.70181,41.01,
1.73627,32.15,
1.69981,34.68,
1.65715,36.73,
1.65147,41.90,
1.66755.41.93,
1.70100,39.60,
1.51009,63.46,
1.49782.66.95,
1.49831,65.06.
1.53113.62.15,

- 1.51680,64.17,

1.52015,63.68,
1.47069,67.34,
1.46450,65.77,
1.48749,70.41,
1.48656,84.47,
1.48605,81.81,
1.43700,90.70,
1.62096,36.18,
1.62588,35.70,
1.62237,36.04,
1.60140,38.23,
1.60565,37.83,
1.62004,36.37,
1.61253,37.04,
1.61659,36.63,
1.60342,38.03,
1.63636,35.34,
1.62536,35.56,
1.59551,39.18,
1.62045,38.08,
1.54041,51.10,
1.51454,54.70,
1.53088,51.12,
1.51742,52.20,
1.52341,51.49,

'1.55115,49.64,

1.52944,51.63,
1.55836,54.16,
1.6134(,44.30,
1.65412,39.63,
1.68064,37.18,
1.59856,46.90,
1.61310,44.34,
1.59197,48.51,
1.72047,34.61,
1.52682,51.13,

290

0.008770,
0.016068,
0.016608,
0.017050,
0.018086,
0.020012,
0.018545,
0.014201,
0.019395,
0.018991,
0.017112,
0.022902,
0.020178,
0.0178R9,
0.015547,
0.015921,
0.017702,
(.008038,
0.007436.
0.007659,
0.008546,
0.008054,
0.008168,
0.006990,
0.007063,
0.006924,
0.005760,
0.005941,
0.004818,
0.017163,
0.017530,
0.017267,
0.015731,
0.016011,
0.017050,
0.016549,
0.016834,
0.015868,
0.018005,
0.017586,
0.015200,
0.016293,
0.010575,
0.009406,
0.010386,
0.009913,
0.010166,
0.011104,
0.010255,
0.010310,
0.013848,
0.016507,
0.018305,
0.012762,
0.013826,
0.012203,
(.020814,
0.010303,

1.52851,
1.62987,
1.65410,
1.67403,
1.70190,
1.70442,
1.66885,
1.60660,
1.71480,
t.72823,
1.70587,
1.74169,
1.70459,
1.66139,
1.65516,
1.67133,
{70520,
151201,
1.49960,
1.50014,
1.53317,
1.51872,
1.52210,
1.47236,
1.46619,
1.48914,
1.48794,
1.48747,
1.43815,
1.62502,
1.63004,
1.62646,
1.60513,
160945,
1.62408,
1.61685.
1.62058,
1.60718,
1.64062,
1.62953,
1.59912,
1.62431,
154293,
1.51678,
153335,
1.51978,
1.52583,
1.55379,
153188,
1.56082,
1.61669,
1.65804,
1.68498,
1.60159,
1.61639,
1.59487,
1.72540,
152927,

59.75,0.008845).
38.68.0.016283).
38.87.0.016830).
38.92.0.017319).
38.29.0.018330).
34.70,0.020299).
35.56,0.018808).
42.19,0.014378).
36.37,0.019654).
37.85.0.019242),
40.75,0.017320).
31,90.0.023251),
34.42,0.020469).
36.47,0.018137).
41.62,0.015741)..
41.64,0.016123),
39.34,0.017927).
63.23,0.008098).
66.77.0.007482).
64.89,0.007707).
61.92.0.008611).
63.96,0.008110).
63.46,0.008227).
67.14.0.007035).
65.57.0.007110).
70.22.0.006966).
84.07.0.005804).
81.41.0.005988).
90.28,0.004853).
35.91,0.017405).
35.45.0.017773).
35.79.0.017506).
37.97,0.015938).
37.56,0.016224),
36.11,0.017254),
36.78.0.016772).
36.37.0.017063).
37.76,0.016078).
35.09,0.018259).
35.30,0.017833).
38.91.0.015398).
37.81.0.016510).
50.81.0.010685).
54.43,0.009494).
50.84,0.010491),
51.93,0.010010).
51.22.0.010267).
49.38.0.011216).
51.38.0.010351).
53.97,0.010391).
44.07.0.013994),
39.40,0.016702).
36.95,0.018540).
46.68.0.012887).
44.13.0.013966).
48.29.0.012319). -
34.39,0.021094),
50.90,0.010399).



entete_verre(k10,501564,
entete_verre(k11,500614,
entete_verre(k3, 518590,
enteie_verre(kd, 519574,
entete_verre(kS, 522595,
entete_verre(k50,523602,
eniete_verre(k51,505596,
entete_verre(k7, 511604,
entete_verre(lafn10,784439,
emete_verre(lafn21,788475,
entete_verre(lafn23,689497,
emete_verre(lafn24,757478,
emiete_verre(lafn28,773496,
entete_vemre{lafn7,750350,
entete_verre(lafn8, 735416,
entete_verre(laflla, 757317,
entete_verre(1af13,776378,
entete_verre{laf2,744447,
emete_verre{laf20,682482,
entete_verre(laf22a,782372,
entete_verre(laf25,784413,
. entete_verre(laf26,746400,
entete_verre(laf3, 717480,
entete_verre(lal9 795284, -
entete_verre(lakl12 678549,
entete_verre(lak]21,640597,
entete_verre{lakn12,678552,
entete_verre(laknl 3,694533,
entete_verre(laknl4,697554,
- entete_verre(lakn22,651559,
entete_verre(lakn6,643580,
entete_verre(lakn7,652585,
entete_verre(lak10,720504,
entete_verre(lak11,658573,
entete_verre(lak16a,734518,
entete_verre(lak20,693516,
entete_verre(lak21.,641601,
entete_verre(lak23,669574,
entete_verre(lak28,744508,
entete_verre(lak31,697564,
entete_verre(lak33,754524,
entete_verre(lak8,713538,
entete_verre(lak9,691547,
entete_verre(lasfnl5,878381,
entete_verre{lasfni8,913324,
entete_verre(lasfn30,803464,
entete_verre(lasfn31,381410,
entete_verre(lasfn9,850322,
entete_verre(lasf11,802443,
entete_verre(lasf13,855366,
entete_verre(lasf3,808406,
entete_verre(lasf32, 803304,
entete_verre(lasf33,806342,
entete_verre(lasf8,807316,
entete_verre(Ifl, 573426,
entete_verre(1f2, 589409,
entete_verre(If3, 582421,
entete_verre(lfd, 578416;

1.50137,56.41,
1.50013,61.44,
1.51823,58.98,

. 1.518935,57.40,

1.52249,59.48,
1.52257.60.18,
1.50518.59.55,
1.51112.60.41,
1.78443,43 .95,
1.78831,47.47,
1.68500,49.71,
1.75719,47.81,
1.77314,49.57,
1.74950,34.95,
1.73520,41.59,
1.75693,31.70,
1.77551,37.84,
1.74400,44.72,
1.68248,48.20,
1.78179,37.20,
1.78427,41.30,
1.74597,40.02,
1.71700,47.96,
1.79504,28.39,
1.67790,54.93,
1.64048,59.75,
1.67790,55.20,
1.69350,53.33,
1.69680,55.41,
1.65113,55.89,
1.64250,57.96,
1.65160,58.52,
1.72000,50.41,
1.65830.57.26.
1.73350,51.78,
1.69349,51.56,
1.64050.60.10,
1.66882,57.38,
1.74429,50.77,
1.69673,56.42,
1.75398.52.43,
1.71300,53.83,
1.69100,54.71,
1.87800,38.07,
1.91348,32.36,
1.80318.,46.38,
1.88067,41.01,
1.85026,32.17,
1.80166,44.26,
1.85544,36.59,
1.80801,40.61,
1.80349,30.40,
1.80596,34.24,
1.80741,31.61,
1.57309,42.58,
1.58921,40.94,
1.58215,42.08,
1.57845,41.59,
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0.008828,
0.008140,
0.008787,
0.009041,
0.008784.
0.008683,
0.008483,
0.008461,
0.017249,
0.016605,
0.013860,
0.015838,
0.015598,
0.021445,
0.017678,
0.023875,
0.020496,
0.016638,
0.014159,
0.021018,
0.018989,
0.018642,
0.014950,
0.028001,
0.012342,
0.010720,
0.012280,
0.013004.
0.012575,
0.011650,
0.011085,

0.011655,

0.012349,
0.014380,
0.013245,
0.012631,
0.023061,
0.028225,
0.017318,
0.021474,
0.026430,
0.018111,
0.023381,
0.019898,
0.026433,
0.023537,
0.025542,
0.013458,
0.014392,
0.013836,
0.013908,

1.50349,
1.50207,
1.52032,
1.52111,
1.52458,
1.52464,
1.50720,
1.51314,
1.78868,
1.79226,
1.69230,
1.76095,
1.77686,
1.75458,
1.73940,
1.76258,
1.78037,
1.74796,
1.68585,
1.78677,
1.78878,
1.75040,
1.72055,
1.80166,
1.68084,
1.64304,
1.68083,
1.69660.
1.69980,
1.65391,
1.64514,
1.65426,
1.72340,

. 166104,

1.73688,
1.69669,

., 1.64304,

1.67159,
1.74778,
1.69968,
1.75740,
1.71616,
1.69401,
1.88347,
1.92016,
1.80730,
1.88577,
1.85651,
1.80597,
1.86099,
1.81273,
1.80974,
1.81153,
1.81345,
1.57629,
1.59263,
1.58544,
1.58175,

56.15,0.008967).
61.21,0.008203).
58.71,0.008862).
57.15,0.009118).
59.22.0.008858).
59.94,0.008753).
59.34,0.008548).
60.16.0.008530).
43.70.0.018046).
47.23,0.016775).
49.42.0.014009).
47.57,0.015998).
49.33,0.015749).
34.72,0.021736).
41,32,0.017893).
31.48,0.024226).
37.58,0.020764),
44.44.0.016832).
47.92,0.014313).
36.93,0.021304).
41.04,0.019219).
39.76,0.018873),
47.68,0.015113).
28.18,0.028451).
54.69,0.012450).
59.55,0.010799).
54.93,0.012394).
53.05,0.013130).
55.19,0.012679).
55.62.0.011756).
57.70,0.011181).
58.27,0.011228).
50.17,0.014418).
57.01.0.011595).
51.55,0.014295).
51.28,0.013587).
59.85,0.010744).
57.12,0.011757).
50.54,0.014795).
56.21,0.012448),
52.20,0.014510).
53.61,0.013359).
54.48,0.012740),
37.83,0.023351),
32.14.0.028630).
46.13,0.017501).
40.76,0.021730).
31.93,0.026827).
44.02,0.018311).
36.34,0.023694).
40.36.0.020138).
30.17,0.026840).
33.99,0.023877).
31.38,0.025920).
42.31,0.013622),
40.66,0.014575),
41.80.0.014007).
41.31,0.014081).



entete_veme(lf5, 581409,
entete_verre{If6, 567428,
entete_verre(if7, 575415,
entete_verre(If8, 564438,
eniete_verre(lgsk2,586610,
entete_verre(llf1, 548458,
entete_verre(1lf2, 541472,
entete_verre(11f3, 560472,
entete_verre(llf4, 561452,
entete_verre(llfe, 532488,
entete_verre(1lf7, 549454,
entere_verre(pk1,504669,
entete_verre(pk2,518651,
entete_verre{pk3,525647,
entete_verre(pk50,521697,
entete_verre(pk51,529770,
entete_verre(psk2, 569631,
entete_verre{psk3,552635,
entete_verre(psk50,558673,
entete_verre{psk32,603654,
emete_verre{psk53,620635,
entete_verre(sf156,785261,
entete_verre(sf16,805254,
entete _verre(sfn64,706303,
entete_verre(sfl, 717295,
entete_verre{sf10,728284,
entete_verre{sf11,785258,
enteie_verre(sf12,648338,
entete_verre(sf13,741276,
entete_verre(sfid,762265,
entete_verre{sf15,699301,
entete_verre(sf16,646341,
cntete_verre(sf17,650337,
entete_verre(sf18,722293,
entete_verre{si19,667330,
entete_verre(sf2, 648339,
entete_verre(sf3, 740282,
entete_verre(sf4, 755276,
entete_verre(sf5, 673322,
entete_verre(sf50,655329,
entete_verre{sf51,660329,
entete_verre(sf52 689306,
entete_verre(sf53,728287,
entete_verre(sf54,741281,
entete_verre(sf55,762270,
entete_verre(sf56,783261,
entete_verre(sf37,847238,
entete_verre(sf58,918215,
entete_verre(s£50,953204,
entetc_verre(sf6, 805254,
entete_verre(sf61,751275,
entete_verre(sf62,681319,
entete_verre(sf63,748277,
entete_verme(sf7, 640346,
entete_verre(sf8, 689312,
entete_verre(st9, 654337,
enteve_verre(skn18,639554,
entete_verre(sk1,610567,

1.58144,40.85,
1.56732,42.84,
1.57501,41.49,
1.56444,43.75,
1.58599,61.04,
1.54814,45.75,
1.54072,47.17,
1.56013,47.16,
1.56138,45.24,

1.53172,48.76,

1.54883.45.41,
1.50378,66.92,
1.51821,65.05,
1.52542,64.66,
1.52054,69.71,
1.52855,76.96,

- 1.56873,63.08,

1.55232,63.46,
1.55753,67.29,
1.60310,65.41,
1.62014,63.52,
1.78470,26.08,
1.80518,25.39,
1.70585,30.30,
1,71736,29.51,
172825,28.41,
1.78472,25.76,
1.64831,33.84,
1.74077.27.60,
1.76182,26.53,
1.69895,30.07,
1.64611,34.05,
1.65017,33.67,
1.72151,29.25,
1.66680,33.01,
1.64769,33.85,
1.74000,28.20,
1.75520,27.58,
1.67270,32.21,
1.65473,32 88,
1.66025,32.94,
1.68852,30.62,
1.72830,28.69,
1.74080,28.09,
1.76180,26.95,
1.78470,26.08,
1.84666,23.83,
1.91761,21.51,
1.95250,20.36,
1.80518,25.43,
1.75084.27.52,
1.68134.31.94,
1,74840,27.71,
1.63980,34.61,
1.68893,31.18,
1.65446.33.65,
1.63854.55.42,
1.61025,56.71,

292

0.014233, 1.58482,
0.013243, 1.57047,
0.013860, 1.57830,
0.012900, 1.56750,
0.009600, 1.58828,
0.011980, 1.55099,
0.011464, 1.54344,
0.011876, 1.562953,
0.012410, 1.56433,
0.010905, 1.53431,
0.012087, 1.55170,
0.007528, 1.50558,
0.007966, 1.52011,
0.008126, 1.52736,
0.007467, 1.52232,
0.006868, 1.53019,
0.009016, 1.57088,
0.008704, 1.55440,
0.008286, 1.55951,
0.009220, 1.60530,
0.009763, 1.62247,
0.030090, 1.79179,
0.031708, 1.81263,
0.023293, 1.71135,
0.024307, 1.72311,
0.025634, 1.73430,
0.030468, 1.79190,
0.019158, 1.65285,
0.026841, 1.74710,
0.028718, 1.76859,
0.023246, 1.70445,
0.018975, 1.65061,
0.019311, 1.65474,
0.024671, 1.72734,
0.020202, 1.67138,
0.019135, 1.65222,
0.026244, 1.74620,
0.027383, 1.76167,
0.020884, 1.67764,
0.019914, 1.65944,
0.020044, 1.66499,
0.022484, 1.69384,
0.025388, 1.73430,
0.026370, 1.74703,
0.028267, 1.76847,
0.030092, 1.79180,
0.035534, 1.85504,
0.0426538, 1.92765,
0.046774, 1.96349,
0.031660, 1.81265,
0.027287, 1.75728,
0.021331, 1.68639,
0.027004, 1.75477,

-0.018487, 1.64418,

0.022098, 1.69416,
0.019447, 1.65907,
0.011521, 1.64129,
0.010761, 1.61282,

40.58,0.014413).
42.56,0.013403).
41.22,0.014031).
43.47,0.013055).
60.66,0.009698).
45.47.0.012118).
46.88,0.011501).
46.88,0.012008).
44.95.0.012554).
48.48.0.011022).
45.13,0.012226).
66.73,0.007576).
64.85,0.008020).
64.46,0.008181).
69.50.0.007515).
76.57.0.006924).
62.85.0.009083).
63.23.0.008768).
67.03.0.008347).
65.14.0.009292).
63.23.0.009845).
25.87.0.030606).
25.19,0.032259).
30.07,0.023657).
29.29,0.024688).
28.19,0.026050).
25.55.0.030998).
33.59,0.019434),
27.38,0.027290).
26.31.0.029211).
29.84,0.023611).
13.80,0.019248).
33.42,0.019591).
29.03,0.025059).
12.76,0.020498).
13.60,0.019412).
27.98,0.026666).
27.37,0.027829).
31.97.0.021194).
32.63.0.020210).
32.69,0.020342),
30.39,0.022832),
28.47,0.025793).
27.88,0.026797).
26.74,0.028739).
25.87,0.030602).
23.64,0.036165).
21.34,0.043461).
20.21,0.047684).
25.24,0.032200).
27.30,0.027735).
31.70,0.021650).
27.50,0.027445).
34.36,0.018750).
30.95,0.022432),
33.41,0.019728).
55.15,0.011628).
56.43.0.010860).



entete_verre(sk10,623569, '

entete_verre(sk11,564608,
entete_verre(sk12,583595,
entete_verre(sk13,592583,
entete_verre(sk14,603606,
entete_verte(sk15,623581,
entete_verre(sk16,620603,
entete_verre(sk19,613574,
entete_verre(sk2,607567,
entete_verre(sk20,560612,
entete_verre(sk3,609589,
entete_verre(sk4,613586,
entete_verre(sk5,589613,
entete_verre(sk51,621603,
enteie_verre(sk52,639555,
entete_verre(sk55,620601,
entete_verre(sk6,614564,
entete_verre(sk?7,607593,
entete_verre(sk8,611559,
entete_verre(sk2,614552,
entete_verre(sskn5,658509,
entete_verre(sskn8,618498,
entete_verre(ssk1,617539,
entete_verre(ssk2,622532,
entete_verre(ssk3,615512,
entete_verre(ssk4,618551,
entete_verre(ssk50,618526,
entete_verre(ssk51,604536,
entete_verre(ssk52,658509,
entete_verre(tifng, 594355,
entete verre(tifl, 511510,
entete_verre(tif2, 533460,
eniete_verre(tif3, 548422,
entete_verre(tif4, 584370,
entete_verre(tifo, 617310,
entete_verre(tik1,479587,
entete_verre{tisf1,673289,
entete_verre(ubk7,517643,
entete_verre(uk50,523604,
entete_verre(zkn7,508612,
entete_verre(zk1,533580,
entete_verre(zk3,534553,

1.62280,56.90,
1.56384,60.80,
1.58313.59.45,
1.59181,58.30,
1.60311,60.60,
1.62299,58.06,
1.62041,60.33,
1.61342,57.37.
1.60738,56.65,
1.55963,61.21,
1.60881,58.92,
1.61272,58.63,
1.58913,61.27,
1.62090,60.31,
1.63854,55.53,
1.62041,60.12,
1.61375,56.40,
1.60729,59.46,
1.61117,55.92,
1.61405,55.17,
1.65844,50.88,
1.61772,49.97,
1.61720,53.91,
1.62230,53.16,
1.61484,51.16,
1.61765,55.14,
1.61795.52.61,
1.60361,53.63,
1.65844,50.90,
1.59356,35.51,
1.51118,51.01,
1.53256,45,99,
1.54765,42.20,
1.58406,37.04,
1.61650,30.97,
1.47869,58.70,
1.67339,28.90,
1.51680,64.29,
1.52257.60.38,
1.50847.61.19,
1.53315.57.98,
1.53375,55.31,
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'0.012018,

0.010945, 1.62541,
0.009273, 1.56605,
0.009808, 1.58547,
0.01015%, 1.59423,
0.009952, 1.60548,
0.010731, 1.62335,
0.010284, 1.62286,
0.010693, 1.61597,
0.010721, 1.60994,
0.009143, 1.56181,
0.010332, 1.61127,
0.010451, 1.61521,
0.009615, 1.59142,
0.010293, 1.62336,
0.011499, 1.64128,
0.010320, 1.62287,
0.010882, 1.61634,
0.010214, 1.60973,
0.010929, 1.61378,
0.011130, 1.61670,
0.012940, 1.66152,
0.012412, 1.62067,
0.011448, 1.61993,
0.011707, 1.62509,
1.61770,
1.62032,
1.62075,
1.60629,
1.66152,
1.59751,
1.51356,
1.53531,
1.55072,
1.58779,
1.62118,
1.48063,
1.67889,
1.51872,
1.52464,
1.51045,
1.53534,
1.53603,

0.011201,
0.011745,
0.011254,
0.012936,
0.016713,
0.010022,
0.011581,
0.012976,
0.015767,
0.019504,
0.008155,
(.023304,
0.008039,
0.008654,
0.008310,
(.009196,
(.009651,

56.62,0.011045).
60.55,0.009348).
59.19,0.009892).
58.02,0.010241).
60.35,0.010033).
57.79,0.010825).
60.08,0.010368).
57.08,0.010791),
56.38,0.010819).
60.96,0.009216).
58.66,0.010421).
58.35.0.010543).
61.03.0.009691).
60.02,0.010386).
55.27.0.011603).
59.89,0.010400).
56,11,0.010984).
59.19,0.010301).
55.64,0.011031).
54,88,0.011237).
50.59,0.013076).
49.48,0.012545).
53.62,0.011561).
52.87,0.011824).
50,86,0.012144),
54.86,0,011308).
52.32,0.011865).
53,35.0.011365).
50.61,0.013070).
35.24,0.016956).
50.70,0.010130),
45.67.0.011720).

41.89,0.013146). -

36.75,0.015993).
30.67,0.020256).
58.44,0.008224),
28.66,0.023689).
64.08,0.008095).
60.14,0.008723).
60.98,0.008371).
57.71,0.009276).
35.02,0.0097432).



Appendix 21: Base of Facts of the Dispersion Coefficients of
Optical Glass

‘!*

This base of facts (coefl_disp. coef2_disp) contains the six dispersion
coefficients, AG, A1, A2, A3, Ad and A5 of the optical glass.

This data is used for the calculation of the refractive index according to
the dispersion furmula displayed below:

Refractive_Index is sqrt{Ag+A) *12+A2*l'2+ A3*1'4 + 1’&4*1'6 +A5*1‘8)

where:

| : wavelength ;

Ag, A1, Ag, A3, A4, As - dispersion coefficient

sqrt : 8quare root.

*f

Focoefl_disp(Nami, AO, Al, Al, .
coefl_disp(bafn10, 2.7293062, -1.0356456¢-2, 2.0236563e-2).
coefl_disp(hafull, 2.7200652, -1.0192712e-2, 1.9760923e-2).
coefl_disp(bafn6, 2,4763453, -9.1229217e-3, 1.6804733e-2).
coefl_disp(haf12, 2.6288183, -9.3686092e-3, 1.9694576e-12).
coefl _disp(bafl3, 27225849, -9.7951672-3, 2.1079012¢-2).
coef1_disp(baf3, 2.4549347, -8.3372035¢-3, 1.6841270e-2).
coefl_disp(bafd, 2.5221558, -8.3373294e-3, 1.8614464¢-2).
coefl_disp(bafs, 2.5332036, -8.5264801e-3, 1.7164398e-2),
coefl_disp(baf50,  2.76491287, -9.3828870e-3, 2.2737486e-2).
coefl_disp{baf51, 2.6688306, -9.2476939%-3, 2.0660252¢-2).
coef1_disp{baf52, 2.5352388, -9.0581553e-3, 1.7360353e-2).
coefl_disp(baf53,  2.7294386, -1.0668350e-2, - 2.0239807¢-2).
coefl_disp(baf54,  2.7193755, -1.0322464e-2, 2.0098244e-2),
coef1_disp(bafs, 2.5817259, -8.6743047¢-3, 1.8611342¢-2).
coefl_disp(baf9, 2.6453542, -9.6193048e-3, 1.8369094e-2).
coefl_disp(bakl, 2.4333007, -8.4931353e.3, 1.3893512e-2).
coefl_disp(bak2, 23370143, -8.6389345¢-3, 1.2265051e-2).
coefl_disp{bak4, 2.4218304, -9.2167103e-3, 1.3821685¢-2).
coefl_disp(bak5, 2.3861698, -8.46066412¢-3, 1.3233029¢-2).
cocf]_disp(baki0,  2.4195494, -9.5311125e-3, 1.3775289-2).
coefl_disp(bak§, 2.4394521, -9.5754011e-3, 1.3786016¢-2).
coef] _disp(balf3, 2.4251277, -7.4347248e-3, 1.5487534e-2).
coefl_disp{balfd, 2.4528366, -9.2047678e-13, 1.4552794e-2).
coefl_disp(balf5, 2.3544612, -7.9053990e-3, 1.3971868e-2).
coefl_disp(balf50, 2.4792852, -9.2013619%-3, 1.5615134e-2).
coefl_disp(balf5l, 24334741, -8.5343207¢-3, 1.5241024¢-2).
coefl_disp(balf6, 24802388, -8.6000215e-3, 1.5624147e-2).
coefl_disp(balfB, 2.3718251, -8.3840363e-3, 1.4379250e-2).
coefl_disp(balkn3, 22738525, -8.8519024e-3, 1.1511571e-2).
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coefl_disp(balkl,
coef]_disp(basfl,
coef]_disp(basfl0,
coef1_disp(basfl2,
coefl_disp(basfl3,
coefl_disp(basfl4,
coefl_disp(basf2,
coefl_disp(basfs,
coefl_disp(basf50,
coefl_disp(basfS1,
coefl_disp(basf32,
coefl_disp(basf54,
coefl_disp(basf55,
coef1_disp(basf56,
coefl_disp(basfs7,
coefll_disp(basf6,
coefl_disp(basf64,
coefl_disp(bk1,
coefl_disp(bk10,
coefl_disp(bk3,
coefl_disp(bke6,
coefl_disp(bk7,
coefl_disp(bk8,
coefl_disp(fkl,
coef]_disp(fk3,
coefl_disp(fk35,
coefl_disp(fk51,
coefl_disp(fk52,
coefl_disp(fks4,
coefl_disp(fnll,
coefl_disp(fl1,
coefl_disp(fl3,
coef1_disp({14,
coefl_disp(f15,
coefl_disp(f2,
coefl_disp(f3,
coefl_disp(4,
coefl_disp(f5,
coefl_disp(f6,
coefl_disp(f7,
coefl_disp(f8,
coefl_disp(f9.,
coefl_disp(kfl,
coefl_disp(kf3,
coefl_disp(kfs0,
coefl_disp(kf6,
coefl_disp(kf9,
coefl_disp(kzfnl,
coefl disp(kzfn2,
coefl_disp{kzfsn2,
coefl1_disp(kzfsnd,
coefl_disp(kzfsn3,
coefl_disp(kzfsn?,
coefl_disp(kzfsa9,
coefl_disp(kefsl,
coefl_disp(kzfs6,
coefl_disp(kzfs8,
coefl_disp(kzfo,

2.2966923,
2,5778903,
2.6531259,
27172821,
2,8055334,
2.8040560,
2.6926115,
2.5131519,
2.8430385,
2.8903514,
2.8247094,
29179112,
2.8080853,
2.6716908,
2.6629169,
2.7138041,
2.8178914,
2.2513742,
22177191,
2.2184519,
23125058,
22718929,
2,2804948,
2,1392463,
2,1202375,
2,1887621,
2.1883307,
2.1858571,
2.0478023,
2.5610417,
2.5713922,
2.5614812,
2.5012990,
2.5138970,
2.5554063,
25342719,
2.5446900,
2.5069744,
2.6038221,
2.5700098,
2.4847853,
2.5599175,
2.3324325,
2.2591522,
2.3045807.
2.2651845,
2.2824396,
2.3635653,
2.301 6068,
23912843,
2.5493446,
2.6699840,
2.7497306,
2.5066403,
2.5495109,
2.4877262,
2.8717395,
2,2934044,

-8.2975549¢-3,
-8.3279108e-3,
-8.138855%-3,
-9.5055782¢-3,
-1.0583600¢-2,

--1.0121606e-2,

-8.7432478e-3,
-8.5791364e-3,
-1.2392675e-2,
-1.1808260e-2,
-1.3066162e-2,
-1.1371629e-2,
-1.3076515e-2,
-8.8722613e-3,

-9.8630297e-3,

-9.4656841e-3,
-1,1398749¢-2,
-9.3254015¢-3,
-1.0248661e-2,
-1.0535086¢-2,
-9.5308792¢-3,
-1.0108077e-2,
-9.4190530e-3,
-9.24(9374e-3,
-8.686856%-3,

-9.5572007e-3, -

-5.3658786¢-3,
-5.2014619e-3,
-4.8685134e-3,
-1.1488430e-2,
-8.4543797e-3,
-8.5680987¢-3,
-8.7770607e-3,
-8.8848319e-3,
-8.8746150e-3,
-8.6565414e-3,
-8.5925662e-3,
-8.667856%-3,
-8.8224838e-3,
-8.4594488e-3,
-8.7690408¢-3,
-9.3903357¢-3,
-8.3563978e-3,
-8.6810568e-3,
-8.8382960e-3,
-8.4401006e-3,
-8.5960144e-3,
-9.6497023e-3,
-1.0463801e-2,
-1.3244644e-2,
-1.3234586¢-2,
-1.3941583¢-2,
-1.3708753%-2,
-1.3178716e-2,
-1.4614529-2,
-1.2894400¢-2,
-1.3301333e-2,
-1.0346122e-2,
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1.1907234e-2).
2.1841868e-2).
2.2005643e-2).
2.3326873¢-2).
2.4780423¢-2).
2.7277876e-2).
2.5176098¢-2).
1.9014140e-2).
2.6677418¢-2).
2.6137219e-2).
2.3808337¢-2).
2.9697508¢-2).
2.4961324e-2).
2.4052884¢-2).
2.1537161e-2).
2.2128109¢-2).
2.5203102¢-2).
1.0539647¢-2).
9.6627662¢-3).
9.911569%-3).
1.1668749¢-2).
1.0592509¢-2).
1.1349888e-2).
8.7449768e-3).
9.1401191e-3).
8.9915232¢-3).
7.7436552e-3).
8.1074888¢-3).
6.2781975¢-3),
2.1189476¢-2).
2.3611563¢-2).
2.3074904e-2).
2.0833999e-2).
2.1048670¢-2).
2.2494787¢-2).
2.2160522e-2).
2.2583116e-2).
2.1105291¢-2).
2.3872164e-2).
2.3243109%-2).
2.0213087e-2).
2.1745487¢-2).
1.4012802-2).
1.2074479¢-2).
1.3484730¢-2).
1.318512de-2).
1.3442645¢-2).
1.4907410e-2).
1.3289732¢-2).
1.3524263¢-2).
1.8586165¢-2).
2.2384056e-2).
2.4819910¢-2).

.. 1.7087006e-2).

1.8246082e-2).
1.6567331e-2).
2.8964424¢-2).
1.3319863e-2).



coefl_disp(k10,
coefl_disp(kil,
coefl_disp(k3,
coefl_disp(kd,
coefl_disp(k5,
coef1_disp(k50,
coefl_disp(k51,
coef1_disp(k7,
“coefl_disp(lafnl0,
coefl_disp(lafn21,
coef1_disp(lafn23,
coefl_disp(lafn24,
coefl_disp(lafn28,
coefl_disp(lafn7,
coefl_disp(lafa8,
coofl_disp(laflla,
coefl_disp(laf13,
coefl_disp(iaf2,
coefl_disp(laf20,
coefl_disp(laf22a,
coefl_disp(laf25,
cocfl_disp(iaf26,
coefl_disp(laf3,
coefl_disp(laf9,
coefl_disp(lakil2,
coefl_disp(laki2],
coefl_disp(lakn12,
coefi_disp(lakni3,
coefl_disp(lakni4,
coefl_disp(lakn22,
coefl_dispflakn6,
coefl_disp(lakn7,
coefl_disp(lak10,
cocf1_disp(lakll,
coefl_disp(lak16a,
coefl_disp(lak20,
coefl_dispflak21,
coefl_disp(lak23,
coefl_disp(lak28,
coefl_dispflak31,
coefl _disp(lak33,
coefll_disp(lakg,
coefl_disp(lak®,
coef1_disp(lasfnl3,
coefl_disp(lasfnl8,
coef1_disp(lasfn30,
coefl_disp(lasfa31,
cocf1_disp(lasfn9,
coef1_disp(lasf11,
coef1_disp{lasf13,
coefl_disp{lasf3,
coefl_disp(lasf3z2,
coefl_disp(lasf33,
coefl_disp(lasfs,
coef1_disp(if1,
coefl_disp(if2,
coefl_disp(if3,
coefl_disp(1fd,

22209762, -8.3295635¢-3,
22211157, -9.1442577¢-3,
22727603, -8.7840747¢-3,
2.2734025, -8.8768403¢-3,
2.2850299, -8.6010725e-3,
2.2861092, -9.1773008¢-3,
2.2351459, .9.9823499¢-3,
2.2520059, -8.4630818e-3,
3.1052418, -1.5458266¢-2,
3.1239556, -1.5147423e-2,
27925282, 9.7181630e-3.
3.0188196, -1.5176009e-2,
3.0750514, -1.4743725¢-2,
2.9676706, -1.3465547¢-2,
2.9343747, -1.2591530e-2,
2.9829266, -1.2307185¢-2,
30604516, -1.2242361e-2,
2.9673787, -1.0978767¢-2,
2.7698488. -1.0003512e-2,
3.0813540, -1.2431075e-2,
3.0997712, -1.4428294e-2.
2.9676367, -1.3599942e-2,
2.8832223, -1.1371082e-2,
3.0098216, -1.2191685¢-2,
2.7641980, -1.2896018¢-2,
2.6496868, -1.418076%¢-2,
2.7627145, -1.0444563¢-2,
28115119, -1.0386717¢-2,
2.8272796, -1.4543591e-2,
26775139, -1.0439699¢-2,
2.6520918, -1.0634343¢-2,
2.6820255, -1.1431524e-2,
2.8984614, -1.485703%¢-2,
2.7031311, -1.2225054e-2,
2.9446521, -1.4832620e-2,
2.8088805, -9.7299067¢-3,
2.6478736, -1.1574789¢-2,
2.7367941, -1.1905799¢-2,
2.9790542, -1.4645416¢-2,
2.8283850, -1.4963716¢-2,
3.0136285, -1.4856543¢-2,
2.8791177, -1.4887202e-2,
2.80814356, -1.4266626e-2,
3.4174343, -1.5504887¢-2,
3.5278149, -1.7049614e-2,
31731314, -1.4823958¢-2,
3.4322240, -1.2790848e-2,
3.2994326, -1.1680436¢-2.
3.1634123, -1.4427452¢-2,
3.3331229, -1.316)988c-2,
3.1796761, -1.5760989¢-2,
3.1385520, -1.5378166¢-2,
3.1542132, -1.1481374e-2,
3.1513867, -1.2595765¢-2,
2.4217647, -8.5906079-3,
24682847,  8.6227186e-3,
24479180, -8.5152303¢-3,
2.4364980, -8.6900852¢-3,
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1.1963114e-2).
1.0670316¢-2).
1.1325842¢-2).
1.2161748¢-2).
1,1806783¢-2).
1.1562643¢-2).
1.1161681e-2).
1.1351376e-2).
2.6987363e-2),
2.5646258e-2).
2.0756437e-2).
2.4040260e-2},
2.4004375¢-2).
3.0562239%-2).
2.5612524e-2).
3.3050301e-2).
3.0441692¢-2).
2.5088607¢-2).
2.0882171e-2).
3.0277466¢-2).
2.7899374¢-2).
2.7026861e-2).
2.2149870¢-2).
3.7147724¢-2).
1.8254336¢-2).
1.5173226¢-2).
1.8601838e-2).
1.9734379¢-2).
1.8607179¢-2).
1.7312971e-2).
1.6314457¢-2).
1.6434096¢-2).
2.0985037¢-2).
1.6715221e-2).
2.1265867¢-2).
2.0547293¢-2).
1.5782386e-2).
1.7099759¢-2).
22376581e-2).
1.8210258¢-2).
2,2361843¢-2).
1.9662614¢-2).
1.8008161e-2).
3.6536079¢-2).
4.289503%-2).
2.6862762e-2).
3.5133497¢-2).
4.0133103¢-2).
2.8384126¢-2),
3.5541296¢-2).
3.0065588e-2).
3.4981894e-2).
3.4684427¢-2).
3.6908088e-2).
1.76512435¢-2).
1.9045004e-2).
1.8685135e-2).
1.8427867¢-2}.



coefl_disp(lfs,
coef1_disp(lf6,
coefl_disp(1f7,
coefl_disp(lf8,

coefl_disp(lgsk2,

coefl_disp(llf1,
coefl_disp{llf2,
coefl _disp(lIf3,
cocfl_disp(lif4,
coefl_disp(llfa,
coefl_disp(llf7,
coefl_disp(pkl,
coefl_disp(pk2,
coefl_disp(pk3,

coef1_disp{pk50,
coef1_disp(pk51,
coefi_disp{psk2,
coefl_disp(psk3,
coefl _disp(pskS0,
coefl_disp(psk52,
coefl _disp{psk53,
coefl_disp(sfl56,

coefl_disp(sfl6,

coefl_disp(sfn6d,

coefl_disp(sfl,

coefl_disp(sf10,
coefl_disp(sf11,
coefl_disp(sf12,
coefl_disp(sf13,
coefl_disp(sf14,
coefi_disp(sf15,
coefl_disp(sf16,
coefl_disp(sf17,
coefl_disp(sf18,
coefl _disp(sf19,
coefl_disp(sf2,

coefl_disp(sf3,

coef1_disp(sf4,

coefl_disp(sf5,

coefl_disp(sf50,
coefl_disp(sf51,
coefl_disp(sf52,
coefl_disp(sf53,
cocfl_disp(sf54,
coefl_disp(sf55,
coefl_disp(sf56,
coefl_disp(sf57,
coefl_disp(sf58,
cocfl_disp(sf59,
coefl_disp(sf6,

coefl_disp(sf61l,
coefl_disp(sf62,
coefl_disp(sf63,
coefl_disp(sf7,

coefl_disp(sf8,

coef]_disp(sf9,

coefl_disp(skn18,

coefl_disp(skl,

2.4441760,
2.4043241,
2.4259431,
2.3966602,
24750760,
2.3505162,
2.3299214,
2.3880339,
2.3895058,
2.3047007,
2.3525384,
22347576,
2.2770533,
22971022,
22851698,
23095538,
2,426634],
2.3768193,
2.3946348,
2.5342699,
2.5852417,
3.0549693,
3.1206868,
2.8125953,
2.8458754,
2.8784725,
3.0539614,
2.6385867,
2.9177579,
2.9826955,
2.7898291,
2.6312546,
2.6432169,
2.8577802,
2.6942327,
2.6361862,
2.9144630,
2.9605971,
2.7105648,
2.6574144,
2.6785087,
2.7576175,
2.8788944,
2.9157333,
2.9810972,
3.0510040,
3.2578469,
3.4782654,
3.6049456,
3.1195007,
2.9458531,
2.7369014,
2,9393620,
2.6129703,
27594675,
2.656390s,
2.6376214,
2.5491518,

-8.3059695¢-3,
-8.4381264e-3,

-8.6137761e-3,

-8.2907298e-3,
-5.4304528e-3,
-8.5306451¢-3,
-8.5444433¢-3,
9.1010943e-3,
-8.6358875¢-3,
-8.5161517¢-3,

--8.8030406e-3,

-1.0003049¢-2,
-1.0532010e-2,
-1.0331415¢-2,
-9.5978829¢-3,
-5.7099342¢-3,
-1.0593625e-2,
-1.0146514e-2,
-9.6851585e-3,
-1.0342368e-2,
-9.4290947e-3,
-1.2858387e-2,
-1.3279387¢-2,
-1.1916007¢-2,
-9.8260548e-3,
-1.0565453¢-2,
-1.1580432¢-2,
-9.4879851e-3,
-1.1483287e-2,
-1.1720091e-2,
-1.0260526e-2,
-8.8042107¢-3,
-8.8860441e-3,
9.488925%¢-3,
9.4285222e-3,
-9.0087536e-3,
9.7237692¢-3,
-9.3495013e-3,
-9.1211994¢-3,
-9.5545655¢-3,
-1.1867542¢-2,
-9.7069196¢-3,
-1.0038256e-2,
-9.4607589¢-3,
-1.0106105e-2,
-9.4149325¢-3,
-1.4544868e-2,
-1.0766912¢-2,
-1.7579501¢-2,
-1.0902580e-2,
-9.2723542¢-3,
-9.1210145e-3,
-9.6548019e-3,
-8.9265027¢-3,
9.3696887¢-3,
-8.9916333¢-3,
-1,.0518989%¢-2,
-9.2996196¢-3,
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1.9000697¢-2).
1.7623826e-2).
1.8353273¢-2).
1.71991 16e-2).
1.3893210¢-2).
1.5750853¢-2).
1,5031394¢-2),
1.5789160c-2).
1.6448035¢-2).
1.4319368¢-2).
1.5703390e-2).
1.0000850e-2).
1.01883542-2).
1.0757237¢-2).
9.9950907e-3).
9.5910979%-3).
1.2590958¢-2).
1.2167148¢-2).
1.1457938¢-2).
1.2636367¢-2).
1.4074470e-2).
4.0081007¢-2).
4.1905574¢-2).
1,1041260e-2).
1.2192965¢-2),
3.3279420c-2).
3.9199816¢-2).
2.4984154¢-2),
3.3825845¢-2),
3.5994978¢-2),
2.9707118¢-2).
2.5282256¢-2).
2.5631865¢-2).
3.3023767¢-2).
2.6806270e-2).
2.5179779-2).
3.4855288¢-2).
3.7404384¢-2).
2.7760538¢-2).
2.5081458¢-2).
2.3037272¢-2).
2.9008907¢-2).
3,3232802¢-2).
3.5929046¢-2).
3.7725376¢-2).
4.1729775¢-2).
4.2028938¢-2).
5.8676907¢-2).
5.4777275¢-2).
4.133065 1e-2).
3.7513268¢-2).
2.8718145¢-2).
3.6674842¢-2).
2.4553061¢-2).
2.9328240¢-2).
2.6099377¢-2).
1.6589824¢-2).
1.5424606e-2).



coefl_disp(sk]0,
coefl_disp(sk11,
coefl_disp(sk12,
coefl_disp(sk13,
cocfl_disp(skl4,
coefl_disp(skls,
coefl_disp(skl6,
coefl_disp(sk19,
cocfl_disp(sk2,
coefl_disp(sk20,
coefl_disp(sk3,
cocfl_disp(sk4,
coefl_disp(sks,
coefl_disp(sk51,
coefl_disp(sk52,
coefl_disp(sk55,
coefl_disp(ské,
coefl_disp(sk7,
coefl_disp(sk8,
coefl_disp(sk9,
coefl_disp(sskn3,
coefl_disp{sskn8,
cocfl_disp(sskl,
coefl_disp(ssk2,
coefl_disp(ssk3,
coefl_disp(ssk4,
cocfl_disp(ssk50,
cocfl_disp(ssk51,
coefl _disp(ssk52,
coef1_disp(tifn§,
cocfl_disp(tifi.
cocfl_disp(tif2,
coefl_disp(tif3,
coefl _disp(tifd,
coefl_disp(tif6,
coefl_disp(tik],
coefl_disp{tisfl1,
coefl _disp(ubk?,
coefl_disp(uks0,
coef]_disp(zkn7,
cocfl_disp(zk1,
coefl_disp(zk5,

2.5881711,
2.4098938,
2.4674397,
2.4934144,
2.5300639,
2.5901210,
2.5846319,
2.5594250,
2.5395065,
2.3975952,
2.5470242,
2.5585228,
2.4876635,
2.5855045,
2.6378898,
2.5852191,
2.55396842,
2.5420185,
2.3516208,
2.5592131,
2.6971173,
2.5670399,
2.5680835,
2.5832910,
2.5587299,
2.5707849,
2.5696487,
2.5256456,
2.6963923,
2.4757539,
2.2473124,
2.3062438,
2.3488389,
2.4498259,
2.5388379,
2.1573978,
2.7091574,
2.2715621,
2.2858030,
2.2447173,
2.3157951,
2.3151352,

-9.304216%-3,
-9.5183518e-3,
9.3595371e-3,
-9.2031432¢-3,
-1.012627%-2,
-9.941545%-3,
-1.1059422¢-2,
-9.3541373¢-3,
-8.8026103¢-3,
-9.6663991¢-3,
-1.0118918e-2,
-9.8824951¢-3,
-1.0442251e-2,
-9.611274%-3,
-1.1047170e-2,
-1.208976%¢-2,
-9.1217460¢-3,
-9.7351561e-3,
-9.3738374e-3,
-9.0020732¢-3,
-1.0516627e-2,
-9.8663081e-3,
-9.0625067¢-3,
-9.0240848e-3,
-9.0062517e-3,
-9.2577764e-3,
-9.090722%e-3,
-8.8479177¢-3,
-1.0347971e-2,
-1.0282285¢-2,
-8.9044058¢-3,
-9.3513887¢-3,
-1.0357251e-2,
-1.0128610e-2,
-1.0552711e-2,
-8.400418%e-3,
-1.2750242¢-2,
-9.8571566¢-3,
-8.9733347e-3,
-9.4165837e-3,
-8.7493905e-3,
-7.7924593e-3,

1.6075770c-2).
1.2805486¢-2).
1.3921727¢-2).
1.4259619¢-2).
1.4483568¢-2).
1.5735505¢-2).
1.4856282¢-2).
1.5497881¢-2).
1.5691213¢-2).
1.2508188¢-2).
1.4639317e-2).
1.5151820¢-2).
1.3736058¢-2).
1.4803167¢-2).
1.6634360¢-2).
1.4721771e-2).
1.5610313¢-2).
1.4884507¢-2).
1.5451158¢-2).
1.6280492¢-2).
1.8052262¢-2).
1.7078368¢-2).
1.6608680¢-2).
1.7028671e-2).
1.6793145¢-2).
1.6170751e-2).
1.6655170¢-2).
1.6074734e-2).
1.8618508¢-2).
2.0102692¢-2).
1.2493525¢-2).
1.4218213e-2).
1.4639213e-2).
1,8753684¢-2).
2.2004734¢-2).
1.0457582¢-2).
2.7097845¢-2).
1.0808515¢-2).
1.1798712¢-2).
1.1533424¢-2).
1.2329645¢-2).
1.3029385¢-2).

%eoel2_disp(Naml, A3,

cocf2_disp(bafnl0,
coef2_disp(bafnll,
cocf2_disp(bafn6,
coef?_disp(bafl2,
coef2_disp{bafl3,
coefZ_disp(baf3,
coef2_disp{baf4,
coef2_disp(bafs,
coef2_disp{baf50,
coef2_disp(baf51,
coef?_disp(bafs2,
coef2_disp(bafs3,
coef2_disp(baf54,

5.8969718e-4,
5.1935441¢-4,
3.4558633e-4,
5.8312064e-4,
6.2762461e-4,
5.0168527e-4,
6.0603872e-4,
4.1464804¢-4,
4.4606478¢-4,
5.2893109e-4,
6.9794119¢-4,
5.8138876e-4,
4.3867795e-4,
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Ad,
-2.0288303e-5,
-1.4074936e-5,
2.5330454¢-6,
-1.7556026¢-53,
-1.8947499¢-5,
-1.4413749e-5,
-1.8920312e-5,
-1.2876766e-6,
6.120085%:-6,
-1.0867424e-6,
-3.8819033e-5,
-1.8249855e-5,
-2.3936865e-6,

AS )
2.8521978e-6).
2.2229689%-6).
1.1900884e-6).
2.9471099¢-6).
3.2030090¢-6).
2.0771351e-6).
2.7375194e-6).
1.4129143¢-06).
1.71483664¢-6).
2.1797509e-6).
3.5656310e-6).
2.5746426e-6).
1.501401 1e-6).



coef2_disp(bafs,
coef2_disp(baf®,
coef2_disp{bakl,
coef2_disp(bak2,
coef2_disp(bak4,
coef2_disp(baks,
coef2_disp(bak5{,
coef2_disp(bak6,
coefl_disp(balf3,
coef2_disp(balfd,
coef2 disp(balfs,
coef2_disp(balf50,
coef2_disp(balf5l,
coef2_disp(balf6,
coef2_disp(balfB,
coef2_disp(balkn3,
coef2_disp(balkl,
coef2_disp(basfl,
coef2_disp(basf10,
coef2_disp(basfl2,
coef2_disp(basf13,
coef?_disp(basfl4,
coef2_disp(basf2,
coef2_disp(basfs,
coef2_disp(basf50,
coef?_disp(basf51,
coef2_disp(basf52,
coef2_disp(basf54,
coef2_disp(basfis,
coef2_disp(basfi6,
coef2_disp(basf57,
coef2_disp(basfo,
coef2_disp(basfod,
coof2_disp(bkl,
coef2_disp(bk1Q,
coef2_disp(bk3,
coef2_disp(bke,
coef2_disp(bk7,
coef2_disp(bkS,
coef2_disp(fkl,
coef2_disp(fk3,
coef?_disp(fk3,
coef2_disp(fk31,
coef2_disp(fk52,
coef2_disp(fk54,
coef2_disp{fnll,
coefZ_disp(f1,
coef2_disp(f13,
coef2_disp(f14,
coef2_disp(f15,
coef2_disp(f2,
coef2_disp(f3,
coef2_disp{f4,
coef2_disp(f5,
coef2_disp(f6,
coef2_disp(f7,
coef2_disp(f8,
coef2_disp(f9,

i

b

s

4.6995284e-4,
6.9291183¢-4,
2.6798268¢-4,
2.4273540¢-4,
3.2955714e-4,
2.0949226e-4,
1.8153631e-4,
3.7095536¢-4,
1.6375720¢-4,
4.3046688¢-4,
2.5936745¢-4,
4.3452084e-4,
3.0677273e-4.
3.0040260e-4,
3.9742058e-4,
2.0622098e-4,
1.9908305¢-4,
6.8618153e-4,
7.3535957¢c-4,
9.3379945¢-4,
1.0753528¢-3,
1.1920911e-3,
9.7702423¢-4,
6.3221574¢-4,
1.1036516¢-3,
1.2219537¢-3,
8.9302284¢-4,
2.0284464e-3,
1.9412734¢-3,
9.9655176¢-4,
6.6532162¢-4,
7.7376428¢-4,
7.7721356¢ 4,
2.2595365¢-4,
1.6782840¢-4,
1.8512559-4,
1.5598074e-4,
2.0816%65¢-4,
5.6741756¢-5,
2.1463624¢-4,
1.2613174¢-4,
1.4560516¢-4,
1.3129343¢.4,
1.0085829¢-4,
8.8845082¢-5,
1.2504217¢-3,
7.8346482¢-4,
£.1271690¢-4,
7.1365720¢-4,
7.7800910e-4,
8.6924972¢-4,
7.1828923¢-4,
7.3789911¢-4,
7.0608713e-4,

~ 9.6357866e-4,

9.1209596¢-4,
6.3621526e-4,
7.5168710¢-4,

-7.3102793e-6,
-3.7950550e-5,
-6.1946101e-6,
-6.3916988e-6,
-1.2153641e-3,
-5.5580737e-7,

4,6618943¢-6,
-1.7661400e-5,

1.5027176e-3,
-2.0489836¢-5,
-1.5064670e-7,
-1.6552131e-35,
-1.9515136e-6.
-2.2119056¢-6,
-1.3041618e-3,
-3.9599217¢-6,
-2.0306838e-6,
-8.1530554¢-6,
-1.3407390e-5,
-3.9996373e-3,
-5.4046905e-3,
-5.2304151e-5,
-2.8680692e-5,
-1,7533060e-5,
-3.8659027e-5,
-6.025639%-5,
-3.3448747e-5,
-1.4304533e-4,
-1.5776742e-4,
-3.8518520e-5,
-1.4148425¢-3,
-2.885733%-3,
-1.6483738e-5,
-1.0729053e-5,
-5.5328684e-6,
-7.0180588e-6,

1.1623640e-6,
-7.6472538¢-6,

1.2149716e-5,
-1.2671989¢-35,
-8.2960642¢-7,
-5.2843067e-6,
-7.4179516¢-6,
-2.2241781%e-6,
-4.1267464¢-6,
-8.9130731e-5,
-1.0331153¢-5,
-1.6852152e-5,
-1.535642%¢-3,
-1.9727183e-5,
-2.4011704e-3,
-8.375730%-6,
-9.5060664¢-6,
-1.3731195¢-5,
-2.9653611e-3,
-2.5955976¢-5,
-§.3230722e-6,
-1.6255461e-5,

1.779969 1¢-6).
3.2253161e-6).
6.2209005¢-7).
5.1229141e-7).
1.0333767¢-6).
2.9765122-7).
2.0448919-8).
1.3821042e-6).
-1.7933510¢-7).
1.5924415¢-6).
6.0410634¢-7),
1.6658805¢-6).
8.5689514e-7).
8.0013234e-7).
1.4386564e-6),
4.4844819-7).
3.1429703e-7).
3,3013474¢-6).
3.6962325e-6).
5.6638955¢-6).
7.2739552e-6).
8.65514922-6).
5.7931396e-6).
2.8739893¢-6).
6.0798447¢-6).
6.6193721¢-6).
4.4506802¢-6).
1.5393060e-5).
1.4562956¢-5).
5.9357564¢-6).
3.3387062¢-6).
4.2797530c¢-6).
4.5370859%-6).
7.2832778¢-7).
3.4747416¢-7).
14.2385691e-7).
1.2318050e-7).
4.9240991e-7).
-4.2771477e-7).
6.8154684c-7).
1.3180567¢e-7).
3.4588010¢-7).
4.5815122¢-7).
1.9197508¢-7).
2.4392914¢-7).
1.0480983¢-5).
4.275197%-6).
4.5166032¢-6).
3.5458118¢-6).
3.8039205¢-6).
4.5365169¢-6).
3.5549137¢-6).
3.8257675¢-6).
3.5479149¢-6).
5.4103450¢-6).
5.1185012¢-6).
2.9472755¢-6).
4.0551837¢-6).



cocf2_disp(kfl,
coef2_disp(kf3,
coef2_disp(kf50,
coef2_disp(kf6,
coef2_disp(kf9,
coef2_disp{kzfn),
coef2_disp(kzfn2,
coef2_disp(kzfsn,
coef2_disp(kzfsnd,
coefl_disp(kzfsn5,
coef2_disp(kzfsn7,
coef2_disp{kzfsn9,
coef2_disp{kafsi,
coef_disp{kzfs6,
coef2_disp(kzfs8,
coef2_disp(kzf6,
coef2_disp(k10,
coef2_disp(k11,
coef2_disp(k3,
coef2_disp(k4,
coef2_disp(k5,
coef2_disp(k50,
coef2_disp(k51,
coef2_disp(k7,
coef2_disp(lafn10,
coef2_disp(lafn21,
coef2_disp(lafn23,
coef2_disp{lafn24,
coef2_disp(lafn28,
coef2_disp{lafn7,
coef2_disp{lafn8,
coef2_disp{lafl1a,
coef2_disp(lafl3,
coef2_disp{laf2,
coef2_disp(laf20,
coef2_disp(laf22a,
coef2_disp{1af25,
coef2_disp{laf26,
coef2_disp(laf3,
coef2_disp(laf9,
coef2_disp{lakl12,
coef2_disp(laki21,
coef2_disp{laknt2,
coef2_disp(iakn13,
coef2_disp(laknl4,
coef2_disp(lakn22,
coef2_disp(lakn6,
coef2_disp(lakn?,
coef2_disp(iak10.
coef2_disp(lakl1,
coef2_disp(lak16a,
coef2_disp(tak20,
-coef2_disp{lak21,
coef_disp{lak23,
coef2_disp(lak28,
coef2_disp(lak31,
coef2_disp(lak33,
coef2_disp(lak8,

3.4494190c-4,
3.6515757e-4,
3.8601862¢-4,
2.3958981e-4,
2.7803535¢e-4,
3.0149478e-4,
3.3438756¢-4,
3.3475551e-4,
5.4759655¢-4,
7.4780873¢-4,
9.6006315¢-4,
4.7129902¢-4,
6.0860367¢-4,
3.6347288e-4,
1.0970513¢-3,
3.4833226¢-4,
1.3875745¢-4,
1.8263096¢-4,
3.4828095¢-4,
1.8966377e-4,
2.0765657e-4,
2.2550894¢-4,
1.8637660e-4,
1.8421156e-4,
7.4367535e-4,
6.1250913e-4,
3.96108%1e-4,
5.3038456e-4,
5.5949356¢-4,
1.1147255e-3,
8.2846469¢-4,
1.5748398¢-3,
9.6185256¢-4,
6.3171596¢-4,
4.5883886¢-4,
1.303073%-3,
1.0345598e-3,
8.8284480¢-4,
5.7232017e-4,
2.5559645¢-3,
3.2407686¢-4,
3.1464516¢-4,
2.5893372e-4,
3.2856524¢-4,
3.6867908e-4,
2.3622943e-4,
2.4908012e-4,
2.4373786e-4,
5.4506911¢-4,
3.2476320e-4,
4.8892724¢-4,
3.1872622¢-4,
1.7291765¢-4,
3.4286906e-4,
4.4238875¢-4,
3.6816151e-4,
3.5357770e-4,
4.3841844e-4,

-7.6053118e-6,
-1.9089812e-5,
-1.3379593¢-5,
2.0310603-8,
-4.9998960e-7,
2.8868678¢e-6,
-7.1799896¢-6,
-1.1613973e-5,
-1.1717987¢-5,
-1.7341185¢-5,
-3.3307832¢-5,
-1.1358998e-5,
-20613741e-5,
-1.5994850e-6,
-2.4165632e-5,
-9.9354090¢-6,
7.8358808¢-6,
-1.4105398¢-6,
-2.1976876¢-5,
1.4584031e-6,
-2.13149]3e-6,
-5.416344 5¢-6,
-2.5979987¢-6,
-2.0450534¢-6,
-1.2621245¢-5,
-9.1760698¢-6,
1.9565557e-6,
-1.3346974-6,
-1.0007074e-5,
-2.3979989¢-5,
-2.2108582e-5,
-6.3407414e-5,
-1.6231095¢-5,
-7.5645417e-6,
-5.0275096¢-6,
-6.2689126e-5,
-4.3008448e-5,
-2.2042475¢-5,
-1.3181988e-5,
-1.5721379e-4,

-8.4118624¢-7, .

-1.0814561e-5,
7.6556580¢e-6,
3.2051557¢-6,

-6.982645%-6,
8.1681533¢-6,
7.0505584e-7,
1.7117573e-6,

-1.7297314e-5,

-5.1327015¢-6,

-1.1811627e-5,
6.6319967¢-6,
7.7882807¢-6,

-8.1287792e-6,

-1.6906632¢-6,

-8.6283328¢-6,
7.8428250¢-6,

-1.2951193e-5,

1.2660303e-6).
1.4345201e-6).
1.3359542¢-6).
6.0813527¢-7).
7.710593 1e-7).
6.7799805¢-7).
9.1964556¢-7).
1.0939788¢-6).
2.0042905¢-6).
3.4427318¢-6).
5.8217650e-6).
1.6946777e-6).
2.350063 1e-6).
1.1023685¢-6).
5.6994640¢-6).
1.1227905¢-6).
8.4344620¢-8).
3.3096328¢-7).
1.3941592¢-6).
2.7687697¢-7).
3.2131234e-7).
4.3498997¢c-7).
4.9365998¢-7). .
3.4814749¢-7).
2.7404039¢-6).
1.7034755¢-6).
1.0029477¢-6).
1.2064345¢-6).
1.1559175¢-6).
6.2175926¢-6).
3.9458540¢-6).
1.0044908e-5).
4.9181335¢-6).
2.3202213¢-6).
1.6410791e-6).
8.5989688¢-6).
5.4917491e-6).
4.566508)e-6).
2.0252639¢-6).
1.8886019¢-5).
3.7652891¢c-7).
7.9828892¢-7).
-3.7061383¢-8).
3.0925067e-7).
7.0273582¢-7).
-1.3539324¢-7).
2,7087570c-7).
2.1575860-7).
1.7993601e-6).
5.0461740e-7).
1.1363503¢-6).
3.1014063¢-7).
-1.1063827¢-7).
7.1596070e-7).
7.3784132¢-7).
7.564934%¢.7).
4.6780278¢-8).
1.1580631e-6).



coef2_disp(lak9,

coef2_disp(lasinl35,
coef2_disp(lasinl§,
coef2_disp(lasin30),
coef2_disp(lasfn31,

coef2_disp(lasing,
coef2_disp(lasfil,
coef2_disp(lasfi3,
coef2_disp(lasf3,
coef2_disp{lasf32,
coef2_disp(lasf33,
coef2_disp(lasfg,
coef2_disp{lfl,
coef2_disp(lf2,
coef2_disp(lf3,
coef2_disp(Ifd,
coef2_disp(lf3,
coef2_disp(lf6,
coef2_disp(1£7,
coef2_disp(lf8,
coef2_disp(lgsk2,
coef2_disp(lifl,
coef2_disp(lIf2,
coef2_disp(lif3,
coef2_disp(lif4,
coef2_disp(lif6,
coef2_disp(lif7,
coef2_disp(pkl,
coef?_disp(pk2,
coef2_disp(pk3,
coef2_disp(pk59,
coef?_disp(pk51,
coef2_disp(psk2,
coef2_disp{psk3,
coef2_disp(psk50,
coef2_disp(psk52,
coef2_disp(psk53,
coef2_disp(sf156,
coef?_disp(sfla,
coef2_disp(sfn6d,
coef?_disp(sfl,
coef2_disp(sf10,
coef?_disp(sfl1,
coefi_disp(sf12,
coefi_disp(sf13,
coefi disp(sfl4,
coef2_disp(sf135,
coefi_disp(sf16,
coef?_disp(sf17,
coefi_disp(sf18,
cocf2_disp(sf19,
coef2_disp(sf2,
coef2_disp(sf3,
coef2_disp(sfd,
coef2_disp(sfs,
coef2_disp(sf50,
coef2_disp(sf51,
coef2_disp(sf52,

5.6748764¢-4,
1.0424971e-3,
1.9248178e-3,
6.9283981e-4,
8.4763112e-4,
1.3263988e-3,
6.0299606¢-4,
1.4177373e-3,
9.1823007e-4,
2.4848158e-3,
1.2974344e-3,
1.582086%¢-3,
5.8415074e-4,
6.2971872e-4,
4.6787852e-4,
5.6173085e-4,
5.4129697e-4,
4,7507875e-4,
5.3951938e-4,
4.5298946¢-4,
2.2990560e-4,
4.2811388e-4,
4.026572%¢-4,
4.0516750e-4,
4.5166611e-4,
3.5400942e-4,
4.8840166e-4,
1.3066001e-4,
2.9001564e-4,
2.1255152¢-4,
1.5661848e-4,
1.44552835e-4,
1.7407923e-4,
1.1916606e-4,
1.7638709e-4,
3.8218429e-4,
2,7924791e-4,
2,337648%-3,
2.7505904¢-3,
1.408387%e-3,
1.7491597e-3,
2.0551378e-3,
29462812e-3,
1.1970650¢-3,
2.5277439-3,
2.9250972-3,
1.9137570e-3,
1.0126871e-3,
1.0760709¢-3,
1.7143328e-3,
1.2120420e-3,
1.1171914e-3,
2.0259158¢e-3,
1.8634691e-3,
1.2739656¢-3,
1.5350870¢e-3,
2.2651418e-3,
1.6834427e-3,

301

-3,289928 le-5,
-1.8067825e-6,
-7.5388918e-5, .
-1.226547%¢-5,
4.5551843¢-6,
4.7438783e-6,
6.6029672e-6,
-5.2019105e-5,
-1.8296849e-3,
-1.7333919¢-4,
-2,7569572¢-5,
-5.1101128e-5,
-1.6884537e-5,
-1.5592113e-5,
1.342225%-6,
-1.1219778e-5,
-4,1973115e-6,
-4.0602970e-6,
-6.9790993e-6,-
-3.89935694e-6,
-1.6868474e-6,
-6,9875718e-6,
-7.6000030¢-6,
-5.4507043¢-6,
-7.4107160e-6,
-5.6239322¢-6,
-1.461171le-5,
-9.595814%¢-7,
-1.9602856e-3,
-8.9190321e-6,
-4.3866422¢-6,
-5.1413770e-6,
-3.2622544e-T,
6.4250627e-6,
-3.4507987e-6,
-2.874234%¢-5,
-1.2779218e-5,
-1.0682651e-4,
-1.5173832e-4,
-4.4978076e-5,
-7.8964252¢-35,
-1.1396226e-4,
-2.037101%e-4,
-5.5728265e-5,
-1.7332899¢-4,
-2.1913665¢e-4,
-1.2468626e-4,
-2.786115%-5,
-3.3523570e-5,
-7.4064352e-5,
-4.5516530e-5,
-4.011208%¢-5,
-1.0348282e-4,
-6.5403181e-5,
-4,7889342¢e-3,
-9.1737353e-5,
-2.0072278e-4,
-8.6832245¢e-5,

2.0438076e-6).
3.8393637e-6).
1.3032008¢-5).
1.7263354¢-6).
1.6550517¢-6).
7.8507188¢-6).
1.4484996¢-6).
7.2348123¢-6).
4.4652393¢-6).
1.9596905¢-5).
7.8461878¢-6).
1.0662006¢-5).
2.7259662¢-6),
1.0502534¢-6).
2.0021368¢-6).
2.7012778e-6).
2.3742897e-6).
2.0556661¢-6).
2.4087417¢-6).
1.9005178¢-6).
4.3959703¢-7).
1.7175517¢-6).
1.5659130¢-6).
1.5992768¢-6).
1.8684107¢-6).
1.3019147¢-6).
2.1125553¢-6).
1.5899017¢-7).
1.0967718e-6).
5.7854334¢-7).
3.1438773e-7).
3.5994942¢-7).
1.9916158¢-7).
-1.7478706¢-7).
2.9704663e-7).
1.6748094e-6).
9.4769182¢-7).
2.1446850¢-5).
2.5644487¢-5).
1.1419083¢-5).
1.185865 le-5).
1.634002 le-5).
2.763356%-5).
7.8814553¢-6).
2.1465274¢-5).
2.6700784¢-5).
1.518722%-5).
5.8927698e-6).
6.4052431e-6).
1.2078466¢-5).
7.5592211e-6).
6.6254840e-6).
1.49591 14e-5).
1.3765657e-5).
8.0562028e-6).
9.9741416¢-6).
1.6380215e-5).
1.1266792¢-5).



coef2_disp(sf53,
coef2_disp(sf54,
coef2_disp(sf55,
coef2_disp(sf56,
coefd_disp(st57,
coef2_disp(sf58,
coef2_disp(sf59,
coaf2_disp(sf6,

coef2_disp(sfol,
coef2_disp(sf62,
coef2_disp(sf63,
coef2_disp(sf7,

coef2_disp(sfs,

coef2_disp(sf9,

coef2_disp(skn18,

coef2_disp{skl,
coef2_disp(sk10,
coef2_disp{sk11,
coef2_disp(sk12,
coef?_disp(sk13,
coef2_disp(sk 14,
coef2_disp(sk15,
coef2_disp(sk16,
coef2_disp(sk19,
coef2_disp{sk2,
coef2_disp(sk20,
coef2_disp(sk3,
coef2_disp(sk4,
coef2_disp(sk3,
coef2_disp{sk51,
coef2_disp(sk52,
coef2_disp(sk55,
coef2_disp(sk6,
coef2_disp(sk7,
coef2_disp(sk8,
coef2_disp(sk9,
coef2_disp{sskn3,
coef2_disp(sskn§,
coef2_disp(sski,
coef2 _disp(ssk2,
coef2_disp(ssk3,
coef2_disp(ssk4,
coef2_disp(ssk50,
coef2_disp(ssk51,
coef2_disp(ssk52,
coef2_disp(tifn5,
coef2_disp(iifl,
coef2_disp(1if2,
coef2_disp(tif3,
coef2_disp(tifd,
coef2_disp(tif6,
coef2_disp(tikl,
coef2_disp(tisf1,
coef2_disp(ubk?,
coef2_disp(uk50,
coef2_disp(zkn?,
coef2_disp(zkl,
coef2_disp(zks,

2.0364401¢-3,
1.6830114e-3,
2.1692831e-3,
1.9779903¢-3,
5.2295853¢-3,
4.2207315¢-3,
8.0837909%-3,
3.1800214e-3,
1.6807292¢-3,
1.2307943¢-3,
1.7881803e-3,
9.7700411e-4,
1.4385871e-3,
1.0141982¢-3,
3.4939073¢-4,
2.7409985¢-4,
2.2083748¢-4,
2.4249380c-4,
2.0838047¢-4,
2.9676678e-4,
1.5266041¢-4,
1,9944840¢-4,
2.2371721 1e-4,
2.3655893¢-4,
1.8518895¢-4,
2.5565265¢-4,
2.9976361e-4,
2.1134478¢-4,
1.6392687¢-4,
2.8628731e-4,

-1.1763293e-4,
-4.6451087¢-5,

" -9.4743970e-5,

3.0997id1e-4, .

2.4958755¢-4,
3.0347388e-4,
1.7370120e-4,
3.5159357c-4,
1.886176%-4,
6.4060677e-4,
5.0554082¢-4,
2.5292407¢-4,
2.5881635e-4,
4.3401638e-4,
2.77142702e-4,
3.7688285¢-4,
2.8025567¢-4,
4.6286000¢-4,
1.2335546e-3,
4.2650638¢-4,
6.1537921e-4,
1.1021697¢-3,
1.1999618e-3,
2.0230960e-3,
2.1822593¢-4,
2.4436836e-3,
1.4068151e-4,
1.4952379%-4,
2.7117600e-5,
2.6311112¢-4,
2.7439704e-4,
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-4.8421498¢-5,
-4.6931979¢-4,
-2.2895268¢-4,
-7.697558%¢-4,
-2.1953184c¢-4,
-3,3978727%¢-5,
-3.7780898e-5,
-5,2282393e-5,
-2,6551022¢-5,
-5.8543435e-5,
-2,3235110e-5,
-1.002810%-5,
-1.739391 le-6,

3.546752%¢-6,
-1.556112%-6,

1.5107581e-7,

-9.3746109e-6,
6.8001252e-6,
6.3298328¢-6,

-4.9029910¢-7,
1.4330022¢-6,
8.4796564¢-6,

9.6947284¢-6,

-9.8865231¢-6,
3.4130130e-6,
4.7463374e-6,

-8.4638718e-6,

-3.5480823¢-6,

-3.2759191¢-6,

-6.5261354¢-6,
6.3461730e-6,

-1.185298%e-5,
1.3679471e-5,

-3.9493178e-5,

-2.1403288e-5,
5.2540756e-6,
6.7648572e-6,

-1.2949572¢-5,
1.2686469e-7,

-9.5448507¢-6,
1.1591526e-7,

-1.3476750¢-35,

-8.5902987e-5,

-2.156480%¢-5,

-3.949391 5e-3,

-9.3622430¢-5,

-8.8610291e-5,

-1.8345806e-4,

-5.5063640¢-6,

-2.1244237¢-4,
1.3041796e-6,
3.4334254¢-6,
1.7553283e-5,

-8.2854201e-6,

-5.921378%-6,

1,5672506¢-5).
1.2104532¢-5).
1.6404455¢-5).
1.5734251e-5).
4.4359036¢-5).
4.0847905¢-5).
7.9262505€-5).
2.6671014e-5).
1.2154392¢-5).
7.8617786¢-6).
1.2867869¢-5).
5.4909672¢-6).
9.3241989-6).
5.8174500¢-6).
1.1802616¢-6).
4.0037912¢-7).
2.6143582¢-7).
5.9784011¢-7).
2.4301769¢-7).
7.4341245¢-7).
-6.7666095¢-8).
1.9631497¢-9).
2.8445925¢-7).
2.9327826¢-7).
.7.0710768¢-8).
6.8512885¢-7).
8.2251299¢-7).
1.2673355¢-7).
-4.9303610¢-8).
7.9967143e-7).
5.7899721e-7).
3.6957062¢-7).
6.9039819¢-7).
-5.3316579%-8).
9.7956516¢-7).
.3.0071065¢-7).
3.2567627¢-6).
2.4582991e-6).
3.5912155e-7).
3.4731723¢-7).
1.5042044¢-6).
4.5044790e-7).
1.2959815¢-6).
7.3266529%-7).
1.6107565¢-6).
1.0257463¢-5).
2.6364065¢-6).
4.7363335¢-6).
8.2094068¢-6).
9.8139193¢-6).
2.3097036e-5).
5.4469060e-7).
2.3518712¢-5).
4.8615933¢-8).
5.9393094c-8).
-7.0564114¢-7).
7.3735801e-7).
6.3841709¢-7).



Appendix 22: Facts Base of the Refractive Index of the Optical
: Glass

l#

This base of facts contains the refractive index of the optical glasses, at some
wavelengths usually used.

The parameters are:

Glass_namel: Name of the optical glass

NI: Refractive index of the optical glass at the line 1

Nc¢': Refractive index of the optical glass at the line ¢’
Ne&32: Refractive index of the optical glass at 632 nano-meter
N589: Refractive index of the optical glass at 589 nano-meter.
N587 Refractive index of the optical glass at 587 nano-meter.
N546 Refractive index of the optical glass at 546 nano-meter.
*f

%indice2_refract(Glass_namel, Ni, Nc', N632, N589, NS87, N546).

indice2_refract(bafn10,1.66579,1.66646,1.66708,1.66991,1.67003,1.67341).
indice2_refraci(bafnl1,1.66260,1.66325,1.66386,1.66660,1.66672,1.670060).
indice?_refracr{bafn6,1.58536,1.58594,1 58647,1 58889,1,58900,1,59189).
indice2_refraci(baf12,1.63509,1.63575,1,63638,1.63918,1.63930,1.64266).
indice2_refract(baf13,1.66450,1.66519,1.66585,1.66879,1.66892,1.67245).
indice2_refract(baf3, 1.57893,1.57952,1.58008,1.58256,1.58267,1.58565).
indice?_refract(bafd, 1.60153,1.60217,1.60278,1.60550,1.60562,1.60889).
indice?_refract(bafs, 1.60361,1.60419,1.60474,1.60718,1.60729,1.61021).
indice2_refract(baf50,1.67816,1.67888,1.67955,1.68259,1.68273,1.68637).
indice2_refract(baf51,1.64792,1.64860,1.64924,1.65211,1.65224,1.65569).
indice2_refract(baf52,1.60469,1.60530,1.60588,1.60847,1.60859,1.61170).
indice2_refract(baf53,1.66578,1.66645,1.66708,1.66990,1.67003,1.67341),
indice2_refraci(baf54,1.66258,1.66323,1.66385,1.66660,1.66672,1.67001).
indice2_refraci{baf8, 1.61978,1.62041,1.6209%,1.62362,1.62374,1.62690).
indice2_refracti{bpaf9, 1.63927,1.63991,1.64050,1.64316,1.64328,1.64647),
indice2_refract{bakl, 1.56949,1.56997,1,57041,1.57241,1.57250,1 .57487).
indice2_refract{bak2,1.53721,1.53765,1.53806,1.53988, 1.53996,1.54212).
indice2_refract(bak4,1.56576,1.56625,1.56670,1.56874, 1.56883,1.57125).
indice2_refract(bak5,1.55383,1.55429,1.55472,1.55663, 1.55671,1.55897).
indice2_refract(bak50,1.56476,1,56523,1.56568,1.56765,1.56774,1.57007).
indice2_refract{bak6,1.57136,1.57185,1.57230,1,57435, 1.57444,1 57687).
indice2_refract(baif3,1.56810,1.56862,1.56910,1.57126, 1.57135,1.57392).
indice2_refract(balf4,1.57632,1.57683,1.57731,1.57947,1.57957,1.58214).
indice2_refract(balfs,1.54432,1.54480,1,54526,1.54730, 1,54739,1.54982).
indice2_refraci(balf50,1,58549,1.58603,1.58654,1.58883,1,58893,1.59166).
indice2_refract(balf51,1.57062,1.57114,1.57163,1.57384,1.57393,1.57656).
indice2_refract(balf6,1.58569,1.58623,1.58672,1.58894, 1.58904,1.52169).
indice2_refract(balf8,1.55036,1.55088,1.55136,1.55351, 1 .55361,1.55618).
indice2_refraci(baikn3,1,51586,1.51628,1.51667,1.51841,1.51849,1.52054).
indice2_refract(balk1,1.52375,1.52418,1.52458,1.52634,1,52642,1.52851).
indice2_rcfract{basf1,1.62133,1.62207,1.62277,1.62592,1.62606,1.6298 7).
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indice2_refract(basf10,1.64527,1.64604,1.64676,1.65002,1.65016,1.65410).
indice2_refract(basf12,1.66495,1.66574,1.66648,1.66983,1.66998,1.67403).
indice2_refract(basf13,1.69229,1.69312,1.69391,1.69745,1,.69761,1.70190).
indice2_refract{basf14,1.69383,1.69475,1.69551.1.69951,1.60968,1.70442).
indice2_refract(basf2,1.65903,1.65988,1.66068,1.66430,1.66446,1 66885).
indice2_refract{basf5,1.59902,1.59969,1.60031,1.60311,1.60323,1.60660).
indice2_refract{basf50,1.70449,1.70539,1.70623,1.71003,1.71020,1.71480).
indice2_refract{basf51,1.71813,1.71901,1.71984,1,72356,1.72373,1.72823).
indice2_refract(basf52,1.69673,1.69753,1.69828,1.701646,1.70181,1.70587).
indice2 _refract(basf54,1.72961,1,73065.1.73163,1.73607,1.73627,1.74169).
indice2_refract(basf55,1.69391,1.69483,1.69570,1.69963,1.69981,1.70459).
indice2_refract{basf56.1.65190,1.65272,1.65350,1.65699,1.65715,1.66139).
indice2_refract(basf57,1 64687,1.64759,1.64828,1.65134,1.65147,1.65516).
indice2_refract(basfé, 1.66284,1.66358,1.66428,1.66741,1.66755,1.67133).
indice2_refract{basf54,1.69576,1.69659,1.69736,1.70084,1.70100,1.70520).
indice? _refract{bki, 1.50763,1.50802,1 .50839,1.51002,1.51009,1.51201).
indice2_refract(bk10, 1.49552,1.49589,1.49624,1.49776,1.49782,1.49960).
indice?_refract(bk3, 1.49594,1.49632,1.49668,1.49824,1.49831,1.50014).
indice?_refract(bk6,  1.52851,1.52893,1.52932,1.53105,1.53113,1.53317).
indice2_refract(bk7, 1.51432,1.51472,1.51509,0.51673,1.51680,1.51872).
indice2_refract{bksg, 1.51764,1.51804,1.51842,1.52008,1.52015,1.52210).
indice2_refract(fk1, 1.46853,1. 4688R,1.46920,1.47063,1.47069,1.47236).
indice2_refract(fk3, 1.46232,1.46267,1.46300,1.46444,1 .46450,1.46619).
indice2_refract(fks, 1.48535,1.48569,1.48601,1.48743,1.48749,1.48914).
indice?_refract(fk51, 1.48480,1.48508,1.48534,1.48651,1.48656,1.48794).
indice2_refract(fk52, 1.48424,1.48453,1.48480,1.48600,1.48605,1.48747).
indice2_refract(fk54, 1.43552,1.43576,1.43598,1.43696,1.43700,1.43815).
indice?_refraci{fnll, 1.61593,1.61672,1.61746,1.62081,1.62096,1.62502).
indice2_refract(f1, 1.62074,1.62154,1.62230,1.62573,1.62588,1.63004).
indice2_refract(f13, 1.61730,1.61810,i .61884,1.62222,1.62237,1.62646).
indice2_refract(f14, 1.59676,1.59749,1,59818,1.60126,1.60140,1.60513).
indice2_refract(f15, 1.60094,1.60168,1.60237,1.60551,1.60565,1.60945).
indice2_refract(f2, 1.61503,1.61582,1.61656,1.61989,1.62004,1.62408).
indice?_refract(f3, 1.60806,1.60883,1.60955,1.61279,1.61293,1.61683).
indice2_refract(f4, 1.61164,1.61242,1.61315,1.61644,1.61659,1.62058).
indice2_refract(fs, 1.59874,1.59948,1.60017,1.60328,1.60342,1.60718).
indice2_refract(f6, 1.63108,1.63191,1.63269,1.63620,1.63636.1.64062).
indice2_refract(f7, 1.62021,1.62102,1.62177,1.62521,1.62536,1.62953).
indice2_refract(f8, 1.59102,1.59173,1.59239,1,59538,1.59551,1.59912).
indice2_refract(f9, 1.61565,1.61641,1.61711,1.62031,1.62045,1.62431).
indice2_refraci(kf1, 1.53723,1.53774,1.53821,1.54032,1.54041,1.54293).
indice2_refract(kf3, 1.51169,1.51215,1.51257,1.51446,1.51454,1 51678).
indice2_refract(kf50, 1.52776,1.52825,1.52871,1.53079,1,53088,1.53335).
indice2_refraci(kf6, 1.51443,1.51491,1.51535,1.51733,1.51742,1.51978).
indice2_refraci(kf9, 1.52035,1.52084,1.52129,1.52332,1.52341,1 .52583).
indice2_refract(kzfnl, 1.54781,1.54834,1.54883,1.55105,1.55115,1.55379).
indice2_refract(kzfn2, 1.52633,1.52683,1.52729,1.52935,1.52944,1.5318R).
indice2_refract(kzfsn2,.55521,1.55571,1.55618,1.55827,1.55836,1.56082).
indice?_refract(kzfsnd,1.60924,1.60990,1.61052,1.61328,1.61340,1.61669).
indice2_refract(kzfsn5.1.64920,1.64998 1.65071,1.65397,1.65412,1.65804).
indice2_refract(kzfsn7,1.67523,1.67608,1.67688,1.68048,1.68064,1.68498).
indice2_refraci(kzfsn®,1.59471,1.59532,1.5958%,1.59844,1.59856,1.60159).
indice2_refract(kzfs1, 1.60894,1.60960,1.61021,1.61298,1.61310,1.61639).
indice2_refract(kzfs6, 1.58827,1.588R84,1.58941,1.59186,1.59197,1.59487).
indice2_refract(kzfs8, 1.71434,1.71530,1.71621,1.72029,1.72047.1.72540).
indice2_refract(kzf6, 1.52370,1.52420,]1.52466,1.52673,1,52682,1.52927).
indice2_refract(k10, 1.49867,1.49910,1.49950,1.50129,1.50137,1.50349).
indice?_refract(kll,  1.49764,1.49804,1.49841,1.50006,1.50013,1.50207).
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indice2_refraci(k3, 1.51556,1.51598,1.51638,1.51815,1.51823,1.52032).
indice2_refract(kd, 1.51620,1.51664,1.51705,1.51887,1.51895,1.52111).
indice2_refract(ks, 1.51982,1.52024,1.52064,1.52241,1,52249,1 52458).
indice2_refract(ks0, 1.51992,1.52035,1.52074,1.52249,1.52257,1,52464).
indice2_refract{k51], 1.50258,1.50300,1.50338,1.50510,1.50518,1,50720).
indice2_refract(k7, 1.50854,1.50895,1.50934,1.51105,1.51112,1 51314}
indice2_refract{lafn10, 1.77909,1.77994,1.78073,1.78427,1.78443,1 788 68).
indice2_refract(lafn21, 1.78332,1.78411,1.78485,1.78816,1.78831,1,79226).
indice2_refract(lafn23, 1.68485,1.68551,1.68612,1.68888,1.68900,1.69230).
indice2_refract(lafn24, 1.75242,1.75318,1.75388,1.75705,1.75719,1,76096).
indice2_refract(lafn28, 1.76843,1.76918,1.76988,1.77300,1.77314,1.77686).
indice?_refract(fafn7, 1.74319,1.74418,1.74511,1.74931,1.74950,1.75458).
indice2_refract{lafn8, 1.72995,1.73078,1.73155,1.73504,1.73520.1.73940).
indice2_refract(lafl1a, 1.74996,1.75105,1.75207,1.75672,1.75693,1.76258).
indice2_refract(laf13, 1.76946,1.77041,1.77130,1.77533,1.77551,1.78037).
indice2_refraci(laf2, 1.73905,1.73983,1.74056,1.74386,1.74400,1 7796).
indice2_refract(laf20, 1.67824,1.67891,1.67954,1.68235,1.68248,1.685835).
indice2_refract{laf22a, 1.77561,1.77658,1.77749,1.78161,1.78179,1,78677).
indice2_refract(laf23, 1.77863,1.77952,1.78035,1.78411,1.78427,1.78878).
indice2_refract(laf26, 1.74044,1.74131,1.74213,1.74581,1.74597,1.75040).
indice2_refract(laf3, 1.71252,1.71323,1.71389,1.71687,1.71700,1.72055).
indice2_refract(laf9, 1.78695,1.78821,1.78940,1.79480,1.79504,1.80166).
indice2_refract(lak112,1.67415,1.67475,1.67530,1.67779,1.67790,1.68084).
indice2_refract(lak121,1.63719,1.63772,1.63821,1.64038,1.64048,1.64304).
indice2_refract(laknl2,1.67419,1.67478,1.67533,1.67779,1.67790,1.65083).
indice2_refract(laknl3,1.68958,1.69020,1.69078,1.69339,1,69350,1.69660).
indiceZ_refract(laknl4,1.69297,1.69358,1.69415,1.69669,1.65680,1.69980).
indice2_refract(lakn22,1.64760,1.64816,1.64869,1,65103,1.65113,1.65391).
indice2_refract(lakn6, 1.63913,1.63967,1.64017,1.64240,1.64250,1.64514).
indice2_refract(lakn7, 1.64821,1.64875,1.64926,1.65150,1.65160,1.65426).
indice2_refract(lak10, 1.71568,1.71637,1.71701,1.71987,1.72000,1.72340).
indice2_refract{lak11, 1.65480,1.65536,1.65588,1.65820,1.65830,1.66104).
indice2 _refract(lak 16a,1.72921,1,72989,1,73053,1.73338,1.73350,1.73688).
indice2_refract{lak20, 1.68944,1.69008,1.69068,1.69337,1.69349,1.60669).
indice2_refract{lak2], 1.63724,1.63776,1.63825,1.64040,1.64050,1.64304).
indice2_refract(lak23, 1.66527,1.66584,1.66636,1.66871,1.66882,1.67159).
indice2_refract(lak28, 1.73985,1.74056,1.74122,1,74416,1.74429,1.74778).
indice2_refract(lak31, 1.69296,1.69356,1.69413,1.69662,1.69673,1.69968).
indice2_refract{lak33, 1.74962,1.75031,1.75096,1.75385,1.75398,1.75740).
indice2_refract(lak8, 1.70898,1.70962,1.71022,1.71289,1.71300,1.71616).
indice2_refract(lak9, 1.68716,1.68777,1.68835,1.69089,1.69100,1.69401).
indice2_refract{lasfn15,1.87118,1.87225,1.87326, 1.87780,1.87800,1.88347).
indice2_refract(lasfn18,1.90522,1.90652,1.60773,1.91324,1.91348,1.92016).
indice2_refract(lasfn30,1.79799,1.79881,1.79958, 1.80303,1.80318,1.80730).
indice2_refract(lasfn31,1.87429,1.87529,1.87624, 1.88048,1.88067,1.88577).
indice2_refract(lasfn, 1.84256,1.84376,1.84489,1.85003,1.85026,1.85651).
indice2_refraci(lasf11, 1.79624,1.79710,1.79790,1.80150,1.80166,1.80597).
indice2_refract(lasf13, 1.84856,1.84964,1.85065,1.85524,1.85544,1.86099).
indice2_refract(lasf3, 1.80210,1.80303,1.80390,1.80783,1.80801,1.81273).
indice2_refraci(lasf32, 1.79581,1.79701,1.79814,1.80326,1.80349,1,80974).
indice2_refraci(lasf33, 1.79908,1.80015,1.80117,1.80575,1.80596,1.81153).
indice2_refract(lasf8, 1.79996,1.80113,1.80222,1.80719,1.80741,1.81345).
indice2_refract(if1, 1.56910,1.56973,1.57032,1.57297,1.57309,1.57629).
indice2_refract(1f2, 1.58495,1.58562,1.58625,1.58909,1.58921,1.59263).
indice2_refract(If3, 1.57805,1.57869,1.57930,1.58203,1.58215,1,58544),
indice2_refract(1f4, 1.57433,1.57498,1,57559,1.57833,1.57845,1,.58175).
indice2_refraci(lfs, 1.57723,1.57789,1.57851,1.58132,1.58144,1 58482).
indice2_refract(1f6, = 1.56339,1.56401,1.56459,1.56720,1.56732,1.57047).
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indice2_refract(if7, 1.57090,1.57155,1.57216,1.57489,1.57501,1.57830).
indice2_refract(If8, 1.56060,1.56120,1.56177,1.56432,1,56444,1.56750).
indice2_refract(lgsk2, 1.58311,1.58356,1.58399,1,58591,1.58599,1.58828).
indice2_refract(1lf1,  1.54457,1.54513,1.54566,1.54804,1.54814,1,55099).
indice2_refract(lif2,  1.53729,1.53783,1.53834,1.54062,1.54072,1.54344),
indice2_refract(1lf3, 1.55658,1.55714,1.55767,1.56003,1.56013,1,56295).
indice2_refract{11f4, 1.55768,1.55827,1.55881,1.56127,1.56138,1.56433).
indice2_refract(lIf6, 1.52845,1.52897,1.52945,1.53162,1.53172,1.53431).
indice2_refract{lIf7,  1.54523,1.54579,1.54633,1.54873,1.54883,1.55170).
indice2_refract(pkl, 1.50146,1.50183,1.50218,1.50371,1.50378,1.50558).
indice2_refract(pk2, 1.51576,1.51615,1.51652,1.51814,1.51821,1.52011).
indice2_refract(pk3, 1.52292,1.52332,1.52369,1.52535,1,52542,1.52736).
indice2_refract(pk50, 1.51824,151861,1.51895,1.52047,1.52054,1.52232).
indice2_refract(pk5t, 1.52646,1.52680,1.52711,1.52849,1.52855.1.53019).
indice2_refraci{psk2, 1.56597,1,56641,1.56682,1.56865,1.56873,1.57088).
indice2_refract{pskd, 1.54965,1.55008,1.55048,1.55224,1.55232,1.55440),
indice2_refraci(psk50, 1.55499,1,55539,1.55577,1.55746,1.55753,1.55951).
indice2_refract(psk52, 1.60028,1.60073,1.60115,1.60302,1.60310,1.60530).
indice2_refraci(psk33, 1.61717,1.61764,1.61808,1.62005,1.62014,1.62247).
indice2_refract(sf156, 1.77606,1.77740,1.77867,1.78444,1.78470,1.79179).
indice2_refract(sfls, 1.79609,1.79750,1.79884,1.80491,1.80518,1.81265).
indice2_refract(sfno4, 1.69909,1.70014,1.70114,1.70565,1.70585,1.71135).
indice2_refract(sfl, 1.71032,1.71141,1.71245,1.71715,1.71736,1.72311).
indice2_refract(sf10, 1.72085,1.72200,1.72309,1.72803,1.72825,1.73430).
indice2_refract(sfl], 1.77599,1.77734,1.77842,1.78446,1,78472,1.79190).
indice2_refraci(sf12, 1.64271,1.64359,1.64441,1.64814,1.64831,1.65285).
indice2_refraci(sf13, 1.73304,1.73424,1.73538,1.74054,1.74077,1.74710}.
indice2_refract(sf14, 1.75358,1.75486,1.75606,1.76157,1.76182,1.76859).
indice2_refract(sf15, 1.69221,1.69326,1.69425,1.69875,1.69895,1.70445).
indiceZ_refract(sf16, 1.64056,1.64143,1.64225,1.64595,1.64611,1.65061).
indice2_refract(sf17, 1.64453,1.64541,1,64624,1.65000,1.65017,1.65474),
indice2_refract(sf18, 1.71435,1.71548,1.71653,1.72130,1.72151,1.72734),
indice2_refract(sf19, 1.66090,1.66182,1.66269,1.66662,1.66680,1.67158).
indice2_refract(sf2, 1.64210,1.64297,1.64379,1.64752,1.64769,1.65222).
indice2_refract(sf3, 1.73242,1.73360,1.73471,1.73977,1.74000,1.74620).
indice2_refract(sf4, 1.74730,1.74853,1.74969,1.75496,1.75520,1.76167).
indice2_refract(sf5, 1.66661,1.66756,1.66846,1.67252,1.67270,1.67764).
indice2_refract(sf50, 1.64892,1.64983,1.65068,1.65455,1.65473,1.65944),
indice2_refract(sf51, 1.65441,1.65532,1.65618,1.66007,1.66025,1.66499).
indice2_refract(sf52, 1.68200,1.68301,1.68397,1.68833,1.68852,1.69384).
indice2_refract(sf53, 1.72096,1.72210,1.72318,1.72808,1.72830,1.73430).
indice2_refract(sf54, 1.73318,1.73437,1.73549,1.74057,1.74080,).74703).
indice2_refract(sf55, 1.75366,1.75493,1,75612,1.76156,1.76180,1.76847),
indice2_refract(sfa6, 1.77605,1,77739,1.77866,1.78444,1,78470,1.79180).
indice2_refract(sf57, 1.83651,1.83808,1.83957,1.84636,1.84666,1.85504).
indice2_refract(sf58, 1.90550,1.90738,1.90914,1.91725,1.91761,1.92765).
indice2_refract(sf59, 1.93928,1.94132,1.94325,1.95210,1.95250,1.96349).
indice2_refract(sf6, 1.79609,1.79750,1,79883,1.80491,1.80518,1.81265).
indice2_refraci(sf61, 1.74297,1.74420,1.74535,1.75060,1.75084,1.75728).
indice2_refraci(sf62, 1.67512,1.67609,1.67701,1.68115,1.68134,1.68639).
indice2_refract(sf63, 1.74061,1.74182,1.74296,1.74817,1.74840,1.75477).
indice2 _refracy(sf7, 1.63439.1.63524,1.63603,1.63964,1.63980,1.64418).
indice2_refract(sf8, - 1.68250,1.68351,1.68445,1.68874,1.68893,1.69416).
indice2_refract(sf9, 1.64878,1.64967,1.65050,1.65429,1.65446,1.65907).
- indice2_refract(sknl8, 1.63505,1.63561,1.63613,1.63844,1.63854,1.64129).
indice2_refraci(skl, 1.60699,1.60751,1.60799,1.61016,1.61025,1.61282).
indice2_refract(sk10, 1.61949,1,62001,1.62050,1.62270,1.62280,1.62541),
indice2 _refraci{sk11, 1.56101,1.56146,1.56188,1.56376,1.56384,1.56605).
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indice2_refract(sk12,
indice2_refract(sk13,
indice2_refract(ski4,
indice2_refract(skis,
indice2_refract(sk16,
- indice2_refract(sk19,
indice2_refract{sk2,
indice2_refract{sk20,
indice2_refract{sk3,
indice2_refraci(skd,
indice2_refract(skS,
indice2_refract{sk51,
indice2_refract(sk52,
indice2_refract{sk55,
indice2_refraci(sk6,
indice2_refract(sk7,
indice2_refract(sk8,
indice2_refract(sk9,

1.58015,1.58062,1.58107,1.58304,1.58313,1.58547).
1.58873,1.58922,1.58968,1.59172,1.59181,1.59423).
1.60007,1.60056,1.60101,1.60302,1.60311,1.60548).
1.61973,1.62025,1.62073,1.62289,1.62299,1.62555).
1.61727,1.61777,1.61824,1.62032,1.62041,1.62286).
1.61018,1.61070,1.61118,1.61333,1.61342,1.61597).
1.60414,1.60465,1.60513,1.60729,1.60738,1.60994),
1.55684,1.55729,1.55770,1.55955,1.55963,1.56181).
1.60567,1.60617,1.60664,1.60872,1.60881,1.61127),
1.60954,1.61005,1.61052,1.61263,1.61272,1.61521).
1.58619,1.58666,1.58710,1.58904,1.58913,1.59142).
1.61778,1.61827,1.61874,1.62081,1.62090,1.62336).
1.63505,1.63561,1.63613,1.63844,1.63854,1.64128).
1.61725,1.61776,1.61823,1.62032,1.62041,1.62287).
1.61046,1.61098,1.61147,1.61365,1.61375,1.61634).
1.60418,1.60468,1.60514,1.60720,1.60725,1.60973).
1.60787,1.60839,1.60888.1.61107,1.61117,1.61378).
1.61069,1.61122,1.61172,1.61395,1.61405,1.61670).

indice?_refract{ssknS, 1.65456,1.65517,1.65575,1.65833,1.65844,1.66152).
indice2_refract{sskn8, 1.61400,1.61459,1.61514,1.61761,1.61772,1.62067).

indice2_refract{sski,
indice2_refract(ssk2,
indice2_refract{ssk3,
indice2_refract(ssk4,

1.61375,1.61430,1.61481,1.61710,1.61720,1.61993).
1.61878,1.61933,1.61986,1.62220,1.62230,1.62509).
1.61123,1.61180,1.61234,1.61473,1.61484,1.61770).
1.61427,1.61480,1.61531,1.61755,1.61765;1.62032).

indice2_refract(ssk30, 1.61442,1 61498,1.61550,1.61785,1.61795,1.62075).

indice2_refraci(ssk51,

1.60022,1.60075,1.60126,1.60351,1.60361,1.60629).

indice2_refract(ssk52, 1.65455,1.65517,1.65574,1.65832,1.65844,1.66152).

indice2_refract{tifn3,
indice2_refraci(tifl,
indice2_refract{1if2,
indice2_refraci(1if3,
indice2 _refract{tif4,
indice2_refract(1if6,
indice?_refraciiiik1,
indice2_refract(tisfl,

indice2_refract{ubk?,

indice2_refract{uk50,
indice2_refract(zkn7,
indice2_refract(zk1,
indice2_refract(zks,

1.58867,1.58944,1.59016,1.59341,1.59356,1.59751),
1.50818,1.50865,1.50910,1.51109,1.51118,1.51356).
1.52911,1.52966,1.53017,1.53246,1.53256,1.53531).
1.54382,1.54442,1.54499,1.54754,1.54765,1,55072).
1.57945,1.58017,1.58085,1.58393,1.58406,1.58779).
1.61020,1.61168,1.61252,1.61633,1.61650,1.62118).
1.47621,1.47660,1.47697,1.47862,1.47869,1.48063).
1.66667,1.66772,1.66870,1.67319,1.67339,1.67889).
1.51433,1.51472,1.51509,1.51673,1.51680,1 51872),
1.51993,1.52035,1.52074,1.52249,1.52257,1.52464).
1.50592,1.50633,1.50671,1.50840,1.50847,1.51045).
1.53036,1.53080,1.53122,1.53307,1.53315,1.53534).
1.53084,1.53130,1.53173,1.53366,1.53375,1.53605).

307



/*
This base of facts contains the refractive index of the optical glasses, at the
following lines f, £, g, h and i.

The parameters are:

Glass_namel; Name of the optical glass

Nf: Refractive index of the optical glass at the line f
Nf': Refractive index of the optical glass at the line f
Ng: Refractive index of the optical glass at the line g
Nh: Refractive index of the optical glass at the line h.
Ni Refractive index of the optical glass at the line i.
*

%indice3_refract(Nami Nf,Nf', Ng, Nh,Ni).
indice3_refract(bafn10,1.68001,1.68084,1.68803.1.69486,1.70690).
indice3_refract(bafn11,1.67637,1.67717,1.68411,1,69066,1.70217).
indice3_refraci(bafn6,1.59752,1.59823,1.60435,1.61016,1,62036}.
indice3_rcfract(bafl2,1.64924,1.65007,1.65728,1.66415,1.67636}.
indice3_refract(bafl3,).67937,1.68025,1.68783,1.69507,1.70792).
indice3_refract(baf3, 1.59147,1.59221,1.59857,1.60460,1.61524).
indice3_refraci(bai4, 1.61532,1.61613,1.62318,1.62990,1.64182).
indice3_refraci(bafs, 1.61590,1.61662,1.62279,1.62862,1.63880).
indice3_refract(baf50,1.69350,1.69440,1.70219,1.70959,1.72267).
indice3_refract(baf51,1.66244,1.66329,1.67067,1.67769,1.69008).
indice3_refract(baf52,1.61779,1.61856,1.62521,1.63154,1.64272).
indice3_refract(baf53,1.68000,1.68083,1.68801,1.69482,1,70679).
indice3_refract(baf54,1.67641,1.67721,1.68416,1.69072,1.70221).
indice3_refract(bafB, 1.63305,1.63383,1.64054,1.64691,1.65810),
indice3_refrace(baf9, 1.65269,1.65347,1.66023,1.66663,1.67785).
indice3_refract(bak1,1.57943,1.58000,1.58488,1.58940, 1.59715).
indiced_rcfract(bakz,].54625,1.54677,1.55117,1.55525, 1.56222).
indice3_refraci(bakd,1.57590,1.57648,1,58145,1.58609, 1.59407).
indice3_refract{bak5,1.56332,1.56386,1.56850,1.57280, 1.580135).
indice3_refraci(bak50,1,57455,1.57510,1.57987,1.58429,1.59183).
indice3_refract(bak6,1.58154,1.58213,1.58713,1.59180, 1.59983).
indice3_refract(balf3,1.57890,1.579532,1.58488,1.58990, 1.59856).
indice3_refract(balf4,1.58711,1.58773,1.59307,1.59806, 1.60670).
indice3_refraci(balf5,1,55452,1.55511,1.56018,1.56492,1.57313),
indice3_refrace(balf50,1.59695,1.59761,1.60333,1.60869,1.61803).
indice3_refract(balf51,1.58164,1.58227,1.58776,1.59290,1.60184).
indice3_refract(balf6,1.59681,1.59745,1.60296,1.60812, 1.61706).
indice3_refract(balf8,1.56118,1.56181,1.56721,1.57230, 1.58116).
indice3 _refract(balkn3,1.52447.1.52496,1.52914,1 53301,1.53962).
indice3 _refraci(balk1,1.53252,1.53302,1.53729,1.54125,1.54800Q).
indice3_refraci(basf1,1,63740,1.63836,1.64671,1.65476,1.66925).
indice3_refraci(basf10,1.66188,1.66287,1.67150,1.67980,1.69473).
indice3_refract(basf12,1.68204,1.68306,1.69154,1.70052,1.71603).
indice3_refract(basfi3,1.71038,1.71145,1.72090,1.73004,1.74669).
indice3_refract(basf14,1,71384,1.71504,1,72563,1.73596,1.75498).
indice3_refract(basf2,1.67757,1.67869,1.68844,1.69791,1.71514),
indiced_refraci(basf5,1.61323,1.61406,1.62136,1.62833,1.64074),
indice3_refract(basf50,1.72388,1.72504,1.73515,1.74492,1,76259).
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indice3_refraci(basf51,1.73712,1.73825,1.74810,1.75758,1.77463).
indice3_refraci(basf52,1.71384,1.71485,1.72362,1,73201,1.74698).
indice3_refract(basf54,1.75251,1,75390,1,76614,1.77817,1.80054),
indice3_refraci(basf55,1.71409,1.71530,1.72597,1.73641,1.75572).
indice3_refract(basf56,1.66979,1.67086,1.68023,1.68931,1.70579).
indice3_refract(basf57,1.66242,1.66334,1.67134,1.67901,1.69273).
indice3_refraci(basfe,1.67876,1.67970,1.68790,1.69577,1.70985).
indice3_refract(basf64,1.71347 1.71452,1.72367,1.73248,1.748136).
indice3_refract(bkl, 1.51566,1.51612,1.51998,1,52355,1.52962).
indice3_refract(bk10, 1.50296,1.50337,1.50690,1.51014,1.51562).
indice3_refract(bk3, 1.50360,1.50403,1.50767,1.51101,1.51666).
indice3_refract(bk6, 1.53706,1.53754,1.54166,1.54546,1.55193).
indice3_refract(bk7, 1.52238,1.52283,1.52669,1.53024,1.53626).
indice3_refrac{bk8, 1,52581,1.52627,1.53019,1.53380,1.53994).
indice3 _refract(fkl, 1.47552,1.47591,1.47924,1.48230,1.48746).
indice3_refracy(flk3, 1.46939,1.46978,1.47315,1.47626,1.48150).
indice3_refract(fk5, 1.49227,1.49266,1.49593,1,49894,1.50401).
indice3_refract(fk51,1.49056,1 49088,1.49365,1.49619, 1.50048).
indice3_refract(fk52,1.49018,1.49051,1.49337,1.49601, 1.50045}.
indice3_refract(fk54,1.44034,1.44061,1.44291,1.44501, 1.44855),
indice3_refract(fn11,1.63309,1.63412,1.64320,1.65211, 1.66870).
indice3_refraci(fl, 1.63827,1.63932,1.64851,1.65741,1.67356).
indice3_refract(f13, 1.63457,1.63560,1.64465,1.65341,1.66929),
indice3_refraci(f14, 1.61249,1.61343,1.62160,1.62946,1.64361).
indice3_refraci{f15, 1.61695,1.61790,1.62623,1.63426,1.64871).
indice3_refraci(f2, 1.63208,1.63310,1.64202,1.65063,1.66621).
indice3_refraci{f3, 1.62461,1.62560,1.63423,1.64256,1.65760).
indice3_refract(f4, 1.62848,1,62948,1.63828,1.64678,1.66215),
indice3_refract(f5, 1.61461,1.61556,1.62380,1.63174,1.64604).
indice3_refract(f6, 1.64909,1.65017,1.65963,1.66879,1.68545).
indiced_refract(f?, 1.63779,1.63885,1.64809,1.65704,1.67332).
indiced_refract(f8, 1.60622,1.60713,1.61500,1.62257,1.63615).
indice3_refract(f9, 1.63194,1.63292,1.64140,1.64959,1.66440).
indice3_refract(kfl, 1.54781,1.54842,1.55371,1.55869,1.56739).
indice3_refract(kf3, 1.52110,1.52164,1.52627,1.53060,1.53807).
indice3_refract(kf50, 1.53814,1,53874,1,54391,1,54877,1.55722).
indice 3_refract(kf6, 1.52434,1.52492,1.52984, I 53446,1.54250).
indice3_refract(kf9, 1.53052,1.53110,1.53616,1.54093,1.54922).
indice3_refract(kzfnl,1.55891,1.55955,1.56509,1.57031,1.57941).
indice3_refract(kzfn2,1.53659,1.53718,1.54224,1.54699,1.55521).
indice3_refract(kzfsn2,1,56552,1.56610,1.57111,1.57578,1.58381).
indiced_refraci(kzfsnd,1.62309,1,62390,1,63085,1.63745,1.64904),
indice3_refract(kzfsn5,1.66571,1.66668,1.67512,1.68319,1.69760).
indice3_refraci(kzfsn7,1.69353,1.69462,1.70412,1.71330,1.72993).
indice3_refract(kzfsn9,1.60747,1.60820,1.61456,1.62055,1.63103).
indice3_refract(kzfs1, 1.62276,1.62356,1.63048,1.63702,1.64850).
indice3_refract(kzfs6, 1.60048,1.60118,1.60723,1.61292,1.62285).
indice3_refract(kzfs8, 1.73516,1.73640,1.74726,1.75777.1.77680).
indice3_refract(kzf6, 1.53400,1.53460,1.53969,1.54446,1.55273).
indice3_refract(k10, . 1.50756,1.50807,1.51243,1.51649,1.52350),
indiced_refract(k11, 1.50578,1.50624,1.51019,1.51385,1.52011).
indiced_refract(kd, 1.52435,1.52485,1.52913,1.53311,1.53992).
indice3_refract(k4, 1.52524,1.52576,1.53017,1.53428,1.54132).
indice3_refract(k5, 1,52860,1.52910,1.53338,1.53735,1.54412).
indice3_refract(k50, 1.52861,1.52910,1.53331,1.53721,1.54385),
indice3_refract(k51, 1.51106,1.51134,1 .51564,1.5]945.1.52596)‘.
indice3_refract(k?, 1.51700,1.51748,1.52159,1.52540,1.53189).
indice3_refract(lafn10,1.79694,1,79798,1.80699,1.81552,1.83054).
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indice3_refract{lafn21,1.79992,1.80088,1.80915,1.81693,1.83043),
indice3_refract{lafn23,1,69871,1.69952,1.70646,1.71289,1.72434).
indice3_refract(lafn24,1,76826,1.76918,1.77706,1.78446,1.79732).
indice3_refraci(lafn28,1.78403,1.78493,1.79264,1.79984,1.81224).
indice3_refract{lafn7, 1.76464,1.76592,1.77713,1.78798,1.80766).
indice3_refract(lafn8, 1.74763,1.74867,1.75772,1.76638,1.78179).
indice3_refract(laf11a,1,77383.,1.77527,1.78793,1.80028,1,82295).
indice3_refract{laf13, 1,78994,1,79117,1.80179,1,.81201,1.83036).
mndice3_refract(laf2, 1.75568,1.75666,1.76510,1.77309,1.78717).
indice3_refract(laf20, 1,69240,1.69322,1.70033,1.70704,1.71877).
indice3_refract(laf22a,1.79663,1.79788,1.80886,1,81948,1.83879).
indice3_refract(laf25, 1.79762,1.79874,1.80846,1 81775,1.83433).
indice3_refract(laf26, 1.75909,1.76019,1.76977,1.77897,1.79543).
indice3_refract(laf3, 1.72747,1.72834,1.73585,1.74293,1.75529).
indice3_refract(laf®, 1.81495,1.81666,1.83180,1.84675,1.87469).
indice3_refract(1ak112,1.68649,1.68720,1.69322,1.69882,1.70839).
indice3_refract(lak121,1,64791,1.64852,1,65367,1.65844,1,66654).
indice3_refract(laknl2,1.68647,1.68717,1,69320,1.69881,1.70840).
indice3_refract(lakn13,1.70258,1.70333,1.70975,1.71573,1.72600).
indice3_refraci{lakn14.1.70554,1.70626,1.71237,1.71804,1.72773).
indice3_refract{lakn22,1.65925,1.65992,1.66543,1.67093,1.68000).
indice3_refract(lakn$,1.65022,1.65085,1.65625,1.66127,1.66882).
indice3_refract(lakn?,1.65935,1.65998,1.66540,1.67042,1.67898).
indice3_refract(lak10,1.72996,1.73079,1.73784,1,74444 1, 75587).
indice3_refract(lakl1,1.66630,1.66696,1.67256,1.67775,1.68662),
indice3_refract(lak16a,1.74338,1.74419,1.75114,1.75742,1.76874).
indice3_refract(lak20,1.70289,1,70367,1.71033,1.71657,1.72729).
indice3_refract{lak21,1.64790,1.64850,1.65366,1.65844,1.66657).
indice3_refract(}ak23,1.67693,1.67759,1.68328,1.68855,1.69754).
indice3_refract(iak28,1.75451,1.75535,1.76257,1.76931,1.78090).
indice3_refract(lak31,1.70531,1.70601,1.71200,1.71755,1.72701).
indice3_refract(lak33,1.76400,1.76482,1.77187,1.77843,1.78966).
indioe3_refract(lak8, 1.72222,1.72298,1.72944,1.73545,1.74574),
indice3_refract(lak9, 1.69979,1.70051,1,70667,1.71240,1.72219),
indice3_refract(lasfnl5,1.89424,1.89560,1.90746, 1.91881,1.93900).
indice3_refract(lasfn18,1.93345,1.93515,1.93007, 1.96462,!1.99133),
indice3_refract(lasfn30,1.81530,1.81631,1.82494, 1.83309,1.84719).
indice3_refract(lasfn31,1.89574,1.89702,1.90793, 1.91824,1.93627).
indice3_refract(lasfn9,1.86899,1.87059,1.884467,1.89844, )
indice3_refract(lasf11,1.81435,1.81541,1.82452,1.83314,1.84821),
indice3_refract(tasf13,1.87194.1 87333,1.88547,1.89713,1.91806).
indice3_refract(lasf3,1.82199,1.82317,1.83335,1.84309, 1.8604R).
indice3_refract(lasf32,1.82225,1.82385,1.83805,1.85206,1.87828).
indice3_refract(lasf33,1.82261,1.82403,1.83646,1.84856, ). -
indice3_refract(lasf8,1.82550,1.82705,1.84062,1.85389, 1.87832).
indice3_refract(1f1, 1.58256,1.58335,1.59025,1.59684,1.60858).
indice3_refract(1f2, 1.59935,1.60020,1.60742,1.61473,1.62746),
indice3_refract(1f3, 1.59188,1.59270,1.59980,1.60460,1.61874).
indice3_refract(1fd, 1.58824,1.58906,1.59420,1.60305,1.61528).
indice3_refract(if5, 1.59146,1.59230,1,59964,1.60667,1.61924).
indice3_refract(lf6, 1.57663,1.57741,1.58419,1.59067,1.60220).
indice3_refract(If7, 1.58476,1.58558,1.59271,1.59953,1.61172).
indice2_refract(1f8, 1.57350,1.57426,1.58085,1.58713,1.59829).
indice3_refract{lgsk2,1.59271,1.59326,1.59801,1,60245,1.61005),
indice3_refract(I!f1, 1.55655,1.55725,1.56332,1.56910,1.57931}.
indice3_refract(lif2, 1.54876,1.54942,1.55521,1.56070,1.57036).
indice3_refract(if3. 1.56845.1.56915.1.57515,1.58084,1.59089).
indice?_refracs(ilf4, 1.57009,1.57082,1.57713,1.58313,1.59375).
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indice3_refract{llf6, 1.53935,1.53999,1,54546,1.55064,1.55972).
indice3_refract(lIf7, 1.55731,1.55802,1,56415,1,56998,1.58027).
indice3_refract(pkl, 1.50898,1.50940,1.51298,1.51627,1.52182).
indice3_refraci(pk2, 1.52372,1.52417,1.52798,1.53148,1.53742).
indice3_refract{pk3, 1.53104,1.53150,1.53538,1.53896,1.54503).
indice3_refract(pk50,1.52570,1.52612,1.52968,1.53294, 1.53846).
indice3_refract(pk51,1.53333,1.53372,1.53704,1.54010, 1.54528).
indice3_refract(psk2,1.57498,1.57549,1.57982,1.58382, 1.59061).
indice3_refract{psk3,1.55836,1.55885,1.56303,1.56689, 1.57342).
indice3_refract(psk50,1.56327,1.56374,1.56771,1.57138,1.57758).
indice3_refract(psk52,1.60950,1.61002,1.61447,1.61858,1.62555).
indice3_refract(psk53,1.62693,1.62749,1.63222,1.63660,1.64407).
indice3_refract(sf156,1.80615,1.80801,1.82461,1.84128, )
indice3_refract(sfl6, 1.82780,1.82976,1.84731,1.86497, Y
indice3_refract(sfn64,1.72238,1.72380,1. 73637 1.74882, )
indice3_refract(sf1, 1.73462,1.73610,1.74916,1.76199,1,78577).
indice3_refract(sf10, 1.74648,1.74805,1.76197,1,77578, -
indice3_refract(sf11, 1.80645,1.80834,1.82518,1.84211, -
indice3_refract(sf12, 1.66187,1,66302,1.67315,1.68301,1.70110).
indice3_refract(sf13, 1.75988,1.76153,1.77621,1.79084, )
indice3_refract(sf14, 1 .78229.] .78407,1 .79988,1.8 1574, _h
indiced_refract(sf15, 1.71546,1.71687,1.72939,1.74174,1.76486).
indice3_refract(sf16, 1.65954,1.66068,1.67069,1.68043,1.69818).
indice3_refract(sf17, 1.66384,1.66500,1.67521,1,688514,1,70329),
indice3_refract(sf18, 1.73903,1.74053,1.75380,1.76685,1.79108).
indice3_refract(sf19, 1,68110,1.68232,1.69302,1.70345,1.72255).
indice3_refract(sf2, 1.66123,1.66238,1.67249,1.68233,1.70029).
indice3_refract(sf3, 1.75866,1.76026,1.77444,1.78844,1.81456).
indice3_refract(sfd, 1.77468,1.77636,1.79121,1.80589,1.83333).
indice3_refract(sf5, 1.68750,1.68876,1.69985,1.71068,1.73055).
indice3_refract(sf50, 1.66884,1.67004,1.68061,1.69053,1.70989).
indice3_refract(sf51, 1.67445,1.67566,1.68630,1.69670,1.71597).
indice3_refraci(sf52, 1.70448,1.70585,1.71789,1.72670,1.75155).
indice3_refract(sf53, 1.74635,1.74789,1.76161,1.77515,1.80047).

indice3_refract(sf54, 1.75955,1.76117,1.77546,1.78959, _
indice3 refract{sf55, 1.78193,1.78366,1.79908,1.81438, _
indice3_refract{sf56, 1.80614,1.80800,1.82448,1.84091, ).
indice3_refract(sf57, 1.87205,1.87425,1.89391,1.91363,1.95148).
indice3_refract(sf58, 1.94816,1.95084,1.97486,1.99923, _)
indice3_refract(sf59, 1.98605,1.98900,2.01559,2.04279, ).
indice3_refract{sf6, 1.82775,1.82970,1.84705,1.86436,1.89716).
indice3_refract(sf61, 1.77026,1.77193,1.78677,1.80147, ).
indice3_refract(sf62, 1.69646,1.69774,1.70909,1.72018,1.74056).
indice3_refract(sf63, 1.76761,1.76927,1.78393,1.79845, _)

indice3_refract(sf7, 1.65288,1.65399,1.66372,1,67317,1,69036).
indice3_refract(sf8, 1.70460,1.705%94,1.71772,1.72926,1.75049).

indice3_refract(sf9, 1.66822,1.66939,1.47966,1.68965,1.70788).

indice3_refract(skn18,1.64658,1. 64724 1,65290,1.65819,1.66731).
indice3_refract(skl, 1.61775,1.61837,1.62365,1.62856,1.63697).
indicc3_rcfract(sk]0.l.63043.].63106.1.63642.1.64141, 1.64996).
indice3_refract(sk11,1.57028,1.57081,1.57530,1.57946, 1.58654).
indice3_refract(sk12,1.58996,1.59051,1.59529,1.59971. 1.60725). ~
indice3_refract(sk13,1.59888,1.59946,1.60442,1.60902, 1.61689).
indice3_refract(sk14,1.61003,1.61059,1.61541,1.61988, 1.62748).
indice3_refraci(sk15,1.63046,1.63108,1.63631,1.64118, 1.64949),
indice3_refraci(sk16,1.62756.1.62814,1.63312,1,63774, 1.64559).
indice3_refraci(sk19,1.62087,1.62149,1,62672,1.63159, 1.63993).
indiced_refract(sk2, 1.61486,1.61547,1.62073,1.62562,1.63308).
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indice3_refract(sk20,1.56598,1.56650,1.57093,1.57502, 1.58198).
indice3_refract(sk3, 1.61600,1.61659,1,62143,1.62630,1.63428).
indice3_refract(sk4, 1.62000,1.62059,1.62569,1.63042,1.63850).
indice3_refract(sk5, 1.59581,1.59635,1.60100,1.60529,1.61259).
indice3_refract(sk51,1.62807,1.62866,1.63368,1,63835, 1.64633).
indice3_refract{sk52,1.64655,1.64721,1.65284,1.65808, 1.66705).
indice3_refract{sk55,).62757,1.62816,1.63314,1.63775, 1.64559).
indice3_refraci(sk6, 1.62134,1.62194,1.62731,1.63227,1.64078).
indice3_refract(sk?, 1.61440,1.61498,1.61995,1.62455,1.63240),
indice3_refract(sk8, 1.61880,1.61942,1.62479,1.62979,1.63837).
indiced_refracy(sk9, 1.62182,1.62246,1.62795,1.63306,1.64185).
indice3_refract(sskn3,1.66750,1.66825,1.67471,1.68080,1.69143).
indice3_refract(sskng,1.62641,1.62713,1.63334,1.63925,1.64959).
indice3_refract(ssk1,1.62520,1.62586,1.63152,1.63681, 1.64595).
indice3_refract(ssk2,}.63048,)1.63116,1.63694,1.64240, 1.65180).
indice3_refract(ssk3,1.62325,1.62395,1.62995,1.63559, 1.64539).
indice3_refract(ssk4,1.62547,1.62611,1.63163,1.63677, 1.6456)).
indice3_refract(ssk50,).62617,). 62685 1.63268,1.63816,1.64765).
indiced_refract(ssk51,1.61147,1.61212,1.61770,1.62292,1.63196).
indice3_refraci(ssk52,1 .66749.1.66824, 1.674468,1.68072,1.69122),
indiced_refract(tifn5,1.60538,1.60639,1,61529,1,.624035, 1.64042).
indice3_refrace(ifl, 1.51820,1,51878,1.52384,1.52844,1.53726).
indice3_refraci(tif2, 1.54070,1.5413%8,1.54734,1.55309,1.56356).
indice3_refraci(tif3, 1.55680,1.55757,1.56433,1.57091,1.58300).
indice3_refract(tifd, 1.59521,1.59616,1.60452,1.61274,1.62804).
indice3_refract(tife, 1.63070,1.63194,1.64308, 1 65448,
indice3_refract(tikl, 1.48436,1.48483,1.48880,1.49249,1 49882).
indice3_refract(tisf1, 1.68997,1.69141,1.70417,1.71698,1.74164).
indice3_refract{ubk?,1.52237,] .52282, 1.52667,1.53022,1.53623).
indice3_refract{uk50,1.52858,1.52907,1.53327,1.53715, 1.54377).
indice3_refract(zkn7,1.51423,1.51470,1.51869,1.52238, 1.52864).
indice3_refract(zkl, 1.53955,1.54008,1.54457,1,54875,1.55590).
indice3_refract(zk5, 1.54049,1.54104,1.54579,1.55023,1.55784).
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