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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-Based Optical-Systems 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 design 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 subsequent 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 quality such as mini­
mal aberrations and chromatic aberrations corrections. 
This KBOSD generates monochromatic or polychromatic optical systems, 
such as singlet lens, doublet lens, triplet lens, reversed singlet lens, reversed 
doublet lens, reversed triplet lens and telescopes. 

This KBOSD is developed in the programming 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 neither a 
lens library nor a 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 to 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 systems entirely designed by the KBOSD (without 
any human intervention) and optimized by a lens design optimization pro­
gram are reported, discussed and compared with an optical system from the 
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literature 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 
list [Ref. 4], [Ref. 7], [Ref. 9]. 

Symbol and Designations 

:-
A 
A0-A5 
ABAR 
Alphal 
Ar 
Astig. 
B 
bfl 
C 
CD 
CIr. Rad 
Coma 
Cp 
Cr 
CURVE 
D 
d 
D(U/N) 
Dispn. 
Distort. 
DOTF 
E 
efl 
F, F' 
f, f 
FCurv. 
ffl 
Fr 
Freq 
G 
GOTF 
H 
h,h ' 
HBAR 
HK 
I 

rule symbol in prolog, edinburgh syntax 
is n*i (i angle of incidence for the marginal ray) 
Dispersion formula constants 
is n*ibar (ibar = angle of incidence for the chief ray) 
-30OC et 70OC, 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 radius of a surface 
Seidel coma 
Middle Specific Heat in J/g.K 
Climatic resistance 
curvature of surface (=1/RADIUS) 
distance between two surfaces, measured along an exact 
axial distance between two surfaces (separation) 
3 (u/n) 
dispersion 
Seidel distortion 
diffraction MTF 
defined by hbar = HEh 
equivalent focal length 
principal foci 
principal focal lengths 
Seidel field curvature (Petzval sum = S 4 / H 2 ) 

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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Ine 
Index 
K 
KBOSD 
X 
U' 
L, M, N 
Lambda 
LChroma. 
M 
MAG (m) 
MD 
MTF 
Mue 
n 

n, n' 
OPD 
P 
R 
Rad 
RADIUS 
Rho 
S 
S 
S 
Sag 
Seidel 
SEPN 
SpherAb. 
Sr 
T 
Tan 
TChroma. 
Tg 
U 
U 

UBAR 
W 
WL 
x, y, z 

incrementation 
refractive index before a surface 
power of a surface or system 
knowledge based optical-system design 
Wavelength 
conjugate distances from first surface distance, from last surface 
direction cosines of exact ray 
Thermal conductibility in W/m.K 
Seidel longitudinal chromatic aberration 
meridian (ie a ray in y-z plane, Ray label) 
transverse magnification 
meridian (drawn, Ray label) 
modulation transfer function 
Poisson's ratio 

sqrt(Ao+Ai*X2+A2*>-"2+ A^X'4 + A^X'6 +A5*)/8) refractive 
index, dispersion formula 
refractive index ( object medium, image medium) 
optical path difference 
paraxial (ray label) 
radius of a surface (=l/c) 
radian 
radius of a surface 
Density 
sagitai (astigmatism) 
skew ray (ray label) 
spherical (surface label) 
sagital 
third-order aberrations 
separation between two surfaces 
Seidel spherical aberration 
Acid resistance 
tangential (astigmatism) 
tangential 
Seidel transverse (lateral) chromatic aberration or lateral color 
Transformation temperature in degrees Celsius 
paraxial marginal ray angle 
paraxial ray angle 
paraxial chief ray angle 
wave front aberration 
wavelength 
ray coordinates at a surface 
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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 system. 

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, 
"design 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 data base as in Genesee [Ref. 27] or in 
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, aeronautics 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 artificial 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, artificial intelligence tech­
niques and optical design knowledge base is also new and represents an 
important contribution to optical design. 

( 

/ 

Knowledge-based optical-systems design 

C 
> ' 

Optical start system I 

V 
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 language Prolog, which is based on the first order logic [Ref. 
14]. 
Concerning the optical glass, we use the Schott optical glass catalogue [Ref. 
9\. 

At what point can artificial intelligence be useful in the design of the optical 
systems? Why do we select artificial 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 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. Additionally, in artificial intelligence the optical knowledge is 
expressed in terms of the optical user point of view. For this reason, the 
artificial intelligence exploration techniques 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 models and physical laws 
• express optical design knowledge in an informal way such as heuristics 

transfer 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 heuristic, 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 language 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 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 such as Prolog. We are specially attracted by this 
declarative aspect that allows 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 
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from a minimum of given parameters, even if these parameters are 
incomplete. 

2) Test the compatibility of the paraxial opto-geometrical parameters 
(between themselves) of the optical system and propose the adequate 
correction in case of an error. 

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 minimum 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 utilization 
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 taken into 
consideration. 
This KBOSD is a useful tool in assisting experts in the conception and the 
calculation of optical systems as well as a helpful tool 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 someone who is not an expert in the aforementioned domain can 
utilize this expertise. 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 confidence 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 computer 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, to analyze, and to organize the optical 
knowledge in a coherent manner. 
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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 
heuristics concerning 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 several 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 heuristics 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 
curvature 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 and 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 doublet lens from the optical design literature is reported and analyzed 
in order to allow some comparisons between this doublet and a second one 
produced 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 
optical lens of "good quality". 

Chapter five contains comparisons and discussions of optical systems 
optimized from parallel 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 chapter six one treats the optical quality of the KBOSD starting systems 
and their influence on the final optimization results and one discusses "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 centered 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 optical systems produced by the KBOSD are representative of the 
optical design field in the usual applications. The most complex optical 
systems can always be broken up into simple optical systems. 
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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? Is 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 artificial 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 algorithmic programming, the user has only to 
describe the optical problem and the program will find all possible 
solutions. The Prolog programming language is oriented toward the 
implementation of programs based on artificial intelligence principles and 
the transfer of knowledge from the expert to the computer. A knowledge 
base is implemented in Prolog in terms of clauses. 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 knowledge of 
optical glass. 

To solve 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 
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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 using the knowledge as 
well as manipulating objects will be treated in this chapter as follows: 

1. Fundamental Notions of the Prolog Programming Language 
2. Expressions of Optical Knowledge in Prolog 
3. Pyramidal and Multi-layered Structure of the KBOSD 
4. Depth Search Strategy for Optical Design Problem Solving 

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 are carefully described and Prolog uses its inference engine to solve 
problems. Prolog is based on predicate calculus, a powerful symbolism that 
can be used to 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 features 
of a problem and the result as a goal that is to be accomplished, without 
giving the computer a step-by-step list of what instructions it is to execute. 
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 to 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, rules 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 a 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 relationships constitute a 
Prolog program. 

Execution of a program in Prolog consists of responding to a question con­
cerning 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 u,m" is nothing other than an affirmation that a re­
lation refractive_index links two objects, designated by their names: basf2 
and refractive Jndex J .064, and that is written as: 

%refractive_index(basß, RefractiveJndexJ 064). 
refractive_index(basß, 1.64498). 

A querry such as, "which glass possesses the refractive index 1.64498 at the 
wavelength of 1.064 Jim?" is stated in Prolog syntax as: refractive_index(X, 
1.64498). Prolog answers: X = basß. This is the same as looking for a 
relation refractive_index_1.064 that links variable X = basf2 to another ob­
jecta. 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
guage 

Optical knowledge is expressed in the Prolog programming language 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 relationship 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, furnishes the dispersion 
coefficients of optical glass. These dispersion coefficients are useful for 
calculating the refractive index of the glass. This means that the 
Glass_Namel possesses the following dispersion coefficients: AO, Al, A2, 
A3, A4, A5. It is a fact in Prolog [Ref. 25]. 

% coefficient_dispersion(G lass_Name 1, AO, Al, A2, A3, A4, A5). 

coefficient_dispcrsion(bafnl0,2.7293062r1.0356456e-22.0236563e-2, 
5.8969718e-4r2.0288303e-5,2.8521978e-6). 

coefficient_dispcrsion(bkl,2 2513742,-9.3254015e-3 J.0539647e-2, 
2.2595365e-4, -L0729053e-5, 7.2832778e-7). 

coefficient_dispersion(bklO,2 2177191,-1.0248661 e-2,9.6627662e-3, 
1.6782840e-4,-5.5328684e-6, 3.4747416e-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, N1970, N1529, N1060, Nt1Ns1 
Nr). 
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refractive _index(bafni 0, 1.63587, 1.64136, 1.64737, 1.65413, 1.65496, 
1.65853,1.66341). 

refractive _index(bkl. 1.48383, 1.48913, 1.49468, 1.50015, 1.50075, 
1.50317,1.50621). 

refractive_index(bklO, _, _, _, 1.48827, 1.48887, 1.49127,1.49419). 

This means that the optical glass mentioned by the variable Glass_Namel 
has the refractive indices N2325, N1970, N1529, N1060, Nt, Ns, Nr at the 
following wavelengths[u.m] 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 [he result 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_planoconvex(Optical_Power, Transversal_Magnification, I, Diameter) :-
convergent(Optical_Power), 
low_aperture(OpticalJ>ower, Diameter), 
negative_Trans\>ersal_Magnification(Transversal _Magnification), 
near_infinitc_ratio(Transversal_Magnifxcation), 
low_power_lens(Optical_Power), 
objectjzt_infinity(Optical_Power, I)1 

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

The left hand side member: 

use_planoconvex(Opticai_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, I, Diameter in 
the predicate use_plano are called variables of the predicate. Objects of the 
right side such as low_aperture(Optical_Power, Diameter), negative_ 
Transversal JAagnification(Transversal JAagnification)... can also be made 
up of rules or of facts. 

Example 2.1.2.2-2 

The following rule defines the optical glass of the crown type. 

crown(Nd, Nued) :-
Nd<J.6,Nued>5J.O. 

Example 2.1.2.2-3 

The following rule defines flint optical glass: 

flint(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 selection of an optical glass of hardness Hr 
chosen by the user. 

knoopJiardness(Glass_Name, Hr) :-
glassJtardness(Hardness), 
Hr >= Hardness . 

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

Example 2.1.2.2-5 

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

lens_index([Glassl _Name, Nd]) :-
glass_reference(Glass_NameJ, Glass_Name2, Nd, Nued, Nf_Nc, Nel, 
Nueel, Nfprìmjnoins_Ncprim ) , 
economical_glass(Glass_Namel), 
thermal_properties(Glass_Name 1, Alpha}, Alpha!, Tg, T, Cp, 
Thermal _Conductivitty), 
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chemical_properties(Glass_Name], B, Cr, Fr, Sr, Ar), 
mechanical_properties(Glass_NameJ, Rho, Emo, 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_apertwe(Optical_Power, Diameter) :• 
wavelength([LambdalJ), 
entrance_pupìljìiameter(Aperture), 
power_focai(Focal_Length, OpticalJ^ower), 
abs(Focal_LengthlAperture) > 4.0, 
diameter(Diameter), 
outm(" low aperture "),nl. 

This rule is interpreted so that the rule low-aperture( OpticaLPower, 
Diameter) is true, only when the rule waveiength([Lambdal]) and the rule 
entrance_pupil_diameter(Aperture) and the rule power_focal(Focal_Length, 
Optical_Power) and the rule abs(Focal_Length/Aperture) > 4.0 and die 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 properties of the optical glass. 

chemical_properties(Glass_Name', B, Cr, Fr, Sr, Ar) :-
physical_properties2(Glass_Name, Rho, Emo, mue, Hk, B, Cr, Fr, Sr, 
Ar), 
presencej)fJ}itbbles(Glass_Name, B), 
climaticj-esistance(Glass_Name, Cr), 
stain_resistance(Glass_Name, Fr), 
acid_resistance(Glass~Name, Sr), 
alkaline_resistance(G'lass_Name, Ar). 

Example 2.1.2.3-3 

The following rule describes the mechanical properties of an optical glass 

mechanical_properties(G'lass_Name. Rho, Emo, mue, Hk) .-
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physical_properties2(Glass_Name, Rho, Emo, mue, Hk, B, Cr, Fr, Sr1 

Ar), 
âensity{Glass_Name, Rho), 
elasticity_coefficient(Glass_Name, Emo), 
poÌsson_coeffìcÌent(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 clause is read: P is true if Q is true or R is true; or Q or R imply P 
U]. 
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 2.1.2.4-1 

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_Power, Diameter) :-
wavelength{[Lambda!]), 
entrance _pupii_diameter(Aperture), 
powerJocal(Focal_Length, Optical_Power), 
abs(Focal_Length/Aperture) > 4.0, 
diameter (Diameter), 
outm(" low aperture "). 

low_aperture(Opticalj°owér, Diameter) ;-
wavelength([Lambda 1, Lambda!, Lambda3]), 
entrance _pupil_diameter(Aperture), 
powerJbcal(Focal_Lengih, Optical_Power), 
abs(Focal_LengthlAperture) > 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 from formal logic, rule analysis and search pat­
terns, an inference engine provides reasoning 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 to 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([V, z')), 
relation(re2 ,Optical_Power ,Nol(l'-z')."Nol(V'Z')" ,"OpticalJ>ower")J, 
calcul(Optical Power, Transversal_Magnification, I, V, z, z'). 

is interpreted by the order: satisfy first the goal indice(Ni,No)t then satisfy 
known_Variable([V, z']), then satisfy rclation(re2, Optical _Power, NoI(V-
z'),"Noi(V- z')","Optical Power"), !, then satisfy calculation(Optical_Power, 
Transversal JAagnification, I, V, z, z'). 
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, V, z, z') :-
powerJocal(FocalJ,ength, Optical_Power), 
startcalculfOpticalJ'ower, TransversalJAagnification, I, V, z, z'), 
transversalJAagnificationf Transversal JAagnification), 
focal(Opticat_Power),nl, 
test(Optical_Power, Transversal JAagnification, I, V, z, z'),l, 
lens(Optical_Power, Transversal JAagnification, I, V), 

is interpreted as: To satisfy the goal calcul(Focal_Length, Transver­
sal JAagnification, I, V, z, z')t satisfying first the goal power Jocal 
(Focal^Length,Optical_P'ower), then satisfying the goal startcalcul 
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(Optical_Power, Transversal_Magnification, L V, z, z), then satisfying the 
g03\Transversal_Magnìfication(Transversal_MagnificatÌon), then satisfying 
the goal focal(Optical_Power), satisfying the goal test(Optical_Power, 
Transversal^Magnification, I, I', z, z'), and finally satisfying the goal lens 
(Optical_Power, Transversal_Magnification, I, I'). 

A rule such as dispersion_constants(Glass_Name, AO, AJ, A2, A3, A4, A5) 
.-., is interpreted as the fact dispersion_constants(Glass_Name, AO, Al, A2, 
AS, A4, A5) and will always be satisfied. The execution of a Prolog 
program is not deterministic i.e. the series 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 structure 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_j)lanoconvex(Optical_Power, Transversal_Magnification, I, 
Diameter) :-
convergent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
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negativeJTransversal_Magnification(Transversal_Magnification), 
near_infinite_ratio(TransversalJAagnification), 
lowj>ower_lens(Optical_Power), 
object_atJnfinite(Optical_Power, l), 
outm ("plano-convex conditions --> "),nl. 

The rules convergent(Opttcal_Power), low_aperture( Optical_Power, Dia-
meter),negative_Transversal_Magnification(Transversal_Magnification), 
near_infìnite_ratio(Transversal_MagnÌfìcation), lowj)ower_lens(Optical_ 
Power), object_at_infinite(Optical_Power,l) 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_aperturc(OpticalJ3OWCr, Diameter). 

Use Planoconvex 

Convergent 

NegativeJLateral_ 
Magnification 

Wavelength 

Entrance_Pupil_ 
Diameter 

Low_Aperture 

Low_Aperture 

Object_At_Infinite 

Near_Infinite_ 
Ratio 

Diameter 

Power Focal 
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) :-
con vergent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
negative_Transversal_Magnification(Transversal_Magnijication), 

26 



high_optical_power(Optical_Power), 
finite_ratio(Transversal JAagnifìcation), 
outm("biconvex conditions —> "),nl. 

Example 2,2.1-3 

This example explains the significance of the low-aperture(Optical_Power, 
Diameter) rule stated in the above example. 

If an optical system is used at two wavelengths wavelength( [Lambdal, 
Lambda!]) ,it is at low aperture if the ratio of its focal length and its 
diameter are larger than 3, abs(Focal_LengthlAperture) > 3.0 ; that is a 
heuristic. 

low _apertare(Optical_Power, Diameter) :-
wavelength][Lambdal, Lambda2J), 
entrance_pupil_diametereter(Aperture), 
power Jocal(Focal_Length, Optical_Power), 
abs(Focal_LengthlAperture) > 3.0, 
diameter(Diameter), 
outm (" low aperture "), 
nl. 

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

low_aperture(Optical_Power, Diameter) :-
wavelength][Lambdal, Lambdal, Lambda3j), 
entrance_pupil_diameter(Aperture), 
power Jocal(Focal^Length, Optical_Povjer), 
abs(Focal_LengtbAperture) > 2.5, 
diameter(D iameter), 
outm (" low aperture "), 
nl. 

2.2.2 Multi-layered Structure 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 multi-layered. Each layer is formed by many rules. The complexity of 
the rules is proportional to the level where they are situated in the hierarchy. 
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The rules located at higher levels are more important than the rules found 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 calculates a lens 
used at two wavelengths, it is important to ask first if it will be utilized at 
low or high aperture. 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 reasoning. Afterwards, one is occupied by the lenses forming the 
doublet, if the lenses are plano-convex, biconvex.This is the third level 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 multi-layered 
structure of the KBOSD. 

Example 2.2.2-1 

The following rule lens(Optical Power, TransversalJAagnification, /, V) 
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, 
Radius1, Radius2, RefractiveJndex, Diameter). 

lens(Optical_Power, TransversalJ4agnification, I, I') :-
wavelength( [Lambda] ] ) , 
use_planoconvex(Optical_Power, TransversalJAagnification, I, 
Diameter), 
lensindex([Glass JJame, Refractive Judex]), 
planoconvex Jens(Optical_Power, Thickness, Radius], Radius2, 
Refractive Judex, Diameter) ,nl, 
output Jens{Optical J>ower, Thickness, Radius/, Radius2, 
RefractiveJndex, Glass_Name, Diameter, Lambda!), 
stop_surface(Position, 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(OpticalJ>ower, Transversal JAagnification, I, V) ex­
plains to the KBOSD when it is necessary to utilize a plano-convex optical 
system formed by a doublet planoconvex _doublet{Optical_Power, 
Thickness!, Thìckness2, Radiasi, Radius2, Radìus3, Radius4, 
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RefractiveJndexl, RefractiveJndex2, Glass_Namel, Glass_Name2, 
Diameter, Lambda!, Lambda2, Separation). 

lens(Optical_Power, Transversal JAagnification, I, V) :-
wavelength([Lambdal, Lambda!]), 
use _planoconvex(Optical Power, Transversal ̂ damnification, I, 
Diameter), 
planoconvex_doublet(Optical_F'ower, Thickness}, Thickness2, Radiasi, 
Radius2, Radius3, Radius4, RefractiveJndexl, RefractiveJndexl, 
Glass_Namel, Glass_Name2, Diameter, Lambdal, Lambda2, 
Separation), 
nl, 
output_doublet_lens(OpticalJ3 ower, Thickness 1, Thickness2, Radius!, 
Radius!, Radius3, Radius4, RefractiveJndexl, Refractive_Index2, 
Glass_Namel, Glass_Name2, Diameter, Lambdal, Lambda!, 
Separation), 
stop_surface(Position, entrancejliameter). 
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Fig. 2.2.2 Multi-layered Structure of the KBOSD 
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Example 2.2.2-3 

The following rule lens(Optical_Power, TransversalJAagnification, I, V) in­
structs the KBOSD when to utilize a biconvex optical system formed by a 
triplet biconvexJriplet(...). 

lens(Optical_Powert Transversal_Magnißcation, 1, V) :• 
wavelength([Lambda!, Lambda!, Lambdcô]), 
use_biconvex(Optical_Power, Transversal^Magnification, I, 
Diameter), 
biconvexJriplei{Optica\^Power, Thickness!, Thickness!, Thickness3, 
Radius], Radìus2, Radius3, Radius4, Radius5, RadiusÓ, 
RefractiveJndex!, RefractiveJndex2, Refractive Jndex3, 
GlassJIame!, Glass_Name2, GlassJVame3, Diameter, Lambdal, 
Lambda2, Lambda3, Separation!, Separation2),nl, 
outputjripletlens{OpticalJ3 ower, Thickness!, Thickness2, Thickness3, 
Radius!, Radius2, Radius3, Radius4, RadiusS, Radiusó, 
RefractiveJndex!, RefractiveJ ndex2, Refractive Jndex3, 
Glass_Name!, Glass_Name2, GlassJ*iame3, Diameter, Lambda!, 
Lambdal, Lambda3, Separation!, Separation2), 
stop^surface(Position, entrance_diameter). 

Example 2.2.2-4 

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

assemblingdoublet( OpticalJPower, Power!, Power2, Refractive Jndex! Jief-
ractiveJndex2, GlassJJame! ,GlassJJame2, Diameter, Separation) :• 
hwjemperature(T), 
outm("assembling process doublet "),nl, 
lens index2( [Glass! JJame, GlassJJamc2, Refractive Jndex!, 
RefractiveJndex2, Vi1 V2]), 
Separation is 0.0, 
Power! is V]*Optical_Power/(V!-V2), 
Power2 is V2*OpticalJ>ower/(V2-Vl), 
abs((Power!lV!) + (Power2lV2)) < i.0e-!0, 
abs(PowerJ + Power2 - OpticalJ3OWCr) < !.Oe-JO. 

assemblingdoublet( OpUCaIJ3OWCr, Power!, Power2, Refractive Judex!, 
RefractiveJndex2, GlassJfame!, Glass Jiame2, Diameter, Se­
paration) :-
highjemperature(T), 
outm("assembling process doublet "), 
nl, 
Separation is 0.4, 
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Iens_index2([Glass]_Name, Glass_Name2, RefractiveJndexl, 
Refractive Jndexl, Vl, Vl]), 
Power! is Vl*Optical_Powerl(Vl-Vl), 
Power! is V!*OpticalJPowerl(V2-Vi), 
abs((Power! /Vl ) + (Power2/V2)) < 1 .Oe-I O, 
abs(Powerl + Power! - Optical_Power) < 1.Oe-IO. 

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, 1,1', z, z'H 

- T. \ 
ióm, Î  I', z, z), ] 

test(Focal_length, Magnificatiom 
corrections 

Determine the use context of the 
optical system 

f Optical knowledge base J 

Afocal telescopic 
optical systems 

] [ Focal optical systems ] 

Optical glass selection ) 

Output data of the 
telescopic optical systems: 
kepler or galilean type; 
corrected at 1, 2 or 3 
wavelengths. 

Output of focal optical systems: 
triplet, doublet, singlet, 
high-aperture lenses and 
Polychromat corrected at 1,2, or 
3 wavelengths. 

Fig. 2.3.1 General Structure of the KBOSD 
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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, I1T1 z, z'. 

Are all optical system parameters 
identified? 

No 

Yes 

Search a relationship between the 
known parameters and the 
unknown one. 

Display the optical 
system data. 

Fig. 2.3.2 Algorithms of Calculation of Optical 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. 
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Test the feasability of the optical 
system, needed parameters: power of the 
optical system, magnification, 1, 1\ z, z' 

r Test the compatibility between 
three different variables of the 
optical system 

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

Display all the right optical system data 

Repeat the feasability test until the 
last test. 

J 

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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Calcul(Focal_Length, Lateral_Mag-
nification, 1,1', z, z'). Enter at least two 
of the above parameters. 

( Test if the focal length is zero. J 

Start calculation of afocal 
optical system. 

CalcuI(Optical_Power, 
Angular_Magnification, 
Length,_,_,_). 

Design of the afocal 
optical system. 

Output data of the afocal 
optical system. 

No 

Start calculation of focal 
optical system. 

Test(OpticalJ>ower, Late-
ral_Magmfication, 1,1', 
z, z'). 

Design of the focal 
optical system. 

Output data of the focal 
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 utilization 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, 1,1', z, z') 

Optical system will be used 
at only one wavelength 11 

No 

No 

No 

c 
I No 

No solution 

Yes Singlet lens or 
high-aperture singlet lens 

Optical system will be used 
at two wavelengths 11,12. 

Yes 

Optical system will be used 
at three wavelengths 11,12,13. 

Yes 

Optical system will be used 
at more than three 
wavelengths. 

Yes 

Doublet lens or high-
aperture doublet lens 

Triplet or high-aperture 
triplet lens 

Apochromat or complex 
lens system 

) 

Fig. 2.3.5 Searching 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 

il! high-aperture singlet lens 

i 
Use conditions of plano-conve^ 
singlet lens 

No 

Use conditions of 
biconvex singlet lens 

Noj 
se conditions of asymmetric 

biconvex singlet lens (S 
No i 

Use conditions of plano­
concave singlet lens 

No-

Use conditions of 
biconcave singlet lens 

NoI 

Use conditions of asymmetric ì ^ 
biconcave singlet lens 

No, 

Use conditions of concave-
convex singlet lens 

No 
Use conditions of high-
aperture singlet lens 

No 

C No solution j 

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 
high-aperture doublet lens j 
Use conditions of plano-convex 
doublet lens 

Yes 

No 

Use conditions of 
biconvex doublet lens 

Yes 

N o | 

(Use conditions of asymmetric 
\biconvex doublet lens 

No v 

Use conditions of plano­
concave doublet lens 

No Ï 
Use conditions of 
biconcave doublet lens 

No, 

C Use conditions of asymmetric 
biconcave doublet lens 

Yes 

Yes 

Yes 

Yes 
—> 

No l MJse conditions of concave-
l convex doublet lens 

Nos| / 
Use conditions of high-
aperture doublet lens 

Ye; 

Yes ^x ies 

Y*-
c 

No-I 
No solution J 

9 
(TO. 

3 &o 

3 
OO 

O 
— J 

"n 

A^ ( B* 
Xi aye 

O 
ta out 

CLtJ 
i 

D 

ext tile 

O 
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O 

O 
3 
u 
Q, 
Ct> 
tu 

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. 

C Triplet lens or 
high-aperture triplet lens 

^ Yes 
se conditions of plano-convex^ ^ 

riplet lens / 
No I Use conditions of 

biconvex triplet lens 

N o | 

Use conditions of asymmetric 
,biconvex triplet lens 

Yes 

Yes 

No Ï 
Use conditions of plano­
concave triplet lens 

Yes 

No-
Use conditions of 
biconcave triplet lens 

Yes 

Noy 

(Use conditions of asymmetric | 4 
biconcave triplet lens 

No I 
Use conditions of concave-
convex triplet lens 

No 

\Yes 

Yes 
Use conditions of high-
aperture triplet lens 

No>], 
No solution 3 

O 

tra. 

I 
3' 

(JQ 

f 

CL 

O . 

•a 

•< 

Cu 

3 
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X 
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O ' 
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Ff 
0 
CL 
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, 
3 
Vl 

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 the context of use of the 
optical system. 

Afocal optical system. 
Requested parameters are: length 
and magnification. 

Magnification is 
negative. 

Laser power will 
provoke a break 
down? 

No 

Yes 

Laser power will 
provoke a break 
down? 

Yes 

Keppler Telescope 
Corrected at 1,2 
or 3 wavelengths 

No solution 
Galilean Telescope 
Corrected at 1, 2 or 
3 wavelengths 

No 

Telescope with 
three positive 
lenses 

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 

I 
y No 

Telescope will be used at 
two wavelengths 11,12 

No 

Telescope will be used at 
only one wavelength 11 

Yes Telescope with two 
singlets lenses 

"PH 
Telescope with a singlet 
and a doublet lenses 

Telescope will be used at 
three wavelengths 11,12,13 

Yes 
Telescope with a doublet 
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. 
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Galilean Telescope 

Telescope will be used at 
only one wavelength 11 

T No 

No 

Yes 

Telescope will be used at 
two wavelengths 11,12 

Yes 

Telescope will be used at 
three wavelengths 11,12,13 

Yes 

Telescope with two 
singlets lenses 

Telescope with a singlet 
and a doublet lenses 

Telescope with a doublet 
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 trie 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). 
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User's constraints such as mechanical, thermal, 
chemical, economical, physical, optical... 

OO 

O 

>< 
2 

£ mlass data base: Schott catalog 
~^ I rnntain*; mnTip than 950 nntiral ì contains more than 250 optical glasses. 

" ° f Glass mechanical constraints are 
acceptable for the user constraints? 

No I 
J 

Yes 

Glass thermal constraints are acceptable 
for the user constraints? 

Yes 

No_ Glass chemical constraints are acceptable 
for the user's constraints? 

^cT I Yes 

Glass economical constraints are 
acceptable for the user's constraints? 

Yes 

N o( Glass physical constraints are acceptable 
for the user's constraints? 

Yes 

No /'Glass optical constraints are acceptable for 
Jhe user's constraints? 

Ç Code and data of the selected glass. j 

Fig. 2.3.7 Searching Algorithms for Selection of an Optical Glass 
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2.4 Conclusion 

This chapter concerned some characteristics of the Prolog Programming 
Language as well as the artificial intelligence algorithms and topics applied to 
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 their 
properties (Schott catalog) 

• making up lens design knowledge base containing lens design constraints 
and rules, as well as heuristics on optical lens design, noting that a 
heuristic is a method of learning involve using reasoning and past 
experience rather than formulas or solutions that are given 

• making up optical design knowledge models (formal and informal) such as: 
• heuristics and the context of use 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 clauses 

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

• thanks to the inference engine backtracking principle all solutions of a lens 
design problem are explored 

Using the programming language Prolog, equipped with an inference engine, 
one has only to 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 more complex. Ideas discussed in this chapter are 
reexamined in chapter 3 with a different approach. 
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3 Cognitive and Metacognitive Optical Systems Design 

3.0 Introduction 

3.1 Identification of the Optical Systems 
3.1.1 Identification of the Optical Surfaces According to their Context of 

Use 
3.1.2 Identification of Optical Elements According to their Context of Use 
3.1.3.1 Identification of Optical Systems According to their Context of Use 
3.1.3.2 Identification of Optical Systems According to their Geometrical 

Forms 
3.1.4 Calculations of the Parameters of an Optical System 
3.1.5 Test of the Parameters of an Optical System 
3.1.6 The Influence of the Environment of Use on the Choice of the 

Optical Systems 

3.2 Functional Classification of the Optical Systems 
3.2.1 Focal Optical Systems 
3.2.1.1 Simple Lens 
3.2.1.2 Pair of Simple Reversed lenses 
3.2.1.3 Doublets 
3.2.1.4 Reversed Doublets 
3.2.1.5 Triplets 
3.2.1.6 Reversed Triplets 
3.2.1.7 Apochromat and Complex Optical Systems 
3.2.2 Afocal Optical Systems 
3.2.2.1 Kepler's Afocal Optical System 
3.2.2.2 Galilean Afocal Optical System 

3.3 Heuristics on the Use and Assembly of the Optical System 
3.3.1 Heuristics on the Use of the Optical System 
3.3.2 Heuristics on the Assembly of the Optical Systems 

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

3.4.1 Example of Rules of Optical Knowledge 
3.4.2 Examples of Facts of Optical Knowledge 
3.4.3 Examples of Algebraic Models of Optical Systems 

3.5 The Organization of the Optical Knowledge in the Computer's 
Memory 

3.5.1 Functional Organization 
3.5.2 Metacognitive Organization 
3.5.3 Interconnections Between the Components of the KBOSD 
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3.6 The Reasoning of the Computer to Solve an Optical Problem 

3.7 Conclusions 



3.0 Introduction 

This chapter treats: 

• the identification, the classification and the heuristics of the assembly and 
the utilization of the spherical, centered, dioptrical optical systems. 

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

• the organization of knowledge and optical expertise in the computer's 
memory. 

• the reasoning used by the computer to 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 extracting 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. 

3.1 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 
geometrical forms. 

3.1.1 Identification of the Optical Surfaces According to their Context 
of Use 

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

its curvature radius 
its diameter 

• its optical power 

The diameter is an arbitrary algebraic dimension which is always positive. The 
curvature radius 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 radius is negative, it makes 
light diverge, thus its optical power is negative. These parameters determine 
the context of uses of the optical surfaces. 

3.1.2 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 
its optical 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 radius of each optical surface allocates its 
usefulness to the optical element. One distinguishes two categories of optical 
elements according to the sign of their optical power: 

optical elements of positive power (convergent) 
optical elements of negative 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 use 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. It is 
identified by its optical power and the number of elements it is made up of. 
The power of an optical system is the algebraic sum of the power of its 
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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3.13.2 Identification of Optical Systems According to their Geometrical 
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 edges. 
An optical element of negative power is thicker on the edges than in the 
center. 

First optical 
surface 
Plane 
Plane 
Convex 
Convex 
Concave 

Second optical 
surface 
Convex 
Concave 
Convex 
Concave 
Concave 

Optical system 

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

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

3.1.4 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/Y), 1 and 1" (see Fig. 3.1.4) 
and their relationships perfectly identify the functions as well as the optimal 
use conditions of an optical system. 
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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(Optical_Power, TransversalJAagnification, 1,1', z, z') ;-
known_variable(fOptical_Power,TransversalJAagnification,!, V, z, z']),!r 

output_result(Opticai_Power, Transversal_Magnification, 1, V, z, z'). 

calcul(Optical_Power, TransversalJAagnification, 1, V, z, z') :-
known_variable({l,l']), 
relation(rulcsl, Optical Power, (nit) + (n'IV), "(nil) + (n'll')", 
"Optical_Power"), !, 
calcul(Optical_Power, Transversal JAagnification, I1T1Z, z'). 

calcul(Optical_Power, Transversal JAagnification, 1,V, z, z') :-
known_yariable([V, z']}, 
relation(rules2. OpticalJ3OWCr, n'l(l'-z'), "n'I(l'-z)", "Optical Power''),!, 
calculiOpticalJPower, Transversal JAagnification, 1, V, z, z'). 

calculfOpticatJ'ower, Transversal JAagnification, 1,1',Z1 z') :-
known_variable([z, z']), 
relation(rules3, Optical_Power, -sqrt((n*n')/(z*z')),!, 
calcut(OpticalJ>ower, Transversal JAagnification, 1,1\ z, z'). 

calculfOpticalJ^ower, Transversal JAagnification, 1, V, z, z') .-
known_yariable([l,z] ) , 
relation(rulesn. OpticalJ^ower, nl(l-z), "nl(l-z)", "Optical_Power"),!', 
calcidfOpticalJ^ower, Transversal JAagnification, 1,1', z, z'). 

The predicate calculfOpticalJ^ower, TransversalJAagnification, 1, V, z, z') 
above calculates a third variable aside from the two known variables (A1B). 
known_variable([A,B]), variable A, B belong to the variable set (Optical.. 
Power, Transversal_Magnification, 1,1', z, z'). 
The predicate calculiOpticalJ'ower, Transversal JAagnification, 1, l'.z, z') 
will be repeated until all the parameters of the optical system are 
determineted, thus satisfying the function known_variable( 
Optical J*ower,TransversalJfiagnification, 1, V, z, z'). 

The predicate relationfrulesn, Optical_Power, n/(l-z),"n/(l-z)", "Optical^ 
Power") establishes the relation between the researched variable, Optical_ 
Power and the variables already known n,l, and z. 
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3.1.5 Test of the Parameters of an Optical System 

Knowing more than two of the optical system 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 numerous. 

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't z', OpticalJ3OWCr] ) , 
test if the value of the variable Optical_Power is equal to the value of the 
expression n'/( 1'- z') and rectifies the result in case of an error. 

testi (OpticalJ3OWeT, TransversalJAagnification, Ì, 1', z, z') :~ 
known_variable([l', z', Optical_Power]), 
relationtest(test2,OpticalJ3OWCr,n'l(T-z'),"n'l(l'-z')", 
"Optical_Power"), !, 
test2(Optical_Power, TransversalJiagnification, 1, V, z, z'). 

test2(Optical__Power, Transversal^Magnification, I11', z, z') :-
known_variable([z, z', Optical_Power]), 
relationtest(test3, OpticalJ3 ower, sqrt(n*n'/(z*z')),"sqrt(n*n'/(Opti 
cal_Power)"),f, 
test3(Optical_Power, TransversalJAagnification, 1, V, z, z'). 

test3(Optical_Power, Transversal JAagnification, 1,1', z, z) :-
known_variable([l, z. OpticalJ3OWCrJ), 
relationtest(test3,OpticalJ>ower,nf(l-z),"nf(Iz)", "Optical_Power"),\', 
testn(OpticalJ*ower, Transversal JAagnification, 1, V, z, z'). 

testn(OpticalJ'ower, Transversal JAagnification, ì,ì',z, z'). 
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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 optical system plays an important role in the choice 
and the realization of the optical system. The material forming the optical 
system (in general glass) must resist many factors in the utilization 
environment such as mechanical and climatic factors.... 

C Environment of utilization 

[ Temperature ] 

Chemical factors 
) 

Mechanical 
factors 

f c i i m a t i c a l ^ 
^ factors )\> 

d 

Other factors: 
optional 

Economic factors 

Fig. 3.1.6 Examples of constraints 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. 

3.2 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 focus the light; 
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. 

3.2.1 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 Gens) is in 
general sufficient. 
This simple optical system called a singlet. 

X 

L \ 

Fig. 3.2.1.1 Example of a singlet lens: Bi-Convex, Piano-Concave and Piano-
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 to reduce spherical aberrations. This system is called a 
large-aperture singlet. 

LAJ 
Fig. 3.2.1.2 Examples of Pair of Simple Reversed lenses 

3.2.1.3 Doublets 

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

m w 

AlL 
Fig.3.2.1.3 Cemented and Separated Doublets 
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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. 

i/1 
N_U 

TTh w 
UJ/ -

7/mVK 

JUULK 
Fig. 3.2.1.4 Large-aperture reversed doublets 

3.2.1.5 Triplets 

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

Fig. 3.2.1.5 Triplet 
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3.2.1.6 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 
optical system consisting of six elements; such a system is called a 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. 

3.2.2 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 case 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. 
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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. 

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). 
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3.2.2.2 Galilean Afocal Optical System 

One uses a negative entry block if: 

a high intensity Iight(e.g. laser) is going to be used and/or 
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 quality of the wavefront. Such a situation is to be avoided. 

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

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

3.3 Heuristics on the Use and Assembly of the Optical System 

The KBOSD is equipped with the heuristics concerned 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 use and selection criteria of the optical systems 

• assembly of the optical systems 

Presented below are some examples of heuristics. 

3.3.1 Heuristics on the Use of the Optical System 

Aside from the parameters such as the focal length, 1, 1', 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) Plano-convex optical system 

Jf 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_planoconvex(Optical_Power, Transversal_Magnification, I, Diameter) ;-
convergenti Òptìcal_Power), 
low_aperture( Optical_Power, Diameter), 
negativejransversal_magnìfìcation(TransversalJAagnifìcatìon), 
near_infinite_ratio(Transver sal_Magnification), 
low_optical_power( Optical_Power), 
object_at_infinite( Optical_Power, I). 

b) Bi-convex optical system: 

use_biconvex( OpticalJ3 ower, Transversal_Magnification, I, Diameter) :-
convergent( Opticai_Power), 
low_aperture( OpticalJ3OWCr, Diameter), 
negativejransversal_magnifìcation(TransversaiJAagnification), 
high_optical_power( Optical_Power), 
finite_ratio(TransversalJâagnificaiion). 

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

use_biconvex( Optical F'ower, Transversal_Magnification, I, Diameter) :-
convergentf Optical_Power), 
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low_aperture(Optical_Power, Diameter), 
negative jransversal_magnifìcatÌon(Transversal_Magnifìcation), 
unitratio(Transversal_Magnification). 

d) Plano-concave optical system: 

usejìlanoconcaveiOpticalJ'owerXransversalJAagmfìcation, I, Diameter) :-
divergent(Optical_Power), 
low_apertwe{Optical_Power, Diameter), 
positivejransversaljnagnification(TransversalJAagnification), 
near_infinite_ratio(Transversal_Magnification), 
lowjyptical_power(Optical_Power), 
object_at_infinite(Optical_Power, I). 

e) High-aperture optical system: 

useJiighapertureiOpticalJ'owerJransversalJàagnifìcation, I, Diameter) ;-
convergent(Optical_Power), 
large_aperture(Optical_Power, Diameter). 

f) Bi-concave asymmetric optical system: 

use_asymetricbiconcave(Optical_Power, Transversal_Magnification, I1 Diame 
ter ):-
diverg ent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
positive_transversaljnagnification(Transversal_Magnification), 
low_optical_power( Optical_Power), 
finite_ratio(Transversal_Magnification), 
not_unit_ratio(Transversal_Magnification). 

Clauses such as: 

low_aperture(Optical_Power, Diameter), 
nearjnfin ite_ratio(TransversalJ\4agnification), 
low_optical_power(Optical_Power), 
object_at_infinite(Optical_Power, I). 

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

3.3.2 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 elements forming an optical system must abide by certain physical 
constraints (achromatics, corrections of aberrations....), geometrical constraints 
(diameter, thickness,etc.), economical 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 two 
different glasses; one is the crwon type and the other is the flint type. 

b) If two optical surfaces follow one 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. 

c) 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 curvature radius follow one 
another and are utilized at low temperature, one 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. 

f) 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 protected 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). 

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

The classification, identification, 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. Our 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]. 

3.4.1 Example of Rules of Optical Knowledge 

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

Iens( Optical_Power, Transversal_Magnification, I, V) :-
wavelengths(Ll, Ll), 
use_planoconvex(Opticai_Power, Transversal ̂ Magnification, I, V), 
planoconvexJoublet(Optical_Power, Th, Rl, R2, R3, R4,NJ,N2, DI1 

Sl). 

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

• if there are two wavelengths Ll ,L2; if the conditions used by a plano­
convex optical system are satisfied, then, the conclusion is: 

• the plano-convex doublet rule is applied that begins to calculate a 
known optical system under the name plano-convex doublet.. 

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

assemble_doublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac 
tivejndexl, Refractive Jndex2, Diameter, Separation) :-
Refractivcjndexì iscrown(VJ), 
RefractiveJndexl isflint(V2), 
OpticalJ*owerl is Vl* Optical_Power/(V1-V2), 
Optical_Powcr2 is V2* Optical_Powerl(Vl-V2). 

This rule selects 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. 

3.4.2 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-modifiable while being executed. 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, AQ, AJ , A2, A3, A4, A$). 

dispersion_coefficient(baß, 2.4549347, -8.3372035.10'3, 1.6841270.W2, 

5.0168527.W4, -1..4413749.W5', 2.0771351.W6). 

This signifies that the optical glass called baf3 possesses the following disper­
sion coefficients Ao, Aj, A2, A3, A4, A5. 

Example 3.4.2-2: 

physical_properties(Glass_Namel, Alphal, Alpha!,Tg,T, Cp, Lambda). 
physicalJjroperties(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 certain of its physical properties. 

Example 3.4.2-3: 

glass _code(baf 12, 639452, 1.63930, 45.18, 0.014151, 1.64266, 44.88, 
0.014318). 
Glass_Namel : Name of glass is bafl2. 
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 glassai a wavelength of 587.6 nm 
Nf-Nc : is 0.014151 
Ne : 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 
Nf- Nc' : is 0.014318 dispersion coefficient 

3.4.3 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 sqrt(ÄQ+A}*l2+A2*l'2+ Aj*H + A4*ï6 +Afl~8). 
where: 
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1 : wavelength ; 
Ao, Aj, A2, A3, A4, A5 : dispersion coefficient 
sqrt : square root. 

Example 3.4.3-2: 

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

piano_convexJens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_ 
Index, Diameter) ;-
Radiusl is (RefractiveJudex-1.0)1 Optical_Power, 
Radius2 is Infinite, 
lens_thickness(Optical_Power, Radiusl, Radius!, 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. 

piano_convex_tripiet( Optical_Power, Thickness!, Thickness2, Thickness3, 
Radiusl Jiadius2 ,Radius3 Madius4,Radius5,Radius6Jiefractive_ 
Index!, Refractive Jndex2, Refractive Jndex3, Glass_Namel, 
Glass_Name2, Glass_Name3, Diameter, Lambda], Lambda2, 
LambdaS, Separation!, Separation!) ;-
piano_convex_lens(Optical_Powerl, Thickness!, Radius], Radius2, 
RefractiveJndexl, Diameter), 
biconcaveJens(Optical_Power2, Thickness2, Radius3, Radius4, 
Refracttivejndex2, Diameter), 
biconvex_lens(Power3, Thickness3, RadiusS, Radiusó, Refract 
ive_Index3, Diameter). 

3.5 The Organization of the Optical Knowledge in the Computer's 
Memory 

3.5.1 Functional Organization 

One shares the computer's memory in cognitive 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 only optical 
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Systems of the triplet lens kind can exist, just as the simple lens cognitive zòne 
does not contain doublets or triplets. Such use of memory permits easy and 
rapid access of the desired information. 

Cognitive World 

Cognitive Field 

Telescopic Optical 
Systems 

Cognitive Field 

Cognitive Area 

Triplet 

Cognitive Zone 

Assembly Process 

Cognitive Sector 

Plano-convex Lens 

Cognitive Area 

Reversed Doublet 

Cognitive Zone 

Optical Glass 
Research 

Cognitive Cell 

f Calculation of ^ 
V̂  Optical Power J 

JŒ Biconvex Lens 

Cognitive Sector 

Cognitive Field 

Complex Lenses 

' Cognitive Area 

Reversed Triplet 

Cognitive Zone 

Environmental 
Constraints 

Cognitive Sector 

Cognitive Cell 

JŒ Biconcave Lens 

Calculation of Len, 
Diameter 5 G 

Cognitive Cell 
Calculation of 
Lens Thickness . 

) 

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

3.5.2 Metacognitive 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 metacognitivc organization is essential for the efficiency 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 3.5.2-1: 

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

lens( Optical_Power, Transversal^Magnification, I, V) :-
wavelength( [Lambda 1, Lambda!]), 

use__concaveconvex( OpticalJ*ower, TransversalJAagnification, I, Dia­
meter), 
concaveconvex_doublet( OpticalJ>ower, Thickness, Radiusl ,Radius2, 
Radius3, Radius4, RefractiveJndexl, RefractiveJndex2, GlassJlamel, 
GlassJJame2, Diameter, Lambda!, LambdaZ, Separation), 
output_doublet_lens(Optical_Power, Thickness, Radiusl, Radius2, 
Radius3, Radius4, Refractive Jndexl, Refractive Jndexl, 
GlassJiamel, GlassJiame2, Diameter, Lambdal, Lambda2, Separa 
tion), 
stopsurfacef Position, 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 important to verify and it has the greatest 
chance of failing; if it fails, one looks for an alternative, 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. 

3.5.3 Interconnections Between the Components of the KBOSD 

Each of the cognitive areas possesses agents containing informations on: 

their own composition 
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 between the diverse cognitive areas. 

For example, the cognitive area triplet can call on the cognitive areas singlet, 
doublet or assemblage constraints. It 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 ex­
change, the object is always readily available for all objects calling on it. 

^ f Assembling constraints j 

J Calculation of optical 
I element 

Calculation of a power 
of an optical surface 

Calculation of curvature 
radius 

f Elementary optical knowledge ) 

Fig. 3.5.3 Example of Simplified Interconnections Model 
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Example of Interconnections: 

kepler jelescope (Transversal_Magnification, Longueur) :-
relation (Length, Optical_P'owerl, Optical_Power2), 
three _different_wavelength(L]', Ll, LS), 
entrance_optical_system(Optical_Powerl ) , 
exit_opticaI_jystem(OpticaI_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 solicits the 
optical surface function. Thus, one sees that during the assembly of an optical 
system, it is repeatedly decomposed into simple elements that satisfy its 
physical and geometrical conditions. 

3.6 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 introduced by 
the conditions of the rule and one attempts 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 
, system. 

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. 

{ calcul(Focal_length, Magnification!, 1,1', z, z') ) 

test(Focal_length, Magnification!, 1,1\ z, ?'), 
corrections 

Determine the use context of the 
optical system 

C Optical knowledge base J 

Afocal telescopic 
optical systems ) c Focal optical systems 

) 

Optical glass selection ) 

Output data of the 
telescopic optical systems: 
kepler or galilean type; 
corrected at 1, 2 or 3 
wavelengths. 

Output of focal optical systems: 
triplet, doublet, singlet, 
high-aperture lenses and 
Polychromat corrected at 1,2, or 
3 wavelengths. 

Fig. 3.6 Reasoning of the Computer to Determine an Optical System 
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Determining a goal to calculate an optical system calls upon a cognitive area. 
This cognitive area, in order to satisfy its needs, calls on diese optical sub-sys­
tems until an elementary cognitive area, such as a cognitive cell is reached. 
The cognitive cell is an elementary 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 optical knowledge structure of 
independent blocks equipped with interconnections to execute their functions 
has many advantages: 

each block is independent 
• a block can be modified without touching the rest of the KBOSD 
• 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 Optical Systems Generated by the Knowledge Based 
Optical Systems Design 

4.0 Introduction 

4.1 Data and Analysis of a Doublet Lens 
4.1.1.0 Data of the Doublet Lens Start System 
4.1.1.1 Data of the Doublet Lens 
4.1.1.2 Drawing of the Doublet Lens 
4.1.1.3 Doublet lens(Kingslake) from the Literaure 
4.1.1.4 Data of the Kingslake Doublet 
4.1.1.5 Analysis of the Kingslake Doublet 
4.1.1.5.1 Transverse Ray Aberrations of the Kingslake Doublet 
4.1.1.5.2 Spot Diagrams of the Kingslake Doublet 
4.1.1.5.3 Modulation Transfer Function Analysis of the Kingslake 

Doublet 
4.1.2 Analysis of the Doublet Lens 
4.1.2.1 Third-Order Aberrations of the Doublet Lens 
4.1.2.1.0 Third-Order Aberrations of the Doublet Lens Start System 
4.1.2.2 Transverse Ray Aberrations of the Doublet Lens 
4.1.2.3 Optical Path Differences of the Doublet Lens 
4.1.2.4 Spot Diagrams of the Doublet Lens 
4.1.2.5 Modulation Transfer Function Analysis of the Doublet Lens 
4.1.2.5.1 Geometric MTF and Thru-focus Geometric MTF of the 

Doublet Lens 
4.1.2.5.1.0 Geometric MTF and Thru-focus Geometric MTF of the 

Doublet Lens Start System 
4.1.2.5.2 Diffraction MTF of the Doublet Lens 
4.2 Data and Analysis of a Singlet Lens 
4.2.0 Data of the Singlet Lens Start System 
4.2.1.1 Data of the Singlet Lens 
4.2.1.2 Drawing of the Singlet-Lens 
4.2.2 Analysis of the Singlet Lens 
4.2.2.1 Third-Order Aberrations of the Singlet Lens 
4.2.2.2 Transverse Ray Aberrations of the Singlet Lens 
4.2.2.2.0 Transverse Ray Aberrations the Singlet Lens Start System 
4.2.2.3 Optical Path Differences of the Singlet Lens 
4.2.2.4 Spot Diagrams of the Singlet Lens 
4.2.2.4.0 Spot Diagrams of the Singlet Lens Start System 
4.2.2.5.0 Focal Plane GOTF Tables of the Singlet Lens Start System 
4.2.2.5 Focal Plane GOTF Tables of the Singlet Lens 
4.2.2.6 Geometrical MTF and Thru-focus Geometrical MTF of the 

Singlet Lens 
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4.3 Data and Analysis of a Two Reversed Doublet 
System 

4.3.1.0 Data of the Two Reversed Doublet Start System 
4.3.1.1 Data of the Two Reversed Doublet 
4.3.2.2 Drawing of the Two Reversed Doublet 
4.3.2 Analysis of the Two Reversed Doublet 
4.3.2.1 Third-Order Aberrations of the Two Reversed Doublet 
4.3.2.2 Transverse Ray Aberrations of the Two Reversed Doublet 
4.3.2.3 Optica] Path Differences of the Two Reversed Doublet 
4.3.2.4 Spot Diagrams of the Two Reversed Doublet 
4.3.2.5 Focal Plane GOTF Tables of the Two Reversed Doublet 
4.3.2.6 Geometrical MTF and Thru-focus Geometrical MTF of the 

Two Reversed Doublet 

4.4 Data and Analysis of a Triplet Lens 
4.4.1.0 Data of the Start System Triplet Lens 
4.4.1.1 Data of the Triplet Lens 
4.4.1.2 Drawing of the Triplet Lens 
4.4.2 Analysis of the Triplet Lens 
4.4.2.1 Third-Order Aberrations of the Triplet Lens 
4.4.2.1.0 Third-Order Aberrations of the Triplet Lens Start System 
4.4.2.2 Transverse Ray Aberrations of the Triplet Lens 
4.4.2.3 Spot Diagrams of the Triplet Lens 
4.4.2.4 Focal Plane GOTF Tables of the Triplet Lens 
4.4.2.5 Geometrical MTF and Thru-focus Geometrical MTF of the 

Triplet Lens 

4.5 Data and Analysis of a High-Aperture Optical 
System 

4.5.1.1.0 Data of the Start System of the High-Aperture Lens 
4.5.1.1 Data of the High-Aperture Lens 
4.5.1.2 Drawing of the High-Aperture Lens 
4.5.2 Analysis of the High-Aperture Lens 
4.5.2.1 Third-Order Aberrations of the High-Aperture Lens 
4.5.2.2 Transverse Ray Aberrations of the High-Aperture Lens 
4.5.2.3 Optical Path Differences of the High-Aperture Lens 
4.5.2.4 Spot Diagrams of the High-Aperture Lens 
4.5.2.5 Focal Plane GOTF Tables of the High-Aperture Lens 
4.5.2.6 Geometrical MTF and Thru-focus Geometrical MTF of the 

High-Aperture Lens 

4.6 Data and Analysis of a Galilean Telescopic Optical 
System 

4.6.1.1.0 Data of the Start System Galilean Telescope 
4.6.1.1 Data of the Optimized Galilean Telescope 
4.6.1.2 Drawing of the Galilean Telescope 
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4.6.2 Analysis of the Galilean Telescope 
4.6.2.1 Angular Ray Aberrations of the Galilean Telescope 
4.6.2.2 Focal plane GOTF Tables of the Galilean Telescope 

4.7 Data and Analysis of a Kepler Telescopic Optical 
System 

4.7.1.1.0 Data of the Start System Kepler Telescope 
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4.0 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 
produced 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 properties 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 
expansion... 

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 numerical aperture is 0.095. 

This doublet lens is obtained as the result of the optimization of the start 
system doublet produced 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 doublet lens consists of four spherical surfaces (TYPE S), the last sur­
face is the image plane. As materials BAF3 and SFl 5 are used. The refrac­
tive indices (Indexl, 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 lens 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, Z'), to KBOSD, then, you will get the data of this doublet lens is ob­
tained. The predicate calcul(100.0, Magnification, L, L', Z, X) 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 supposed 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.(XXK) [mm] 
KBOSD Stan System Doublet Lens File: KBOSD Start System Doublet Lens 

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

# Type Curve Sep. Indexl Index2 Index3 Dispn. CIr. Rad Glass 
1 S 0.024135 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
2 S -0.024135 4.143 1.582668 1.578932 1.591255 0.012323 10.00 BAF3 
3 S -0.025936 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
4 S 0.000000 2.000 1.698946 1.692210 1.715041 0.022831 10.00 SF15 

4.1.1.1 Data of the Doublet 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 

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

# Type Curve Sep. Indexl Index2 Index3 Dispn. Cb-. Rad Glass 
1 S 0.015399 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
2 S -0.028406 3.698 1.582668 1.578932 1.591255 0.012323 10.00 BAF3 
3 S -0.027862 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
4 S -0.005725 2.000 1.698946 1.692210 1.715041 0.022831 10.00 SF15 
5 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 surfaces, clear diameter and material. If a surface is 
plane, its radius is infinity. All the data are in mm. 

EFL= 100.0000 tmm] 
KBOSD Doublet Lens 

Radius[mm] Sep. [mm] 
64.939 

3.698 
-35.204 

0.000 
-35.892 

2.000 
-174.687 

97.184 
Image Plane 

File Doublet Lens 

Gear diameter 
20.00 

20.00 

20.00 

20.00 

3.54 

Material 

BAF3 

Air 

SF15 

Air 

4.1.1.2 Drawing of (he Doublet Lens 

Displayed below is the drawing of the KBOSD doublet lens after optimization. 

Fig. 4.1.1.2 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 tbe doublet lens 
produced by the KBOSD. 
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4.1.1.4 Data of the Kingslake Doublet 

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

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

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

# Type Curve Sep. Indexl Index2 Index3 Dispn. Or. Rad Glass 
1 S 0.015090 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
2 S -0.022460 3.200 1.563838 1.561010 1.570287 0.009276 10.00 SKIl 
4 S -0.005235 1.500 1.666796 1.660900 1.681110 0.020210 10.00 SF19 
5 S 0.000000101.279 1.000000 1.000000 1.000000 0.000000 10.00 

4.1.1.6 Analysis of the Kingslake Doublet 

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]. 
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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.!.1.6.2 Spot Diagrams of the Kingslake Doublet 

4.1.1.6.3 Modulation Transfer Function Analysis of the 
Kingslake Doublet 

Displayedd below is the modulated optical transfer function of this 
Kingslake doublet lens. 

XUt XItKSUlIS MDBLEI PACE 172 83-13-198? 

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 aberrations, 
the transverse ray aberrations, the optical path difference 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'. 

78 



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 paraxial marginal ray angle 
A is n.i (i angle of incidence for the marginal 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./H2) 
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 Doublet Lens File: Doublet Lens 

Lagrange Invariant = -0.1658 

H 
9.50000 
9.30083 
9.30083 
9.23248 

V 
0.00000 

-0.05386 
-0.23918 
0.03417 

-0.09500 

HBAR 
0.00000 
0.04079 
0.04079 
0.06147 

UBAR 
0.01746 
0.01103 
0.01678 
0.01034 

D(U/N) 
-0.03403 
-0.20515 
0.21907 

-0.07489 
0.01733 

A 
0.14629 

-0.50338 
-0.49832 
-0.14785 

ABAR 
0.01746 
0.01562 
0.01564 
0.01698 

SpherAb. Coma Astig. FCurv. Distort. LChroma. TChroma. 
0.006919 0.000826 0.000098 0.000156 0.000030 0.010821 0.001291 
0.483497-0.015004 0.000466 0.000288-0.000023 0.036454-0.001131 

-0.505952 0.015883-0.000499-0.000315 0.000026-0.062282 0,001955 
0.015114-0.001735 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 00:39:39 06-12-1991 

Lagrange invariant =-0.1658 

H 
9.50000 
9.16741 
9.16741 
9.05400 

U 
0.00000 

-0.08441 
-0.26252 
-0.05670 
-0.09633 

HBAR 
0.00000 
0.04345 
0.04345 
0.06421 

UBAR 
0.01746 
0.01103 
0.01684 
0.01038 
0.01763 

D(UZN) 
-0.05334 
-0.20919 
0.22915 

-0.06296 

A 
0.22929 

-0.48379 
-0.50030 
-0.09633 

ABAR 
0.01746 
0.01580 
0.01572 
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 
0.005290 -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 section wc report plots of transverse ray aberration as a function of 
aperture, as shown below. 
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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 Ie 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 
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Fig. 4.1.2.3 Optical Path Differences of the Doublet Lens 

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

4.1.2.4 Spot Diagrams of the Doublet 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 (Lie = 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. 4.1.2.4 Spot Diagrams of the Doublet Lens 

The spot diagrams are shown at the field angele positions on axis and at Ie. 

4.1.2.S Modulation Transfer Function Analysis of the Doublet Lens 

In this section one reports on the analysis of the KBOSD doublet 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 lmm] 
Back focus = 97.184 [mm] 
Wavelength = 0.0005876 [mm] 

Frequency 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 

100.00 

Axis 
T 

0.962 
0.924 
0.8S5 
0.845 
0.805 
0.765 
0.725 
0.685 
0.645 
0.606 

S 

0.962 
0.924 
0.885 
0.845 
0.805 
0.765 
0.725 
0.685 
0.645 
0.606 

I.OODeg 
T S 

• 0.954 0.961 
0.892 0.921 
0.817 0.879 
0.732 0.835 
0.641 0.790 
0.546 0.745 
0.453 0.699 
0.362 0.652 
0.278 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. 
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Fig.4.1.2.5.1 Geometric MTF and Thru-focus Geometric 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 Geometrie MTF and Thru-focus Geometric MTF 
of the Doublet Lens Start System 

GIOHETRICAL NTF hxFreq= IBB 
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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 Uns File: Doublet Uns 

Frequency [1/m 
10.000 
20.000 
30.000 
40.000 
50.000 
60.000 
70.000 
80.000 

90.000 
100.000 

Defocus 
Back focus 
Wavelength 

Axis 
T1] 

0.960 
0.920 
0.879 
0.839 
0.798 
0.758 
0.719 
0.680 
0.641 
0.603 

= 0.000 [mm 1 
= 97.184 [mm] 
= 0.000588 [ 

1.00 
S 

0.960 
0.918 
0.875 
0.831 
0.787 
0.743 
0.700 
0.658 
0.616 
0.576 

mm] 

deg 
T 
0.952 
0.892 
0.824 
0,752 
0.679 
0.609 
0.542 
0.481 
0.426 
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. 
It 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 Stan System File: KBOSD Singlet Lens Stan System 

WLl = 0.000656 [mm] 

# Type Curve Sep. Indexl Index2 Index3 Dispn. CIr. Rad Glass 
1 S 0.013006 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
2 S 0.000000 2.653 1.692210 1.692209 1.692211 0.000002 10.00 SF15 

After 5 iterations, the merit function decreased, but not to zero. The data 
displayed in section 4.2.1.1 are results of the optimization. 

4.2.1.1 Data of the Singlet Lens 

Displayed below is the datafin terms of surfaces curvature) the optimized 
KBOSD singlet lens. 

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

WLl = 0.000656 [mm] 

# Type Curve Sep. Indexl lndex2 Index3 Dispn. CIr, Rad Glass 
1 S 0.013227 0.000 1.000000 1.000000 1.000000 0.000000 10.00 
2 S 0.000095 2.600 1.692210 1.692209 1.692211 0.000002 10.00 SF15 
3 S 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 

Radius [mm] 
75.603 

10510.539 

Image Plane 

Lens 

Sep. [mm] 

2.600 

108.123 

File: Singlet Lens 

Clear diameter Material 
20.00 

SF15 
20.00 

Air 
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. 4.2.1.2 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 

Lagrange Invariant = -0.3143 

File: Singlet Lens 

ABAR H U HBAR UBAR D(U/N) A 
9.00000 0.00000 0.00000 0.03492 -0.02878 0.11904 0.03492 
8.87339 -0.04870 0.05365 0.02064 -0.05304 -0.08097 0.03493 

-0.08182 0.03492 
SpherAb. Coma Astig. FCurv. Diston. LChroma. TChroma. 
0.003670 0.001077 0.000316 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 aberrations 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, 1° and 20 

aberrations scale 50 Jim 
sagittal and tangential planes. 

TRANSVERSE RAY ABERRATIONS 
KBOSD SINGLET F i l e SINGLET 1 0 - 0 1 - 1 9 9 0 

HL- .000656 DEFOCUS - -.3300 

.OSOOIM AJtIS 

TANGEHTIM. 

> > , , . , . , 
.0SDOM 1.0OdBg 

. , - T - T T - T - , ^ 

TANGENTIAL 

\ . ^ ^ 
.050 Dna 1.OCdWg 

SAOIFTAL 

^ 
. • 5 0 0 M 2.0CIdUg 

SAGITTAl 

\ _ 
. 0 5 D O H 2.DOd(Q 

TANGENTIAL 

Fig.4.2.2.2 Transverse Ray Aberrations of the KBOSD Singlet Lens 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.4.2.2.2.0 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 KBOSD 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 ö and 2 ° 
sagittal and tangential planes 
defocus of -0.33 mm. 
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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 nm 
scale 50 (im 
field angle positions axis, Is and 2 s . 
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Fig. 4.2.2.4 Spot Diagrams of the Singlet Lens 

4 . 2 . 2 . 4 . 0 Spot Diagrams of the Singlet Lens Start System 

Displayed below are the spot diagrams of the KBOSD singlet lens before 
the optimization. These spot diagrams are plotted under the same 
parameters as in section 4.2.2.4. 
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Fig. 4.2.2.4.0 Spot Diagrams of the Singlet Lens Start System 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 optimization are 
dispalayed in the section 4.2.2.5 below. 

FOCALPLANEGOTFTABLES 
KBOSD Start System 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 
T 

Frequency [1/mm] 

5.00 
10.00 
15.00 
20.00 
25.00 
30.00 
35.00 
40.00 
45.00 
50.00 

0.889 
0.656 
0.421 
0.278 
0.243 
0,258 
0.252 
0.200 
0.132 
0.099 

S 

0.889 
0.656 
0.421 
0.278 
0.243 
0.258 
0.252 
0.200 
0.132 
.0.099 

1.00 Deg 
T 

0.858 
0.570 
0.319 
0.211 
0.209 
0.211 
0.162 
0.100 
.083 

0.106 

S 

0.876 
0.618 
0.373 
0.243 
0.226 
0.241 
0.216 
0.148 
0.091 
0.092 

2.001 
T 

0.743 
0.314 
0.127 
0.125 
0.098 
0.050 
0.042 
0.064 
0.029 
0.064 

Deg 
S 

0.832 
0.501 
0.246 
0.172 
0.189 
0.166 
0.091 
0.046 
0.078 
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 
T 

Frequency [1/mm] 
5.00 

10.00 
15.00 
20.00 
25.00 
30.00 
35.00 
40.00 
45.00 
50.00 

0.968 
0.917 
0.848 
0.765 
0.673 
0.575 
0.476 
0.380 
0.290 
0.210 

S 

0.968 
0.917 
0.847 
0.765 
0.672 
0.574 
0.475 
0.378 
0.289 
0.208 

1.00 
T 

0.965 
0.904 
0.824 
0.732 
0.636 
0.543 
0.459 
0.389 
0.333 
0.289 

Deg 
S 

0.968 
0.914 
0.842 
0.757 
0.664 
0.567 
0.473 
0.385 
0.306 
0.238 

2.00 Deg 
T S 

0.922 0.959 
0.760 0.881 
0.577 0.781 
0.436 0.672 
0.360 0.569 
0.334 0.483 
0.325 0.421 
0.310 0.381 
0.283 0.359 

• 0.255 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 

Fig. 4.2.2.6 Geometrical MTF and Thru-focus Geometrical MTF of 
the Singlet Lens 

4.3 Data and Analysis of a Two Reversed Doublet 

This two symmetrical reversed doublet is designed at a wavelength of 
588 nrn 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 situated 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 reduced, see for in­
stance Coma, Distort., TChroma. in the third-order aberration table be­
low. 

4.3.1.0 Data of the Two Reversed Doublet Start System 

Displayed below is the die data of the reversed doublet as proposed by the 
KBOSD. 

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

Object Distance = 190.0005 [mm] 

# Type Curve 
Plane 

0.020449 
0.015666 

-0.015666 
0.015666 

•0.015666 
-0.020449 

Plane 

WLl =0.000588 [mm] 
WL2 = 0.000656 [mm] 
WL3 = 0.000656 [mm] 

Sep. 
0.000 
2.000 
0.000 
7.500 
0.000 
7.500 
0.000 
2.000 

Index1 
1.000000 
1.648306 
1.000000 
1.582668 
1.000000 
1.582668 
1.000000 
1.648306 

Index2 
1.000000 
1.642708 
1.000000 
1.578932 
1.000000 
1.578932 
1.000000 
1.642708 

Index3 
1.000000 
1.661527 
1.000000 
1.591255 
1.000000 
1.591255 
1.000000 
1.661527 

Dispn. CIr. Rad Glass 
0.000000 
0.018819 
0.000000 
0.012323 
0.000000 
0.012323 
0.000000 18.00 
0.018819 18.00 

18.00 
18.00 
18.00 
18.00 
18.00 
18.00 

SF12 

BAF3 

BAF3 

SF12 

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: REVDOUB 

Object Distance = 190.0005 [mm] 

# Type Curve 
1 S -0.002976 
2 S 0.018643 
3 S 0.018852 

WLl =0.000588 [mm] 
WL2 = 0.000656 [mm] 
WL3 = 0.000656 [mm] 

Sep. Index1 Index2 Index3 
0.000 1.000000 1.000000 1.000000 
2.000 1.648306 1.642708 1.661527 
0.000 1.000000 1.000000 1.000000 

Dispn. CIr. Rad Glass 
0.000000 18.00 
0.018819 18.00 SF12 
0.000000 18.00 
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4 S -0.013598 7.500 1.582668 1.578932 1.591255 0.012323 18.00 BAF3 
5 S 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 S -0.018643 0.000 1.000000 1.000000 1.000000 0.000000 18.00 
8 S 0.002976 2.000 1.648306 1.642708 1.661527 0.018819 18.00 SF12 
9 S 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 

Radiusfmm] 
-335.979 

53.640 

53.044 

-73.540 

73.540 

-53.044 

-53.640 

335.979 

Image Plane 

= 190.0005 [i 

Sep. [mm] 

2.000 

0.000 

7.500 

0.000 

7.500 

0.000 

2.000 

190.000 

nm] 

Clear diameter 
36.00 

36.00 

36.00 

36.00 

36.00 . 

36.00 

36.00 

36.00 

10.76 

Material 

SF12 

Air 

BAF3 

Air 

BAF3 

Air 

SF12 

Air 

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. 
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Fig. 4.3.2.2 Drawing of the Two Reversed Doublet after Optimization 

4.3.2 Analysis of the Two Reversed Doublet 

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 Uns File: REVDOUB 

Object Distance = 190.0005 [mm] 

Lagrange Invariant= -0.2400 

H U HBAR 
-15.20004 -0.08000 0.08977 
-15.33270 -0.06633 0.07139 
-15.33270 -0.29465 0.07139 
-15.93085 -0.07975 -0.00000 
-15-93085 -0.00000 -0.00000 
-15.33270 0.07975 -0.07139 
-15.33270 0.29465 -0.07139 
-15.20004 0.06633 -0.08977 

0.08000 
SpherAb. Coma Astig. 
0.000730 0.000327 0.000147 
-1.314437-0.029323 -0.000654 
1.275979 0.028276 0.000627 
0.037673 -0.002620 0.000182 
0.037673 0.002620 0.000182 
1.275979 -0.028276 0.000627 
1.314437 0.029323 -0.000654 

95 

UBAR D(UZN) 
-0.01532 0.03976 
-0.00919 -0.25441 
-0.01428 0.24425 
-0.00952 0.05039 
-0.01507 0.05039 
-0.00952 0.24425 
-0.01428 -0.25441 
-0.00919 0.03976 
-0.01532 
FCurv. Distort. 

-0.000067 0.000036 
-0.000422 -0.000024 
0.000400 0.000023 
0.000288 -0.000033 
0.000288 0.000033 
0.000400 -0.000023 

-0.000422 0.000024 

A ABAR 
-0.03476 -0.01558 
-0.58049 -0.01295 
-0.58370 -0.01294 
0.21663 -0.01507 

-0.21663 -0.01507 
0.58370 -0.01294 
0.58049 -0.01295 
0.03476 -0.01558 

LChroma. TChroma. 
0.006032 0.002705 

-0.101620-0.002267 
0.069684 0.001544 
0.026871 -0.001869 
0.026871 0.001869 
0.069684 -0.001544 

-0.101620 0.002267 



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 summa(last 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 ima'ge 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 respectively at the tangential and sagittal planes. 

TRANSVERSE RAY ABERRATIONS 
KBOSD REVERSED DOUBLET F i l e PEV00UB 10-01-J990 

VL- .00058B DEFOCUS - 0.0000 
. 0 2 S O M AXIS 
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-OSSDaa I . O O H 
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4 .02SOm 3.00M 
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Fig. 4.3.2.2 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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TANGENTIAL 
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OPTICAL PATH DIFFERENCES 
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Fig. 4.3.2.3 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. 4.3.2.4 Spot Diagrams of the Two Reversed Doublet 

4.3.2.5 Focal Plane GOTF Tables of the Two Reversed Doublet 

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 Uns File: REVDOUB 

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

Axis 1.00 mm 2.00 mm 3.00 mm 
T S 

Frequency [1/mm] 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 
100.00 

0.952 0.952 
0.900 0.900 
0.847 0.847 
0.792 0.792 
0.736 0.736 
0.679 0.679 
0.622 0.622 
0.566 0.566 
0.511 0.511 
0.458 0.458 

T 

0.947 
0.884 
0.814 
0.740 
0.666 
0.595 
0.530 
0.472 
0.422 
0.380 

S 

0.949 
0.889 
0.824 
0.755 
0.685 
0.615 
0.548 
0.485 
0.428 
0.376 

T 

0.924 
0.802 
0.659 
0.521 
0.408 
0.325 
0.269 
0.228 
0.190 
0.146 

S 

0.944 
0.871 
0.788 
0.701 
0.618 
0.542 
0.478 
0.426 
0.387 
0.357 

• T 

0.831 
0.520 
0.240 
0.083 
0.016 
0.030 
0.072 
0.080 
0.039 
0.016 

S 

0.923 
0.800 
0.655 
0.515 
0.399 
0.315 
0.258 
0.218 
0.180 
0.137 
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4.3.2.6 Geometrical MTF and Thru-focus Geometrical MTF of 
the Two Reversed Doublet 

Displayed below are the geometrical modulated transfert function and the 
thru-focus 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. 

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 report 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. It has a front focal length of 100.0 
mm, a back focal length of 92.47 mm, a diameter of 26 mm and an en­
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 
4.4.1.1. 

EFL= 100.0000 [mm]' 
KBOSD Start System Triplet Lens F=I 00 [mm] File: KBOSD Start System Triplet 

WLl =0.000546 [mm] 
WL2 = 0.000656 [mm] 
WU = 0.000486 [mm] 

# Type Curve Sep. Indexl Index2 Index3 Dispn. CIr. Rad Glass 
1 S 0.000000 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
2 S 0.021049 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
3 S -0.021049 4.840 1.558977 1.553827 1.563323 0.009496 12.50 BAK5 
4 S -0.039761 O.000 1.000000 1.000000 1.000000 0.000000 12.50 
5 S 0.039761 1.500 1.727353 1.714359 1.739040 0.024681 12.50 SF18 
6 S 0.027197 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
7 S -0.027197 5.888 1.768606 1.753572 1.782302 0.028730 12.50 SF14 

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

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

# Type Curve Sep. Indexl Index2 Index3 Dispn. CIr. Rad Glass 
1 S 0.000000 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
2 S 0.015087 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
3 S -0.020926 4.840 1.558977 1.553827 1.563323 0.009496 12.50 BAK5 
4 S -0.020413 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
5 S -0.004280 1.500 1.727353 1.714359 1.739040 0.024681 12.50 SF18 
6 S 0.006932 0.000 1.000000 1.000000 1.000000 0.000000 12.50 
7 S 0.004989 5.804 1.768606 1.753572 1.782302 0.028730 12.50 SF14 
8 S 0.00000092.471 1.000000 1.000000 1.000000 0.000000 1.75 
Displayed below is the data(in terms of radii) of the KBOSD triplet lens 
after optimization. 
EFL= 100.0000 [mm] 
KBOSD Triplet Lens F=IOO [mm] File: Triplet Lens 

Radiusfmm] Sep. [mm] Clear diameter Material 
Plane 25.00 

0.000 Air 
66.282 25.00 
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-47.787 

-48.988 

-233.656 

144.267 

200.440 

Image Plane 

4.840 

0.000 

1.500 

0.000 

5.804 

92.471 

25.00 

25.00 

25.00 

25.00 

25.00 

3.50 

BAK5 

Air 

SF18 

Air 

SF14 

Air 

4.4.1.2 Drawing of the Triplet Lens 

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

Fig. 4.4.1.2 Drawing of the Triplet Lens after Optimization 

4.4.2 Analysis of the KBOSD Triplet Lens 

In this section one reports on the analysis of the KBOSD triplet lens 
before and after optimization. 

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 = -0.2182 

H U HBAR UBAR D(U/N) 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 
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12.04339-0.09434 
12.04339-0.28878 
12.09508 0.03446 
12.09508 0.40932 
12.60861 0.08848 

-0.10708 

SpherAb. Coma 
0.000000 0.000000 
0.052366 0.003474 
0.808395 -0.023370 
-2.190923 0.041849 
-3.732261 -0.09727 
2.368532 0.071613 

0.05419 
0.05419 
0.07016 
0.07016 
0.13233 
0.01618 

Astig. 

0.01120 
0.01682 
0.01064 
0.02041 
0.01071 

FCurv. 
0.000000 0.000000 
0.000230 0.000359 

-0.22826 
0.30872 
0.38937 

-0.35929 
-0.15711 

Distort. 
0.000000 

0.000039 
0.000676 0.000359 -0.000030 

-0.000799 
-0.002535 

-0.000797 
-0.000797 

0.002165 0.000563 
0.401143-0.011216 0.000314 0.000563 

-2.292748 -0.014928 0,000050 

0.000030 
-0.000087 
0.000082 
-0.000024 

0.000250 0.000011 

-0.54228 
-0.76763 
0.89023 
0.73827 

-0.45000 

LChroma. 

0.01568 
0.01466 
0.02320 
0.02232 
0.01258 

TChroma. 
0.000000 0.000000 
0.020033 
0.039780 

-0.132094 
-0.153848 
0.145055 
0.092170 

0.011096 

0.001329 
-0.001150 
0.002523 
-0.004010 
0.004386 
-0.002577 

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 = 100 [mm] File: Triplet Lens 

Lagrange Invariant= -0.2182 

H 
12.50000 
12.50000 
12.17272 
12.17272 
12.11448 
12.11448 
11.55882 

SphcrAb. 
0.000000 
0.019283 
0.628444 
-0.675562 
0.024461 
-0.000266 
0.003714 

U 
0.00000 
0.00000 

-0.06762 
-0.24780 
-0.03883 
-0.10478 
-0.09574 
-0.12500 

Coma 
0.000000 
0.001785 

-0.019618 
0.021392 

-0.002672 
0.000228 
-0.001001 

HBAR 
0.00000 
0.00000 
0.05419 
0.05419 
0.06950 
0.06950 
0.12541 

Astig. 
0.000000 
0.000165 
0.000612 

-0.000677 
0.000292 

-0.000196 
0.000270 

UBAR 
0.01746 
0.01746 
0.01120 
0.01682 
0.01020 
0.01741 
0.00963 
0.01752 

FCurv. 
0.000000 
0.000258 
0.000357 
•0.0OO4O9 
0.000086 
0.000143 
-0.000103 

DCU/N) 
0.00000 

-0.04337 
-0.20443 
0.22533 

-0.08230 
0.05065 

-0.07087 

A 
0.00000 
0.18859 

-0.50253 
-0.49629 
-0.15663 
-0.02081 
-0.06733 

Distort. 
0.000000 
0.000039 

-0.000030 
0.000034 

-0.000041 
0.000046 

-0.000045 

LChroma. 
0.000000 
0.014359 
0.037260 

-0.086318 
0.027112 

-0.004095 
0.012643 

ABAR 
0.01746 
0.01746 
0.01569 
0.01571 
0.01711 
0.01789 
0.01815 

TChroma. 
0.000000 
0.001329 

-0.001163 
0.002733 

-0.002962 
0.003521 

-0.003407 

0.000073 0.000114 0.000465 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 run, 656 nm and 486 nm. 
• scale 25 pm 

field angle positions axis(0Q) and 1° 
sagittal and tangential planes. 

TRANSVERSE RAY ABERRATIONS 
KBOSD TRIPLET F=IOO F i l e TRIPLET 10-01-1990 

WL" .000546 HL* .000656 NL- .000486 DEFOCUS - 0.0000 
. 0 2 5 0 M AXIS 

TANGENTIAL 

" " 

.02SOtMi l.DQdog 

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 um 
wavelength 546 nm. 
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Fig. 4.4.2.3 Spot Diagrams of the Triplet Lens 

4.4.2.4 FocalPlane GOTF Tables of the Triplet Lens 

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

Focal Plane GOTF Tables 
KBOSD Triplet Lens F=IOO [mm] File: Triplet Lens 

Defocus =0.0000 [mm] 
Back focus =92.471 [mm] 
Wavelength = 0.0005460 [mm] 

Axis 1.00 Deg 
T 

Frequency [l/mm] 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 

100.00 

0.965 
0-929 
0.893 
0.856 
0.819 
0.781 
0.744 
0.706 
0.669 
0.632 

S 

0.965 
0.929 
0.893 
0.856 
0.819 
0.781 
0.744 
0.706 
0.669 
0.632 

T 

0.947 
0.861 
0.751 
0.625 
0.494 
0.367 
0.256 
0.172 
0.129 
0.125 

S 

0.962 
0.919 
0.871 
0.819 
0.764 
0.707 
0.649 
0.590 
0.531 
0.473 
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4.4.2.5 Geometrical MTF and Thru-focus Geometrical MTF of 
the Triplet Lens 

Displayed below are the geometrical modulated 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 plotted under the following parameters: 
• spatial frequency 1OO lines/mm 
• wavelength 546 nm 

field angle position axis and 1° 
tangential and sagittal planes. 

GKfETRIUU HTF «ax Fwq = 186 
Dofocus= e.eeee m m.= .sees« 

: ^ 

' 

THRU-TtXUS GEOnETRICftL IfIF 
Fraq = SB Tram -fl.MBB Io 8.18BH 

T s 
\ . • 

S /> 

^ r . .\s 

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 Start System of the High Apert. Lens F=55.2786 [mm] File: Pair Reversed Triplet 
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Object Distance = 

#Type Curve 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

0.015231 
-0.015231 
-0.022649 
0.022649 
0.021049 

-0.013367 
0.013367 

-0.021049 
-0.022649 
0.022649 
0.015231 

-0.015231 
0.000000 

100.0000 [mm] 
WLl =0.000546 [mm] 
WL2 = 0.000656 [mm] 
WL3 = 0.000486 [mm] 

Sep. 
0.000 
8.159 
0.000 
2.500 
0.000 
8.050 
0.000 
8.050 
0.000 
2.500 
0.000 
8.159 

100.037 

Index) 
1.000000 
1.768606 
1.000000 
1.727353 
1,000000 
1.558977 
1.000000 
1.558977 
1.000000 
1.727353 
1.000000 
1.768606 
1.000000 

Index2 
1.000000 
1.753572 
1.000000 
1.714359 
1.000000 
1.553827 
1.000000 
1.553827 
1.000000 
1.714359 
1.000000 
1.753572 
1.000000 

Index3 
1.000000 
1.782302 
1.000000 
1.739040 
1.000000 
1.563323 
1.000000 
1.563323 
1.000000 
1.739040 
1.000000 
1.782302 
1.000000 

Dispn. 
0.000000 
0.028730 
0.000000 
0.024681 
0.000000 
0.009496 
0.000000 
0.009496 
0.000000 
0.024681 
0.000000 
0.028730 
0.000000 

CIr. Rad 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 

1,02 

GLASS 

SF14 

SF18 

BAK5 

BAK5 

SF18 

SF14 

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 optimization the merit function 
converges rapidly to zero. 

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

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

#Type Curve 
1 S -0.006759 

-0.021425 
-0.008088 
0.023860 
0.023867 

-0.013367 
0.013367 

-0.023867 
-0.023860 
0.008088 
0.021425 
0.006759 
0.000000 

Sep. 
0.000 
6.159 
0.000 
1.500 
0.000 
9.950 
0.000 
9.950 
0.000 
1.500 
0.000 
6.159 

100.037 

Indcxl 
1.000000 
1.768606 
1.000000 
1.727353 
1.000000 
1.558977 
1.000000 
1.558977 
1.000000 
1.727353 
1.000000 
1.768606 
1.000000 

Index2 
1.000000 
1.753572 
1.000000 
1.714359 
1.000000 
1.553827 
1.000000 
1.553827 
1.000000 
1.714359 
1.000000 
1.753572 
1.000000 

Index3 
1.000000 
1.782302 
1.000000 
1.739040 
1.000000 
1.563323 
1.000000 
1.563323 
1.000000 
1.739040 
1.000000 
1.782302 
1.000000 

Dispn. 
0.000000 
0.028730 
0.000000 
0.024681 
0.000000 
0.009496 
0.000000 
0.009496 
0.000000 
0.024681 
0.000000 
0.028730 
0.000000 

CIr. Rad 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 
21.00 

1.02 

GLASS 

SF14 

SF18 

BAK5 

BAK5 

SF18 

SF14 

Displayed below is the datafin 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 Triplet 
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Object Distance = 100.000 [mm]0 

Radius[mm] 
•147.956 

-46.674 

•123.639 

41.910 

41.899 

-74.812 

74.812 

-41.899 

-41.910 

123.639 

46.674 

147.956 

Image Plane 

Sep. [mmj 

6.159 

0.000 

1.500 

0.000 

9.950 

0.000 

9.950 

0.000 

1.500 

0.000 

6.159 

100.037 

Clear diameter 
42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

42.00 

2.04 

Material 

SF14 

Air 

SF18 

Air 

BAK5 

Air 

BAK5 

Air 

SF18 

Air 

SF14 

Air 

4.5.1.2 Drawing of the High-Aperture Lens 

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

Fig. 4.5.1.2 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 = 

Object Distance = 100.0000 [mm] 

55 [mm] File: Pair Reversed Triplet 

Lagrange Invariant= 0.2000 

H 
20.00000 
21.05837 
21.05837 
21.12871 
21.12871 
22.18694 
22.18694 
21.12913 
21.12913 
21.05885 
21.05885 
20.00070 
SpherAb. 
0.008644 
0.719874 

-0.067039 
-8.049987 
7.265705 
0.133039 
0.133174 
7.264449 

-8.048578 
-0.067133 
0.720384 
0.008621 

U 
0.20000 
0.17183 
-0.04289 
0.04689 
0.44769 
0.10636 
0,00003 
-0.10632 
-0.44763 
-0.04685 
0.04296 

-0.17179 
-0.19993 

Coma 
-0.001297 
0.015651 

-0.003155 
0.062928 

-0.056788 
0.003965 

-0.004127 
0.048133 
-0.053339 
0.003238 

-0.016517 
0.001285 

HBAR 
0.08344 
0.05302 
0.05302 
0.04495 
0.04495 

-0.01321 
-0.01321 
-0.07011 
-0.07011 
-0.07809 
-0.07809 
-0.10725 

Astig. 
0.000195 
0.000340 

-0.000148 
-0.000492 
0.000444 
0.000118 
0.000128 
0.000319 

-0.000353 
-0.000156 
0.000379 
0.000192 

UBAR 
-0.00917 
-0.00494 
-0.00961 
-0.00538 
-0.00851 
-0.00585 
-0.00901 
-0.00572 
-0.00798 
-0.00532 
-0.00966 
-0.00473 
-0.00893 

FCurv. 
-0.000117 
0.000372 

-0.000136 
-0.000402 
0.000342 
0.000192 
0.000192 
0.000342 
-0.000402 
-0.000136 
0.000372 
-0.000117 

D(U/N) 
-0.10285 
-0.14004 
0.07003 
0.42054 

-0.37946 
-0.06819 
-0.06823 
-0.37943 
0.42050 
0.07008 
-0.14009 
-0.10280 

Distort. 
-0.000012 
0.000015 

-0.000013 
0.000007 

-0.000006 
0.000009 

-0.000010 
0.000004 
-0.000005 
0.000014 

-0.000017 
0.000011 

A 
0.06482 

-0.49407 
-0.21321 
0.95183 
0.95196 

-0.29654 
0.29660 
-0.95191 
-0.95178 
0.21328 
0.49415 

-0.06475 

ABAR 
-0.00973 
-0.01074 
-0.01003 
-0.00744 
-0.00744 
-0.00884 
-0.00919 
-0.00631 
-0.00631 
-0.01029 
-0.01133 
-0.00965 

LChroma. 
0.021061 
0.169015 

-0.064152 
-0.287351 
0.122513 
0.040075 
0.040084 
0.122509 
-0.287341 
-0.064175 
0.169046 
0.021039 

TChroma. 
-0.003161 
0.003675 

-0.003019 
0.002246 

-0.000958 
0.001194 

-0.001242 
0.000812 

-0.001904 
0.003096 

-0.003876 
0.003136 

0.021154-0.000022 0.000964 0.000502-0.000002 0.002322 -0.000001 

Note the low values of the summaflast line) of the order aberrations. 
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4.5.2.2 Transverse Ray Aberrations of the High-Aperture Lens 
after Optimization 

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. 

TRANSVERSE RAY ABERRATIONS 
KBOSD TRIPLET F -55 F i l e REVTRIPL 1 0 - 0 1 - 1 9 9 0 

KL- .00054B ML- .000656 HL- .000*86 OEFOCUS - 0.0000 

^ ^ 

. 0 4 0 0 K » AXIS 

TAHQENTIAL 

.040Om 1 . 0 0 M 

TANGEKTIAt 

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 pm 

• field angle positions axis and Ie-. 
sagittal and tangential plane 
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OPTICAL PATH DIFFERENCES 
KBOSD TRIPLET F-55 F i l e REVTHIPL 10-01-1990 

WL- .000546 DEFOCUS - 0.0000 
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TANGEHTIAL 
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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 1° 

scale 40 Jim 

' " i 0.B4S00RA Drf 41.080 m 

-0,)080 -0.0500 

ìSf 

0.8588 

& 
«* 

I 

Inc4.fl9BBm 

0.1080 

* i # 

Fig. 4.5.2.4 Spot Diagrams of the High-Aperture Lens 
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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=55 [mm] File: Pair Reversed Triplet 

Defocus 
Back focus 
Wavelength 

Axis 
T 

Frequency [l/mm] 
8.00 

16.00 
24.00 
32.00 
40.00 
48.00 
56.00 
64.00 
72.00 
80.00 

0.970 
0.910 
0.826 
0.727 
0.622 
0.521 
0,432 
0.360 
0.309 
0.279 

S 

0.970 
0.910 
0.826 
0.727 
0.622 
0.521 
0.432 
0.360 
0.309 
0.279 

= 0.0000 [mm] 
= 100.037 [mm] 
= 0.0005460 [mrr 

1.00 
T 

0.972 
0.917 
0.839 
0.744 
0.640 
0.532 
0.427 
0.331 
0.249 
0.183 

'] " 

mm 
S 

0.979 
0.945 
0.898 
0.841 
0.775 
0.701 
0.623 
0.542 
0.461 
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 run 

• thru-focus spatial frequency 80 lines/mm 
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Fig. 4 .5 .2 .6 Geometrical M T F and Thru-focus Geometr ica l M T F 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 afocâl 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 used at the following three wavelengths 
WLl = 588 nm, WL2 = 656 nm and WL3 = 488 nm. Its 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 telescope proposed by the KBOSD. This optical start system is 
composed of plano-concave singlet and a plano-convex doublet. The plano­
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 (sortance part); because of 
this assembling 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 

Radiusfmm] 

-58.900 

Plane 

Plane 

223.000 

197.100 

-197.100 

Plane 

Sep. [mm] 
0.000 

2.000 

292.922 

2.000 

0.000 

4.033 

0.000 

Clear diameter 

10.00 

10.00 

40.00 

40.00 

40.00 

40.00 

50.35 

Material 
Air 

BAF3 

Air 

SF55 

Air 

BAF3 

Air 

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 

WLl = 0.000588 [mm} 
WL2 = 0.000656 [mm] 
WU = 0.000488 [mm] 

# Type Curve 
I S 

Sep. 
0.000000 0.000 

-0.016949 0.000 
0.000000 2.000 
0.000000 292.922 
0.004484 2.000 
0.005076 0.000 

-0.005076 4.000 
0.000000 0.000 

Index1 
1.000000 
1.000000 
1.582668 
1.000000 
1.761794 
1.000000 
1.582668 
1.000000 

Index2 
1.000000 
1.000000 
1.578932 
1.000000 
1.753657 
1.000000 
1.578932 
1.000000 

Index3 
1.000000 
1.000000 
1.591255 
1.000000 
1.781415 
1.000000 
1.591255 
1.000000 

Dispn. 
0.000000 
0.000000 
0.012323 
0.000000 
0.027758 
0.000000 
0.012323 
0.000000 

CIr. Rad Glass 
3.00 
5.00 
5.00 

20.00 
20.00 
20.00 
20.00 
25.18 

BAF3 

SF55 

BAF3 

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

KBOSD Galilean Telescope 4* 

Radius[mmJ 
Plane 

-59.000 

Plane 

Plane 

223.000 

197.000 

-197.000 

Plane 

4.6.1.2 Dra 

Sep. [mm] 

0.000 

2.000 

292.922 

2.000 

0.000 

4.000 

0.000 

wing of the 

File: Galilean Telescope 

Gear diameter 
6.00 

10.00 

10.00 

40.00 

40.00 

40.00 

40.00 

50.35 

Galilean TeI 

Material 

Air 

BAF3 

Air 

SF55 

Air 

BAF3 

Air 

escope 

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. 

Fig. 4.6.1.2 Drawing of the Galilean Telescope after Optimization 

114 



4.6.2 Analysis of Optimized the Galilean Telescope 

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 1Q 

• tangential and sagittal plane. 

According to the diagrams plotted below the KBOSD Galilean telescope has a low 
aberrations. 

ANGULAR RAY ABERRATIONS 
KBGSD NEWTON TELESCOPE F i l e TELNEW2L 10-01-1990 

WL- .0005Qa 
.0003HAD AXIS 

TWGCNTIJU. 

.00OWAO 1.DOdBD 

SAGITTAL 

Fig.4.6.2.1 Angular Ray Aberrations of the KBOSD Galilean Telescope 

4.6.2.2 Focal Plane GOTF Tables 

Geometrical 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. 

.OOO^AD l.OOdBB 

TANGENTIAL 
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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 modified angular 
aberrations are computed, plotted in spot diagrams, and used to compute 
through-focus MTF. 
According to die diagrams plotted below die KBOSD Galilean telescope has 
a good optical quality. This diagrams is plotted under the following 
parameters: 

spatial frequency is 10000 cycles/rad 
wavelengdi 588 nm 
field angle positions axis and Ie 

sagittal and tangential plane. 

fcutFreq = 18888 
Defocus = 6.8825 
FiIeIEuTOZ. 
IMUELDKTH = .600568 

I I I-» I I .1..1-- Hi . | - * - t I I t-t-f- I t t i *• I- t -i < «-I ) A t I I t-t-t 

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* HIe: Galilean Telescope 

Defocus = 0.003 D 
Back focus =0.000 [mm] 
Wave length = 0.000588 [mm] 
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Frequency[c/rad] 
1000.000 
2000.000 
3000.000 
4000.000 
5000.000 
6000.000 
7000.000 
8000.000 
9000.000 

10000.000 

Axis 

0.964 
0.923 
0.879 
0.835 
0.791 
0.750 
0.709 
0.671 
0.635 
0.600 

1.00 deg 
S 
0.961 
0.910 
0.854 
0.797 
0.741 
0.688 
0.638 
0.592 
0.550 
0.511 

T 
0.951 
0.879 
0.797 
0.715 
0.638 
0.570 
0.511 
0.461 
0.417 
0.378 

4.7 Data and Analysis of a Kepler Telescope 

A Kepler telescope is a telescope with two positive convergent lens. 

4.7.1.1.0 Data of the Start System 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 plano-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 magnification of -3. 

KBOSD Start System kepler Telescope 3* File: TELKEP2L 

Radius [mm] 

51.537 

Plane 

Plane 

134.586 

125.130 

125.130 

Sep. [mm] 
0.00 

2.240 

345.741 

2,000 

0.000 

3.800 

0.000 

Clear diameter 

. 10.00 

10.00 

30.00 

30.00 

30.00 

30.00 

Material 
Air 

BAF3 

Air 

SFl 3 

Air 

BAF3 

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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# 
1 
2 
3 
4 
5 
6 
7 
8 

Type 
S 
S 
S 
S 

s 
s 
s 
s 

Curve 
0.000000 
0.019417 
0.000000 
0.000000 
0.007463 
0.008000 

-0.008000 
0.000000 

WLl= 0.000588 |mm] 
WL2 = 0.000656 [mm] 
WU = 0.000489 |mm] 

Sep. Indexl Index2 
0.000 1.000000 1.000000 
0.000 1.000000 1.000000 
2.240 1.582668 1.578932 

345.741 1.000000 1.000000 
2.000 1.740765 1.733038 
0.000 1.000000 1.000000 
3.800 1.582668 1.578932 
0.000 1.000000 1.000000 

Indcx3 
1.000000 
1.000000 
1.591163 
1.000000 
1.759190 
1.000000 
1.591163 
1,000000 

Dispn. 
0.000000 
0.000000 
0.012231 
0.000000 
0.026151 
0.000000 
0.012231 
0.000000 

CIr. Rad Glass 
3.50 
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* 

Radius [mm] 
Plane 

51.500 

Plane 

Plane 

134.000 

125.000 

125.000 

Plane 

Sep. [mm] 

0.00 

2.240 

345.741 

2.000 

0.000 

3.800 

0.000 

File: TELKEP2L 

Clear diameter 
7.00 

10.00 

10.00 

30.00 

30.00 

30.00 

30.00 

42.35 

Material 

Air 

BAF3 

Air 

SFl 3 

Air 

BAF3 

Air 

4.7.1.2 Drawing of the Kepler Telescope 

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

><l 
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 1B 

tangential and sagittal plane. 

ANGULAR RAY ABERRATIONS 
<BDSD KEPLER TELESCOPE - 3 * F i l e TELKEP2L 10-01-1990 
WL- .0005BB 

" ~ " 

.0003BW) MIS 

TANGENTI«. 

•^~~ 

.0Q03RAO .l.OOdeg 

SAQITTAL 

Fig. 4.7.2.1 Angular Ray Aberrations of the KBOSD Kepler Telescope 

4.7.2.2 Optical Path Differences 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 

/ - " -

.0003RAD l.OOdeg 

TANGEHTIAL 
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• field angle positions axis and l-

KBOSO KEPLER TELESCOPE - 3 * FTTe TELKEP2L 10-01-1990 
WL- .00058B 

-

.0010IW AXIS 

TAHGENTIiL 

^ _ _ 
.OOio™ 1 .00mg 

SAGITTAL 

Fig. 4.7.2.2 Optical Path Differences of the 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 KEPLER Telescope 3* File: Telkep21 

Frequency [c/rad 
800.000 

1600.000 
2400.000 
3200.000 
4000.000 
4800.000 
5600.000 
6400.000 
7200.000 
8000.000 

Back focus 
Wave length 

Axis 

0.961 
0.908 
0.849 
0.789 
0.731 
0.676 
0.626 
0.580 
0.538 
0.499 

= 0.000 [mm] 
= 0.000588 [mm] 

1.00 deg 
S 
0.949 
0.867 
0.773 
0.678 
0.589 
0.511 
0.445 
0.388 
0,340 
0.300 

T 
0.923 
0.787 
0.639 
0.509 
0.412 
0.348 
0.307 
0.279 
0.256 
0.235 

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

4.7.2.4 Geometrical MTF and Thru-focus 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 

v^_ 
.0010a« 1.OOBBS 

TANGENTIAL 
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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 lfl 

sagittal and tangential planes. 

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

F l i t IXLXXP2L ISOSB XKPLZR TXLBO0PZ 2* 1 0 - 8 2 - 1 9 » 

K : S.ÖÖB S UL.= .000588 

: ~ ~ ^ ^ ^ 
; ^ , «XI| ; 

: ^ ^ ^ 
^ ^ - ^ 1 . 8 d*a 

^™\&mNP*.m* 
T 
' 

. S 

, 
. 
• 

T 
• 

. S 
• 

Fig. 4.7.2.4 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 after 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 reasons they allows the merit function to 
converge rapidly during the optimization. 
To attempt the same goal, an 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/mm and high ratios of the focal 
length to diameter demonstrate that these optical systems are of good 
quality [see appendix I]. 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 usefulness of such a program. 
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5 Comparisons of Optical Systems Generated by the 
KBOSD with Parallel Plane Plates Start Systems after 
Optimization 

5.0 Introduction 

5.1 Discusions and Comparisons of Singlet Lenses 
5.1.1 Parallel Plane Plate Start System Singlet Lens 
5.1.2 KBOSD Start System Singlet Lens 
5.1.3 Optimization of the Parallel Plane Plate Start System Singlet 

Lens 
5.1.4 Optimizations of the KBOSD Start System Singlet Lens 
5.1.5 Comparisons of the Parallel Plane Plate Start System Singlet 

Lens with the Singlet Lens Generated by the KBOSD 
5.1.5.1 Comparisons of the Transverse Ray Aberrations 
5.1.5.2 Comparisons of the Spot Diagrams 
5.1.5.3 Comparisons of the Geometrical MTF 
5.2 Discusions and Comparisons of Doublet Lenses 
5.2.1 Parallel Plane Plates Start System Doublet Lens 
5.2.2 KBOSD Start System Doublet Lens 
5.2.3 Optimization of the Parallel Plane Plates Start System Doublet 

Lens 
5.2.4 Optimization of the KBOSD Start System Doublet Lens 
5.2.5 Comparisons of the Parallel Plane Plates Start System Doublet 

Lens with the Doublet Lens Generated by the KBOSD 
5.2.5.1 Comparisons of the Transverse Ray Aberrations 
5.2.5.2 Comparisons of the Spot Diagrams 
5.2.5.3 Comparisons of the Geometrical MTF 
5.3 Discusions and Comparisons of Triplet Lenses 
5.3.1 Parallel Plane Plates Start System Triplet Lens 
5.3.2 KBOSD Start System Triplet Lens 
5.3.3 Optimization of the Parallel Plane Plate Start System Triplet 

Lens 
5.3.4 Optimization of the KBOSD Start System Triplet Lens 
5.3.5 Comparisons of the Parallel Plane Plates Start System Triplet 

Lens with the Triplet Lens Generated by the KBOSD 
5.3.5.1 Comparisons of the Transverse Ray Aberrations 
5.3.5.2 Comparisons of the Spot Diagrams 
5.3.5.3 Comparisons of the Geometrical MTF 
5.4 Discusions of a Triplet Lens Obtained from Parallel 

Plane Plates and Mastering of the Optimization 
Programs 

5.4.1 Data of the Parallel Plane Plates Triplet Lens 
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2 Transverse Ray aberrations of the Parallel Plane Plates Triplet 
Lens 

3 Spot Diagrams of the Parallel Plane Plates Triplet Lens 
4 Geometrical MTF of the Parallel Plane Plates Triplet Lens 

Conclusion 
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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. One singlet 
lens is produced by the KBOSD and optimized using 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 optimi­
zed using 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 IS 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 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 optimiza­
tion program displays a message error "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=T*(N-1) 
Where: 

R: Last curvature radius 
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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NA = H/Fb 

Where: 

H: High of the marginal ray at the last surface 
Fb: 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 Paral le l Planes Start system s ingle t 

Fi le pslnglet 

Fig. 5.1.1 Drawing of the Parallel 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 system singlet lens before the optimization are 
displayed below. 

EFL= 110.000 [mm] 
Parallel Planes Stan System Singlet 

Radius[mm] 

Pupil (Plane) 

-76.143 

Image Plane 

Sep. [mm] 

3 

109.67 

File: PSinglet 

Clear diameter Materia] 

20.00 
SF15 

20.00 
Air 

8.55 
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5.1.2 KBOSD Start 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 urn, the KBOSD proposes the 
plano-convex singlet lens shown below in Fig. 5.1.2. 

• 

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 calcuIfllO.O, Magnification, I, 108.0, 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 

Radius[mm] 

Pupil: 76.88 

Plane 

Image Plane 

Sep. [mm] 

2.653 

108.00 

Gear diameter 

20.00 

20.00 

8.55 

Material 

SF15 

Air 

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 sfl5 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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KBOtO Single! Start Syttem 

JL 

Parallel Planes Start 
System Singlet 

Fig. 5.1.3.1 KBOSD and Parallel 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 Stan System Singlet File: PSinglet 

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

75.358 20.00 
3 

7168.605 20.00 
1007.88 

Image Plane 7.55 

SF15 

Air 

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 parallel plane plate start system singlet. 

Illustrated below, Fig. 5.1.3.2 is the parallel plane plate start system of the 
singlet lens after 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 optimization. 
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Fig. 5.1.3.2 Parallel Plane Plate Start System of the Singlet Lens 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 optimization. 

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 Optimization 

Radiusfmm] 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 situation, 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. Note 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. Its first curvature radius is changed from 
76.88 mm to 75.603 mm. The second radius 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 number of iterations. 

5.1.5 Comparisons of the Parallel 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 quality of 
each singlet lens. 
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S.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 axisCO2 degree), 1° and 2s 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 parallel 
plane plate start system singlet at the field angle axisfO2 degree), 1° and 2B 

respectively in the sagittal and tangential image plane. The scale of the trans­
verse ray aberrations is 0.05 mm. i 
Displayed below are the transverse ray aberrations of the parallel plane plate 
start system singlet lens at the wavelength 656 nm after optimization. 

Comparing the transverse ray aberrations of the KBÖSD 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 diameter) the transverse ray 
aberrations are comparable and are closed to zèro. 
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 

TRANSVERSE RAY ABERRATIONS 
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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 05(axis), 1° and 2e 

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 Oö(axis), 1Q and 2Q 

• scale 0.05 mm. 
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Fig. 5.1.5.2.1 Spot Diagrams of the KBOSD Singlet Lens Start System after 
Optimization. 
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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 system after optimization. 
Both geometrical MTF diagrams displayed in figure 5.1.5.3 are plotted at the 
same parameters: - , 

field angles ff"(axis), 1Q and T 
spatial frequency 50 lines/mm 

• full aperture 

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 Doublet 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 0Q(axis) and Is. 

5.2.1 Parallel Plane Plates Start System Doublet Lens 

Starting from a parallel plane 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. It'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*(Nsfl5- 1) 
Where: 

R : Curvature radius of the last surface 
F : Focal length of the final plano-convex singlet lens. 
Nsfl5: Refractive index of the second parallel plane plate(sfl5). 

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

NA = H/Fb 

Where: 

H : High of the marginal ray at the last surface(aperture radius) 
Fb : 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 baß and sfl5. The baf3 and sfl5 optical 
glasses are appropriate to chromatic aberrations corrections.The optical 
glasses baf3 and sfl5 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 each parallel plane plate. This thickness 
of 5 mm is considered to be a 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. 
5.2.1 

Parallel Planes Start System uoutilet 

\ 

I 

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 anfl a plano-convex singlet make of sfl5 glass; the plano-convex 
singlet has a curvature radius of 69.895 mm, a focal length of 100 mm and a 
thickness of 5 mm. This doublet has a clear diameter of 20 mm. 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] 

Pupil (Plane) 

Plane 

Plane 

-69.895 

Image Plane 

Sep. [mm] 

5.00 

0.00 

5.0 

100.00 

Clear diameter 

20.00 

20.00 

20.00 

20.00 

3.57 

Material 

BAB 

Air 

SF15 

Air 

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 doublet lens. 

Fig. 5.2.2 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 sfl5 glass, it has curvature radii of -38.556 mm and 
infinity and a center thickness of 2 mm. This KBOSD has a clear 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] 
CBOSD Start System Doublet before Optimization 

Radiusfmm] 

41.435 

-41.435 

-38.556 

Plane 

Image Plane 

Sep. [mm] 

4.143 

0.00 

2.0 

100.00 

Clear diameter 

20.00 

20.00 

20.00 

20.00 

3.57 

File: KBOSD Doublet 

Material 

BAF3 

Air 

SF15 

Air 

5.2.3 Optimization of the Parallel Plane Plates Start System 
Doublet Lens 

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

KBQSD Doublet Start Syt lam 
P a r a l l e l p lanes S t a r t System Doublet 

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 parallel 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] 

92.127 

-922.083 

569.555 

-74.999 

Image Plane 

Sep. [mm] 

1.60 

45.20 

96.39 

23.76 

Gear diameter 

20.00 

20.00 

20.00 

20.00 

3.57 

Material 

BAF3 

Air 

SF15 

Air 

The parallel plane plates start system doublet 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 radius 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 sfl5 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 appropriated 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 to 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]. 
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07-04-1991 Parallel Planes Start System Doublet 

File Ddoublet 

Fig. 5.2.3.2 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 doublet lens is done under the 
same conditions as the parallel plane plates start system doublet 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 optimization 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 Material 
64.939 20.00 

3.698 BAF3 
•35.204 20.00 

0.000 Air 
-35.892 20.00 

2.000 SFl 5 
-174.687 20.00 

97.184 ' Air 
Plane 3.54 

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 
to the KBOSD start system before the optimization. During the optimization 
process of the KBOSD doublet, only a small adjustments of the curvature 
radii are introduced. After the optimization the KBOSD doublet kept the 
same geometrical form as before the optimization. The KBOSD doublet still 
composed of abi-convex and plano-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-designeddoublet lens is near a minimum 
of the merit function, because of these reasons that the merit function 
converges rapidly. In this particular situation 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 Start System 
Doublet Lens with the Doublet Lens Generated by the 
KBOSD 

In spite of the unusable design of the parallel plan plates doublet after 
optimization one analyses and compares it with the KBOSD doublet after 
optimization. The analysis is the same for the KBOSD doublet and the 
parallel plane plates doublet. These analytic conditions are: 

• clear aperture is 19 mm 
• field angles are O^axis) and 1° 
• aberrations scale is 20 |im for the parallel plane plates doublet. 
• aberrations scale is 10 |im 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 doublet after optimization. This 
transverse ray aberrations are at the field angle 0fi(axis) and lB respectively 
in the sagittal and tangential image 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 Os(axis) and Ie 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. 

TRANSVERSE RAY ABERRATIONS 
Parallel Planes Start System Doublet File pdoublet 07-0«-199i 

Fig. 5.2.5.1.2 Transverse Ray Aberrations 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 doublet 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 ran 
field angles positions 0°(axis) and 1° 
scale 20 |im. 
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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 Oö(axis) and I3 

scale 20 Jim. 

0.0200 

Parallel Planes Start System Ooublet 

NL = .0005BB F i l e pdoublet 07-04-19 

-O.iOQO -0.0500 0.0000 0.0500 0.1000 

Fig. 5.2.5.2.2 Spot Diagrams of the KBOSD Parallel Plane Plates Start 
System Doublet Lens after Optimization. 

145 



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 
plotted at the same following parameters: 

field angles O^axis) and Is 

spatial frequency 100 lines/mm 
full aperture. 

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. 
numerical 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 parallel plane 
plates. One has to help the optimization program by using 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 bak5, sfl8 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 
zero. 

Displayed below, are the data of the parallel planes plates triplet lens before 
optimization. 

EFL= 100.000 [mm] 
Parallel Plane Plates Start System Triplet Lens before Optimization 

Radius[mm] 

Pupil 

Plane 

Plane 

Plane 

Plane 

Plane 

Sep. [mm] 

0.000 

5.00 

0.000 

5.00 

0.000 

Clear diameter 

25.00 

25.00 

25.00 

25.00 

25.00 

25.00 
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Material 

Air 

BAK5 

Air 

SF18 

Air 



5.00 SF14 
-76.861 25.00 

100.00 Air 
ImagePlane 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 

File pQtripl 

Fig. 5.3.1 Drawing of the Parallel Plane Plates Start System 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 [mm] 
KBOSD Triplet Lens before Optimization F=IOO [mm] 
Radius[mm] Sep. [mm] 
Plane 

0.000 
47.50 

4.840 
-47.50 

0.000 
-26.15 

1.500 
26.15 

0.000 
36.76 

5.804 
-36.76 

93.000 

Gear diameter 
25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

Material 

Air 

BAK5 

Air 

SFl 8 

Air 

SF14 

Air 
ImagePlane 3.50 
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To get this KBOSD. triplet one has to type the following predicate: 
calcul(JOO.O, 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 
lenses 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 sfl8 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 
last bi-convex singlet lens is made of sfl4 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. 

Fig. 5.3.2 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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Fig. 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] 
Parallel Plane Plates Start System after Optimization File: PGTriplet Lens 

Radiusfmm] 

45.875 

-46.438 

-203.056 

-986.100 

-34.180 

-79.732 

Image Plane 

Sep. [mm] 

30.80 

0.000 

1.500 

3.51 

21.76 

62.73 

Clear diameter 

25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

3.51 

Material 

BAK5 

Air 

SF18 

Air 

SF14 

Air 

The parallel 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 !!. 
Unfortunately, this singlet is so thick that is unusable. With the exception of 
the inconvenience of the thickness, this bi-convex 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 
lens is made of sfl4 glass, it has two curvature radii of -34.180 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 Para l le l Planes Start System Triplet 

Fi le pgtr ipl 

Fig. 5.3.3.2 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 

ius[mm] 
ne 

66.282 

•47.787 

-48.988 

-233.656 

144.267 

200.440 

ne 

Sep. [mm] 

O.OOO 

4.840 

0.000 

1.500 

0.000 

5.804 

92.471 

Clear diameter 
25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

3.50 

Material 

Air 

BAK5 

Air 

SFl 8 

Air 

SF14 

Air 
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Drawing of the KBOSD Triplet Lens after Optimization 

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 1OO mm 
• wavelengths are 546 nm, 656 nm 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 
transverse ray aberrations are plotted at the following parameters: 

wavelength are 486 nm, 546 nm and 656 nm 
• field angle 0° and Ie respectively in the sagittal and tangential planes. 

aberrations scale is 0.025 mm. 
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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 O9 and I0 respectively in the sagittal 
and tangential planes. The aberrations scale is 0.025 mm. 
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Fig. 5.3.5.1.2 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 optimization 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 0.025 mm 
field angle 0° and Ie. 
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Fig. 5.3.5.2.1 Spot Diagrams of the KBOSD Triplet Lens Start System after 
Optimization. 
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Fig. 5.3.5.2.2 Spot Diagrams of the KBOSD Parallel 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 Ie 

• spatial frequency ICX) lines/mm 
• full aperture. 

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 system 
triplet lens. One has to remember that the separation between the parallel 
plane 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 system 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 start system triplet lens. In any case the triplet 
obtained from the optimization of the parallel plane plates start system is 
unusable because of the large value of its thickness. 

5.4 Discusions of a Triplet Lens Obtained from Parallel 
Plane Plates and Good Mastering of the Optimization 
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 lcngth(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 parallel plane plates as displayed above in section 5.3.1 
input three optical glasses chromatically corrected, bak5, sfl8 and 
sfl4 in our case 

• use the angle solve 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. 

Starting 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 lens; 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. 

5.4.1 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= 100.0001mm] 
KBOSD Triplet Lens afterOptimization File: Triplet Lens 

Radius! mm] 
Plane 

53.737 

-60.000 

-71.158 

-93.094 

-54.706 

-121.458 

Plane 

Sep. [mm] 

0.00 

6.34 

0.00 

. 6.12 

4.19 

5.66 

84 

Clear diameter 
25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

25.00 

3.50 

Material 

Air 

BAK5 

Air 

SF18 

Air 

SF14 

Air 

This triplet lens is composed of bi-convex singlet lens and two meniscus 
singlet lenses. Displayed below is the drawing of triplet obtained from the 
parallel plane plates start system and good control of the optimization 
program. 

n 
\ 

Fig. 5.4.1.1 Drawing of Triplet Obtained from Parallel Plane Plates Start 
System and Good Control of the Optimization Program 
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Fig. 5.4.1..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. 

5.4.2 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 
Parallel Planes Start SyBtem Triplet File pgtripl 07-04-1991 
WL- .000546 HL- .000656 WL- .000486 DEFOCUS - 0.0000 

^ L 

.OeSiM u i s 

TANGENTIAL 

_ 
.0250iia l .Hdefl 

TANGENTIAL 

Fig. 4.4.2.1 Transverse Ray Aberrations of the Triplet Lens Obtained 
from Parallel Plane Plates and Good Mastering of the 
Optimization Program. 

TRANSVERSE RAY ABERRATIONS 
KBOSD TRIPLET F=IOO F i l e TRIPLET 1 0 - 0 1 - 1 9 9 0 

WL- .000546 NL- .000656 WL- .000486 DEFOCUS - 0.0000 
. 02SOn AXIS 

TANGENTIAl 

0 2 S O M 1. ODdie 

SACITTAL 

Fig.5.4.2.2 Transverse Ray aberrations of the KBOSD Start System 
Triplet Lens after Optimization. 
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5.4.3 Spot Diagrams of the 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 fhe 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 parallel 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 O2 and Is. 

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. 
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.000546 

0.0000 

» 

t 
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F i l e 

Tr ip le t 

p g t r i p l 

0.0500 

O 

i 

07-04-1Ç 

0.1000 

II. 

.::;:. 

W 

Fig. 5.4.3.1 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. 5.3.4.2 Spot Diagrams of the KBOSD Parallel 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 parallel 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 Oe and lß 

• spatial frequency 100 lines/mm 
• full aperture. 

From the comparison of the geometric 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 parallel 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, lens 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 
stan system obtained from the optimization of parallel 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 is 
illustrated by the triplet lens example displayed in section 5.4. To attempt the 
same results as the KBOSD start systems 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 représentes the 
optical knowledge. 

« 
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Quality of the Knowledge Based Optical System Design 
Starting Systems and their Influence on the Final Optimization 
Results 

Introduction 

Comparative Table and Discussions of the Knowledge Based 
Optical System Design Doublet 

Comparative Table and Discussions of the Knowledge Based * 
Optical System Design Singlet 

Comparative Table and Discussions of the Knowledge Based 
Optical System Design Triplet 
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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 into account. 

6.1 Comparative Table and Discussions of the KBOSD Doublet 

In this section one reports 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 

Spherical 
aberrations 
Coma 
Astigmatism 
Field curvature 
Distortion 
Longitudinal 
chromatic 
aberrations 
Transverse 
chromatic 
aberrations 

KBOSD doublet 
start system 

-0.045033 

0.002924 
0.000291 
0.000195 

-0.000000 
0.003335 

0.000009 

Kingslake 
doublet 

0.001048 

-0.000031 
0.000295 
0.000210 
0.000002 
0.000178 

-0.000004 

KBOSD 
doublet start 
system after 
optimization 
-0.000423 

-0.000031 
0.000265 
0.000193 
0.000002 
0.003336 

0.000009 

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 
type. 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. 
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 to physical laws. The KBOSD used some heuristics concerning the 
geometrical form and the conditions of use 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 

Spherical aberrations 
Coma 
Astigmatism 
Field curvature 
Distortion 
Longitudinal 
chromatic 
aberrations 
Transverse 
chromatic 
aberrations 

KBOSD singlet 
before optimization 

0.006562 
-0.000283 
0.000881 
0.000526 
0.000004 
0.000002 

0.00000 

KBOSD singlet 
after optimization 

0.006756 
-0.000255 
0.000890 
0.000531 
0.000003 
0.000002 

0.00000 

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 question: 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: 

calculated the thicknesses of the three singlet lenses making the triplet 
• selected three optical glasses chromatically corrected 
• used heuristics 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 us 
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the Tessar triplet. Empirically, a triplet with appropriated optical glasses and 
with a geometrical 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 

Spherical aberrations 
Coma 
Astigmatism 
Field curvature 
Distortion 
Longitudinal 
chromatic 
aberrations 
Transverse 
chromatic 
aberrations 

KBOSD triplet lens 
before optimization 

-2.292748 
-0.014928 
0.00005 
0.000250 
0.000011 
0.011096 

0.000501 

KBOSD triplet lens 
after optimization 

0.000073 
-0.000114 
0.000465 
0.000332 
0.000003 
0.000960 

0.000051 

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 quality 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 
• sélectes the appropriate optical 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 

In 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 uses 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 artificial intelligence be useful 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 element 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 point of view. For this reason, the artificial intelli­
gence exploration techniques are adopted. 

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

• making up the base of facts containing optical glass and its properties. 
• making up the lens design knowledge base containing lens design cons­

traints and rules, as well as heuristics 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: 

* heuristics 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 clauses 

• 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 are explored 

The Prolog programming language was chosen because this language is 
equipped with an inference engine and the possibility of algorithmic 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 through rules and facts. 
A knowledge base is implemented in Prolog in terms of clauses. 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 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
turns 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 die sear­
ching algorithms. 

The application domain of the KBOSD is the dioptrical optical system of low 
aperture and low field angle. 

This knowledge based optical system design generates optical systems that 
are used as a start optical system 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 parallel 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 concerning the start system such 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 tool 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 die 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 die 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 computing, polarization and thin films, holo­
graphy and optical fibers. 

Future realizations of KBOSD based on the parallel programming and/or on 
neural computing are also highly recommended. 
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Appendix 1: Comparative Lens Data 

We report below the data [16] of some lenses on 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. 

Lens 

Full apper-
ture resolu­
tion 
Throu-focus 
MTF full 
aperture . 
Distortion 

Resolution 
F/8 
Image qual­
ity 

Leitz 
Summicron 
M50F/2 
64 lines/mm 

92% 

-0% 

75 lines/mm 

Excellent 

Minolta 
AF 50 mm 
F/1.7 
52 lines/mm 

87% 

-0.8% 

71 lines/mm 

Very good 

Canon 
EF 50 mm 
F/1.8 
48 lines/mm 

90% 

- 1 % 

54 lines/mm 

Good 

Praktica 
MC 50 mm 
F/1.8 
38 lines/mm 

65% 

-1.8% 

46 lines/mm 

Mean 
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Appendix 2: Interfaces KBOSD-User and KBOSD-Iens 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, 1,1', z and z'. 

Example 1: 

ca1cul(100.0,-2.0,l,I',z,z') this predicate indicates to the KBOSD that the user 
needs a focal optical system with a focal length of 100.0 mm 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 length 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, 
1', z and z' are displayed below, 
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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 die 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 to its parameters and its context of use. 
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The KBOSD answers by displaying the parameters of the optical system 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 Calculation of Parameters of 
Optical Systems 

The algorithms displayed below serve to calculate die paraxial parameters of 
the optical system. The user should enter at least two parameters. 

Input at least two parameters of the optical 
system from these listed here: focal length, 
lateral magnification, I, I', z, z\ 

Are all optical system parameters 
identified? 

Yes 

No 

Search a relationship between the 
known parameters and the 
unknown one. 

Display the optical 
system data. 

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_results displays the results of the calcul, i.e. 
the parameters: Optical_Power, Transversal_Magnification, L, L', Z and 
Z*. 

V 

calcul (OplicaLpower, TransversaI_Magnification, L, L', Z, Z) :-
know_variablc{[Optical_Power, Transversal_Magmficatioii, L, L', Z, Z1]), !, 
outpM_calcul_results(Optical_Power, Transversal_Magnificarion, L, L', Z1Z'). 

/* 
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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/L1). 

Where Ni, No are the refractive indices in the object and image space. 

*/ 

calcul(Optical_power, TransvcrsaLMagnification, L, L', Z,2') :-
indice(Ni, No), 
know_variable([L, L']), 
relation(calculation_rule_NoI, Optical_Power, (Ni/L) + (No/L'), "(Ni/L) + 
(No/L')", "Optical_Power"), !, 
calcul (OpticaLpower, Transversal_Magnification, L, L', Z, Z"). 

/* 

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 
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', 2,2') :-
indice(Ni, No), 
know_variable([L', Z']), 
relation(calculation_rule_No2, Optical_Power, No/(L'-Z'), "No/(L'-Z')M, 
"OpticaLPowcr"), !, 
calcul(Optical_power, TransversaLMagnification, L, L', Z, Z'). 

/* 

In the following rule if the variables Z' and L', know_variable([Z, Z']), 
are known, then, the variable Optical Power is calculated according to the 
relation: 

Optical_power = sqrt((Ni*No)/(Z*Z')). 

*/ 

calcul (Optical_power, Transversal .Magnificali on, L, L', Z, X) :-
indice(Ni, No), 
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know_variable([Z, Z']), 
relation(ca]culation_rule_No3, Optical_Power, sqn((Ni*No)/(Z*Z')), "sqrt((Ni 
*No)/(Z*Z'))", "OpticaLPower"), !, 
calcul(Op[ical_power, Transversal_Magnificatioo, L, L', Z, Z'). 

/* 

In the following rule if the variables Z' and L\ know_variable([Z, Z']), 
are known, then, the variable Optical Power is calculated according to the 
relation: 

OpticaLpower = -sqrt((Ni*No)/(Z*Z')). 

*/ 

calcul (OpticaLpower, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable([Z, Z']), 
relation(calculation_rule_No4, Optìcal_Power, -sqrt((Ni*No)/(Z*Z')), "-
sqrt((Ni*No)/(Z*Z'))'\ "Optica!_Power"), !, 
calcul (OpticaLpower, Transversal_Magnification, L, L', Z1 X). 

I* 

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: 

OpticaLpower = Ni/(L-Z). 

*/ 

calcul (OpticaLpower, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable([L, Z]), 
relation(calculation_rule_No5, Optical_Power, Ni/(L-Z), "NiZ(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')/((OpticaLPower*L') - No). 

*/ 
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calcul (Optical_power, Transversal_Magnifìcation, L, L', Z, Z') :-
indice(Ni, No), 
know_variable([Opticai_Power, L']), 
relation(calculaiion_rule No6, L, (Ni*L')/((Optical_Power*L') - No), "(Ni*L')/ 
((Optical_Power*L') - No)", "L"), !, 
calcul(Optical_power, Transversa!_MagnÌfication, L, L", Z, Z). 

/* 

In the following rule if the variables Transversal_Magnification and L', 
know_v ari able ([Trans ver sal_ Magnification, L']), are known, then, the 
variable L is calculated according to the relation: 

L = (-U*Ni)/(Transversal_Magnification*No). 

calcul(Optical_power, Transversal_Magnification, L, L', TL, Z) :-
indice(Ni, No), 
know_variable([Transversal_Magnification,L']), 
relation(caIculation_rule_No7, L, (-L'*Ni)/(Transversal_Magnification*No), "(-
L'*Ni)/(Transversal_Magnification*No)", "L"), !, 
calcul (OpticaLpo wer, Transversal_Magnification, L, L', Z, Z'). 

/* 

In the following rule if the variables Optical_Power and Z, 
know_variable(fOptical_Power, Z]), are known, then, the variable L is 
calculated according tò 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(caIcuIation_rule_No8, L, Z + (Ni/Optical_Power), "Z + (Ni/ Opti-
cal_Power) ", "L"), !, 
calcul (OpticaLpo wer, Transversal_Magnification, L, L', Z, Z). 
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In the following rule if the variables Optical_Power and L, 
know_variable([Opticai_Power, L)), are known, then, the variable L' is 
calculated according to the relation 

L' = (No*L)/((Optical_Power*L) - Ni). 

*/ 

calcul(Optical_power, Transvcrsal_Magnification, L, L-, Z, Z') :-
indicc(Ni, No), 
know_variable([Optical_Power, L]), 
relation(calculation_rule_No9, L', (No*L)/((Optical_Power*L) - Ni), "(No*L)/ 
((Oprical_Power*L) - Ni)". "V), !, 
calcul(Optical_power, Transversal_Magnification, 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' + (No/Optical_Power). 

*/ 

caIcul(Optical_power, Transversa]_Magnifïcation, L, L', Z, Z) :-
indicc(Ni, No), 
know_variabIe([Optical_Powcr, Z]), 
relation(calculation_rule_NolO, L', Z + (No/Optical_Power), "Z' + (No/ Opli-
cal_Power)", "L'"), !, 
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z). 

/* 

In the following rule if the variables Transversa!_Magnification and L, 
know_ variable([Transversal_ Magnification, L]), are known, then, the 
variable L" is calculated according to the relation 

L' = Z' + (-Transversal_Magnification*No*L)/Ni. 

*/ 

calcul(Optical_power, Transvcrsal_Magnification, L, L', Z, Z) :-
indicc(Ni, No), 
know_variablé(fTransversal_Magnificatìon, L]), 
relaiion(calculation_ru!c_Noll, L', (-Transvcrsal_Magnirication*No*L)/Ni, "(-
Transvcrsal_Magntfication*No*LVNi)", "L'"). !, 
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calcul(OpticaI_power, TransversaLMagnification, L, L', Z, X). 

I* 

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 - (Ni/Optical_Power). 

*/ 

calcul(Optical_power, TransversaLMagnification, L, L', Z, Z) :• 
indice(Ni, No), 
know_variable([Optical_Power, L]), 
relation(calculation_rule_Nol2, Z, L - (Ni/Optical_Power), "L - (Ni/ Opti-
cal_Power)", "Z"), !, 
calcul (Optical _power, TransversaLMagnification, L, L', Z, X). 

I* 

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'). 

*/ 

calcul(OpticaLpower, TransversaLMagnification, L, L', Z, X) :-
indice(Ni, No), 
know_variable((Optical_Power, Z']), 
relation(caiculation_nile_Nol 3, Z, (Ni*No)/(Optical_Power*Optical_Power*Z'), 
"(Ni*No)/Optical_Power*Optical_Power*Z'", "Z"), !, 
calcul(OpticaLpower, TransversaLMagnification, L, L', Z, X). 

I* 

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). 

*/ 
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calcul(Optical_power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable(fOpticaLPower, Z]), 
relation{caiculation_ruIe_Nol4, Z', (Ni*No)/(Optical_Power*Optical_Power*Z), 
"(Ni*No)/Optical_Powcr*Optica]_Power*Z", "Z'"), !, 
calcul(Opiical_power, Transversal_Magnification, L, L', Z, Z1). 

/* 

In the following rule if the variables Optical__Power and L', 
know_variable(fOptical. Power, L']), are known, then, the variable Z' is 
calculated according to the relation 

X - L' - ( No/Optical_Power). 

*/ 

calcuI(Optical_power, Transversal_Magnification, L, L', Z, X) :-
indice(Ni, No), 
know_variable([Optical_Power, L']), 
reIation(calculaiion_rule_Nol5, Z', L' - ( No/Optical_Power), "L' -( No/ Opti-
cal_Power)", "Z'"), !, 
calcu!(Optical_power, Transversal_Magnification, L, L', Z, Z'). 

/* 

In the following rule if the variables L and L', know_variable([L, L']), 
are known, then, the variable Transversa LMagni fi cation is calculated ac­
cording to the relation 

Transversal_Magnification = - (Ni*L')/(No*L). 

*/ 

calcul(Optical_power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variab!e([L, L']), 
rclaiionCcalculation_rulc_NoI6, TransversaLMagnification, - (Ni*L')/(No*L), "-
(Ni*L')/(No*L)", "TransversaLMagnification"), !, 
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z'). 

/* 

In the following rule if the variables TransversaLMagnification and L', 
know_variable([TransversaL Magnification, L']), are known, then, the 
variable OpticaLPower is calculated according to the relation: 
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Optical_Power = (- No TransversaLMagnification+ No)/L'. 

calcul(Optical_power, Transversal_Magnificaiion, L, L', Z, Z') :-
indice(Ni, No), 
know_variable(ITransversal_Magnification, L']), 
relation(caiculation_rule_Nol7, OpticaJ_Power, {- No*Transversal_Magnification 
+ No) IL', "(• No* Transversal_Magnificatioo+No)/ L'", "Optical_Power"), !, 
calcul(Optical_power, TransversaLMagnification, L, L', Z, Z"). 

/* . 

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]), 
relation(calcuIation_rule_Nol8,L',(No*TransversaLMagnification+No)/ Opti-
cal_Power, "(- No*TransversaLMagnification+No)/Optical_Power", "L'"), !, 
calcul (Optical_power, Transversa]_Magnification, L, L', Z, X), 

/* 

In the following rule if the variables Optical_Power and L, 
know_variabIe([ 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, TransversaLMagnification, L, L', Z, X) :-
indice(Ni, No), 
know_variable([Optical_Power, L]), 
relatìon{calculatìon_mle_Nol9, Transversal_Magnificatìon, (Ni/{(-Optical_Power*. 
L ) + Ni)), "(Ni/((-Optical_Power*L)+Ni))", *Transversal_Magnification"), !, 
calcul(Optical_power, TransversaLMagnification, 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*L/((Optical_Power*L)-Ni))-No/ Optical_Power. 

V * 

calcul(Oprical_power, Transversal^Magnification, L, L', 2, 2") :-
indice(Ni, No), 
know_variable(fOpticaLPower, Ll). 
rcIation(ca]culation_rulc_No20, 2', (No*L/((Optical_Power*L>-Ni»-No/ Opti-
cal.Power, "(No*lV((Opticat_Power*L)-Ni))-No/Optical_Power", "Z'"). !. 
calcu!(Optical_powcr, Transvcrsal_Magnificarion, L, L', Z, Z"). 

I* 

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_Magnìfication = (No-Optical_Power* L')/No. 

*/ 

calcuI(Optical_powcr, Transversal_Magnification, L, L', Z. Z') :-
indice(Ni, No), 
know_variable([Optical_Power, L']), 
relation(calcu]ation_rule_No21, Transversal_Magnification, (No-Optical_Power 
*L')/No, "(No-Optical_Power*L')/No", "Transversa]_Magnification"). !, 
calcul (Optical_po wer, Transversal_Magnification, L, L', Z', X). 

/* 

In the following rule if the variables Optical_Power and Z', 
know_variable([Optical_ Power, Z']), are known, then, the variable 
Transversal. Magnification is calculated according to the relation 

L=C(Ni*No)/(OpticaUPower*Optical_Power*Z'))+(Ni/Optical_Power). 

*/ 

calcul(Optical_power, TransversaI_Magnification, L, L', Z, X) :-
indice(Ni, No). 
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krtow_variabIe([Optical_Power, Z"]), 
relation(calciilation rule_No22ÌJ,((Ni*No)/(C)ptical_Power*Optical_Power*Z'))+ 
CNiA)ptical_Power),"CCNi*No)/(Optical_Powcr*Optical_Power*Z*»+ (Ni/ Opti-
cal_Power)","L"), !, 
calcul(Optical_power, Transversal_Magnification, L, L', Z, Z'). 

/" 

In the following rule if the variables Optical_Power and L, 
know_variable([Öptical_ Power, L]), are known, then, the variable Z' is 
calculated according to the relation 

Z' =(Ni*No)/(Optical_Power*(Optical_Power*L-Ni)). 

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)/(Optica!_Power*(Opücal_Power*L-Ni))", "Z"'), !, 
calcul(Optical_power, TransversaLMagnification, L, L', Z, X). 

I* 

This rule is used by the calcul predicates. 

This rule links the value, Var_Free, and the formula, Formule, during the 
algorithm calculation of an optical system. 
If a variable is free(Var_Free), then, the formula is assigned to 
it(Var_Free is Formule). 

This rule displays the relation between an optical variable and the optical 
rule (Text_Formule) that indicts the way to calculate it. 

*/ 

rclation(Rule_No, Var_Free, Formule, Text_Formule, Var_Text) :-
free(Var_Free), 
Var_Free is Formule, 
ni, 
•outl( Rule_No), 
out(Var_Text), 
outm(" = "}, 
out(Tcx t_Form u Ie), 
outm(" --> "), 
nl, 
out(V ar_Free), 
outm(" = "), 
out(Formule), 
nl. 
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P 

This rule testes if a variable is known, not free. 
It is applied to a list of variables. 

*/ 

know_variable([J). 
know_variable([PIA]) :-

bound(P), 
know_variable(A). 

/* 

This rule is used to display the data of a focal optical system after the cal­
culation algorithm. 

V-
ouiput_calcül_rcsulls(Optical_Powcr, Transverse_Magnification, L, L'f Z, Z) '.-

power_focal(Focal_Lcngth, Optical_Power), 
nl, 
outm("FocalJjength --> "), 
outl( FocaLLcngth), 
outm("Optical_Power --> "), 
outl( Optical_Power), 
outm("Transversal_Magnification --> "), 
outI( Transversal_Magnification), 
outmC'Obj-Lens «> "), 
outl( L), 
outm("Lcns-Image -> "), 
outl( L'), 
outm("Obj-Focal_Length -•> "), 
outIC Z), 
outm("FocaI_Length-Imagc -•> "), 
outl( Z'), 
nl. 
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Appendix 4: Rules and Algorithms of Test of Parameters of 
Optical Systems 

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

Test the feasability of the optical ~ 
system, needed parameters: power of the 
optical system, magnification, t, P1 z, z" 

Test the compatibility between 
three different variables of the 
optical system 

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

Display all the right optical system data 

Repeat the feasability test until the 
last test. 

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(Optical_Power, Transversal_Magnification, L, L', Z, X) :-
indicefNi, No), 
ni, 
know_variable([L, L'.OpticaLPower]), 
relationtest(testl,Optical_Power,(NiA.)-t-(NoA.')."CNi/L)+(No/L')","Optical_Power") 
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testl(Optical_Power, Transvcrsal_Magnification, L, L', Z, T). 

tcst(Qptical_Power, Transversal_Magmficaiion, L, L', Z, Z) :-
indice(Ni, No), 
know_variablc([L, L'.OpticaLPower]), 
relationicst(tcstl, Optical_Power, (NiA.) + (No/L'), "(Ni/L) + (No/L')", 
"Oplical_Powcr"), 
testl(Optical_Power, Trans versal_Magnification, L, L', Z, Z"). 

/* 

If three variables, Optical_Power, L' arid Z' are known, know_ va-
riable([L', Z", Optical_Power]), then, their compatablility is tested accor­
ding to the relation: 

Optical_Power = No/(L'-Z"). 

*/ 

lestl(Optical_Power, TransversaJ_Magnificaiion, L, L', Z, X) :-
indicc(Ni, No), 
know_variable([L', Z',Optical_Power]), 
rclationtest(tesi2, Opticai_Power, No/(L'-Z"), "No/(L'-Z')", "Opdcal_Power"), !, 
test2(Optical_Power, Transversal_Magnification, L, L', Z, Z'). 

/* 

If three variables, Transvefsal_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). 

*/ 

test2(Optical_Power, TnmsversaI_Magnification, L, L', Z, X) :-
indice(Ni, No), 
know_variable([Z, Z',Optical_Power]), 
rclationtcst(tes(3, Oplical_Power, sqn(Ni*No/(Z*Z")), "sqrt(Ni*No/(Z*Z'))", 
"Optical_Powcr"), !, 
tcst3(OpticaI_Power, Transvcrsal_Magnification, L, L', Z, Z'). 

I* 

If three variables, Z, Z' and OpticaI_Power are known, know_variable([Z, 
Z',Optical_ Power]), then, their compatablility is tested according to the 
relation: 

Optical_Power = sqrt(Ni*No/(Z*Z')). 

*/ 
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test3(0ptical_Power, TransversaLMagnification, L, L', Z, Z) :• 
indicefNi, No), 
know_variable([Z, Z,Optical_Power]), 
relationtest(test4, Oplical_Power, sqrt(Ni*NoZ(Z*Z')), "sqrt(Ni*No/(Z*Z')),,

I 
"Optical_Power"), !, 
test4(Optical_Power, TransversaLMagnification, 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 = Ni/(L-Z). 

*/ 

test4(OpticaI_Power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable([L, Z,Optical_Power]>, 
relationtest(test5,Optical_Power, NiZ(L-Z), "NiZ(L-Z)", "Optical_Power"), !, 
test5(OpticaLPower, TransversaLMagnification, L, L', Z, Z'). 

/* 

If three variables, TransversaLMagnification, L' and L are known, 
know_variable([ TransversaLMagnification, L', L]), then, their compa-
tablility is tested according to the relation: 

L = C-L'*Ni)Z(TransversaLMagnification*No). 

*/ 

test5(Optical_Power, TransversaLMagnification, L, L', Z, Z) :-
indice(Ni, No), 
know_variabìe([Optical_Power, L', LJ), 
relationtest(test6, L, (Ni*L')/((OpticaLPower*L')-No),"(Ni*L')Z ((Optical. Po-
wer*L') - No)", "L"), !, 
test6(Optical_Power, TransversaLMagnification, L, L', Z, TT),-

/* 

If three variables, TransversaLMagnification, 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). 

*/ 

test6(0pticaLPower, TransversaLMagnification, L, L', Z, Z') :-
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indice(Ni, No), 
know_variablc([Transversal_Magnificatioii, L', L]), 
relationtest(test7, L, (-L'*Ni)/(TransversaLMagnification*No), "(-L'*Ni)/ 
(TransversaLMagnification *No)", "L"), !, 
test7(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

If three variables, Opücal_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). 

*/ 

test7(Optical_Power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variableCrOpticaI_Power, Z, L]), 
relationtest(iest8, L, Z + (Ni/Optical_Power), "Z + (Ni/OpticaL_Power)", "L"), !, 
test8(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

If three variables, 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(Optical_Power, TransversaLMagnification, L, L', Z, T) :-
indice(Ni, No), 
know_variable([OpticaLPower, L, L]), 
reiationtest(test9, L', (No*L)/((Optical_Power*L) - Ni), "(No*L)/((OpticaL Po-
wer*L) - Ni)", "L"'), !, 
test9(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

If three variables, OpticaLPower, L', and Z' are known, know_variable([ 
OpticaLPower, Z', L']), then, their compatablility is tested according to 
the relation: 

L' = (Z' + (No/OpticaLPower)) 

*/ 

test9(Optical_Power, TransversaLMagnification, L, L', Z, Z') :-
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indice(Ni, No), 
know_variable([Optical_Power, Z, L']), 
relationtest(testlO, L', (Z' + (No/Optical_Power)), "Z' + (No/Opticai_Power)", 
"L"*), !, 
test 10(Optìcal_Power, TransversaLMagnification, L, L', Z, T). 

/* 

If three variables, TransversaLMagnification, L and L' are known, know_ 
variable([Transversal_Magnification, L, L']), then, their compatablility is 
tested according to the relation: 

L' = (-Transversal_Magnification*No*L)/Ni. 

*/ 

testlO(Optical_Power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable([Tiansversal_Magnification, L, L']), 
relationtest(tcstll, L', (-TransversaLMagnification*No*L)/Ni, "(-Transver-
sal_Magnification*No*L)/Ni)", "L'"), !, 
testll(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

If three variables, Optical_Power, L and Z are 
know_variable([Optical_Power, L, Z]), then, their compatablility is tested 
according to the relation: 

Z = L - (Ni/OpticaLPower) 

*/ 

testi 1 (Optical_Power, TransversaLMagnification, L, L', Z, Z) :-
indice(Ni, No), 
know_variable([Optical_Power, L, Z]), 
relationtesi(testl2, Z, L - (Ni/Optical_Power), "L - (Ni/Optical_Power)", "Z"), !, 
testl2(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

If t h r e e v a r i a b l e s , O p t i c a l _ P o w e r , Z ' and Z are 
know_variable([Optical_Power, Z', Z]), then, their compatablility is tested 
according to the relation: 

Z = (Ni*No)/(OpticaLPower*OpticaLPower*Z'). 

*/ 

testl2(OpticaI_Power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
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know_variable([Opticâl_Power, T, ZJ), 
relationtest(testl3, Z, (Ni*No)/(OpticalJ>ower*Optical_Power*Z'), "(Ni*No)/ 
(OpticaLPower*Optical_Power*Z')", "Z"), !, 
lesti 3(Optical_Power, Transversal_Magnification, L, L', Z, Z'). 

/* 

If t h r e e v a r i a b l e s , O p t i c a I _ P o w e r , Z ' and Z are 
know_variable([Optical_Power, Z, Z']), then, their compatablility is tested 
according to the relation: 

Z' = (Ni*No)/ (OpticaLPower*Optical_Power*Z). 

*/ 

testl3(Optical_Power, Transversal_Magnification, L, L', Z, Z) :-
indice(Ni, No), 
know_variable(lOptical_Power, Z, Z"]), 
relationtest(testl4, Z', (Ni*No)/(Optical_Power*Öptical_Power*Z), 
"(Ni*NoV(Optical_Power*Optical_Power*Z)", "Z"), I, 
testl4(OpticaLPower, Transversal_Magnificarion, L, L', Z, Z'). 

/* 

If three variables, Optical_Power, Z' and L are know_variabIe([Optical_ 
Power, L', Z']), then, their compatablility is tested according to the rela­
tion: 

Z' = L' -( No/Optical_Power). 

*/ 

testl4(OpticaI_Powcr, Transvcrsal_Magnification, L, L', Z, Z") :-
indice(Ni, No), 
know_variabIe([OpticaLPowcr, L', Z']), 
rcIationtest(testl5, Z', L' -( No/Optical_Power),' "L' -(No/Optical _Power)", "Z"'), 

testl5(Optical_Power, Trans versaLMagnification, L, L', Z, T). 

I* 

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: 

Trans versaLMagnification = - (Ni*L')/(No*L). 

*/ 

testl5(Optical_Power, TransversaLMagnification, L, L', Z, T) :-
indice(Ni, No), 
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know_variabIe([Transversal_Magnification, L, L']), 
relationtcst(testl6, TransversaLMagnification, - (Ni*L')/(No*L), "- (Ni*L')/ 
(No*L)", "TransversaLMagnification"), !, 
testl6(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

In the following rule, if three variables, Transversal_Magnification, L' 
and Optical_Power, are know know_variable( [TransversaLMagnification, 
Optical_Power, L']), then, their compatablility is tested according to the 
relation: 

Optic aI_Power] = (-No*Transversal_ Magnification+No)/L'. 

*/ 

testl6(Optical_Power, TransversaLMagnification, L, L', Z, 71) :• 
indice(Ni, No), 
know_variablc([Transvcrsal_Magnification, L", OpticaLPower]), 
relationtest(testl7, OpticaLPower, (-No*Transversal_Magnification+-No)/L', "(-
No* Transversal_Magnification+No)/L'", "OpticaLPower"), !> 
tesll7(Optical_Power, TransversaLMagnification, L, L', Z, Z'). 

/* 

In the following rule, if three variables, TransversaLMagnification, L' 
and Optical_Power, are know know_variable([Transversal_Magnification, 
OpticaLPower, L']), then, their compatablility is tested according to the 
relation: 

L' = (-No*Transversal_Magnification+No)/Optical_Power. 

*/ 

testl7(Optica!_Power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable(rOptical_Power, TransversaLMagnification, L']), 
relationtest(iestl8, L', (-No*Transversal_Magnification+No)/Oplical_Power, "(-
No*Transversal_Magnificaiion+No)/Optical_Power", "L'"), !, 
test!8(Optical_Power, TransversaLMagnification, L, L', Z, Z')-

/* 

In the following rule, if three variables, TransversaLMagnification, L and 
OpticaLPower, are know_variable([Optical_Power, L, Transversal_ Ma­
gnification]), then, their compatablility is tested according to the relation: 

TransversaLMagnification = (Ni/((-Optical_Power* L)+Ni)). 

*/ 

testl8(Optical_Power, TransversaLMagnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variabIe(rOptical_Power, L, TransversaLMagnification]), 
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relationtest(tesil9, Trans vcrsal_Magnification, <Ni/((-Optical_Power* L)+Ni)), 
"(Ni/((-OpticaI_Power*L)+Ni))","Transvcrsal_Magnification"), !, 
testl9(Optical_Powcr, Transversal_Magnification, L, L', Z, Z'). 

/* 

In the following rule, if three variables, L, Z' and Optical_Power, are 
know_variable([ Optical_Power, L, Z']), then, their compatablility is tes­
ted according to the relation: 

Z' = ((No*L)/((Optical_Power*L)-Ni))-(No/Optical_Power). 

*/ 

testl9(Optica]_Power, Transvcrsal_Magnification, L, L', Z, Z') :-
indiceCNi, No), 
know_variable([Opdcal_Power, L, Z']), 
relationtest(test20, Z', ((No*L)/((Op[ical_Power*L)-Ni))-(No/Oprical_Power), 
"((No*L)/((Optical_Power*L)-Ni))-No/Optical_Power", "Z"), !, 
lcst20(Optical_Power, Trans versa !.Magnification, L, L', Z1Z

-). 

/* 

In the following rule, if three variables, Transversal_Magnification, L' 
and Optical_Power, are know_vari able ( [Opti cal_Po wer, L', Transversal. 
Magnification]), then, lheir compatablility is tested according to the rela­
tion: 

Transversal_Magnification = (No-Optical_Power*L')/No. 

*/ 

iest20(Optical_Power, Transvcrsal_Magnification, L, L', Z, Z) :-
indicc(Ni, No), 
know_variable([Optical_Power, L', Transversal_Magnificationl), 
rdationtest<test21, Transversal_Magnificadon, (No-Optical_Power*L')/No, "(No-
Optica!_Power*L')/No", 'Transversal_Magnification"), 1, 
tcst21(Optical_Powcr, Transversal_Magnification. L, L', Z, T). 

/* 

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)/(Optica1_Power*Optical_Power*Z'))+(Ni/Optical_Power). 

*/ 

test21(0ptical_Power, TransversaI_Magnification, L, L', Z, Z') :-
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indice(Ni, No), 
know_variable([Optical_Power, Z', L]), 
relationtest(test22, L, ((Ni*No)/(Optical_Power*Optical_Power*Z*))+ (Ni/ Opti-
cal_Power),"(Ni*No/(Optìcal_Power*Optical_Power*Z'))+(Ni/Optical_Power)", 
"L"), !, 
test22(Oplical_Power, Transversal_Magnification, L, L', Z, 71). 

t* 

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)/(Optical_Power*(Optical_Power*L-Ni)). 

*/ 

test22(Optical_Power, Transversal_Magnification, L, L', Z, Z') :-
indice(Ni, No), 
know_variable([Optical_Power, L, Z']), 
relationtest(test23, Z', (Ni*No)/(Optical_Power*(Optical_Power*L-Ni)), 
"(Ni*No)/(Optical_Power:*COptical_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(Test_No), 
nt, 
out(Var_Text), 
outm(" is equal to "), 
out(Text_Formule), 
outm(" -•> "), 
nl, 
wriie(Var_Frce), 
outm(" = "), 
write(Formule), 
nl, 
outm(" ", 30), 
outm(" Test successful "). 
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This rule is used to link the variable, 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. 

*/ 

rclatiomest(Test_No, Var_Frcc, Formule, Text_Formule, VarJText) :-
nl, outm("Error according to "), 
write(Test_No), 
out(Var_Text), 
outmC o "), 
out(Text_Formu!e), 
write CV ar_Frce), 
outm(" o "), 
writefFomiulc), 
outm(" ", 20), 
outm("-->"), 
writeCVar_TexO. 
wriicf" can be only "), 
Formula is Formule, 
write(Formula), 
outm("> Test fails <"). 
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Appendix 5: Heuristics Concerning Assembling of Optical 
Lenses 

The following clauses are used for assembling the doublet and triplet lenses, 
as well as high aperture lenses. 

/ * • 

The following rule, assemblingdoublet(OpticaLPower, Optical_Powerl, 
Optical_Power2tRefractive_Indexl ,Refractive_Index2,Glass_Naml, Glass_ 
Nam2, Diameter, Separation), is used for the assembling process of a doublet 
lens at low temperature. 
The doublet lens is cemented together if it will be used at low temperature i.e 
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 Vl*Optical_Power/(Vl-V2), 
Optical_Power2 is V2*Optical_Power/(V2-Vl). 

* / . 

assemblingdoublet(Optical_Power, Oprical_Powerl, Oprical_Power2, Refractive_Indexl, 
Refracdve_Index2, Glass_Naml, Glass_Nam2, Diameter, Separation) :-
low_temperature(T), 
outm( "assembling process doublet "), 
nl, 
leiis_refractive_index2([Glass_Naml, GIass_Nam2, Refractive_Indexl, Refrac-
tive_Index2, Vl, V2]), 
Separation is 0.0, 
Optical_PowerlisVl*Optical_Power/(Vl-V2), 
OpticaLPower2 is V2*OpticaLPower/(V2-Vl). 

I* 

The following rule, assemblingdoublet(Optical_Power, Optical_Powerl, 
Optical_Power2, Refractive_Indexl, Refractive_Index2, Glass_Naml, 
Glass_Nam2, Diameter, Separation), is 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 usually used melts at 150 degrees celcius. This is a heuristic. 
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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 0.4 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 value is a heuristic too. 

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: 

OpticaLPowerl is Vl*OpticaLPower/(Vl-V2), 
Optical_Power2 is V2*Optical_Power/(V2-Vl). 

*/ 

assembli ngdoublet(Optical_Power, OpticaLPowerl, OpticalJPower2, Refractive_Indexl, 
Refractive_Index2, GIass_Naml, Glass_Nam2, Diameter, Separation) :-
high_temperature(T), 
outm("assembling process doublet "), 
nl, 
Separation is 0.4, 
lens_refractive_index2([Glass_Naml, Glass_Nam2, Refractive_Index 1, Refrac-
tive_Indcx2,Vl,V2]), 
OpticaLPowerl is Vl*Opùcal_Power/(Vl-V2), 
Optical Power2 is V2*Optical Powêr/(V2-Vl). 

/* 

The following rule is used for an assembling thickness doublet lens. 

*/ 

assemblingthickness(Thickness, Thickness 1, Thickness2) :- Thickness is Thickness 1 + Thi-
ckness2. 

/* 

The following rule, assembIingtriplet(OpticaLPower0, OpticaLPowerl, 
OpticalJPower2, Optical_Power3, Refractive_Index 1, 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 a triplet lens must be separated by an air space. 
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One selects three optical glasses according to the rule lens refractive_index3f 

then, the chromatic abberations are corrected according to the following 
physical laws: 

N is V1*(T3 - T2)+V2*(T1 - T3) + V3*(T2 - Tl), 
Optical_Powerl is (V1*(T3 - T2)*Optical_Power)/N, 
Optical_Power2 is (V2*(T1 - T3)*Optical_Power)/N, 
Optical_Power3 is (V3*(T2 - Tl)*Optical_Power)/N. 

At least two of the three optical glasses must be different. 
The separation of the singlet lenses making up the triplet is a heuristic too, 
the separationl and separation2 are zero. 

*/ 
assemblingtriplet(Optical_PowerO, Optical_Powerl, Optical_Power2, Optical_Power3, Re­

fractive Jndexl, Refractive_Tndex2, Refractive_Index3, Glass_Naml, Glass_Nam2, 
Glass_Nam3, Diameter, Separationl, Separation2) :-
low_temperature(T), corrigefocal (Optical _PowerO, Optical_Power), 
lens_refractive_index3([G]ass_Naml, Glass_Nam2, GIass_Nam3, Refrac-
tivejndexl, Refractive_Index2, Refractivejndex3, Tl1 T2, T3, Vl, V2, V3]), 
N is V1*(T3 - T2)+V2*(T1 - T3) + V3*(T2 - Tl), 
Optical_Powerl is (V1*(T3 - T2)*Optical_Power)/N, 
Optkal_Power2 is (V2*(T1 - T3)*Optical_Power)/N, 
Optical_Power3 is (V3*(T2 - Tl)*Optical_Power)/N, 
outm("assembling process triplet "), 
nl, 
Separationl is 0.0, Separation2 is 0.0. 

/* 

The following rule is used for assembling a triplet at high temperature for 
correcting the chromatic aberrations. 
The separationl is 0.4 and the separation2 is 3 mm. The second separation 
will be optimized during the optimization process. 

*/ 

assemblingtriplet(OpticaI_Power0, OpticaLPowerl, Optical_Power2, Optical_Power3, Re-
fractive_Index 1, Refractive_Index2, Refraciive_Index3, Glass_Naml, Glass_Nam2, 
Glass_Nam3, Diameter, Separationl, Separation2) :-
high_temperature(T), 
comgefocal(Optical_PowerO, Optical_Power), 
lens_refractive_index3([Glass_Naml, Glass_Nam2, Glass_Nam3, Refrac-
tivejndexl, Refractive_Index2, Refrac[ive_Index3, Tl, T2, T3, Vl1 V2, V3]), 
NisVl*(T3-T2)+V2*(Tl -T3) + V3*(T2 - Tl), 
Optical_Powerl is (V1*(T3 - T2)*Optical_Power)/N, 
Optical_Power2 is (V2*(T1 - T3)*OpticaLPower)/N, 
Optical_Power3 is (V3*01 - Tl)*OpticaLPower)/N, 
outm("assembling process triplet "), 
Separationl is 0.4, Separation2 is 3.0. 
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Appendix 6: Geometrical Heuristics Concerning the Design of 
Optical Lenses 

/* 

The following heuristic assigns a center thickness to à singlet lens. If the 
Focal length is greater than 50 mm, then, the center thickness is 2.0 mm. 

*/ 

edgethickness(Edgethicknes5,Power) :-
power_foca!(Focal,Power), 
absCFocal) >= 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 center thickness is 1.5 mm. 

*/ 

edgethickness(Edgethickness,Power) :-
power_jbcal(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. 

*/ 

radius_diametre(Radius, Diameter) :-
abs(Radius) > Diameter, !, 
nl, outm(" The curvature radius must be >= Diameter/2.0 "). 

I* 

The following heuristic gives the separation between the entrance and exit 
block of an afocal optical system. This separation is given as the sum of focal 
length of the entrance and exit optical system. 

*/ 
separation(FocaLLengthl, FocaI_Length2, _, Separation, _) :-

SeparationisFocaU-erigthl + 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(Optica]_Power, Radius, Diameter, Sagitta) :-
radius_to_curvaturc(Radius, Curvature„Radius), Radius > O.O, 
radius_diametre(Radius, Diameter), 
Sagitta is Curvature_Radius*(Diameter/2.0)*(Diameter/2.0)/(1.0 + sqrt(1.0 -
((Diametcr/2.0) *(Diameter/2.0) *(Curvature_Radius*Cürvature_Radius»)). 

sagitta(Optìcal_Power, Radius, Diameter, Sagitta) :-
radius_to_curvature(Radius, Curvature_Radius), Radius < 0.0, 
radius_diametre(Radius, Diameter), 
Sagitta is - Curvature_Radius*(Diameter/2.O)*(Diameter/2.0)/(l.O+sqrt(l.O-
C(Diameter/2.0)*(Diameter/2.0)*(Curvature_Radius*Curvaturc_Radius))». 

/ * 

The heurtistics, annulusdiam(Annulus), give an annulus to a singlet lens 
according to the dimension of the aperture of the lens. 
The annulus is the part of the lens from where the lens will be fixed. 
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(AnnuIus) :-
diampupille(Aperture), 
Apenure<=20, 
Annulus is 2.0. 

/* 

According to the following heuristics, if the aperture of a singlet lens is 
between 20 mm and 40 mm, then, its annulus is 4 mm. 

*/ 

annulusdiam (Annulus) :-
diampupille(Aperture), 
Aperture >20, 
Aperture<=40, 
Annulus is 4.0. 

/* 

According to the following heuristics, if the aperture of a singlet lens is 
between 40 mm and 100 mm, then, its annulus is 5 mm. 

*/ 
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annulusdiam(Annulus) :-
diampupille(Aperture), 
Apenure > 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 6 mm. 

*/ 

annulusdiam(Annulus) :-
diampupille(Aperture), 
Apenure > 100, 
Annulus is 6.0. 

/* 

The following heuristic 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. 

V 

high_aperture(OpticaLPower, Diameter) :-
wavelength([Lambdal]}, 
pupiLdiameter(Aperture), 
power_focal(Focal_Length, Optical_Power), 
abs(Foca]_Length/Aperture) =< 4.0, 
diametcr(Diameter). 

/* 

The following heuristic defines the high aperture condition in case of a 
doublet lens. 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(Apemirc), 
power_focal(Focal_Length, Optical_Power), 
abs(Focal_Length/Apenure) =< 3.0, 
diameteKDiamcter). 

/* 
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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(Optical_Power, Diameter) :-
wavelength([Lambdal, Lambda2, Lambda3]), 
pupil_diameler(Aperture), 
power_focal(Focal_Lenglh, Optical_Power), 
abs(Focal_Length/Aperture) =< 2.5, 
diameter(Diameter). 

/* 

The following heuristic defines the low aperture condition in case of a singlet 
lens. If abs(Focal_Length/Aperture) >4.0, then, the singlet is considered as a 
low aperture optical system. 

*/ 

low_aperture(Optical_Power, Diameter) :-
wavelength([Lambdal]), 
pupiLdiameter(Aperture), 
power_focal(Focal_Lenglh, Optical_Power), 
abs(Foca]_Length/Aperture) > 4.0, 
diameter(Diameier), 
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([Lambdal, Lambda2]), 
pupii_diameter(Aperture), 
power_focal(Focal_Length, Optical_Power), 
abs(Focal_Length/Aperture) > 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. 

*/ 
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low_aperture(Optical_Power, Diameter) :-
wavelength([Lambdal, Lambda2, Lambda3]), 
pupil_diameter(Aperture), 
power_focal(Focal_Length, Optical_Power), 
abs(FocaLLength/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(Aperture), 
Diameter is Aperture 4- Annulus. 

/* 

This rules states the conditions of virtual image: Optical_Power > 0.0 and L 
< Focal_Length. 

*/ 

virtuel„image(Optical_Power, L) :-
power_focal(Focal_Length, Optical_Power), 
Optical_Fower > 0.0, L < FocalJLength, 
outm(" virtuel image "). 

/* 

If the Optical_Power of a lens is negative, then, image is virtual. 

*/ 
virtuel_irrmge(Optical_Powcr, L) :-

OpticaJ_Power < 0.0, 
outm(" virtuel_iniage "). 

/* 

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 system. 

*/ 
low_power_lens(Optical_Power) :-

power_focal(Focal_Length,OpticaI_Power), 
abs(FocaLLength) > 100.0, 
outm("low power lens power and "). 
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/* 

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, OpticaLPower), 
abs(Focal_Length) =< 100.0, 
outm("high optical power lens and"). 

/* 

The following heuristic defines if an object is at a near distance. If the 
condition: abs(L*5.0) =< OpticaLPower - 1.0/L, then, the object is 
considered to be at a near distance. 

*/ 

not_object_at_infinity(Optical_Power, L) :-
powerl_focal(FocaLLength, Optical_Power), 
abs(L*5.0) =< OpticaLPower - 1.0/L, 
outm("not object at infinity"). 

/* 

The following heuristic states if an object is at infinity. If the condition: 
abs(L*5.0) >= OpticaLPower -1.0/L, is satisfied, then, the object is 
considered to be at infinity. 

*/ 

object_at_infinity(OpiicaI_Power, L) :-
power_focal(Focal_Length, OpticaLPower), 
abs(L*5.0) >= OpticaLPower -1.OA-, 
outm("object at infinity and"). 

/* 

The following three rules convert the focal length of an optical system to its 
power and vice versa. 

*/ 

power_focal(Fccal_Length, OpticaLPower) :-
bound(Focal_Lengtii), 
FocaLLength =V= 0.0, 
OpticaLPower is 1.0/Focal_Length. 
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power_focal(Focal_Length, Optical_Power} :-
bound(Optical_Power), 
Optical_Power =\= 0.0, 
FocaLLength is 1.0/Optical_Power. 

powcr_focal(FocaI_Length, Opdcal_Power) :- • 
frec{Foca]_Lenglh), 
frce(Optical_Power). 

/* 

The next three rules convert the radius of an optical system to its curvature 
radius and vice versa. 

*/ 

radius_to_curvature(Radius, Curvature_Radius) :-
bound(Radius), 
Radius =V 0.0, 
Curvature_Radius is 1.0/Radius. 

radius_to_curvature(Radius, Curvaturc_Radius) :-
bound(Curvature_Radius), 
Curvaturc_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. 

V 

nearinfinitcratio(Transverse_Magnificaöon) :-
abs(Transverse_Magnification) >5.0, 
outm("near infinite ratio • "). 

nearinfiniteratìo(Transverse_Magnificaiion) :-
abs (Trans vcrsc_Magnification) =< 0.2, 
outm("near infinite ratio "). 

I* 

The following heuristic describes the finite ratio condition. 

*/ 

finiteratio(Transverse_Magnification) :-
abs(Transverse_Magnification) =<5.0, 

208 



abs(Transverse_Magmfication) >= 0.95, 
outmC'finite ratio and "), 
ni. 

/* 

The following heuristic describes the unit ratio condition. 

*/ 

unitratio(Transverse_Magnification) :-
abs(Transvcrse_Magnification) =:= 1.0, 
outm("unit ratio "), 
nl. 

/* 

The following heuristic describes the not unit ratio. 

*/ 

notunitratio(Transverse_Magnification) :-
abs(Transvcrse_Magnification) =\= 1.0, 
Outm("not unit ratio and "), 
nl. 

/* 

The following heuristic states the aplanatic conditions. 

*/ 

aplanaric(Transverse_Magnification)> 
abs(Transverse_Magnification) < 0.95, 
abs(Transverse_Magnification) > 0.2, 

outm("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 addional surface located between surface number four and 
surface number five. 

*/ 

stopsurfacc(Position, Aperture) :-
wavelength([Lambdal, Lambda2, Lambda3]), 
pupil_diameter(Aperturc), 
Position is 4, 
outm("Stop surface is surface number 4,4 surface from the left, its diameter is "), 
Diameter is Apenure*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(Position, Aperture) :-
wavelength(fLambdal, Lambda2]), 
pupil_diamtiter(Aperture), 
Position is 1, 
outm("Stop surface is surface number 1,1 surface from the left, its diameter is "), 
outl(Aperfure). 

/* 

The following heuristic indicates the stop surface of a singlet lens. 
A singlet is composed of two optical surfaces, the surface number one is the 
stop surface. 

V 

stopsurfacefPosition, Aperture) :-
wavelength([Lambdal]), 
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 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. 

V 

stopsurface(Position, Aperture) :-
wavelength ([Lambda 1 J), 
usehighapert ure (_,_._._). 
pupiL.diameter(A perture), 
Position is 3, 
outm("Stop surface is surface number 3, 3 surface from the left, its diameter is "), 
outI(Ape rt ure). 

/* 
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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(Positiori, Aperture) :-
wavelength([Lambdal,Lambda2]), 
usehighaperture(_,_,_,_), 
pupil_diameter(Aperture), 
Position is 5, 
outm("Stop surface is surface number 5,5 surface from the left, its diameter is "), 
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 number 
six and surface number seven. 

*/ 

stopsurface(Position, Aperture) :-
wavelength([Lambdal, Lambda2, Lambda3]), 
usehighaperture(_>_ ._>_). 
Position is 7, 
pupil_diameier(Aperture), 
outm("Stop surface is surface number 7,7 surface from the left, its diameter is "), 
outl (Aperture). 

/* 

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. 

V 

Ionglength(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_Magnificarion) :-
Length < 50.0, abs(Angutar_Magnification) >=3.0. 

infini (Infini) ;-
Infini is l.Oe+38. 

I* 

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) :-
tempcrature(T), 
T > 150.0, 
outmf'high temperature and "). 

/* 

The following heuristic defines low temperature. It is used in the assembling 
algorithm of an optical system. 

*/ 

lowtemperaturefT) :-
temperaturefT), T =< 150.0, 
outm("low temperature and "). 

/* 

The following heuristic states the breakdown conditions. 
The value ten of the laser power is arbitrary. The user can enter his own 
value. 

*/ 

breakdownriskO^aserpower) :-
laserpower^Laserpower), 
Laserpower > 10.0, 
outml("break down risk ==> "). 

/* 
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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, 
outmlf'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, Radius 1, Radius2, Diameter, Thickness) :• 
edgethickness(Edgethickness, Opticai_Power), 
Optical_Power > 0.0, 
sagitta(Optical_Power, Radiusl, Diameter, Sagittal), 
sagitta(Optical_Power, Radius2, Diameter, Sagitta2), 
Thickness is Sagitta 1+Sagitta2 +- Edgethickness. 

/* 

This rule assigns the thickness of a negative lens to its center thickness. 

*/ 

lensthickness(OpticaJ_Power, Radiusl, Radius2, Diameter, Thickness) :-
cemerthickness(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, 
ouim(" convergent lens"). 

/* 
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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. 

*/ 

divergem(Optical_Power) :-
OpticaJ_Power < 0.0, 
outm(" divergent lens and "). 

I* 

The following rule defines a negative transversal magnification. 

*/ 

negative_transversal_magnificatìon(Transvcrsc_Magnification) :-
Transverse_Magnification < 0.0, 
outm("negative transverse magnification and "). 

I* 

The following rule defines a positive transversal magnification. 

*/ 

positi ve_transversversal_magnirication(Transverse_Magnification):-
Transverse_Magnification > 0.0, 
outm ("positive transversversal magnification and "). 

r 
The following rule defines a negative angular magnification. 

*/ 

negativejmgular_magnification(AnguiarJ\1agnificariori ) :-
AnguIar_Magnification < 0.0, 
outm("negative angular magnification and"). 

/* 

The following rule defines a positive angular magnification. 

*/ 

positive_anguIar_magnificatìon(Angular_MagniFicarion) :-
Angular_Magntfication > 0.0, 
outm("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(Opticai_PowerO, Optical_Power) :-
power_focaI(Focal_Length, Oprical_PowerO), 
Focal_Ungth=< 125.0, 
Optical_Power is 2.250*Optical_PoweiO/3.0. 
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Appendix 7: Heuristics Concerning 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 used 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: 

useplanoconvex(Optical_Power,Transversal_Magnification,L,Diameter) 

is satisfied if all the following rules, convergent(Optical_Power), 
low_aperture(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, 
TransversaI_Magnification, L and the Diameter. 

The rule below indicates when a plano-convex optical system is used. 

*/ 

uscplanOconvcx(Optical_Powcr, TransversaLMagnification, L, Diameter) :-
convergent(Opücal_Power), 
low_aperture(Optical_Power, Diameter), 
negati ve_transversal_magnification(TransversaI_Magnification), 
nearinfiniteratio(Transversal_MagniFication), 
Iow_power_lens(Optical_Power), 
object_at_infinity{Optical_Power, L), 
ou tm( "plano-convex conditions --> "). 

/* 

The following heuristic indicates when a bi-convex optical system is used. 

*/ 
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usebiconvex(Optical_Power, Transversal_Magnification, L, Diameter) :-
convergent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
negative_transversal_magnification(Transversal_Magnification), 
high_power_lens(Optical_Power), 
finiteratio(Transversal_Magnification), 
outm ("bi-convex conditions ~> "). 

I* 

The following heuristic indicates when a bi-convex optical system is used. 

*/ 

usebiconvex(Optical_Power, Transversal_Magnificatìon, L, Diameter) :-
convergent(Optical_Power), 
]ow_aperture(OpticaLPower, Diameter), 
ncgative_transversal_magnificatioti(Transversal_Magnification), 
unitratio(Transversal_Magnification), 
outm ("bi-convex conditions —> "). 

/* 

The following heuristic indicates when a plano-concave optical system is 
used. 

*/ 

useplanoconcave(Optical_Power, Transversal_Magnification, L, Diameter) :-
divergent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
positive_transverse_magnificadon(Transversai_Magnification), 
nearinfiniteratio(TransversaLMagnification), 
low_power_lens(Optical_Power), 
object_atjnfmity(Optica!_Power, L), 
outm("plano-concave conditions --> "). 

/* 

The following heuristic indicates when an asymétrie bi-convex optical system 
is used. 

*/ 

useasymetricbiconvex(OpticaLPower, TransversaLMagnification, L, Diameter) :-
convergent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
negati ve_transversal_magmficacion(TransversaLMagnification), 
notunitratiofTransversaLMagnification), 
low_power_lens(Optical_Power), 
finiteratio(Transversal_Magnification), 
outm("asymetric bi-convex conditions --> "). 
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The following heuristic indicates when a bi-concave optical system is used. 

*/ 

usebiconcave(Optical_Power, Transversal_Magnification, L, Diameter) :-
divergent(Optical_Power), 
low_aperttire(Öptica!_Power, Diameter), 
positìve_transversé_magnification(Ti,,ansversaLMagnification), 
high_powefJens(Optical_Power), 
finiteratio(Transversai_Magnification), 
outm("biconcave conditions —> "). 

I* 

The following heuristics indicates when an asymétrie bi-concave optical 
system is used. 

*/ 

useasymetricbiconcave(OpticaLPower, Transversal .Magnification, L, Diameter) :-
divergent(Optical_Power), 
low_aperture(Optical_Power, Diameter), 
positive_transverse_magnification(Transversal_Magnification), 
low_power_lens(OpticaI_Power), 
finiteratio(Transversal_Magnification), 
notunitratio(TransvcrsaI_Magnification), 
outm("asymétrie biconcave condions --> "). 

r 
The following heuristics indicates when a concave convex optical system is 

used. 

*/ 

useconcaveconvex(Optical_Powcr, Transversal_Magnification, L, Diameter) :-
convergent(Optical_Power), 
low_aperture(Optical_Po wer, Diameter), 
aplanatic(M), 
outm ("concave convex conditions -> "). 

/* 

The following heuristic indicates when a concave convex, meniscus optical 
system is used. 

*/ 

useconvexconcave(Optical_Power, Transversa]_Magniflcation, L, Diameter) :-
divergent(Optical_Power), 
high_aperture(Optical_Power, Diameter), 
aplanatic(M), 
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, outmC'concave convex, meniscus, conditions •-> "). 

I* 

The following heuristic indicates when a high aperture optical system is 
used. 

*/ 

usehighaperturc(Optical_Power, Transversal_Magnification, L, Diameter) :-
high_apertuic(Optical_Power, Diameter), 
outm(" high aperture conditions --> "). 
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Appendix 8: Rules used in the Calculation of Singlet Lenses 

The following rules are used for the calculation of a singlet lens. 
The parameters, Optical_Power, Thickness, Refractive_Index and Diameter, 
are needed for this calculation. As output, die following clauses return die 
first and die second radius(Radiusl and Radius2) of die singlet lens as well as 
the lens thickness at die center. 

The trace comment written as (" —> Plano-convex lens calculations, "), is 
located at die beginning of die clause and tiius, can follow die inference en­
gine reasoning. 

One distinguishes nine different simple singlet lenses which are plano-con­
vex, bi-convex, bi-concave, plano-concave, convex-concave, concave-con­
vex, asymétrie bi-convex, asymétrie bi-concave and high aperture lenses. 
The asymétrie bi-convex and asymétrie 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 diickness. 

/* 

The following rule calculates a plano-convex singlet lens. 
It returns also the diickness, die refractive index, die diameter and die fisrt 
and second radius of the singlet lens. 

*/ 

planoconvexlens(OpticaI_Power, Thickness, Radius 1, Radius2, RefractiveJndcx, Diame-
ier) :-
nl, 
write(" —> Plano-convex lens calculations, "), 
infinity(Infini), 
Radiusl is (Rcfracdve_Indcx - 1.0)/Optical_Powcr, 
Radius2 is Infini, 
lensthickness(Optical_Power, Radiusl, Radius2, Diameter, Thickness). 

/* 

The following rule calculates a bi-convex 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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biconvexIens(Optical_Power, Thickness, Radius 1, Radius2, Refractivejndex, Diameter) .-
nl, 
write(" —> Biconvex lens calculations, "), 
ni, 
Radius 1 is 2.0*(Refractive_Index-1.0)/Optica]_Power, 
Radius2is - Radiusl, 
lensthickness(Optical_Power, Radiusl, 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, Refractivejndex, Diameter):-
nl, 
write(" —> Biconcave lens calculations, "), 
nl, 
Radiusl is (2.0*(RefractiveJndex -1.0)/Optical_Power), 
Radius2is - Radiusl, 
lensthickness(Optical_Power, Radiusl, Radius2, Diameter, Thickness). 

I* 

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. 

*/ 

planoconcavelens(Optical_Power, Thickness, Radiusl, Radius2, Refractivejndex, Diame­
ter) :-
write(" —> Plano-concave lens calculations, "), 
infinity(Infini), 
Radiusl is (Refractivejndex-1.0)/Optical_Power, 
Radius2 is Infini, 
lensthickness(OpticaLPower, Radiusl, 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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convexconcave!ens(Optical_Power, Thickness, Radiusl, Radius2, Refractivejndex, Dia­
meter) :-
write(" —> Concave-convex, meniscus lens calculations "), 
nl, 
Optical_PowerI is -OpticaI_Power/2.0, Optical_Power2 is -3.0*Optìcal_Power/2.0, 
Radiusl is (Refractive_Index-1.0yOptical_Powerl, 
Radius2 is (RefracdveJndex-1.0)/(C?tical_Power2), 
lensthickness(Optical_Power, Radius 1, Radius2, Diameter, Thickness). 

/* 

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, Refrac ti ve_Index, Dia­
meter) :-
nl, 
write(" —> Concave-convex, meniscus lens calculations "). 
nl. 
Optical_Powcr] is Optical_Power/2.0, Optical_Power2 is 3.0*Optical_Power/2.0, 
Radiusl is -(Refractivejndex-1.0)/Optical_Powerl, 
Radius2 is -(Rcfractive_Index-1.0)/(Optical_Power2), 
lensthickness(Optical_Powcr, Radiusl, Radius2, Diameter, Thickness). 

/* 

The following rule calculates a best form asymétrie bi-convex singlet lens. 
It returns also the thickness, the refractive index, the diameter and the fisrt 
and second radius of the singlet lens. 

*/ 

asymctricbiconvexlens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, 
Diameter) :-
nl, 
write(" —> Best form lens, asymetricbi-convexlens calculations "), 
nl, 
Optical_Powcrl is Optical_Power/6.0, Optical_Power2 is (10.0/12.0)* Opti-
cal_Power, 
Radiusl is ((Rcfractivc_Index -1.0)/Optical_Powerl), 
Radius2 is -((Refractive_Index-1.0)/Optical_Power2), 
lensthickness(Optical_Power, Radiusl, Radius2, Diameter,Thickness). 

/* 

The following rule calculates a best form asymétrie bi-concave singlet lens. 
It returns also the thickness, the refractive index, the diameter and the fisrt 
and second radius of the singlet lens. 

222 



*/ 

asymetricbiconcavcletis(Optical_Power, Thickness, Radiusl, Radius2, Refractivejndex, 
Diameter) :-
nl, 
write(" —> Best form lens, asymetricbiconcavelens calculations "), 
nl, 
Optical_Powerl is Optical_Power/6.0, Optical_Power2 is (10.0/12.0)* Opti-
cal_Power, 
Radiusl is ((Refractive_Index -1.0)/Optical_PowerI), 
Radius2 is - ((RefractiveJndex-1.0)/OpticaLPower2), 
lensthickness(Optical_Power, Radiusl, 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,Thicknessl,Thickncss2,Radiusl, Ra-
dius2, Radius3, Radius4, Refractive_Index, Diameter) :-
nl, 
write(" —> high aperture lens calculations "), 
nl, 
planoconvexlens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index, Diameter), 
planoconvexlens(OpticaLPower2, Thickness2, Radius4, Radius3, Refrac-
tive_Index, Diameter). 
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Appendix 9: Heuristics Used to Design Doublet Lenses 

/* 

The following clauses calculate the doublet optical lenses. One distinguishes 
seven different optical doublet lenses which are plano-convex doublet, bi­
convex doublet, plano-concave doublet, bi-concave doublet, asymétrie bi­
concave doublet, asymétrie bi-çoncave doublet, concave-convex doublet, 
convex-concave doublet and high aperture doublet. 
Each doublet is identified by its optical power, its thickness, its four radii, 
(Radius 1, Radius2, Radius3 and Radius4) 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 doublet. 
The high aperture doublet is made up of two doublets assembled back to 
back. 

The following heuristic is used to make a plano-convex doublet lens. 
This plano-convex doublet is made up of two singlet lenses, a bi-convex 
lens and a plano-concave lens. 

*/ 

planoconvexdoublet(Optical_Power, Thicknessl, Thickness2, Radius 1, Radius2, Radius3, 
Radius4, Refractive_Indexl, Refractive_Index2, Glass_Naml, Glass_Nam2, Dia­
meter, Lambdal, Lambda2, Separation) :-
nl, 
outml(" --> plano-convex doublet "), 
assemb!ingdoublet(OpticaLPower, OpticaLPowerl, Optical_Power2, Refrac-
tive_Indcxl, Rcfractive_Indcx2, Glass_Naml, Glass_Nam2, Diameter, Separation), 
biconvexlens(Optical_Powcrl, Thicknessl, Radius 1, Radius2, Refractive_Indexl, 
Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
planoconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tive_Index2, Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glas5_Nam2, Diameter, Lambda2), 
assemblingthickness (Thickness, Thicknessl, 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, Thickness 1, Thickness2, Radius 1, Radius2, Radius3, 
Radius4, Refractivejndexl, Refractive_Index2, Glass_Naml, Glass_Nam2, Dia­
meter, Lambda 1, Lambda2, Separation) :-
nl, 
outmlf" --> biconvex doublet "), 
assemblingdoublet(OpticaLPower, OpticalJ^werl, Optical_Power2, Refrac-
tive_Indexl, Refractive Jndex2, GIass_Naml, Glass_Nam2, Diameter, Separation), 
biconvexlens(Optical_Powerl, Thickness 1, Radiusl, Radius2, Refractivejndexl, 
Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
Glass_N ami. Diameter, Lambdal), 
concavecon vex lens (Optical_Power2, Thìckness2, Radius4, Radius3, Refrac-
tive_Index2, Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractivcjndex2, 
Glass JVam2, Diameter, Lambda2), 
assemblingthickness(Thickness, Thicknessl, Thickness2). 

The following heuristic is used to make a plano-concave doublet lens. 
This plano-convave doublet is made up of two singlet lenses, a bi-concave 
lens and a plano-convex lens. 

*/ 

planoconcavedoublet(Optical_Power, Thicknessl, Thickness2, Radiusl, Radius2, Radius3, 
Radius4, Refractivejndexl, Refractive_Index2, Glass_Naml, Glass_Nam2, Dia­
meter, Lambdal, Lambda2, Separation) :-
nl, 
outml(" —> plano-concave doublet "), 
assembHngdoublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac­
tivejndexl, RefractiveJndex2, Glass JJaml, GlassJ*Jam2, Diameter, Separation), 
biconcavelens(OpticaLPowerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
Diameter), 
outputJens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
GlassJ-laml, Diameter, Lambdal), 
planoconvexlens(OpticaLPower2, Thickness2, Radius3, Radius4, Refrac­
tive Jndex2, Diameter), 
outputJens(OpticalJ>ower2, Thickness2, Radius3, Radius4, Refractivejndex2, 
Glass Jlam2, Diameter, Lambda2), 
assemblingthicknessCThickness, Thicknessl, Thickness2). 

The following heuristic is used 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. 

*/ 

biconcavedoublet(OpticaLPower, Thicknessl, Thickness2, Radiusl, Radius2, Radius3, 
Radius4, Refractivejndexl, RefractiveJndex2, GlassJMaml, GlassJVam2, Dia­
meter, Lambdal, Lambda2, Separation) :-
nl, 

225 



outml(" --> biconcave doublet "), 
asscmblingdoublet(Optical_Powcr, Optical_Powerl, Opticai_Power2, Refrac-
tivc_Index 1, Refractive_Index2, Glass_Nam 1, Glass_Nam2, Diameter, Separation), 
planoconcavelens(OpticaLPowerl, Thicknessl, Radius 1, Radius2, Refrac­
tive. Index 1, Diameter), 
outpuUens(Optical_Powerl, Thicknessl, Radius], Radius2, Refracrivc_Indexl, 
GIass_Nam 1, Diameter, Lambda 1 ), 
planoconcavelens(Optical_Power2, Thickness2, Radius4, Radius3, Refrac-
tive_Index2, Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass_Nam2, Diameter, Lambda2), 
assemblingthicknessCThickness, Thicknessl, Thickness2). 

The following heuristic is used to make an asymétrie bi-concave doublet 
lens. 

This asymétrie 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, Thicknessl, Thickness2, RadiusI1 Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Naml, 
Glass_Nam2, Diameter, Lambda 1, Lambda2, Separation) :-
nl, 
outmlf" --> asymétrie biconcave doublet "), 
asscmblingdoublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_Indexl, Refracuve_Iridex2, Glass_Naml, Glass_Nam2, Diameter, Separation), 
planoconcavelens(OpticaLPowerl, Thicknessl, Radius 1, Radius2, Refrac-
tive_Indexl, Diameter), 
output.lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
Glass_Naml, Diameter, Lambdal), 
planoconcavelens(Optica!_Power2, Thickness2, Radius4, Radius3, Refrac-
tive_Index2, Diameter), 
output_lens(Optical_Powcr2, Thickness2, Radius3, Radius4, Refractivejndex2, 
Glass_Nam2, Diameter, Lambda2), 
assemblingthicknessCThickness, Thicknessl, Thickness2). 

The following heuristic is used to make an asymétrie bi-convex doublet lens. 
This asymétrie 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. 

*/ 

asymetricbiconvexdoublet(Optical_Power, Thicknessl, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refraciive_Indexl, Refractive_Index2, Glass_Naml, 
Glass Nam2, Diameter, Lambdal, Lambda2, Separation) :-
nl, 
outml(" --> asymétrie biconvex doublet "), 
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assemblingdoublet(Optical_Power, OpticaLPowcrl, Optical_Power2, Refrac-
tive_Tndexl, Refractive_Index2, Glass_Naml, Glass_Nam2, Diameter, Separation), 
biconvexlens(Optical_Powerl, Thickness 1, Radius 1, Radius2, Refractive_Indexl, 
Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Nam 1, Diameter, Lambdal), 
concaveconvexIcns(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tivc„Indcx2, Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refracdve_Index2, 
Giass_Nam2, Diameter, Lambda2), 
assemblingthickness(Thickness, Thicknessl, Thickness2). 

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. 

*/ 

concaveconvcxdoublet(Optical_Power, Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Naml, Glass_Nam2, 
Diameter, Lambdal, Lambda2, Separation) :-
nl, 
outmI(" --> concave convex doublet "), 
assemblingdoublct(Optical_Power, OpticaLPowerl, Optical_Power2, Refrac -
tive_Indexl, Refractive_Index2, Glass_Naml, Glass_Nam2, Diameter, Separation), 
planoconvexlens(OpticaI_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Index 1, Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index 1, 
Glass_Nam 1, Diameter, Lambdal), 
p!anoconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tive_Index2, Diameter), 
output_lens(OpticaLPower2, Thickness2, Radius3, Radius4, Refractive_lndex2, 
GIass_Nam2, Diameter, Lambda2), 
assemblingthicknessfThickness, Thicknessl, Thickness2). 

The following heuristic is used to make a convex concave doublet lens. 

This convex-concave doublet is made up of two singlet lenses, a plano-con­
cave lens and a second plano-convex singlet lens different from the first 
one. 

*/ 

convexconcavedoubletCOptical„Power, Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radius4, Refractive_lndexl, Refractive_Index2, Glass_Naml, Glass_Nam2, 
Diameter, Lambdal, Lambda2, Separation) :-
nl, 
outml(" --> convex concave doublet "), 
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assemblingdoublet(Optical_Power, Optical_Powerl, Optical_Power2, Refrac-
tive_lndexl, Refhctive_lndex2, GIass_Naml, Glass_Nam2, Diameter, Separation), 
planoconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tive_Index2, Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
GIass_Nam2, Diameter, Lambda2), 
planoconvexlens(OpticaLPowerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Indexl, Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, 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 mounted 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. 

*/ 

highaperturedoublet(Optical_Powerl, Opticai_Power2, Thicknessl, Thickness2, Thick-
ness3, Thickness4, Radiusl, Radius2, Radius3, Radius4, Radius5, Radiusó, Ra­
dius?, Radius8, Refractivejndexl, Refractive_Index2, Glass_Naml, Glass_Nam2, 
Diameter, Lambdal, Lambda2, Separation) :-
nl, 
outm{" --> high aperture two reversed identical achromats calculation "), 
planoconvexdoublet(Optical_Powerl, Thicknessl, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, 
Refractive_IndexI, Refractive_Index2, Glass_Naml, Glass_Nam2, Diameter, 
Lambdal, Lambda2, Separation), 
planoconvexdoublet(Optical^Power2, Thickness3, Thickness4, RadiusS, Radiusó, 
Radius7, RadiusS, Refractive_IndexI, Refractive_Index2, Glass_Naml, 
Glass_Nam2, Diameter, Lambdal, Lambda2, 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, asymétrie bi­
convex triplet, asymétrie 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 heuristic is used to make a plano-convex triplet. 

*/ 

planoconvextriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radius 1, Ra-
dius2, Radius3, Radius4, Radius5, RadiusÓ, Refractive_Indexl, Refrac-
tive_Index2, Refracrive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diame­
ter. Lambdal, Lambda2, Lambda3, Separarionl,Separation2):-
assemblingtripIet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Powcr3, Refractive_Indexl, Refraciive_Index2, Refrac ti ve_Index3, 
Glass_Naml,Glass_Nam2, Glass_Nam3, Diameter, Separation!, Separation2), 
Optical_Powerl > 0.0. 
Optical_Power2 < 0.0, 
Optical_Power3 > 0.0, 
outml(" --> plano-convex triplet "), 
planoconvexlens(Optical_Powerl, Thicknessl, Radius, Radius2, Refrac -
tive_Indexl, Diameter), 
Radiusl is-1.0*Radius, 
output_lens(Optical_Powerl, Thicknessl, Radius2, Radiusl, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output Jens (OpticaI_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
GIass_Nam2, Diameter, Lambdal), 
biconvexlens(Optical_Power3, Thickness3, RadiusS, Radiusó, Refractive_Index3, 
Diameter), 
output_lens(Optical_Power3, Thickness3, Radius5, Radiusö, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

The following heuristic is used to make a plano-convex triplet. 
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pIanoconvextripIet(Optical_Power, Thicknessl, Thickness2, Thickr.ess3, Radius 1, Ra-
dius2, Radius3, Radius4, Radius5, Radiusö, Refractive_Indexl, Refracrive_Index2, 
Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Latnbdal, 
Lambda2, Lambda3, Separation 1, Separation2) :-
assemblingtriplet(Optical_Power, OpticaLPowerl, Optical_Power2, Opti-
cal_Powcr3, Refractive_Indcxl, Refractive_lndex2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation^), 
Optìca!_Powerl <0.0, 
OptìcaJ_Power2 > 0.0, 
Opticai_Power3 < 0.0, 
outmlC" --> plano-convex triplet "), 
ptanoconcavelens(Optical_Powcrl, Thicknessl, Radius, Radius2, Refrac-
tive_Indexl, Diameter), 
Radiusl is-1.0*Radius, 
output„lens(Optical_Powerl, Thicknessl, Radius2, Radiusl, Refractive_Indexl, 
GIass_Naml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractìve_Index2, 
Glass_Nam2, Diameter, Lambdal), 
convexconcavelens(Optical_Power3, Thickness3, Radius5, Radiusö, Refrac-
tive_Index3, Diameter), 
output_lens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

/* 

The following heuristic is used to make a plano-convex triplet. 

*/ 

planoconvextripIet(Optical_Powcr, Thicknessl, Thickness2, Thickness3, Radiusl, Ra-
dius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refractive_Index2, 
Refractìve_lndex3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Powcr, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indcx 1, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
OpticaLPowerl <0.0, 
Optical_Power2 > 0.0, 
Optical_Power3 > 0.0, 
outml(" --> plano-convex triplet "), 
planoconcavelens(OpticaLPowerl, Thicknessl, Radius, Radius2, Refrac-
tivejndexl, Diameter), 
Radiusl is-t.0*Radius, 
output_lens(Optical_Powerl, Thicknessl, Radius2, Radiusl, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickncss2, Radiiis3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass_Nam2, Diameter, Lambdal), 
planoconvexlens(Optical_Powcr3, Thickness3, Radius5, Radiusö, Refrac-
tive_Indcx3, Diameter), 
output_lens(Optical_Power3, Thickness3, Radius5, Radiusö, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 
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I* 

The following heuristic is used to make a bi-convex triplet. 

*/ 

biconvextriplet(Optical_Power, Thickness 1, Thickness2, Thickness3, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusö, Refractive_Indexl, Refractive_Index2, Re-
fractivc_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda?,, Lambda3, Separation 1, Separation2) :-
assemblingtriplet(Optical_Power, OpticaI_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, GlassjNam2, Glass_Nam3, Diameter, Separationl, Separation2), 
OpticaLPowerl > 0.0, 
OpticaI_Power2 < 0.0, 
Optical_Power3 > 0.0, 
outml(" --> biconvextriplet "), 
biconvexlcns(OpticaLPowerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(OpticaLPower2, Thickness2; Radius3, Radius4, Refractive_Index2, 
Glass_Nam2, Diameter, Lambdal), 
biconvexlens(Opu'cal_Power3, Thickness3, Radius5, Radiusö, Refractive_Index3, 
Diameter), 
outpuUens(OpticalJ?ower3, Thickness3, Radiusü, Radiusó, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

I* 

The following heuristic is used to make a bi-convex triplet. 

*/ 

biconvextriplet(OpticaI_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refractive_Index2, Re­
fractive _Index3, GIass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtrip]et(Optical_Power, OpticaI_Powerl, OpticaI_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass JVam3, Diameter, Separationl, Separation2), 
OpticalJPowerl < 0.0, 
Optical_Powcr2 > 0.0, 
Optical_Powcr3 < 0.0, 
outml(" ~> biconvextriplet "), 
convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_lndexl. Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Nam 1, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
outputjens(Optical__Power2, Thickncss2, Radius3, Radius4, Refractive_Index2, 
Glass_Nam2, Diameter, Lambdal ), 

231 



convexconcavelens(Optical_Power3, Thickness3, Radius5, Radiusó, Refrac-
tive_lndcx3. Diameter), 
output Jens(0^tical_Power3, Thickness3, Radius5, Radiusó, Rcfractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

/* 

The following heuristic is used to make a bi-convex triplet. 

*/ 

biconvextriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refractive_Index2, Re-
fractive_Indcx3, Glass_Naml, Glass_Nam2, 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_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
OpticaLPowerl < 0.0, 
Optical_Powcr2 > 0.0, 
Oprical_Power3 > 0.0, 
outml(" --> biconvextriplet "), 
convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Indexl, Diameter), 
output_Iens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens{Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
ourput_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractìve_Index2, 
Glass_Nam2, Diameter, Lambdal), 
biconvexlens(Optical_Power3, Thickness3, Radius5, Radiusó, Refractive_Index3, 
Diameter), 
output_lens(Optical_Power3, Thickness3, Radiusó, Radius5, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

The following heuristic is used to make an asymétrie bi-convex triplet. 

*/ 

asymetricbiconvextriplet(Optical_Powcr, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Rcfractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, GIass_Nam3, Diame­
ter, Lambdal, Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, OpticaLPowerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indcxl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
OpticaLPowerl >0.0, 
Optical_Power2 < 0.0, 
Optical_Power3 > 0.0, 
outml{" --> asymétrie biconvex triplet "), 
biconvexlens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
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asymetricbiconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refrac-
tive_Indcx2, Diameter), 
outpuUens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass„Nam2, Diameter, Lambdal), 
asymetricbiconvexlens(Optical_Power3, Thickness3, Radius5, Radiusó, Refrac-
tive_Index3, Diameter), 
output_lens(OpticaLPower3, Thickness3, -Radius6, -Radius5, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

I* 

The following heuristic is used to make an asymétrie bi-convex triplet. 

*/ 

asymetricbiconvextriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diame­
ter, Lambdal, Lambda2, Lambda3, Separation 1, 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, Separation2), 
Optical_Powerl <0.0, 
Optical_Power2 > 0.0, 
Optical_Power3 < 0.0, 
outml(" --> asymétrie biconvex triplet "), 
convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac­
tiveJndexl, Diameter), 
output_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens(Oprical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass„Nam2, Diameter, Lambdal), 
convexconcavelens(OpticaLPower3, Thickness3, Radius5, Radiusó, Refrac-
tive_Index3, Diameter), 
outputJens(Optical_Power3, Thickness3, Radiusó, Radius5, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

r 
The following heuristic is used to make an asymétrie bi-convex triplet. 

*/ 

asymetricbiconvextripiet(Optical_Power, Thicknessl, Thickness2r Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diame­
ter, Lambdal, Lam bda2,Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optic al _Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
Optical.Powerl < 0.0, Opticat_Power2 > 0.0, Optical_Power3 > 0.0, 
outml(" •-> asymétrie biconvex triplet "), 
convexconcavelens(OpticaLPowerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Tndexl, Diameter), 
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putput_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractìve_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Opticai_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass_Nam2, Diameter, Lambdal ), 
biconvexlens(Optical_Power3, Thickness3, Radius5, Radius6, Refractive_Index3, 
Diameter), 
output_leris(Optical_Power3, Thickness3, Radius5, RadiusÓ, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

The following heuristic is used to make a plano-concave triplet. 

*/ 

planoconcavetriplet(Optical_Power, Thickness!, Thickness2, Thickness3, Radiusl, Ra-
dius2, Radius3, Radius4, Radius5, Radiusó, Refractivejndcxl, Refractive_Index2, 
Refractive_Index3, GIass„Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separadonl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive^indexl, Refractivc_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
Optical_Powerl >0.0, 
OpticaLPower2 < 0.0, 
Optical_Power3 > 0.0, 
outml(" --> plano-concave triplet "), 
planoconvexlens<OpticaI_Powerl, Thicknessl, Radius, Radius2, Refrac-
tive_Index 1, Diameter), 
Radiusl is -1.0*Radius; 
output_lens(Optical_Powerl, Thicknessl, Radius2, Radiusl, Refractivejndexl, 
Glass_Naml, Diameter, Lambdal), 
biconcavelens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass_Namv2, Diameter, Lambdal), 
concaveconvexIens{Optical_Powcr3, Thickness3, Radius5, Radiusó, Refrac-
tive_Index3, Diameter), 
output_lens(OptìcaI_Power3, Thickness3, Radius5, Radiusó, Refractive_lndex3, 
Glass_Nam3, Diameter, Lambdal). 

The following heuristic is used to make a plano-concave triplet. 

*/ 

planoconcavetriplet(OpticaLPower, Thicknessl, Thickncss2, Thickness3, Radiusl, Ra­
d i i^ , Radius3, Radius4, RadiusS, Radiusó, Rcfractive_lndexl, Refractive_lndex2, 
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_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
Optical_Powerl < 0.0, Optical_Power2 > 0.0, OpticaJ_Power3 < 0.0, 
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outml(" -> plano-concave triplet "), 
planoconcaveIens(Optical_Powerl, Thickness 1, Radius, Radius2, Refrac-
tive_Indexl, Diameter), 
Radiusl is -1.0*Radius, 
output_lens(Optical_Powerl, Thicknessl, Radius2, Radiusl, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(OpricaLPower2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass_Namv2, Diameter, Lambdal), 
biconcavc!ens(Optical_Power3, Thickness3, Radius5, Radiusó, Refractive_Index3, 
Diameter), 
output_Iens(Optical_Power3, Thickness3, Radius5, Radiusó, Refractive__Index3, 
Glass_Nam3, Diameter, Lambdal). 

/* 
The following heuristic is used to make a plano-concave triplet. 

*/ . 

planoconcavetriplct(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Ra­
d a ^ , Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refractive_Index2, 
Refrac ti ve_Index3, Glass_Naml, Glass„Nam21 Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separation 1, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, GIass_Nam3, Diameter, Separationl, Separation2), 
Optical_Powerl < 0.0, Optical_Power2 > 0.0, Optical_Power3 > 0.0, 
outmI(" --> plano-concave triplet "), 
planoconcavelens(Optical_Powerl, Thicknessl, Radius, Radius2, 
Refractive_Index 1, Diameter), 
Radiusl is-1.0*Radius, 
output_Iens(OpticaLPowerl, Thicknessl, Radius2, Radius], Refractive_Indexl, 
G)ass_Naml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(OpticaI_Power2, Thickness2, Radius3, Radius4, Refractive_lndex2, 
Glass_Namv2, Diameter, Lambdal), 
concaveconvexlens(OpticaLPower3, Thickness3, Radius5, Radius6, Refrac-
tive_Index3, Diameter), 
output_lens(Optical_Power3, Thickness3, Radius5, Radiusó, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

/* 

The following heuristic is used to make a bi-concave triplet. 

*/ 

biconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Radius2, 
Radius3, Radius4, Radius5," Radiusó, Refractive_Indexl, Refractive_lndex2, Re-
fractive_Index3, Glass_Naml, Giass__Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Powcr3, Refractive_Indexl, Refractive_Index2, Refractive_lndex3, 

235 



Glassjïaml, Glass_Nam2, Glass_Nara3, Diameter, Separationl, Separation2), 
Optical_Powerl < 0.0, 
Optical_Power2 > 0.0, 
Optical J*ower3 < 0.0, 
outml(" -> biconcave triplet "), 
convexconcavelens(Optical_Powerl, Thicknessl, Radius 1, Radius2, Refrac-
tive_Indexl, Diameter), 
outputJens(OpticalJ>owerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens(OpticalJPower2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Optìca!_Powcr2, Thickness2, RadiUs3, Radius4, Refractive Jndex2, 
Glass_Nam2, Diameter, Lambdal), 
biconcavelens(Optical_Powcr3,Thickness3, RadiusS, Radius6, Refractive Jndex3, 
Diameter), 
output_lens(Optical_Power3, Thickness3, Radius5, Radiusö, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

The following heuristic is used to make a bi-concave triplet. 

*/ 

biconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Refractivejndexl, Refractivejndex2, Re-
fractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separationl, Scparation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
Optical_Powerl < 0.0, Optical_Power2 > 0.0, Optical_Power3 > 0.0, 
outml(" ~> biconcave triplet "), 
convexconcavelens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac­
tivejndexl, Diameter), 
outputJens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractivejndexl, 
GlassJVaml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output Jen s(OpticaLPower2, Thickncss2, Radius3, Radius4, Refractivejndex2, 
Glass JMam2, Diameter, Lambdal), 
concaveconvexlenstOpticalJ^owerS, Thickness3, Radius5, Radius6, Refrac-
tivejndex3, Diameter), 
outputJens(OpticaLPower3, Thickncss3, Radius5, Radiusó, Refractivejndex3, 
GlassJJam3, Diameter, Lambdal). 

/* 

The following heuristic is used to make an asymetrical bi-concave triplet. 

*/ 

asymetricbiconcavetriplet(OpticaLPower, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractivejndexl, Refrac-
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tive_lndex2, Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diame­
ter, Lambdal,Lambda2, Lambda3, Separation!, Separadon2) :-
assemblingiriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refraclive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
Optical_Powerl < 0.0, Optical_Power2 > 0.0, Optical_Power3 < 0.0, 
outml(" --> asymétrie biconcave triplet "), 
convexconcaveiens(OpticaI_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Indexl, Diameter), * 
output_lens{Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameter, Lambda 1), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
GIass_Nam2, Diameter, Lambdal), 
biconcaveIens(Optical_Power3, Thickness3, Radius5, Radiusö, Refractive_Index3, 
Diameter), 
output_lens{Optical_Power3, Thìckness3, Radius5, Radiusó, Refractive_Index3, 
Glass_Nam3, Diameter, Lambdal). 

The following heuristic is used to make an asymetrical bi-concave triplet. 

*/ 

asymetricbiconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusö, Refractivejndexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diame­
ter, Lambdal, Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Optical_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refract ive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Gtass_Nam3, Diameter, Separationl, Separation2), 
OpticaLPowerl <0.0, 
Optical_Power2 > 0.0, 
Optical_Power3 > 0.0, 
outml(" --> asymétrie biconcave triplet "), 
convexconcaveiens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refrac-
tive_Indexl, Diameter), 
output_lens(OpticaLPowerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameter, Lambdal), 
biconvexlens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter), 
output_lens(OpticaLPower2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass__Nam2, Diameter, Lambdal), 
concaveconvexlens(Optical_Power3, Thickness3, Radius5, Radiusó, Refrac -
tive_Index3, Diameter), 
output_lens(Optical_Power3, Thickness3, Radius5, Radiusó, Refrac ti ve_Index3, 
Glass_Nam3, Diameter, Lambdal). 

/* 

The following heuristic is used to make a concave convex triplet. 

*/ 
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concaveconvextripIet(Optical_Power, Thicknessl, Thickness2, Thickness3, Radius 1, Ra-
dius2, Radius3, Radius4, Radius5, Radiusö, Refractivejndexl, Refractive_Index2, 
Refractive_Index3, Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Lambdal, 
Lambda2, Lambda3, Separationl, Separation2) :-
assemblingtriplet(Optical_Power, Opticai_Powerl, Optical_Power2, Opti-
cal_Power3, Refractive_Indexl, Refractive_Index2, Refractive_Index3, 
Glass_Naml, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2), 
Optical_Power1 > 0.0, 
Optical_Power2 < 0.0, 
OpticalJ>ower3 > 0.0, 
outml(" --> concave convex triplet "), 
asymetricbiconvexlens(Optical_Powerl, Thicknessl, Radiusl,,Radius2, Refrac-
tive_Indexl, Diameter), 
output_lens(Optical_Fowerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
GIass_Nam 1, Diameter, Lambdal), 
asymetricbiconcavelens(OpticaLPower2, Thickness2, Radius3, Radius4, Refrac-
tive_Index2, Diameter), 
output_lens(Optical_Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Glass_Nam2, Diameter, Lambdal), 
concaveconvexlens{Optical_Power3, Thickness3, Radius5, Radiusö, Refrac-
tive_Index3, Diameter), 
output_lens(Opticai_Power3, Thickness3, Radius5, Radiusö, 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(OpticaLPowera, Optical_Powerb. Thicknessla, Thickness2a, Thick-
ness3a, Thicknesslb, Thickness2b, Thickness3b, Radiusla, Radius2a, Radius3a, 
Radius4a, Radius5a, Radius6a, Radiuslb, Radius2b, Radius3b, Radius4b, Ra-
dius5b, Radiusöb, Refractive_Indexl, Refractive_lndex2, Refractive_Index3. 
Glass_Nam 1, Glass_Nam2, Glass_Nam3, Diameter, Separationl, Separation2) :-
outmi(" --> high aperture triplet "), 
wavelengthflLambdal, Lambda2, Lambda3]), 
planoconvex triplet (Optical_Powera, Thicknessla, Thickness2a, Thickness3a, Ra­
diusla, Radius2a, Radius3a, Radius4a, Radius5a, Radiusöa, Refractivejndexl, 
Refractive_Index2, Refractive_Index3, Glass_Naml, Glass_Nam2, Giass_Nam3, 
Diameter, Lambda 1, Lambda2, Lambda3, Separation 1, Separation2), 
planoconvextriplet(Optical_Powerb, Thicknesslb, Thickness2b, Thickness3b, Ra­
diuslb, Radius2b, Radius3b, Radius4b, Radius5b, Radiusób, Refractive_Indexl, 
Refractive_Index2, Refractive_Index3, Glass_Nam 1, Glass_Nam2, Glass_Nam3, 
Diameter, Lambdal, 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, 1,1', z, z') 

Optical system will be used 
at only one wavelength 11 

Yes Singlet lens or 
high-aperture singlet lens 

No 

Optical system will be used 
at two wavelengths 11,12. 

No 

Yes 

Optical system will be used 
at three wavelengths 11,12,13. 

Yes 

No 

Optical system will be used 
at more than three 
wavelengths. 

Yes 

Doublet lens or high-
aperture doublet lens 

Triplet or high-aperture 
triplet lens 

Apochromat or complex 
lens system 

No 

C No solution J 
Searching algorithms of focal optical systems 
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Appendix 12: Rules and Searching Algorithms of Singlet Lenses 

The below algorithm 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. 

f Singlet lens or \ 
y high-aperture singlet lens J 
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biconcave singlet lens 

Noi 

No, 

Use conditions of concave-
convex singlet lens 

No 
Use conditions of high-
aperture singlet lens 

No 

C 

Yes 

Yes 

Use conditions of plano­
concave singlet lens 

Yes 

Yes 

Use conditions of asymmetric 
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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 
condition useplanoconvex(Optical_Power, Transversal_Magnification, L, 
Diameter), will be tested then the predicate lens indice, lensin-
dice([Glass_Name, Reftactive_Index]), is activated then the predicate, pla-
noconvexlens(Optical_Power, Thickness, Radius 1, Radius2, Refrac-
tive_Index, Diameter), is activated and finally the lens data is displayed ac­
cording to the predicate output_lens(Optical_Power, Thickness, Radius 1, 
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([Lambda I]), 
useplanoconvex(Optical_Power, Transversal_Magnification, L, Diameter), 
lensindice([Glass_Name, Refracdve_Index]), 
planoconvexlens(Optical_Power, Thickness, Radius 1, Radius2, Refractive_Index, 
Diameter), 
output_lens(Optical_Power, Thickness, Radius 1, Radius2, Refractive_Index, 
Glass_Name, Diameter, Lambdal), 
stop_surface(Position, entrance_Diameter). 

/* 

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 returns the diameter and the position of the 
stop surface. 

*/ 

lens(Opticat_Power, Transversal_MagniFication, L, L') :-
wavelength{[Lam bda 1 J), 
usebiconvex(Optical_Power, Transversal__Magnification, L, Diameter), 
lensindice([Glass_Name, Refractive_Index]), 
biconvexlens(Optical_Power, Thickness, Radius 1, Radius2, Refractive_Index, 
Diameter), 
output_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 asymétrie bi-convex lens. 
The predicate wavelength tests if only one wavelength will be used. 
The predicate useasymetricbiconvex tests if the asymétrie bi-convex use 
conditions are satisfied. 
The predicate lensindice gives the refractive index of the optical glass. 
The predicate asymetricbiconvexlens gives the data of the asymétrie bi­
convex singlet lens. 
The predicate output_lens displays the data of the asymétrie bi-convex sin­
glet lens. 
The predicate stop_surface returns the diameter and the position of the 
stop surface. . 

*/ 

Iens(OpticaI_Power, Transversal_Magnificatìon, L, L') :-
wavelength([Lambdai]), 
U5casymetricbiconvex(OpticaLPower, Trans versal_Magnification, L, Diameter), 
lensindice([Glass_Nàme, Refractìve_Index]), 
asYmetricbiconvexlens(Optical_Powei\ Thickness, Radiusl, Radius2, Rcfrac-
tive_Index, Diameter), 
output_lens(Optical_Power, Thickness, Radiusl, Radius2, Refrac ti vejndex, 
Glass_Name, Diameter, Lambda 1), 
stop_surface(Position, entrance_Diamctcr). 

/* 

The following rule generates a plano-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 useplanoconcave tests if the plano-concave use conditions are 
satisfied. 
The predicate planoconcavelens gives the data of the asymétrie 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. 

V 
lens(Optical_Power, Trans versaLMagnification, L, L') :-

wavelength([Lambdal]), 
useplanoconcave(Optical_Power, TransversaÌ_Magnification, L, Diameter), 
lcnsindice([Glass_Name, Refractive_Index]), 
planoconcave!ens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, 
Diameter), 
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output_Iens(Optical_Power, Thickness, Radius 1, Radius2, Refractive_Indcx, 
Glass_Name, Diameter, Lambdal), 
stop_surfacc(Position, 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. 

*/ 

lens(Opncal_Power, TransversaLMagnification, L, L') :-
wavelength([Lambda I]), 
usebiconcave(Optìcal_Power, Transversal_Magnification, L, Diameter), 
lensindice([Glass_Name, Refractivejndex]), 
biconcavelens(Optical_Power, Thickness, Radius 1, Radius2, Refractive_Index, 
Diameter), 
output_lens(OpticaI_Power, Thickness, Radiusl, Radius2, Refractive_lndex, 
Glass_Name, Diameter, Lambdal), 
stop_surface(Position, entrance_Diameter). 

/* 

The following rule generates an asymétrie 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 useasymetricbiconcave tests if the asymétrie bi-concave use 
conditions are satisfied. 
The predicate asymetricbiconcavelens gives the data of the asymétrie bi­
concave singlet lens. 
The predicate output_lens displays the data of the asymétrie bi-concave 
singlet lens. 
The predicate stop_surface returns the diameter and the position of the 
stop surface. 

*/ 

lens(Optical_Power, TransversaLMagnification, L, L') :-
wavelengthflLambdal]), 
useasyme[ricbìconcave(Optical_Power, TransversaLMagnification, 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,entraiice_Diameier). 

/* 

The following rule generates a concave-convex lens with a positive 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 concaveconvex lens 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, Transvcrsal_Magnification, L, L') :-
wavelengthQLambdall), 
useconcaveconvex(Optical_Power, Transvcrsaljvtagnification, L, Diameter), 
lcnsindice(lGlass_Name, Refractive_Index]), 
Optical_Power >7).0, 
Radiusl isSi/(Refractive_Indcx+1.0), 
concaveconvexlens(Optical„Power, Thickness, Radiusl,_, Refractive_Index,Dia­
meter), Radius2 is So - Thickness, MenOptical_Powcr is (Refractive_Index-1.0)*( 
((Refractive_lndex+1.0)/Si) + 1.0/(So - Thickness)), 
output_lens(Optical_Power, Thickness, Radiusl, Radius2, Refractivejndex, 
Glass_Name, Diameter, Lambdal), 
stop_surface(Posidon, entrance_Diameter), 

/* 

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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Iens(Optkal_Power, Transversal_Magnification, L, L') :-
wavelength([Lambdal]), 
useconcaveconvex(Optical_Power, Trans versal_Magnification, L, Diameter), 
convexconcave(Optical_Power, Transversal_Magnificatiori, L, Diameter), 
lensindice([Glass_Name, RefracDve_Index]), 
concaveconvexlens(Optical_Power, Thickness, Radiusl, Radius2, Refrac-
tivejndex, Diameter), 
output_iens(Optical_Power, Thickness, Radiusl, Radius2, Refractive_Index, 
Glass_Name, Diameter, Lambdal), 
stqp__surface(Position, entrance_Diameler). 

/* 

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 aperture conditions. 
This high aperture singlet is made up of two singlet lenses mounted back to 
back. 
The predicate highaperturelens returns 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') :-
wavelengthGLambdal]), 
usehighaperturc(Opticai_Power, Transversal_Magnification, L, Diameter), 
lensindice([Glass_Name, RerracQve_Index]), 
outm(" Reversed singlet --> "), 
Optical_Power2 is 1.0/So,Optical_Powerl is 1.0/L, 
highaperturelens(Optical_Powerl, Optical_Power2, Thicknessl, Thickness2, Ra­
diusl, Radius2, Radius3,l?adius4, Refractive_Index, Diameter), 
outpul_lens(Optical_Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index, 
Glass_Name, Diameter, Lambdal), 
output_lens(Optical_Power2, Thickness2, Radius4, Radius3, Refractive_Index, 
Glass_Name, Diameter, Lambdal). 
stopsurface(Position,entrance_Diameter). 
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Appendix 13: Searching 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 on 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 wavelength(fLambda 1, 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_doublet_lens. 

*/ 

jens(Optical_Power, TransversaLMagnification, L, L') :-
wavelength([Lambdal, Lambda2]), 
useplanoconvex(Optical_Power, TransversaLMagnification, L, Diameter), 
planoconvexdoublet(Optical_Power, Thicknessl, Thickness2, Radius 1, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambda 1, Lambda2, Separation), 
output_doub!et_lens(Optical_Powcr, Thicknessl, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, GIass_Namel, 
Glass_Name2, Diameter, Lambda 1, Lambda2, Separation), 
stop_surface(Position, entrance_Diameter), 

/* 

The following rule generates a bi-convex doublet 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 biconvexdoublet returns the data of the bi-convex doublet 
lens. 
The predicate output__doublet_lens displays die data of the doublet lens. 
The predicate stop_surface returns the diameter and the position of the stop 
surface. 

*/ 

lens(Optical_Power, TransversaLMagnification, L, L) :-
wavelength((Lambdal, Lambda21), 
usebiconvex(OpticalJPower, TransversaLMagnification, L, Diameter), 
biconvexdoublet(Optical_Power, Thicknessl, Thickness2. Radiusl, Radius2, Ra-
dius3, Radius4, Refractive„Indcxl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambda!, Lambda2, Separation), 
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output_doublet_lens(Optical_Power, Thickness 1, Thickness2, Radius 1, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namcl, 
Glass_Name2, Diameter, Lambda 1, Lambda2, Separation), 
stop_surface(Position, entrance_Diameter). 

/* 

The following rule generates an asymétrie 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 asymétrie bi-convex use 
conditions are satisfied. 
The predicate asymetricbi convex doublet returns the data of the asymétrie 
bi-convex 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, TransversaI_Magnification, L, L') :-
wavelength([Lambdal, Lambda2]), 
useasymetricbiconvex(Optical_Power, Transversal_Magnification, L, Diameter), 
asymctricbiconvexdoublet(Optical_Power, Thicknessl, Thickness!, Radiusl, Ra-
dius2, Radius3, Radius4, Refractive_Indexl, Refractive_Index2, GIass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
output_doublet_]ens(Optical_Power, Thicknessl, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
stop_surface(Position, entrance^Diameler). 

/* 

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 returns 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_Magnification, L, Diameter), 
planoconcavedoublet(Optical_Power, Thicknessl, Thickness2, Radius 1, Radius2, 
Radius3, Radius4, Refractive_lndexl, Refractive_Index2, GIass_Namel, 
Glass_Name2, Diameter, Lamdal, Lambda2, Separation), 
output_doublet_lens(Optical_Power, Thicknessl, Thickness2, Radius 1, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractìve_Index2, 
Naml, Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
stop__surface(Position, entrance_Diameter). 

/* 

The following rule generates a bi-concave doublet lens used at two wave­
lengths. 
The predicate wavelength tests if the doublet lens will be used at two wave­
lengths. 
The predicate usebiconcave tests if the bi-concave use conditions are satis­
fied. 
The predicate biconcavedoublet returns the data of the 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. 

*/ 

lens(Optical_Power, TransversaLMagnification, L, L') :-
wavelength([Lambda 1, Lambda2]), 
usebiconcave(Optical_Power, TransversaLMagnification, L, Diameter), 
biconcavedoublet(Optical_Powcr, Thicknessl, Thickness2, Radius 1, Radius2, Ra-
dius3, Radius4, Refractive_Indexl, Refractive_Index2, 
Naml, Glass_Namc2, Diameter, Lambdal, Lambda2, Separation), 
output_doub]et_lens(OpticaI_Power, Thicknessl, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractìve_Index2, 
Naml, Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
stop_suiface(Position,entrance_Diameter). 

I* 

The following rule generates an asymétrie 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 asymétrie bi-concave use 
conditions are satisfied. 
The predicate asymetricbiconcavedoublet returns the data of the asymétrie 
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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*/ 

lcns(Optical_Power, TransversaI_Magnification, L, L') :-
wavclength([Lambdal, Lambda2J), 
useasymetricbtconcave(Optical_Power, Trans vereal_Magnification, L, Diameter), 
asymetricbiconcavedoublet(Optical_Power, Thickncssl, Thickness2, Radius 1, Ra-
dius2, Radius3, Radius4, Refractive_lndexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambda 1, Lambda2, Separation), 
output_doublet_lens(Optical_Power, Thicknessl, Thickness2, Radius 1, Radius2, 
Radius3, Radius4, Refractive_lndexl, Refractive_Index2, GIass_Namel, 
Glass_Name2, Diameter, Lambda], 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 üseconcaveconvex 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([Lambdal, Lambda2]), 
useconcaveconvex(Optical_Power, TransvcrsaLMagnification, L, Diameter), 
conca veconvexdoublet(Optical_Powcr, Thicknessl, Thickness2, Radius!, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambda], Lambda2, Separation), 

. output_doublet_Iens(Optical_Power, Thicknessl, Thickness2, Radius 1, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_lndex2, Glass_Namel, 
G]ass_Name2, Diameter, Lambda 1, Lambda2, Separation), 
stop_surface(Position,entrance_Diameter). 

/* 

The following mie generates a convex-concave doublet lens used at two 
wavelengths. 
The predicate wavelength tests if the doublet lens will be used at two wave­
lengths. 
The predicate useconvexconcave tests if the convex-concave use conditions 
are satisfied. 
The predicate convexconcavedoublet returns the data of the convex-concave 
doublet lens. 
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The predicate output_doublet_lens displays the data of the convex-concave 
doublet lens. 
The predicate stop_surface returns the diameter and the position of the stop 
surface. 

*/ 

lens(Optical_Power, TransversaJ^Magnification, L, L') :-
wavelength([Lambdal, Lambda2]), 
useconvexconcave(Optical_Power, Transversàl_Magnificatìon, L, Diameter), 
convexconcavedoublet(Optical_Power,Thicknessl,Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
nl, 
output_doublel_lens(Optical_Power, Thickness 1, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
stop_surface(Position, entrance_Diameter). 

/* 

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 lens. 

*/ 

lens(Optical_Power, Transversal_Magnification, L, L') :-
wavelengthflLambdal, Lambda2]), 
usehighaperture(Optical_Power, Transversa]_Magnification, L, Diameter), 
outm(" Reversed achromat --> "), 
Optical_Power2 is 1.0/So, 
Optical_Powerl is 1.0/L, 
highaperturedoublet(Optical_Powerl, Optical_Power2, Thicknessl, Thickness2, 
Thickness3, Thicknessi, Radiusl, Radius2, Radius3, Radius4, Radius5, Radius6, 
Radius?, Radius8, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
output_doublet_lens(Optical_Powerl, Thicknessl, Thickness2, Radiusl, Radius2, 
Radius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
output_doublet_lens(Optical_Power2, Thickness3, Thickness4, RadiusS, Radiusó, 
Radius7, Radius8, Refractive_Indexl, Refractive_lndex2, Glass_Namel, 
Glass_Name2, Diameter, Lambdal, Lambda2, Separation), 
stop_surface(Position, entrance_Diameter). 
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Appendix 14: Rules and Searching Algorithms of Triplet 
Lenses 

The below algorithm searches within the triplet lens and 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 
language Prolog as displayed below. 

I* 

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 returns the data of the triplet lens. 
The triplet lens data is displayed according to the predicate out-
put_triplet_lens. 
The stop_surface predicate gives the diameter and the position of the stop 
surface. 

*/ 

lens(Optical_Power, TransversaI_Magnification, L, L') :-
wavelength([Lambdal,Lambda2, Lambda3]), 
useplanoconvex(Optical_Power, Transversal_Magnification, L, Diameter), 
planoconvextriplet(Optical_Power, Thicknessl, Thickness!, Thickness3, Radius 1, 
Radius2, Radius3, Radìus4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation!), 
output_triplet_lens(OpticaI_Power, Thicknessl, Thickness2, Thickness3, Radius2, 
-Radiusl, Radius3, Radius4, Radìus5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Tndex3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation!), 
stop_surface(Posilion, 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 conditions are satisfied. 
The predicate biconvex triplet returns the data of the bi-convex 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_Magnification, L, L') :-
wavelength([Lambdal, Lambda2, Lambda3]), 
usebiconvex(Optical_Power, Transversal_Magnification, L, Diameter), 
biconvex trip let(OpticaLPower, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda!,Lambda3, Separationl, Separation!), 
output_triplet_lens(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2), 
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stop_surface(Position, entrance_Diameier). 

I* 

This rule generates an asymétrie 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 asymétrie bi-convex use 
conditions are satisfied. 
The predicate asymetricbiconvextriplet returns the data of the asymétrie bi­
convex triplet lens. 
The predicate output_triplet_Iens displays the data of the triplet lens. 
The predicate stop_surface returns the diameter and the position of the stop 
surface. 

*/ 

lens(Optical_Power, TransversaLMagnification, L, L') :-
waveIength([Lambdal, Lambda2, Lambda3]), 
useasymetricbiconvex(Optical_Power, Transversal_Magnification, L, Diameter), 
asymetricbiconvextriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, 
Radiusl, Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Re-
fractive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, GIass_Name3, 
Diameter, Lambdal,I^mbda2, Lambda3, Separation!, Separation2), 
output_triplet_lens(OpticaI_Power, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, GIass_Namel, Gtass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Scparationl, Separation2), 
stop_surface(Position,entrance_Diameter). 

/* 

This rule generates a plano-concave triplet lens used at three wavelengths. 
The predicate wavelength tests if the triplet lens will be used at three wave­
lengths. 
The predicate useplanoconcave tests if the plano-concave use conditions are 
satisfied. 
The predicate planoconcavetriplet returns the data of the plano-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_Magnification, L, L') :-
waveIength([Lambdal, Lambda2, Lambda31). 
usepIaooconcave(Optical_Power, Transvcrsal_Magnification, L, Diameter), 
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planoconcavetripIet(Optical_Power, Thickness!, Thickness2, Thickncss3, Radius 1, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indcxl, Refrac-
tive_Index2, Refractive_Index3, G!ass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambda 1, Lambda2, Lambda3, Separation 1, Separation2), 
output_triplet_lens(Optical_Power, Thicknessl, Thickness2, Thickness3, Radius 1, 
Radius2, Radius3, Radius4, Radius5, Radiusó. Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambda!, Lambda2, Lambda3, Separation 1, Scparation2), 
stop_surface(Position, entrancc_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 output_triplet_lens displays the data of the triplet lens. 
The predicate stop_surface returns the diameter and the position of the stop 
surface. 

*/ 

Ìens(OptìcaI_Power, Transversal_Magnification, L, L') :-
wavelength([Lambdal, Lambda2, Lambda3]), 
usebiconcave(Optical_Power, Transversa]_Magnification, L, Diameter), 
biconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickncss3, Radius 1, 
Radius2, Radius3, Radius4, RadiusS, Radiusó, Refractive_Indexl, Refrac-
tive_Indcx2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separation!, Separation2), 
output_tripletJens(Optical_Power, Thicknessl, Thickness2, Thickncss3, Radius 1, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Index I, Refrac -
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separation 1, Separation2), 
stop_surface(Position, entrance_Diameter). 

I* 

This rule generates an asymétrie bi-concave triplet lens used at three wave­
lengths. 
The predicate wavelength tests if the triplet lens will be used at three wave­
lengths. 
The predicate useasymetricbiconcave tests if the asymétrie bi-concave use 
conditions are satisfied. 
The predicate asymetricbiconcavetriplet returns the data of the asymétrie 
bi-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. 
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*/ 

lens(Optical_Power, Transversal_Magnification, L, L') :-
wavelength([Lambdal, Lambda2, Lambda3]), 
u5easymetricbiconcave(Optical_Power, TransversaJ_Magnification, L, Diameter), 
asymetricbiconcavetripiet(Optical_Power, Thicknessl, Thickness2, Thickness3, 
Radius 1, Radius2, Radius3, Radius4, Radius5, Radiusó, Refractivc_Indexl, Re-
fractive_Index2, Refractive_Index3, Glass_Namel, Glass_Namc2, Glass_Namc3, 
Diameter, Lambda 1, Lambda2, Lambda3, Separationl, Separation2), 
output_triplet_lens(Optical_Power, Thicknessl,Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusö, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter,Latnbdal, Lambda2, Lambda3, Separationl, Separation2), 
stop_surface(Position, entrance_Diametcr). 

/* 

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_lens displays the data of the triplet lens. 
The predicate stop_surface returns the diameter and the position of the stop 
surface. 

*/ 

lens(Opticai_Power, TransversaLMagnificaiion, L, L') :-
wavelength([Lambdal, Lambda2, Lambda3]), 
useconcaveconvex(Optical_Power, Trans vcrsaLMagnificau'on, L, Diameter), 
concaveconvextriplet(OpticaI_Powcr, Thicknessl, Thickness2, Thickness3, Ra­
diusl, Radius2, Radius3, Radius4, RadiusS, Radiusö, Rcfractive_Indexl, Refrac -
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter,Lambdal,Lambda2, Lambda3, Separationl, Separation2), 
output_triplet_lens(Optical_Power, Thicknessl, Thickness2, Thickness3, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Indexl, Refrac-
tive_Index2, Refractive_Index3, Glassjs'amel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2), 
stop_surface(Position, entranceJDiamcier). 

/* 

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 use conditions 
are satisfied. 
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The predicate convexconcavetriplet returns the data of the convex-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_Magnification, L, L') :• 
wavelength([Lambdal, Lambda2, Lambda3]), 
useconvexconcave(Optical_Power, TransversaLMagnification, L, Diameter), 
convexconcavetriplet(Optical_Power, Thicknessl, Thickness2, Thickness3, Ra-
diusl, Radius2, Radius3, Radius4, Radius5, Radiusó, Refractivejndexl, Refrac-
tive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separation2), 
output_trip]et_lens(Opdcal_Power, Thicknessl, Thickness2, Thickness3, Radius 1, 
Radius2, Radius3, Radius4, RadiusS, Radiusó, Refractivejndexl, Refrac-
tive_Index2, Refractive_Index3, GIass_Namel, Glass_Name2, Glass_Name3, 
Diameter, Lambdal, Lambda2, Lambda3, Separationl, 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 triplet 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 die 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, TransversaLMagnification, L, L') :-
waveiength([Lambdal, Lambda2, Lambda3]), 
usehighaperture(Optical_Power, TransversaLMagnification, L, Diameter), 
outm(" Reversed triplet -->"), 
nl, Opucal_Powerb is 1.0/So, 
OpticaLPowera is 1.0/L, 
highaperturetriplet(Optical_Powera, OpticaLPowerb, Thicknessla, Thickness2a, 
Thickness3a, Thicknesslb, Thickness2b, Thickness3b, Radiusla, Radius2a, Ra-
dius3a, Radius4a, Radius5a, Radiusóa, Radius lb, Radius2b, Radius3b, Radius4b, 
Radius5b, Radiusób, Refractive_Indexl, Refràctive_Index2, Refractive_Index3, 
Glass_Namel, Glass_Name2, Glass_Name3, Diameter, Separationl, Separation2), 
outpur_triplet_Iens(OpticaLPowera, Thicknessla, Thickness2a, Thickness3a, Ra­
diusla, Radius2a, Radius3a, Radius4a, Radius5a, Radiusóa, Refractive_Index 1, 
Refractive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, 
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Glass_Narae3, Diameier, Lambdal, Lambda2, Lambda3, Separationl, Separa-
tion2), 
output_triplet_lens(OpticaJ_Powerb, Thickncsslb, Thickness2b, Thickness3b, Ra-
diuslb, Radius2b, Radius3b, Radius4b, Radius5b, Radiusöb, Refractive_Indexl, 
Refractive_Index2, Refractive_Index3, Glass_Namel, Glass_Name2, 
Glass_Name3, Diameter, Lambdal, Lambda2, Lambda3, Separationl, Separa-
tion2), 
Stop_surface(Position, entrance_Diatnetcr). 
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Appendix 15: Searching Algorithms of Afocal Optical Systems 

This algorithm is concerned 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. 

Magnification is 
negative. 

Laser power will 
provoke a break 
down? 

No 

Yes 

Laser power will 
provoke a break 
down? 

Yes 

No 

Keppler Telescope 
Corrected at 1, 2 
or 3 wavelengths 

No solution 
Galilean Telescope 
Corrected at 1, 2 or 
3 wavelengths 

Telescope with 
three positive 
lenses 

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_afocaIcns(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(Angu]ar_Magnification, Length) :-
negative_angular_magnification(Angular_Magnification), 
breakdownriskfLaserpower), 
nl, 
outm("such as system is noi possible"), 
nl, 
outm ("because the angular magnification is < 0"), 
nl, 
outmf'and there 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. 

*/ 

afocaIens(Angular_Magnification, Length) :-
negatìvc_angular_magnification(AnguIar_Magnification), 
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(AnguIar_Magnificaoon, Length) :-
positivc_angular_magnification(Angular_MagniFication), 
breakdownri sk(Laserpower), 
galileanafocaIens(Angular_Magnification, Powerl, Power2, Length). 

260 



/* 

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. 

*/ 

afocaIens(Angular_Magnification, Length) :-
positivc_angular_magnification(Angular_MagnÌfication), 
nobreakdownrisk(Laserpower), 
threelemenufocalens(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. 

*/ 

afocaIens(Angular_Magnification, Length) :• 
positìve_angular_magnification(Angular_Magnificatìon), 
nobreakdo wnris k(Laserpo wer), 
shorüength(Length,Angiilar_Magnification), 
gaIileanafocalens(Angular_Magnification, Powerl, Power2, Length). 

261 



Appendix 16: Heuristics and Searching Algorithms 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 

Telescope will be used at 
only one wavelength 11 

No 

Telescope will be used at 
two wavelengths 11,12 

No 

Telescope will be used at 
three wavelengths 11,12,13 

Yes Telescope with two 

Yes 

singlets lenses 

Yes f Telescope with a singlet 
~H and a doublet lenses 

Telescope with a doublet 
and a triplet lenses 

Searching Algorithms concerning the Kepler Telescope 

The heuristics and searching algorithms of the Kepler telescope 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, Powerl, Power2, Length) :-
wavelength(|Lambda IJ), 
longlength(Length, AnguIar_Magnification), 
wriie("--> kepler telescope "), 
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Powerl is (1.0 - Angular_Magnification)/ Length, 
nl, 
lensindice(|Glass_Nam 1, Rcfractive_Indexl ]), 
angu!armagnification(Angular_Magnification, Power], Power2, Diamcterl, 
Diameter2), 
nl, 
planoconvexlens(Powerl, Thicknessl, Radius!, Radius2, Refractive_Indexl, 
Diameterl), 
nl, 
outputlens(Powerl, Thicknessl, Radius 1, Radius2, Refractive_Indexl, 
Glass_Naml, Diameterl, Lambdal), 
lensindice([Glass_Nam2, Refractive_Index2]), 
planoconvexlens(Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
Diameter2), 
nl, 
outputlens(Power2, Thickness2, Radius4, Radius3, Refractive_Index2, 
Glass_Nam2, Diameter2, Lambdal), 
outputafocaIens(Angular_Magnification, Powerl, Power2, Diameterl, Diamcter2, 
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusô, Radius7, RadiusS, Radius9, RadiuslO, Re-
fractive_Indexl, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_lndex5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
Glass_Nam5, Separation 1, Separation2, Separation3, Lambdal, Lambda2, 
Lambda3). 

/* 
The following rule designs a Kepler telescope used at two wavelengths. 
A such as telescope is composed of a plano-convex singlet lens and a 
piano-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) :-

wavelengdi([Lambdal,Larnbda2]), 
write("~> kepler telescope "), 
Ionglength(Length, AnguIar_Magnification), 
Powerl is (1.0 - Angular_Magnification)/Length, 
nl, 
angularmagnification(Angular_Magnification, Powerl, Power2, Diameterl, 
Diameter2), 
nl, 
lensindice([GIass_Nam 1, Refractive_Index 11), 
pIanoconvexlens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Diameterl), 
nl, 
outputlens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_lndexl, 
Glass_Nam 1, Diameterl, Lambda 1 ), 
planoconvexdoublet(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, Radiusó, Refractive_Index2, Refractive_Index3, GIass_Nam2, 
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separadon2), 
output_doublet_lens(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, RadiusÓ, Refractive_Index2, Refractive_Index3, GIass_Nam2, 
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separation2), 
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outputafocalens(Angular_Magnification, Powerl, Powcr2, Diameterl, Diameter2, 
Thicknessl, Thickncss2, Thickncss3, Thickness4, Thickncss5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusö, Radius7, Radius8, Radius9, RadiuslO, Re-
fractive_Indexl, Refractive_Index2, Refrac tive_Index3, Refractive Jndex4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
Glass_Nam5, Separation!, Separation2, Separaiion3, 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 singlet and the 
bi-convex doublet lens. 

*/ 

kepIerafocalens<Angular_Magnification, Powerl, Power2, Length) :-
wavelength([Lambdal, Lambda2]), 
write("~> kepller telescope "), 
shortlength (Length, Angular_Magnification), 
Powerl is (1.0 - Anguiar_Magnification)/Length, 
ni, 
angularmagnification(Angular_Magnification, Powerl, Power2, Diameterl, 
Diameter2), 
nl, 
lensindice([GIass_Naml,Refracrive_Indexl]), 
biconvexlens(Powcrl,Thicknessl, Radiusl, Radius2, Refractivejndexl, Diame­
terl), 
nl, 
outputlens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Nam1, Diameterl, Lambdal), 
biconvexdoublet(Power2, Thickness2, Thickness3, Radius3, Radius4, Radius5, 
Radiusö, Refractivc_Indcx2, Refrac li ve _Index3, Glass_Nam2, Glass_Nam3, 
Diameter2, Lambdal, Lambdii2, Separation2), 
output_doubiet_lens(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
dius5, Radius6, Refractive_lndex2, Refractive_Index3, Glass_Nam2, 
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separanon2), 
outputafocalens(AnguIar_Magnification, Powerl, Power2, Diameterl, Diameter2, 
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Radius7, RadiusS, Radius9, RadiuslO, Re-
fractive_Indexl,Refractive_lndex2, Refractivejndex3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Giass_Nam4, 
Glass_Nam5, Separation!, Separation2, Separation3, Lambdal, Lambda2, 
Lambda3). 

/* 

The following rule designs a Kepler telescope used 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([Lambdal, Lambda2, Lambda3]), 
write("--> kepller telescope "), 
shortlength (Length, Angular_Magnification), 
Powerl is (1.0 - Angular_Magnification)/Lengih, 
ni, 
angu]armagnification(Angular_Magnification, Powerl, Power2, Diameterl, 
Diameter2), 
nl, 
lensindice(fGlass_Nam 1, Refractive_IndexI]), 
biconvexlens(Powerl, Thickness 1, Radius 1, Radius2, Refractive_Indexl, Diame­
terl), 
nl, 
outpuilens(Powerl, Thickhessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameterl, Lambdal), 
biconvextriplet(Power2, Thickness2, Thickness3, Radius5, Radiusö, Radius7, 
Radius8, Radius9, RadiuslO, Refractive_Index3, Refractive_Index4, Rcfrac-
tive_Index5, Glass_Nam3, Glass_Nam4, GIass_Nam5, Diameter2, Lambdal, 
Lambda2, Lambda3, Separation2, Separation3), 
output_triplet_Iens(Power2, Thickness2, Thickness3, Radius5, Radiusó, Radius7, 
RadiusS, Radius*), RadiuslO, Refractive_Indcx3, Refractive_Index4, Refrac-
tive_Indcx5, Glass_Nam3, Glass_Nam4, GIass_Natn5, Diameter2, Lambdal, 
Lambda2, Lambda3, Separation2, Separation3), 
outputafoca!ens(Angular_Magnification, Powerl, Power2, Diameterl, Diameter2, 
Thickness 1, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Radius7, Radius8, Radius9, RadiuslO, Re-
fraciive_Indexl, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_lndex5, Glass_Natnl, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
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. 

*/ 

keplerafocaIens(AnguIar_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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ni. 
angu]armagntficalion(Angular_Magnification, Power!, Power2, Diameterl, 
Diameter2), 
ni. 
planoconvèxdòublet(Powerl, Thicknessl, Thickness2, Radius 1, Radius2, Ra-
dius3, Ràdiùs4, Refractive_Indexl, Refractive_Index2, Glass_Naml, 
Glass_Nam2, Diameterl, Lambdal, Lambda2, Separationl), 
output_doublet_lens(Powerl, Thicknessl, Thickness2, Radius 1, Radius2, Ra-
dius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Naml, 
Glass_Nam2, Diameterl, Lambdal, Lambda2, Separationl), 
planocoiivextriplét(Power2, Thickness3, Thickness4, Thickness5, Radius5, Ra­
dioso, Radius7, RadiusS, Radius9, RadiuslO, Refractive_Index3, Refrac-
tive_Index4, Refractive_Index5, Glass_Nam3, Glass_Nam4, Glass_Nam5, Dia­
meter, Lambdal, Lambda2, Lambda3, Separation2, Separation3), 
outpu_triplet_lcns(Power2, Thickness3, Thickness4, Thickness5, Radiusl, 
Radius2, Radius3, Radius4, Radius5, Radiusó, Refractive_Index3, 
Rcfractive_Index4, Refractive_Index5, Glass_Nam3, Glass_Nam4, Glass_Nam5, 
Diameter2, Lambdal, Lambda2, Lambda3, Separation2, Separation3), 
outputafocaiens(Ângular_Magnification,Powerl,Power2, Diameterl,Diameter2, 
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusö, Radius7, Radius8, Radius9, RadiuslO, Re-
fractivejndexl, Refractivejndex2, Refrac tive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
Glass_Nam5, Separationl, Separation2, Separatioh3, 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 length 

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. 

C Galilean Telescope 

Telescope will be used at 
only one wavelength 11 

Yes 

No 

Telescope will be used at 
two wavelengths 11,12 

Yes 

Telescope with two 
singlets lenses 

Telescope with a singlet 
and a doublet lenses 

No 

Telescope will be used at 
three wavelengths 11,12,13 

Yes Telescope with a doublet 
and a triplet lenses J 

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 used 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, Power2, Length) :-

wavelength([Lambda I]), 
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write("--> Galilean telescope "). 
Powerl is (1.0 - Angular_Magnification)/Length, 
nl, 
angui armagli ificatìon( A ngular_Magnification, Powerl, Power2, Diameter I1 

Diameter2), 
nl, 
lensindice([Glass_Naml,Refractive_lndexl]), 
p!anoconcavelens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Index 1, 
Diameter 1), 
nl, 
outputlens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass^Naml, Diameterl, Lambdal), 
Iensindice([Glass_Nam2,Refractive_Index2]), 
planoconvexlens(Power2, Thickness2, Radius4, Radius3, Refractive_Index2, 
Diameter2), 
nl, 
outputlens(Power2, Thickness2, Radius3, Radius4, Refractive_Index2, 
GIass_Nam2, Diameter2, Lambdal), 
outputafocalens(AnguIar_Magnification, Powerl, Power2, Diameterl, Diameter2, 
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Radius7, RadiusS, Radius9, RadiuslO, Re-
fractivejndexl, Refractive_Index2, Refractive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
Glass_Nam5, 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. 

*/ 
gali]eanafocalens(Angular_Magnificaiion, Powerl, Power2, Length) :-

wavelengtn([Lambdal, Lambda2]), 
write("--> Galilean telescope "), 
Powerl is (1.0-Angular Magni fication)/Length, 
nl, 
angu 1 arm agnification (A ngular_Mag nifi cation, Powerl, Power2, Diameterl, 
Diameter2), 
nl, 
lensindicc([Glass_Naml,RefractiveJndexl]), 
planoconcavelensfPowerl, Thicknessl, Radiusl, Radius2, Refractive_Indcxl, 
Diameterl), 
nl, 
outputlens(Powerl, Thicknessl, Radiusl, Radius2, Refractive_Indexl, 
Glass_Naml, Diameterl, Lambdal), 
planoconvexdoublet(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra­
diusS, Radiusó, Refractive_Index2, Refractive_Index3, Glass_Nam2, 
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separation2), 
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output_doubIet_Iens(Power2, Thickness2, Thickness3, Radius3, Radius4, Ra-
diusS, Radiusô, Refractive_Index2, Refractive_Index3, Glass_Nam2, 
Glass_Nam3, Diameter2, Lambdal, Lambda2, Separationl), 
outputafocaIeas(Angular_Magnificadon, Powerl, Power2, Diameterl, Diameter2, 
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusö, Radius7, Radius8, Radius9, RadiuslO, Re-
fractivejndexl, Refraciive_Index2, Refracrive_Index3, Refractive_Index4, Re­
fractive _Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
Glass_Nam5, Separationl, Separation2, Separation3, Lambdal, Lambda2, 
Lambda3). 

/* 

The following rule designs a Galilean telescope used 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]), 
write("--> Galilean telescope "), • 
Powerl is (1.0 - Angular_Magnificauon)/Length, 
nl, 
angularmagnification(Anguiar_Magnification, Powerl, Power2, Diameterl, 
Diameter2), 
nl, 
planoconcavedoublet(Powerl, Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Naml, 
Glass_Nam2, Diameterl, Lambdal, Lambda2, Separation), 
output_doublet_lens(Powerl, Thicknessl, Thickness2, Radiusl, Radius2, Ra-
dius3, Radius4, Refractive_Indexl, Refractive_Index2, Glass_Naml, 

. Glass_Nam2, Diameterl, Lambdal, Lambda2, Separationl), 
planoconvextriplet(Power2, Thickness3, Thickness4, Thickness5, Radius5, Ra­
diusö, Radius7, Radius8, Radius9, RadiuslO, Refractive_Index3, Refrac-
tive_lndex4. Refrac ti ve_Index5, G!ass_Nam3, Glass_Nam4, Glass_Nam5, Dia-
meter2, Lambdal, Lambda2, Lambda3, Separation2, Separation3), 
output_triplet_lens(Power2, Thickness3, Thickness4, Thickness5, Radius5, Ra­
diusô, Radius7, Radius8, Radius9, RadiuslO, Indice3, Refractive_Index4, Re-
fractive_Index5, Glass_Nam3, Glass_Nam4, Glass_Nam5, Diameter2, Lambdal, 
Lambda2, Lambda3, Separationl, Separation2), 
outputafocalens(Angular_Magnification, Powerl, Power2, Diameterl, Diameter2, 
Thicknessl, Thickness2, Thickness3, Thickness4, Thickness5, Radiusl, Radius2, 
Radius3, Radius4, Radius5, Radiusó, Radius7, RadiusS, Radius9, RadiuslO, Re-
fractive_Indexl, Refractive_lndex2, Refractive_Index3, Refractive_Index4, Re-
fractive_Index5, Glass_Naml, Glass_Nam2, Glass_Nam3, Glass_Nam4, 
Glass_Nam5, Separationl, Separation2, Separation3, Lambdal, Lambda2, 
Lambda3). 

/* 
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The following rule designs a telescope composed of three positive lenses. 
Such as telescope needs a special heuristics that are not availible at this 
moment. 

*/ 

threelemeniafocalens(Angular_Magnification, Powerl, Power2, Power3, Length) :-
outm(" We didn't consider such a telescope at this moment"). 

I* 

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), 
Diamcter2 is -AnguIar__Magnification*Diameterl, 
Optical_Power2 is - Optical_Powerl/Angij]ar_Magnification. 

angularmagnification(Angular_Magnification, Optical_Poweri, Optical_Power2, 
Diameterl, Diameter2) :-
Angular_Magnification > 0.0, 
diameteifDiameter 1 ), 
Diameter2 is Angular_Magnification*Diamcterl, 
Optical_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 reached. 
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... 

OO 

ft. 
O 

S 

I [Glass data base: Schott catalog 
" ^ l contains more than 250 optical glasses. 

^ 0 f Glass mechanical constraints are 
acceptable for the user constraints? 

No 

Yes 

Glass thermal constraints are acceptable 
for the user constraints? 

Yes 

No [ Glass chemical constraints are acceptable 
for the user's constraints? 

I Yes 

No ( Glass economical constraints are 
acceptable for the user's constraints? 

No/ 

J 
Yes 

Glass physical constraints are acceptable 
for the user's constraints? 

Yes 

^*0 [Glass optical constraints are acceptable for 
^ I the user's constraints? 

f Code and data of the selected glass. j 

Searching algorithms for selection of an optical glass 

272 



The searching algorithms for selection of an optical glass is coded in the 
programming language Prolog as displayed below. 

/* 

The following rule returns the dispersion coefficients of an optical glass. 

*/ 

dispersion_forTnula_coefficients(Optìcal_Glass, AO, Al, A2, A3, A4, A5) :-
coefl_disp(OpticaJ_GIass, AO, Al, A2), 
coef2_disp(OpticaLGlass, A3, A4, A5). 

/* 

The following rule calculates the refractive index of an optical glass ac­
cording to his dispersion coefficients. 

*/ 

refractive_index_calculation(Optical Jjlass, Lambda, Indice_de_refraction) :-
dispersion_formula_coefïîcients(Optical_Glass, AO, Al, A2, A3, A4, A5), 
power_of(Lambda, 2.0, Yl), 
power_of(Lambda, -2.0, Y_2), 
power_of(Lambda, -4.0, Y_4), 
power_of(Lambda, -6.0, Y_6), 
power_of(Lambda, -8.0, Y_8), 
Indice_de_refracoon is sqrt(A0 + A1*Y1 + A2*Y_2 + A3*Y_4 + A4*Y_6 + 
A5*Y_8). 

% Thermical conductivity varies from 0(highst value) to 1.4(lowst value) 

thermical_conductivity(Optical_Glass, X) :-
temperaturc(T), free_variabIe(X, 0.0), 
conversion^, Xl), Xl =< 50.0/abs(T). 

presences_of_bubbles(Optical_Glass, X) :-
degre_de_resistance_chimique(Degre_Chimik), 
conversion(X, Xl), Xl =< Degre_Chimik. 

climatic_resistance(Opticai_Glass, X) :-
degre_de_resislance_chimique(Degre_Chimik), 
conversion(X, Xl), Xl =< Degre_Chimik +1.0. 

stain_resistancc(Optical_Glass, X) :-
degre_de_rcsistance_chimiqueCDegre_Chimik), 
conversion(X, Xl), Xl =< Degre.Chimik. 

alkaline_resistanceCOptical_Glass, X) :-
frce_variable(X, 4.0), 
alcalis milieu(Alcalis), 
conversion(X,Xl), Yl is 15.0-Xl1Yl >= Alcalis.. 

acid_iesistancc(Optical_Glass, X) :-
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frce_variable(X, 5.0), 
acidite_milieu(Acidite), 
conversion(X, Xl), Xl =< Acidite. 

density(Optical_Glass, X) :-
densite_verre(Densite), conversion(X, Xl), Xl =< Densité. 

elasticity_coefficient(Optical_Glass, X) :-
elasticite_verre(Elasticite), 
conversion(X, Xl), 
Xl =< Elasticité. 

poisson_coefficient(Optical_Glass, X) ;-
conversion(X, Xl), 
Xl >0.0. 

knoop_hardness(Optical„Glass, X) ;-
durete_verre (Hardness), 
conversion(X, Xl), Xl >= Hardness. 

/* 

The following rule selects an economical glass, if the variable Price is O. 

*/ 

economical_optica]_glass(Optical_Glass) :-
economical(Price), Price > 0.0, 
economical_glasse(Optical_Giass, Nd, Nued, Densité , AO, Al , A2, A3 , A4, 
A5). 

/* 

The following rule defines the physical properties of an optical glass. 

*/ 

physicaI_properties(Optical_Glass, Alpha 1, Alpha2, Tg, T, Cp, Conduthermique, Rho, 
Emo, Mue, Hk, B, Cr, Fr, Sr, Ar) :-
propl_physik(Optical_Glass, AIphal, Alpha2, Tg, T, Cp, Conduthermique), 
prop2_physik(Optical_Glass, Rho, Emo, Mue, Hk, B, Cr, Fr, Sr, Ar). 

ThermicaLdilatation varies from 4*10e-6 (highst value) to 16*10e-6 
(lowst value) 

*/ 

thermica!_dilüiation_moins30_plus70(Optica[_Glass, x) :-
temperature(T), 

conversion(X, Xl), 
Xl =< 640.0/T. 
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I* 

Thermical dilatation varies from +20 to +300, X varies de 4 (highst value) 
to 16*10pe-6(lowst value) 

*/ 

thermical_dilatation_p]us20_plus300(Oplical_GIass,X):-
temperature(T), T > 40.0, 
conversion(X, Xl) , 
Xl < 3000.0/abs(T). 

% Melts temperature must be > 4* work temperature. 

melts_temperature(Optical_Glass, X) :-
convereion(X, Xl), temperature(T), Xl>3.2*abs(T). 

% Specific_heat varies fro 0.4 (highst value) to 1.6 (lowst value) 

specific_heat(Optical_Glass, X) :-
temperature(T), free_variable(X, 0.4), 
conversion^, Xl) , Xl =< 100.0/abs(T). 

krone(Nd, Nued) :-
Nd<1 .6 ,Nued>51 .0 . 

flinte(Nd, Nued) :-
Nd>1.6, Nued < 30.0. 

/* 

The two following rules defines the climatical properties of an optical 
glass. 

V 

climatical_properties(Optical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduct_thermique) :-
propl_physik(Optical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduct_thermique), 
thermical_dilatation_moins30_plus70(Optica]_Glass, Alphal), 
temperature_of_transformation(Optical_Glass, Tg), 
specific„heat(Optical_Glass, Cp), 
thermical_conductivity(Opdcal_Glass, Conduct_thermique). 

climatical_properties(Optical_Glass, Alphal, A]pha2, Tg1 T, Cp, Conduct_thermique) :-
propl_physik(Optical_Glass, Alphal, Alpha2, Tg, T, Cp, Conduct_thermique), 
thermical_dilalation_plus20_plus300(Optical_Glass, Alpha2), 
lemperaturce_of_transformatiort(Oplical_Glass,Tg), 
specific_heat(Optical_Glass, Cp), 
thermical_conductivily(Optìcal_Glass, Conduc[_thermique). 

I* 

The following rule defines the chemical properties of an optical glass. 
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*/ 

chemica]_properties(Optical_Glass, B, Cr, Fr, Sr, Ar) :-
prop2 j)hysik(Optical_Glass, Rho, Emo, Mue, Hk, B, Cr, Fr, Sr, Ar), 
presences_of_bubbles(OpticaI_Glass, B). 
climatic_resistance(Optical_Glass, Cr)1 
stain_resistance(Optical_Glass, Fr), 
acid_resistance(Opttcal_Glass, Sr), 
alkaline_resistance(Optical_Glass, Ar). 

/* 

The following rule defines the mechanical properties of an optical glass. 

*/ 

mechanical_properties(Optical_Glass, Rho, Emo, Mue, Hk) :-
prop2_physik(Optical_Glass, Rho, Emo, Mue, Hk, B, Cr, Fr, Sr, Ar), 
density (OpticaLG lass, Rho), 
elasticity_coefficient(Optical_Giass,Emo). 
poisson_coefricient(Optical_Glass, Mue), 
knoop_hardness(Optical_Glass, Hk). 

/* 

The following rule returns 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_Naml, Nd]) :-
entete_verre(G!ass_Naml, Glass_Nam2. Nd, Nued, Nf_Nc, Nel, Nueel, Nf-
prim_moins_Ncprim ), 
economical_optìca)_glass(Glass_Naml), 
climatical_properties(Glass_Naml, Alphal, Alpha2, Tg, T, Cp, Con-
duct_thermique), 
chemical_propenies(Glass_Naml, B, Cr, Fr, Sr, Ar), 
mechanical_properties(Glass_Nam 1, Rho, Emo, Mue, Hk). 

/* 

The following rule returns two optical glasses referred with the names 
Glass__Naml andGlass_Nam2. 
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. 
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*/ 

lensindice2([Gtass_Naml, Glass_Nam2, Refractivejndexl, Refractive_Index2, Nueel, 
Nuee2]) :-
entete_verre(Glass_Naml, Oplicai_Glass, Nd, Nued, Nf_Nc, Nel , Nueel, Nf-
prim_moins_Ncprim ), 
economicaLoptical_glass(Glass_Naml), 
flinte(Nel, Nueel), 
Refractive_Indexl is Nel, 
chemical_propertìesCGlass_Naml, B, Cr, Fr, Sr, Ar), 
climatical_properties(Glass_Naml, Alpha 1, Alpha2, Tg, T, Cp, Conduct, ther­
mique), 
mechanical_properties(Glass Naml, Rho, Emo, Mue, Hk), 
entete_verrc(Glass_Nam2, Optical.Glassl 11, NdI, Nuedl, Nfl_Ncl, Ne2, 
Nuee2, Nfprim_moins„Ncpriml), 
economical„optical_glass(Glass_Nam2), 
Glass_Naml =\= Glass_Nam2, 
krone(Ne2, Nuee2), 
Refraciive_lndex2 is Ne2, 
chemical_properties(Glass_Nam2, B2, Cr2, Fr2, Sr2, Ar2), 
climatical_properties(Glass_Nam2,Alphall, Alpha21,Tgl ,Tl ,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_Naml, Glass_Nam2 and Glass_Nam3. It is used in the case of 
the triplet lens. 

V 

lensindice3([Glass_Naml, Glass_Nam2, Glass_Nam3, Refractivejndex 1, Refrac -
tive_Index2, Refractive Index3, TetagCl, TetagC2, TetagC3, Nuedl, Nued2, 
Nued3]) :-
eniete_verTe(Glass_Naml, Opdcal_Glass 1, NdI, Nuedl, Nf_Ncl, Nel, Nueel, 
Nfprim_moins_Ncpriml ), 
economical_oprical_glass(GIass_Nam 1), 
indice2_refract(Glass_Naml, NC, Nc', N632, N589 , N587 , N546 ), 
indice3_refract(Glass_Naml , Nf, Nf, Ng , Nh, Ni), 
Refractivejndexl is N587, TetagCl is (Ng - NC)/(Nf_Ncl), 
krone(Refractive_Indexl, Nuedl), 

• chemical_properties(Glass_Naml, B, Cr, Fr, Sr, Ar), 
climaticaI_properties(Glass_Naml, Alphal, Alpha2, Tg, T, Cp, COn-
duct_thermique), 
mechanical_properties(Glass_Naml, Rhol, Emol, Muel, HkI), 
found_2_optical_gIass(Glass_Naml, Gtass_Nam2, Glass_Nam3, Refrac -
tive_Index 1, Refractive Index2, Refractive Index3, TetagC 1, TetagC2, TetagC3, 
Nuedl, Nued2, Nued3). 

/* 
i 

In this case it is not necessary that the second optical glass has a high me­
chanical resistance! ! ! 

277 



*/ 

found_2_optical_glassCGlass_Naml>Glass_Nam2, GIass_Nam3, Refractìve_Indexl, Re-
fractive_Index2, Refractive_Index3, TetagCl, TetagC2, TetagC3, Nuedl, Nued2, 
Nued3) :-
entetc_verrc(Glass_Nam2, Optical_Glassl, NdI, Nued2, Nf_Nc, Nel, Nueel, 
Nfprim_moins_Ncpriml ), 
economical_optical_glass(Glass_Nam2), 
Glass_Nam2 =V= GIass_Naml, 
indice2_refract(Glass_Nam2, NC, Nc', N632, N589 , N587 , N546 ), 
indice3_refract(Glass_Nam2 , Nf, Nf, Ng , Nh, Ni), 
Refractive_lndex2 is N587, TetagC2 is (Ng ^ NC)/(Nf_Nc), 
Glass_Nam 1 =\=Glass_Nam2, 
flinte(RefractiveJndex2, Nued2), 
chemica]_properties(Glass_Nam2, B, Cr1 Fr, Sr, Ar), 
climatical_propcrties(Glass_Nam2, Alphal, Alpha2, Tg1 T, Cp, Con-
duct_thermique), 
found_3_optical_glass(Glass_Naml, Glass_Nam2, Glass_Nam3, Refrac-
tivejndexl, RefracDve_Index2, Refracrivejndex3, TetagCl, TetagC2, TetagC3, 
Nuedl, Nued2, Nued3). 

found_3_optical_glas's(Glass_Naml, Glass_Nam2, Glass_Nam3, RefractiveJndexl, Re-
fractive_Index2, Refractive_Index3, TetagCl, TetagC2, TetagC3, Nuedl, Nued2, 
Nued3) :-
entete_verrc(Glass_Nam3, Optical_Glassl, NdI, Nued3, Nf_Nc, NcI, Nueel, 
Nfprim_moins_Ncpriml ), 
economical_optical_glass(Glass_Nam3), 
Glass_Nam3=\=Glass_Nam2, 
Glass_Nam3=\=Glass_Naml, 
indice2__refract(GIass_Nam3, NC, Nc', N632, N589 , N587 , N546 ), 
indice3_rcfract(Glass_Nam3 , Nf, Nf, Ng , Nh, Ni), 
Refractive_Index3 is N587, 
fìinte(Refractivc_Index3, Nued3), 
chemical_properties(Glass_Nam3, B, Cr, Fr, Sr, Ar), 
climatical_properties(Glass_Nani3, Alpha], Alpha2, Tg, T, Cp, Con-
duct_thermique), 
mechanical_properties(Glass_Nam3, Rho3, Emo3, Mue3, Hk3), 
TetagC3 is (Ng - NC)/(Nf_Nc). 

power„of(X, N, Y) :-
Y is exp(N*ln(X)). 

conversion(X, Y) :-
integer(X), Y is float(X). 

conversion(X, Y) :-
real(X), Y is X. 
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Appendix 19: Fact Base of the Physical Properties of the 
Optical Glass 

This base of facts contains the physical(thermal) properties of the optical 
glasses. 

The parameters are: 

Alphal: 
Alpha2: 
Tg: 
Cp: 
Lambda: 

*/ 

Thermal coefficient in the domain: -30 degree To 70 Degree. 
Thermal coefficient in the domain: 20 degree To 300 Degree. 
Melts Temperature in degree. 
Specific heat coefficient. 
Thermal conductivity. 

%prop 1 physik(Glass_N 

prop 1 _physik(bafn 10, 
propl_physik(bafnl 1, 
propl_physik(bafn6, 
propl_physik(bafl2, 
propl_physik(bafl3, 
propl _physik(baf3, 
propl_physik(baf4, 
propl _physik(baf5, 
propl_physik(baf50, 
propl _physik(baf51, 
propl_physik(baf52, 
propl„physik(baf53, 
propl _physik(baf54, 
propl_physik(baf8, 
propl_physik(baf9, 
propl _physik(bak 1, 
propl _physik(bak2, 
propl_physik(bak4, 
propl _physik(bak5, 
propl_physik(bak50, 
propl_physik(bak6, 
propl_physik(balf3, 
propl_physik(balf4, 
propl_physik(balf5, 
prop 1 _physik(balf50, 
propl_physik(balf51, 
propl_physik{balf6, 
propl_physik(balf8, 
propl_physik(balkn3, 
propl_priysik(balkl, 
propl_physik(basfI, 
prop l_physik(basfl 0, 
propl_physik(basfl2, 

ime,Alphal, 

6.8, 
6.8, 
7.8, 
6.8, 
7.4, 
7.8, 
7.9, 
7.0, 
8.3, 
8.4, 
8.4, 
6.5, 
6.2, 
7.0, 
6.5, 
7.6, 
8.0, 
7.0, 
7.8, 
3.7, 
7.3, 
8.1, 
6.4, 
8.1, 
8.3, 
8.1, 
6.7, 
8.3, 
7.9, 
9 .1 , 
8.5, 
8.6, 
7.9, 

7.9, 
7.9, 
8.5, 
7.9, 
8.5, 
8.8, 
8.8, 
7.8, 
9.6, 
9.6, 
9.4, 
7.4, 
7.3, 
7.9, 
7.5, 
8.7, 
9 .1 , 
8.1, 
9.0, 
4.6, 
8.5, 
9.4, 
7.5, 
9.3, 
9.6, 
9.4, 
7.9, 
9.3, 
9.0, 

10.4, 
9.5, 
9.8, 
9.0, 

Alpha2, 

630, 
631, 
549, 
596, 
606, 
533, 
521, 
604, 
546, 
556, 
546, 
630, 
630, 
589, 
610, 
602, 
562, 
552, 
580, 
629, 
578, 
543, 
569, 
529, 
555, 
527, 
577, 
513, 
562, 
509, 
493, 
484, 
532, 

Tg, 

745, 
750, 

j 

t 
719, 
720, 
694, 
765, 
682, 
693, 
697, 

1 
, 

737, 
740, 
746, 
727, 
707, 
737, 
820, 
736, 
714, 
731, 
724, 
710, 
700, 
724, 
701, 
738, 
681, 
658, 
635, 
656, 

T, Cp 

0.595 

t 
, 
7 
, 
, 
0.557 
, 
t 
9 
0.636 
,0.56 
,0.57/ 

9 
j 

0.687 
j 

0.678 

s 
0.758 
, 
, 

0.670 

t 
0.624 
0.615 
0.502 

t 
0.749 
0.766 
0.553 
, 
, 

, Lambda' 

0.798 ) 

9 ) 
, J 

0.766 ) 

0.884 ) 
,0.857 ) 

1,0.872 ). 

0.795 ). 

0.856 )'. 

1.044 )! 

0.827 )'. 

0.928 ) . 
0.934 ). 
0.779 ). 

1.029 ). 
1.043 ). 
0.741' ). 
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I_physik(basfl3, 
l_physik(basfl4, 
l_physik(basf2, 
l_physik(basf5, 

)l_physik(basf50, 
)l_physik(basf51, 
)l_physik(basf52, 
)l_physik(basf54, 
)l_physik(basf55, 
)l_physik(basf56, 
)l_physik(basf57, 
)l_physik(basf6, 
>l_physik(basf64, 
>] physik(bkl, 
>l_physik(bklO, 
>l_physik(bk3, 
>l_physik(bk6, 
l_physik(bk7, 
l_physik(bk8, 
l_physik(fkl, 

>l_physik(fk3, 
)l^)hysik(fk5, 
1_physik(fk51, 
l_phystk(fk52, 
l_physik(fk54, 
l_physik(fnll, 
1 _physik(fl, 
l_physik(fl3, 
l_physik(fl4, 
l_physik(fl5, 
l_physik(f2, 
l_physik(f3, 
l_physik(f4, 
l_physik(f5, 
l_physik(f6, 
l_physik(f7, 
I_jjhysik(f8, 
l_physik(f9, 
l_physik(kfl, 
l_physik(kf3, 
Uphysik(kf50, 
l_physik(kf6, 
l_physik(kf9, 
l_physik(kzfnl, 
l_physik(kzfn2, 
l_physik(kzfsn2, ' 
l_physik(kzfsn4, 
l_physik(kzfsn5, 
l_physik(kzfsn7, 
l_physik(kzfsn9, 
l_physik(kzfsl, 
l_physik(kzfs6, 
l_physik(kzfs8, 
l_physik(kzf6, 
l_physik(klO, 
l_physik(kll, 
1_physik(k3, 
1_physik(k4, 

7.1 
7.0 
8.2 
7.9 
5.5 
5.4 
5.2 
7.3 
5.1 
8.1 
7.1 
7.4 
7.3 
7.7 
5.8 
5.3 
7.8 
7.1 
7.4 
8.4 
8.2 
9.2 

13.6 
14.4 
14.6 
7.5 
8.7 
8.7 
7.9 
8.1 
8.2 
8.0 
8.3 
8.0 
8.5 
9.8 
8.2 
7.7 
8.8 
8.1 
7.3 
6.9 
6.8 
7.1 
6.1 
4.5 
4.5 
4.5 
4.8 
4.1 
5.0 
5.1 
5.3 
5.5 

. 6.5 
6.4 
8.3 
7.3 

8.2 
8!0 
9.3 
8.9 
6.5 
6.4 
6.2 
8.2 
6.0 
9.2 
8.0 
8.6 
8.7 
8.9 
6.6 
6.1 
9.1 
8.3 
8.7 
9.1 
9.4 

10.0 
16.0 
16.0 
16.9 
8.8 
9.6 
9.7 
9.0 
9.2 
9.3 
9.1 
9.2 
9.0 
9.4 

10.7 
9.3 
8.6 

10.0 
9.4 
8.3 
8.0 
7.9 
7.8 
6.8 
5.5 
5.5 
5.5 
5.8 
5.1. 
6.0, 
6.1, 
6.2, 
6.4 
7.4 
7.0 
9.8. 
8.4, 

584, 
538, 
493, 
502, 
500, 
522, 
533, 
515. 
509, 
491. 
549, 
570, 
580, 
547, 
532, 
553, 
537, 
559, 
544, 
390, 
362, 
464, 
405, 
434, 
403, 
572, 
432, 
434, 
438, 
433, 
432, 
438, 
436, 
438, 
439, 
429, 
446, 
468, 
478, 
470, 
475, 
446, 
445. 
460. 
422, 
499, 
492, 
501, 
512, 
512, 
472, 
482. 
470, 
444, 
459, 
493, 
521, 
507. 

f 
> 

640, 
688, 
589, 
630, 
628, 
627, 
637, 

, 
, 

706, 
712, 
730, 
753, 
727, 
684, 
719, 
704, 
640, 

' 622, 
672, 

9 
j 

, 
691, 
593, 
604, 

j 

598, 
593, 
602, 
614, 
608, 
605, 
580, 
609. 
625, 
649, 
657, 

, 

661, 
675, 
630. 

t 
594, 

, 

, 
547, 

, 
j 

( 
691, 
766, 
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This base of facts contains the physical (chemical and mechanical) 
properties of the optical glasses. 

The parameters are: 

Rho: Density. 
Emo: 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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1, 
1, 
4, 
I1 
2, 
1, 
1, 
1, 
1, 

0, 
1, 
o, 
0, 
0, 
0, 
0, 
0, 
3. 
1.0, 
0, 
0, 
0, 
1, 
o, 

1, 
52, 
2.0, 
2, 
2, 
2, 
2, 
51, 
51, 
3, 
1, 
1, 
2, 
1, 
2, 

2.2 
1.2 
1.2 
1.0 

1.0 
1.0 
3.2 

2.0 
1.0 
1.2 
1.0 
1.0 
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Appendix 20: Base of Facts of the Code of the Optical Glass 

I* 

This base of facts contains the data of the optical glass. 
The parameters are: 

Glass_namel: 
Glass_name2: 
Nd: 
Nued: 
Nf-Nc: 

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 
dispersion. 
Refractive index at the line c 
Abbe Number at the line e 
The difference between the refractive index at the line 
f and at the line c'. This coefficient is used for the 
dispersion. 

*/ 
%entete_verre(Glass_namel,Glass_name2,Nd,Nued, Nf-Nc, Ne, Nuee,Nf- Nc'). 

entete_verre(bafnl0,670471, 1.67003,47.11, 0.014222, 1.67341, 46.82,0.014384). 
entete_verre(bafn 11,667484, 1.66672,48.42, 0.013769, 1.67000, 48.13,0.013920). 
entete_verre(bafn6,589485, 1.58900,48.45, 0.012158, 1.59189, 48.16,0.012290). 
entete_verre(baf 12,639452, 1.63930,45.18, 0.014151, 1.64266, 44.88,0.014318). 
entete_verre(baf 13,669450, 1.66892,44.96, 0.014877, 1.67245, 44.67,0.015055). 
en tete_veirc(baf3,583465, 1.58267,46.47, 0.012538, 1.58565, 46.17,0.012684). 
entete_verre(baf4,606439, 1.60562,43.93, 0.013787, 1.60889, 43.63,0.013956). 
entete_verre(baf5,607494, 1.60729,49.40, 0.012293, 1.61021, 49.11,0.012426). 
entete_verre(baf50,683445, 1.68273,44.50, 0.015341, 1.68637, 44.23,0.015519). 
entete_vene(baf51,652449, 1.65224,44.93, 0.014517, 1.65569, 44.64,0.014688). 
entete_verre(baf52,609464, 1.60859,46.44, 0.013104, 1.61170, 46.14,0.013257). 
entete_verre(baf53,670471, 1.67003,47.10, 0.014226, 1.67341, 46.81,0.014385). 
emete^verre(baf54,667482, 1.66672,48.22, 0.013826, 1.67001, 47.94,0.013975). 
emete_verTe(baf8,624470, 1.62374,47.00, 0.013270, 1.62690, 46.71,0.013422). 
entete_verre(baf9,643480, 1.64328,47.96, 0.013414, 1.64647, 47.66,0.013565). 
entete_verre(bakl,573575, 1.57250,57.55, 0.009948, 1.57487, 57.27,0.010038). 
entete_verre(bak2,540597, 1.53996,59.71, 0.009043, 1.54212, 59.44,0.009120). 
entete_verre(bak4,569561, 1.56883,56.13, 0.010135, 1.57125, 55.85,0.010229). 
entete„verre{bak5,557587, 1.55671,58.65, 0.009492, 1.55897, 58.37,0.009576). 
enteie_veiTe(bak50,568580, 1.56774,57.99, 0.009790, 1.57007, 57.75,0.009872). 
entete_verre(bak6,574564, 1.57444,56.40, 0.010186, 1.57687, 56.12,0.010280). 
entete_verTe(balf3,571529, 1.57135,52.93, 0.010794, 1.57392, 52.64,0.010902). 
eniele_verre(balf4,580537, 1.57957,53.71, 0.010790, 1.58214, 53.43,0.010896). 
enteie_verre(balf5,547536, 1.54739,53.63, 0.010207, 1.54982, 53.33,0.010309). 
entete_verrc(ba]f50,589514, 1.58893,51.37, 0.011464, 1.59166, 51.08,0.011582). 
entete_verre(balf51,574521, 1.57393,52.10, 0.011017, 1.57656, 51.81,0.011129). 
entete_veirc(balf6,589530, 1.58904,53.01, 0.011111, 1.59169, 52.73,0.011222). 
emete_verre(balf8,554512, 1.55361,51.18, 0.010816, 1.55618, 50.89,0.010930). 
entete_verre(balkn3,518602, 1.51849,60.25, 0.008606, 1.52054, 59.99,0.008677). 289 



entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête 
entête. 
entête. 
entête, 
entête. 
entête, 
entête. 
entête. 
entête. 
entête. 
entête. 
entête, 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête. 
entête 

vene(balkl, 526600, 
vene(basf 1,626390, 
veire(basfl0,650392, 
veiTe{basfl 2,670392, 
verre(basf 13,698386, 
verre(basfl4,700350, 
verre(basf2,664358, 
veire(basf5,603425, 
verre(basf50,710366, 
verre(basf51,724381, 
veire(basf52,702410, 
verrc(basf54,736322, 
verrc(basf55,700347, 
verrefbasf56,657 367, 
verre(basf57,651419, 
verreCbasf6,668419, 
verre(basf64,701396r 
verre(bkl,510635, 
verre(bk 10,498670, 
veire(bk3,498651, 
veiTe(bk6,531621, 
veire(bk7,517642, 
verre(bk8,520637, 
verre(fkl, 471673, 
veire(fk3, 465658, 
verre(fk5, 487704, 
verre(fk51,487 845, 
verre(fk52,486818, 
vene(fk54,437907, 
verre(fnl 1,621362, 
verre(fl, 626357, 
verre(fl3, 622360, 
verre(fl4, 601382, 
verre(fl5, 606378, 
veire(f2, 620364, 

.verre(13, 

.verre(f4, 

.verre(f5, 
verre(f6, 
_verre(f7, 
.verre(f8, 
.vene(f9, 

613370, 
617366, 
603380, 
636353, 
625356, 
596392, 
620381, 

vene(kfl, 540511, 
verre(kf3, 515547, 
verre(kf50,531511, 
verre(kf6, 517522, 
verre(kf9, 523515, 
vene(kzfnl,551496, 
vene(kzfn2,529516, 
verre(kzfsn2,558542, 
vene(kzfsn4,613443, 
verre(kzfsn5,654396, 
verre(kzfsn7,681372, 
vent(kzfsn9,599469, 
vcrTe(kzfsl,613443, 
vene(kzfs6,592485, 
vem:(kzfs8,720346, 
verre (kzf6,527511, 

1.52642 
1.62606 
1.65016 
1.66998 
1.69761 
1.69968 
1.66446 
1.60323 
1.71020 
1.72373 
1.70181 
1.73627 
1.69981 
1.65715 
1.65147 
1.66755 
1.70100 
1.51009 
1.49782 
1.49831 
1.53113 
1.51680 
1.52015 
1.47069 
1.46450 
1.48749 
1.48656 
1.48605 
1.43700 
1.62096 
1.62588 
1.62237 
1.60140 
1.60565 
1.62004 
1.61293 
1.61659 
1.60342 
1.63636 
1.62536 
1.59551 
1.62045 
1.54041 
1.51454 
1.53088 
1.51742 
1.52341 
1,55115 
1.52944 
1.55836 
1.61340 
1.65412 
1.68064 
1.59856 
1.61310 
1.59197 
1.72047 
1.52682 

,60.03, 
,38.96, 
,39.15, 
,39.20, 
,38.57, 
,34.96, 
,35.83, 
,42.48, 
,36.62, 
,38.11, 
,41.01, 
32.15, 
,34.68, 
,36.73, 
,41.90, 
,41.93, 
,39.60, 
,63.46, 
,66.95, 
,65.06, 
,62.15, 
,64.17, 
,63.68, 
,67.34, 
,65.77, 
,70.41, 
,84.47. 
,81.81, 
,90.70, 
,36.18, 
,35.70, 
,36.04, 
,38.23, 
,37.83, 
,36.37, 
,37.04, 
,36.63, 
,38.03, 
,35.34, 
,35.56, 
,39.18, 
,38.08, 
,51.10, 
,54.70, 
,51.12, 
,52.20, 
.51.49, 
,49.64, 
,51.63, 
,54.16, 
,44.30, 
,39.63, 
.37.18, 
,46.90, 
,44.34, 
,48.51, 
,34.61, 
.51.13, 

0.008770, 
0.016068, 
0.016608, 
0.017090, 
0.018086, 
0.020012, 
0.018545, 
0.014201, 
0.019395, 
0.018991, 
0.017112, 
0.022902, 
0.020178, 
0.017889, 
0.015547, 
0.015921, 
0.017702, 
0.008038, 
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, 
0.020814, 
0.010303, 

1.52851 
1.62987 
1.65410 
1.67403 
1.70190 
1.70442 
1.66885 
1.60660 
1.71480 
1.72823 
1.70587 
1.74169 
1.70459 
1.66139 
1.65516 
1.67133 
1.70520 
1.51201 
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 
1.60945 
1.62408 
1.61685 
1.62058 
1.60718 
1.64062 
1.62953 
1.59912 
1.62431 
1.54293 
1.51678 
1.53335 
1.51978 
1.52583 
1.55379 
1.53188 
1.56082 
1.61669 
1.65804 
1.68498 
1.60159 
1.61639 
1.59487 
1.72540 
1.52927 

59.75,0.008845). 
38.68,0.016283). 
38.87,0.0!683O). 
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). 
36.11,0.017284). 
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). 
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emete_verre(kl0,501564, 
entete_verre(k 11,500614, 
entete_verre(k3, 518590, 
emete_verre(k4, 519574, 
entete_verre(k5, 522595, 
entete_verre(k50,523602, 
entete_vene(k51,505596, 
entete_veire(k7, 511604, 
entete_verre(!afnl0,784439, 
entete_verre(!afn21,788475, 
entete_verre(lafn23,689497, 
entete_verre(Iafn24,757478, 
entete_verre(lafn28,773496, 
entete_veiTe(lafn7,750350, 
emete_verre(lafn 8,7 35416, 
entete_verre(lafl la,7573l7, 
entete_verre(laf 13,776378, 
eiuete_verre(laf2,744447, 
entete_verTe(laf20,682482, 
entete_verre(laf22a,782372, 
entete_verre(Iaf25,7844l3, 
cntete_verTcGaf26,746400, 
entete_verre(laf3,717480, 
emete_verre(laf9,795284, 
entete_verre(lakl 12,678549, 
entete_verrc(lakl21,640597, 
entete_verreClakn 12,678552, 
entete_verre(lakn 13,694533, 
entele_ven-e(laknl4,697554, 
enteie_veiTe(lakn22,651559, 
entete_verrc(lakn6,643580, 
entete_verre(lakn7,652585, 
entete_verre(lakl0,720504, 
entete_verrc(lakl 1,658573, 
cntete_verre(lakl6a,734518, 
entete_verTe(lak20,693516, 
entele_verTe(lak21,641601, 
entete_verrc(lak23,669574, 
entete_veiTe(lak28,744508, 
entete_veiTc(lak31,697564, 
eritete_veTre(lak33,754524, 
entete_verre(lak8,713538, 
entete_verre(lak9,691547, 
entete_verre(lasfn 15,878381, 
entete_verre(lasfn 18,913324, 
entete_verre(lasfn30,803464, 
entete_verrc(lasfn31,881410, 
cntete_verre(lasfn9,850322, 
entete_verreOasfl 1,802443, 
ente te_verrcOasf 13,855366, 
emete_verre0asf3,808406, 
emete_verre(Lasf32,8033O4, 
emete_verrc(lasf33,806342, 
entete_verns(lasf8,8073 J 6, 
entete_verre(lfl, 573426, 
entete_verre(lf2, 589409, 
entete_verre(lf3, 582421, 
entete_veire(lf4, 578416; 

1.50137,56.41, 
1.50013,61.44, 
1.51823,58.98, 
1.51895,57.40, 
1.52249,59.48, 
1.52257,60.18, 
1.50518,59.55, 
1.51112,60.41, 
1.78443,43.95, 
1.78831,47.47, 
1.68900,49.71, 
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, 
1.69349,53.56, 
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, 

0.008888, 
0.008140, 
0.008787, 
0.009041, 
0.008784, 
0.008683, 
0.008483, 
0.008461, 
0.017849, 
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, 
0.011134, 
0.014282, 
0.011497, 
0.014167, 
0.013450, 
0.010658, 
0.011655, 
0.014659, 
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 
1.76096 
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 
1.66104 
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). 

291 



cntete_veircflf5, 581409, 
entcle_verre(lf6, 567428, 
entetc_veirc(lf7, 575415, 
entete_verrc(lf8, 564438, 
entete_verre(lgsk2,586610, 
entete_verre(llfl, 548458, 
entete_verrc(Uf2, 541472, 
einete_veneÒlf3, 560472, 
emete_verre(llf4, 561452, 
entetc_vcrre(l'f6, 532488, 
entete_vcrre(llf7, 549454, 
entete_vcrre(pkl,504669, 
entete_vcrre(pk2,518651, 
cntete_verrc(pk3,525647, 
entetc_verre(pk50,521697, 
emete_verre(pk51,529770, 
entcte_vcrre(psk2,569631, 
entete_verre(psk3,552635, 
entete__vcrre(psk50,558673, 
entete_verrc(psk52,603654, 
entetc_vcrre(psk53,620635, 
eniete_verre(sfl56,785261, 
entete_verre(sfl6,805254, 
entete_verre(sfn64,706303, 
cntete_veiTe(sfl, 717295, 
emete_ verrc(sfl 0,728284, 
entete_verre(sfl 1,785258, 
entete_verre(sf 12,648338, 
entetc_vcrre(sfl3,74l276, 
entete_vcrre(sf 14,762265, 
entete_verrc(sfl5,699301, 
entete_verre(sf 16,646341, 
entete_venre(sf 17,650337, 
enteie_verre(sf 18,722293, 
en tete_verre(sf 19,667330, 
entete_verre(sf2, 648339, 
entetc_verre(sf3, 740282, 
entete_verre(sf4, 755276, 
entete_veiTe(sf5, 673322, 
entetc_verrt(sf50,655329, 
cnlcte_verre(sf51,660329, 
emete_verre(sf52,689306, 
entete_vcrrc(sf53,728287, 
entete_verre(sf54,741281, 
enteie_verre(sf55,762270, 
entete_verre(sf56,785261, 
entete_verre(sf57,847238, 
entcte_verre(sf58,918215, 
entete_veiTC(sf59,953204, 
emete_verre(sf6, 805254, 
emete_verrc(sf61,751275, 
emete_verrc(sf62,681319, 
entete_verre(sf63,748277, 
emete_verre(sf7, 640346, 
entete_vciTc(sf8, 689312, 
entete_verre(sf9, 654337, 
entete_verreCsknl 8,639554, 
entete_verre(sk 1,610567, 

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, 
1.72825,28.41, 
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, 
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0.014233, 
0.013243, 
0.013860, 
0.012900, 
0.009600, 
0.011980, 
0.011464, 
0.011876, 
0.012410, 
0.010905, 
0.012087, 
0.007528, 
0.007966, 
0.008126, 
0.007467, 
0.006868, 
0.009016, 
0.008704, 
0.008286, 
0.009220, 
0.009763, 
0.030090, 
0.031708, 
0.023295, 
0.024307, 
0.025634, 
0.030468, 
0.019158, 
0.026841, 
0.028718, 
0.023246, 
0.018975, 
0.019311, 
0.024671, 
0.020202, 
0.019135, 
0.026244, 
0.027383, 
0.020884, 
0.019914, 
0.020044, 
0.022484, 
0.025388, 
0.026370, 
0.028267, 
0.030092, 
0.035534, 
0.042658, 
0.046774, 
0.031660, 
0.027287, 
0.021331, 
0.027004, 
0.018487, 
0.022098, 
0.019447, 
0.011521, 
0.010761, 

1.58482 
1.57047 
1.57830 
1.56750 
1.58828 
1.55099 
1.54344 
1.56295 
1.56433 
1.5343t 
1.55170 
1.50558 
1.52011 
1.52736 
1.52232 
1.53019 
1.57088 
1.55440 
1.55951 
1.60530 
1.62247 
1.79179 
1.81265 
1.71135 
1.72311 
1.73430 
1.79190 
1.65285 
1.74710 
1.76859 
1.70445 
1.65061 
1.65474 
1.72734 
1.67158 
1.65222 
1.74620 
1.76167 
1.67764 
1-.65944 
1.66499 
1.69384 
1.73430 
1.74703 
1.76847 
1.79180 
1.85504 
1.92765 
1.96349 
1.81265 
1.75728 
1.68639 
1.75477 
1.64418 
1.69416 
1.65907 
1.64129 
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). 
46.88,0.011591). 
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). 
33.80,0.019248). 
33.42,0.019591). 
29.03,0.025059). 
32.76,0.020498). 
33.60,0.019412). 
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(skl0,623569, 1.62280,56.90, 0.010945, 1.62541 
entete_veire(skl 1,564608, 1.56384,60.80. 0.009273, 1.56605 
entete_verre(skl2,583595, 1.58313,59.45, 0.009808, 1.58547 
entete_verre(skl3,592583, 1.59181,58.30, 0.010151, 1.59423 
entete_verre(skl4,603606, 1.60311,60.60, 0.009952, 1.60548 
emete_verre(skl5,623581, 1,62299,58.06, 0.010731, 1.62555 
entete_verre(skl6,620603, 1.62041,60.33, 0.010284, 1.62286 
emete_verre(skl9,613574, 1.61342,57.37, 0.010693, 1.61597 
entete_verre(sk2,607567, 1.60738,56.65, 0.010721, 1.60994 
entete_verre(sk20,560612, 1.55963,61.21, 0.009143, 1.56181 
emete_vene(sk3,609589, 1.60881,58.92, 0.010332, 1.61127 
emete_verre(sk4,613586, 1.61272,58.63, 0.010451, 1.61521 
entete_verre(sk5,589613, 1.58913.61.27. 0.009615, 1.59142 
entete_verre(sk51,621603, 1.62090,60.31, 0.010295, 1.62336 
entete_verre(sk52,639555, 1.63854,55.53, 0.011499, 1.64128 
emete_verre(sk55,620601, 1.62041,60.12, 0.010320, 1.62287 
emete_veire(sk6,614564, 1.61375,56.40, 0.010882, 1.61634 
entete_verre(sk7,607595, 1.60729,59.46, 0.010214, 1.60973 
entete_verre(sk8,611559, 1.61117,55.92, 0.010929, 1.61378 
entete_verre(sk9,614552, 1.61405,55.17, 0.011130, 1.61670 
entete_verre(sskn5,658509, 1.65844,50.88, 0.012940, 1.66152 
entete_veirc(sskii8,618498, 1.61772,49.77, 0.012412, 1.62067 
entete_verre(sskl,617539, 1.61720,53.91, 0.011448, 1.61993 
entete_verre(ssk2,622532, 1.62230,53.16, 0.011707, 1.62509 
entete_verre(ssk3,615512, 1.61484,51.16, 0.012018, 1.61770 
entete_verrc(ssk4,618551, 1.61765,55.14, 0.011201, 1.62032 
entete_verre(ssk50,618526, 1.61795,52.61, 0.011745, 1.62075 
entete_verre(ssk51,604536, 1.60361,53.63, 0.011254, 1.60629 
entete_verre(ssk52,658509, 1.65844,50.90, 0.012936, 1.66152 
entete_verre(tifn5,594355, 1.59356,35.51, 0.016713, 1.59751 
entete_verre(dfl, 511510, 1.51118,51.01, 0.010022, 1.51356 
emete_vcrre(tif2, 533460, 1.53256,45.99, 0.011581, 1.53531 
entete_veirc(tif3, 548422, 1.54765,42.20, 0.012976, 1.55072 
entete_verre<tif4, 584370, 1.58406,37.04, 0.015767, 1.58779 
entete_veire(tif6, 617310, 1.61650,30.97, 0.019904, 1.62118 
entete_verre(tikl,479587, 1.47869,58.70, 0.008155, 1.48063 
enlete_vcrrc(tisf 1,673289, 1.67339,28.90, 0.023304, 1.67889 
entete_veire(ubk7,517643, 1.51680,64.29, 0.008039, 1.51872 
etitete_venç(uk50,5 23604, 1.52257,60.38, 0.008654, 1.52464 
entete_verfe(zkn7,508612, 1.50847,61.19, 0.008310, 1.51045 
entete_verre(zkl,533580, 1.53315,57.98, 0.009196, 1.53534 
entete_verre(zk5,534553, 1.53375,55.31, 0.009651, 1.53605 

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). 
55.02,0.009743). 

293 



Appendix 21: Base of Facts of the Dispersion Coefficients of 
Optical Glass 

/* 

This base of facts (coef l_disp. coef2_disp) contains the six dispersion 
coefficients, AO, Al, A2, A3, A4 and A5 of the optical glass. 
This data is used for the calculation of the refractive index according to 
the dispersion furmula displayed below: 

Refractivejndex is sqrt(Ao+Ai*l2+A2*l"2+ A3*! -4 + A ^ l " 6 +A5*l"8) 

where: 

1 : wavelength ; 
Ao. Ai, A2, A3, A4, A5 : dispersion coefficient 
sqrt : square root. 

*/ 

%coefl_disp(Naml, 
coef l_disp(bafn 10, 
coefl_disp(bafnll, 
coefl_disp(bafn6, 
coefl_disp(baf!2, 
coefl_disp(bafl3, 
coefl _disp(baf3, 
coefl_disp(baf4, 
coefl_disp(baf5, 
coefl _disp(baf50, 
coefl_disp(baf51, 
coefl_disp(baf52, 
coefl_disp(baf53, 
coefl_disp(baf54, 
coefl_disp(baf8, 
coefl_disp(baf9, 
coefl_disp(bakl, 
coefl _disp(bak2, 
coefl_disp(bak4, 
coefl_disp(bak5, 
coefl _disp(bak50, 
coefl __disp(bakó, 
coefl _disp(balf3, 
coefl _disp(balf4, 
coefl disp(balf5, 
coefl_disp(balf50, 
coefl_disp(balf51, 
coefl_disp(balf6, 
coefl _disp(balf8, 
coefl _disp(balkn3, 

AO, 
2.7293062, 
2.7200652, 
2.4763453, 
2.6288183, 
2.7225849, 
2.4549347, 
2.5221558, 
2.5332036, 
2.7649287, 
2.6688306, 
2.5352388, 
2.7294386, 
2.7195755, 
2.5817259, 
2.6453542, 
2.4333007, 
2.3370143, 
2.4218304, 
2.3861698, 
2.4195494, 
2.4394521, 
2.4251277, 
2.4528366, 
2.3544612, 
2.4792852, 
2.4334741, 
2.4802388, 
2.3718251, 
2.2738525, 

A l , 
-1.0356456e-2, 
-1.0192712e-2, 
-9.1229217e-3, 
-9.3686092e-3, 
-9.795I672e-3, 
-S.3372035e-3, 
-8.3373294e-3, 
•8.5264801e-3, 
-9.3828870e-3, 
-9.2476959e-3, 
-9.0581553e-3, 
-1.0668350e-2, 
-1.0322464e-2, 
-8.6743047e-3, 
-9.6193048e-3, 
-8.4931353e-3, 
-8.6389345e-3, 
-9.2167103e-3, 
-8.4606642e-3, 
-9.5312125e-3, 
-9.575401 le-3, 
-7.4347248e-3, 
-9.2047678e-3, 
-7.9053990e-3, 
-9.20136l9e-3, 
-8.5343207e-3. 
-8.6000215e-3, 
-8.3840363e-3, 
-8.8519024e-3, 

A2, ). 
2.0236563e-2). 
1.9760925e-2). 
1.6804733e-2). 
1.9694576e-2). 
2.1079012e-2). 
1.6841270e-2). 
1.8614464e-2). 
1.7164398e-2). 
2.2737486e-2). 
2.0660252e-2). 
1.7360353e-2). 
2.0239807e-2). 
2.0098244e-2). 
1.8611342e-2). 
1.8369094e-2). 
1.3893512e-2). 
1.226505 le-2). 
1.3821685e-2). 
1.3233029e-2). 
1.3775289e-2). 
1.3786016e-2). 
L5487534C-2). 
1.4552794e-2). 
].3971868e-2). 
1.5615134e-2). 
1.5241024e-2). 
1.5624147e-2). 
1.4379250e-2). 
U511571e-2). 
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coefl_disp(balkl, 
coef 
coef 
coef 
coef 
coef 
coel 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coel 
coel 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coel 
coel 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 
coef 

1 disp(basfl, 
1 disp(basflO, 
l_disp(basfl2, 
l_disp(basfl3, 
l_disp(basfl4, 
[_disp(basf2, 
[_disp(basf5, 
[_disp(basf50, 
1 disp(basf51, 
l_disp(basf52, 
l_disp(basf54, 
I_disp(basf55, 
I_disp(basf56, 
Ldisp(basf57, 
[_disp(basf6, 
l_disp(basf64, 
I disp(bkl, 
l_disp{bklO, 
I_disp(bk3, 
I disp(bk6, 
1 disp(bk7, 
1 disp(bk8, 
1 dispCfkl, 
Ldisp(fk3, 
[ disp(fk5, 
1 disp(fk51, 
1 disp(fk52, 
1 disp(fk54, 
1 disp(fnll, 
1 disp(fl, 
I disp(fl3, 
1 disp(fl4, 
1 disp(fl5, 
1 disp{f2, 
1 disp(f3, 
1 dispff4, 
1 disp(f5, 
1 disp(f6, 
1 disp(f7, 
1 dispffS, 
1 disp(f9, 
1 disp(kfl, 
1 disp(kf3, 
1 disp(kf50, 
1 disp(kf6, 
l_disp(kf9, 
l_disp(kzfnl, 
I_disp(kzfn2, 
I_disp(kzfsn2, 
I_disp(kzfsn4, 
I_disp(kzfsn5, 
I_disp(kzfsn7, 
Ldisp(kzfsn9, 
l_disp(kzfsl, 
I _disp(kzfs6, 
I_disp(kzfs8, 
I_disp(kzf6, 

2.2966923, 
2.5778903, 
2.653Ì250, 
2.7172821, 
2.8055334, 
2.8040560, 
2.6926115, 
2.5131519, 
2.8430385, 
2.8903514, 
2.8247094, 
2.9179112, 
2.8080853, 
2.6716908, 
2.6629169, 
2.7138041, 
2.8178914, 
2.2513742, 
2.2177191, 
2.2184519, 
2.3125058, 
2.2718929, 
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, 
2.5342719, 
2.5446900, 
2.5069744, 
2.6038221, 
2.5700098, 
2.4847853, 
2.5599175, 
2.3324325, 
2.2591522, 
2.3045807, 
2.2651845, 
2.2824396, 
2.3635655, 
2.3016068, 
2.3912843, 
2.5493446, 
2.6699840, 
2.7497306, 
2.5066403, 
2.5495109, 
2.4877262, 
2.8717595, 
2.2934044, 

-8.2975549e-3 
-8.3279108e-3 
-8.1388553e-3 
-9.5055782e-3 
-1.0583600e-2 
-1.0121606e-2 
-8.7432478e-3 
•8.5791364e-3 
-1.2392675e-2 
-l.l808260e-2 
-1.3066l62e-2 
-1.1371629e-2 
-1.3076515e-2 
-8.8722613e-3 
-9.8650297e-3 
-9.4656841 e-3 
-1.1398749e-2 
-9.3254015e-3 
-1.0248661e-2 
-1.05390S6e-2 
-9.5398792e-3 
-1.0108077e-2 
-9.4190530e-3 
-9.2409374e-3 
-8.6868569e-3 
-9.5572007e-3 
-5.3658786e-3 
-5.2014619e-3 
-4.8685134e-3 
-1.1488430e-2 
-8.4543797e-3 
-8.5680987e-3 
-8.7770607e-3 
-8.8848319e-3 
-8.8746150e-3 
-8.6565414e-3 
-8.5925 662e-3 
-8.6678569e-3 
-8.8224838e-3 
-8.4594488e-3 
-8.7690408e-3 
-9.3903357e-3 
-8.5563978e-3 
-8.6810568e-3 
-8.8382960e-3 
-8.4401006e-3 
-8.5960l44e-3 
-9.6497023e-3 
-1.0463801e-2 
-1.3244644e-2 
-1.3234586e-2 
-1.3941585e-2 
-1.3708753e-2 
-1.3178716e-2 
-1.4614529e-2 
-1.2S94400e-2 
-1.3501333e-2 
-1.0346l22e-2 

1.1907234e-2 
2.1841868e-2 
2.2995643e-2 
2.3326S73e-2 
2.4780423e-2 
2.7277876e-2 
2.5176098e-2 
1.9014l40e-2 
2.6677418e-2 
2.6137219e-2 
2.3808337e-2 
2.9697508e-2 
2.4961324e-2 
2.4052884e-2 
2.1537161e-2 
2.2128109e-2 
2.5203102e-2 
1.0539647e-2 
9.6627662e-3 
9.9115699e-3 
1.1668749e-2 
1.05925O9e-2 
1.1349888e-2 
8.7449768e-3 
9.1401191e-3 
8.9915232e-3 
7.7436552e-3 
8.1074888e-3 
6.2781975e-3 
2.1189476e-2 
2.3611565e-2 
2.3074904e-2 
2.0833999e-2 
2.1048670e-2 
2.2494787e-2 
2.2160522e-2 
2.2583116e-2 
2.1105291e-2 
2.3872164e-2 
2.3243109e-2 
2.0213087e-2 
2.1745487e-2 
1.4012802e-2 
1.2074479e-2 
1.3484730e-2 
1.3185124e-2 
1.3442645e-2 
1.4907410e-2 
1.3289732e-2 
1.3524263e-2 
1.8586165e-2 
2.2384056e^2 
2.4819910e-2 

-. 1.7087006e-2 
1.8246082e-2 
L6567331e-2 
2.8964424e-2 
1.3319863e-2 
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coefl_disp(klO, 2.2209762, 
coefl_disp(kll, 2.2211157, 
coefl_disp(k3, 2.2727603, 
coefl_disp(k4, 2.2734025, 
coefl_disp(k5, 2.2850299, 
coefl_disp(k50, 2.2861092, 
coefl_disp(k51, 2.2351459, 
cocfl_disp(k7, 2.2520059, 
coefl „disp(lafnl0, 3.1052418, 
coefl_disp(lafn21, 3.1239556, 
coefl_disp(lafn23, 2.7925282, 
coen_dispGafn24, 3.0188196, 
coefl_disp(lafn28, 3.0750514, 
coefl_disp(lafn7, 2.9676706, 
coen _disp(lafn8, 2.9343747, 
cocf] _disp(lafl Ia, 2.9829266, 
coefl_disp(lafl3, 3.0604516, 
coefl_disp(laf2, 2.9673787, 
coefl_disp(laf20, 2.7698488, 
coefl_disp(laf22a, 3.0813540, 
coefl_disp(laf25, 3.0997712, 
coefl _disp(iaf26, 2.9676367, 
coefl_disp(laf3, 2.8832223, 
coefl_disp(laf9, 3.0998216, 
coefl „dispOakl 12, 2.7641980, 
coef 1 _disp(lakl21, 2.6496868, 
coef!_disp(laknl2, 2.7627145, 
cocfl_disp0aknl3, 2.8115119, 
cocfl_disp(Iaknl4, 2.8272796, 
cocf l_disp(lakn22, 2.6775139, 
coefl _disp(lakn6, 2.6520918, 
coefl_disp(lakn7, 2.6820255, 
coefl_disp(lakl0, 2.8984614, 
coefl_disp(lakll, 2.7031311, 
coefl_disp(lakl6a, 2.9446521, 
coefl_disp(lak20, 2.8088805, 
coefl_disp(lak21, 2.6478736, 
coefl_disp(lak23, 2.7367941, 
coefl_disp(lak28, 2.9790542, 
coefl_disp(lak31, 2.8283850, 
coefl_dispClak33, 3.0136285, 
coefl_dispClak8, 2.8791177, 
coefl _disp(lak9, 2.8081456, 
coefl_disp(lasfnl5, 3.4174343, 
coefl_disp(lasfnl8, 3.5278149, 
coef l_disp(lasfn30, 3.1731314, 
coefl_disp(lasfn31, 3.4322240, 
coefl _disp(Iasfn9, 3.2994326, 
coefl_disp(Iasfll, 3.1634123, 
coefl_disp(lasfl3, 3.3331229, 
cocfl_disp(lasf3, 3.1796761, 
coefl _disp(lasf32, 3.1385520, 
coefl_disp(lasf33, 3.1542132, 
coefl_disp(lasf8, 3.1513867, 
coefl _disp(lfl, 2.4217647, 
coefl disp(lf2, 2.4682847, 
coefl_disp(lf3, 2.4479180, 
coefl disp(lf4, 2.4364980, 

-8.3295635C-3, 
-9.1442577e-3, 
-8.7840747C-3, 
-8.8768403e-3, 
-8.6010725e-3, 
-9.1773008C-3, 
-9.9823499e-3, 
-8.4630818C-3, 
-1.5458266C-2, 
-1.51474236-2, 
-9.7181630C-3, 
-1.5176009C-2, 
-1.4743725C-2, 
-1.3465547e-2, 
-1.2591530e-2, 
-1.2307185C-2, 
-1.2242361 e-2, 
-1.0978767e-2, 
-1.0003512e-2, 
-1.2431075e-2, 
-1.4428294e-2, 
-1.3599942C-2, 
-U3710S2e-2, 
-1.2191689C-2, 
-1.2896018e-2, 
-1.4180769e-2, 
-1.0444563e-2, 
-1.03867176-2, 
-1.4543591e-2, 
-1.0439699e-2, 
-1.063434 3e-2, 
-1.14315246-2, 
-1.4857039e-2, 
-1.2225054e-2, 
-1.4832620e-2, 
-9.7299067C-3, 
-1.1574789C-2, 
-1.1905799e-2, 
-1.46454166-2, 
-1.4963716e-2, 
-1.4856543e-2, 
-1.4887202e-2, 
-1.4266626e-2, 
-1.5504887e-2, 
-1.7049614e-2, 
-1.482395 8e-2, 
-1.2790848C-2, 
-1.1680436e-2, 
-1.4427452e-2, 
-1.3161988e-2, 
-1.5760989e-2, 
-I.5378166e-2, 
-1.1481374C-2, 
-1.2595765e-2, 
-8.5906079e-3, 
-8.6227186e-3, 
-8.5152303e-3, 
-8.6900852e-3, 

1.1963U4e-2). 
1.0670316e-2). 
1.1325842e-2). 
1.2161748e-2). 
1.1806783e-2). 
1.1562643e-2). 
1.1161681e-2). 
1.1351376e-2). 
2.6987363e-2). 
2.5646258e-2). 
2.0756437e-2). 
2.4040260e-2). 
2.4004375e-2). 
3.0562239e-2). 
2.5612524e-2). 
3.3050301e-2). 
3.0441692e-2). 
2.5088607e-2). 
2.088217 le-2). 
3.0277466e-2). 
2.7899374e-2). 
2.7026861e-2). 
2.2149870e-2). 
3.7147724e-2). 
1.8254336e-2). 
1.5173226e-2). 
1.8601838e-2). 
1.9734379e-2). 
1.8607179C-2). 
1.7312971e-2). 
1.6314457e-2). 
1.6434096e-2). 
2.0985037e-2). 
1.6715221e-2). 
2.1265867e-2). 
2.0547293e-2). 
1.5782386e-2). 
1.7099759e-2). 
2.2376581e-2). 
1.8210258e-2). 
2.2361843e-2). 
1.9662614e-2). 
1.800816 le-2). 
3.6536079e-2). 
4.2895039e-2). 
2.6862762e-2). 
3.5133497e-2). 
4.0133103e-2). 
2.8384126e-2). 
3.5541296e-2). 
3.0065588e-2). 
3.4981894C-2). 
3.4684427C-2). 
3.6908088e-2). 
1.7651245e-2). 
1.9045004e-2). 
1.8685 3 35e-2). 
1.8427867e-2). 
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coefl_disp(lf5, 
coefl_disp(lf6, 
coefl_disp(lf7, 
coefl _disp(lf8, 
coefl disp(lgsk2, 
coef] dispfllfl, 
coefl _disp(Hf2, 
coefl _disp(llf3, 
cocfl_disp(ltf4, 
coefl disp(llf6, 
coefl _di sp(llf7, 
coefl_disp(pkl, 
cocfl_disp(pk2, 
coefl_disp(pk3, 
coefl_disp(pk50, 
coefl_disp(pk51, 
coefl _disp(psk2, 
coefl _disp(psk3, 
coefl _disp(psk50, 
coefl_disp(psk52, 
coefl_disp(psk53, • 
cocfl_disp(sfl56, 
cocfl_disp(sfl6, 
coefl _disp(sfn64, 
coefl_disp(sfl, 
coefl _di sp(sflO, 
coefl_di sp(sfll, 
coefl _disp(sf 12, 
coefl_disp(sfl3, 
coefl _disp(sfl4, 
coefl_disp(sfl5, 
coefl disp(sfl6, 
cocfl_disp(sfl7, 
coefl_disp(sfl8, 
coefl_disp(sfl9, 
coefl _disp(sf2, 
coefl _disp(sO, 
coefl_disp(sf4, 
coefl_disp(sf5, 
coefl _disp(sf50, 
coefl_disp(sf51, 
coefl _disp(sf52, 
coefl_disp(sf53, 
coefl_disp(sf54, 
coefl_disp(sf55, 
coefl_disp(sf56, 
coefl_disp(sf57, 
coefl_disp(sf58, 
coefl_disp(sf59, 
coefl_disp(sf6, 
coefl _disp(sf61, 
coefl _disp(sf62, 
coefl _disp(sf63, 
coefl _disp(sf7, 
coefl _disp(sf8, 
coefl _disp(sf9, 
coefl_disp(sknl8, 
coefl_disp(skl, 

2.4441760, 
2.4043241, 
2.4259431, 
2.3966602, 
2,4750760, 
2.3505162, 
2.3299214, 
2.3880339, 
2.3895058, 
2.3047007, 
2.3525384, 
2.2347576, 
2.2770533, 
2.2977022, 
2.2851698, 
2.3095538, 
2.4266341, 
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, 
2.7105646, 
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, 
2.7594675, 
2.6563905, 
2.6376216, 
2.5491516, 

•8.3059695e-3, 
-8.4381264e-3, 
-8.6137761e-3, 
-8.2907298e-3, 
-5.4304528e-3, 
•8.5306451e-3, 
-8.5444433e-3, 
-9.1010943e-3, 
-8.6358875e-3, 
-8.5161517e-3, 
-8.8030406e-3, 
-1.0003049e-2, 
-1.0532010e-2, 
-1.0331615e-2, 
-9.5978829e-3, 
-5.7099342e-3, 
-1.0593625e-2, 
-1.0146514e-2, 
-9.6851585e-3, 
-1.0342368e-2, 
-9.4290947e-3, 
-1.2858387e-2, 
-1.3279387e-2, 
-1.1916007e-2, 
-9.8260548e-3. 
-1.0565453e-2, 
-1.1580432e-2, 
-9.487985 le-3, 
-1.1483287e-2, 
-1.1720091e-2, 
-1.0260526e-2, 
-8.8042107e-3, 
-8.886044 le-3, 
-9.4889259e-3, 
-9.4285222e-3, 
-9.0087536e-3, 
-9.7237692e-3, 
-9.3495013e-3, 
-9.1211994c-3, 
-9.5545655e-3, 
-1.1867542e-2, 
-9.7069196e-3, 
-1.0038296e-2, 
-9.4607589e-3, 
-1.0106105e-2, 
-9.4149325e-3, 
-1.4544868e-2, 
-1.0766912e-2, 
-1.7579501e-2, 
-1.0902580e-2, 
-9.2723542e-3, 
-9.1210145e-3, 
-9.6548019e-3, 
-8.9265027e-3, 
-9.3696887e-3, 
-8.9916333e-3, 
-1.0518989e-2, 
-9.2996196e-3, 

1.9000697e-2). 
1.7623826e-2). 
1.8353273e-2). 
1.7199116e-2). 
1.3893210e-2). 
1.5750853e-2). 
1.5031394e-2). 
1.5789160e-2). 
1.6448035e-2). 
1.4319368e-2). 
1.5703390e-2). 
1.0000850e-2). 
1.0188354e-2). 
1.0757237e-2). 
9.9950907e-3). 
9.5910979e-3). 
1.2590958e-2). 
1.2167148e-2). 
1.1457938e-2). 
1.2636367e-2). 
1.4074470e-2). 
4.0081007e-2). 
4.1905574e-2). 
3.1041260e-2). 
3.2192965e-2). 
3.3279420C-2). 
3.9199816e-2). 
2.4984154e-2). 
3.3825845e-2). 
3.5994978e-2), 
2.9707118e-2). 
2.5282256e-2). 
2.5631865e-2). 
3.3023767e-2). 
2.6806270e-2). 
2.5179779e-2). 
3.4855288e-2). 
3.7404384e-2). 
2.77605 38e-2). 
2.5081498e-2). 
2.3037272C-2). 
2.9008907e-2). 
3.3232802e-2). 
3.5929046e-2). 
3.7725376e-2). 
4.1729775e-2). 
4.2028938e-2). 
5.8676907e-2). 
5.4777275e-2). 
4.1330651e-2). 
3.7513268e-2). 
2.8718145e-2). 
3.6674842C-2). 
2.4553061e-2). 
2.9328240e-2). 
2.6099377e-2). 
1.6589824e-2). 
1.5424606e-2). 
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coei 
cœi 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coei 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coel 
coei 
coei 
coei 
cœi 
coei 
coei 
coel 
coel 
coel 
coel 
coel 
coel 

l_disp(skl0, 
l_di sp(skll, 
1 disp(skl2, 
1 disp(skl3, 
l_disp(sk!4, 
l_disp(skl5, 
1 disp(skl6, 
l_disp(skl9, 
1 disp(sk2, 
l_disp(sk20, 
l_disp(sk3, 
l_disp(sk4, 
l_disp(sk5, 
l_disp(sk51, 
l_disp(sk52, 
l_disp(sk55, 
l_disp(sk6, 
l_disp(sk7, 
l_disp(sk8, 
l_disp(sk9, 
l_disp(sskn5, 
l_disp(sskn8, 
l_disp(sskl, 
l_disp(ssk2, 
l_disp(ssk3, 
1 disp(ssk4, 
l_disp(ssk50, 
l_disp(ssk51, 
l_disp(ssk52, 
l_disp(tifn5, 
l_disp(tifl. 
I_disp(tif2, 
l_disp(tif3, 
Ldisp(tif4, 
I_disp(iif6, 
l_disp(tikl, 
l_disp(tisfl, 
l_disp(ubk7, 
l_disp(uk50, 
l_disp(zkn7, 
l_disp(zkl, 
l_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, 
2.5596842, 
2.5420185, 
2.5516208, 
2.5592131, 
2.6971175, 
2.5670599, 
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, 

-9.3042l69e-3, 
-9.5183518e-3, 
-9.359537le-3, 
-9.2031432e-3, 
-1.0126279e-2, 
-9.9415459e-3, 
-U059422e-2, 
-9.3541373e-3, 
-8.8026103e-3, 
-9.666399 le-3, 
-1.0118918e-2, 
-9.882495 le-3, 
-I.0442251e-2, 
-9.6112749e-3, 
-1.1047170e-2, 
-1.2089769e-2, 
-9.1217460e-3, 
-9.7351561e-3, 
-9.3738374e-3, 
-9.0020732e-3, 
-1.0516627e-2, 
-9.8663081e-3, 
-9.0625067e-3, 
-9.024084 8e-3, 
-9.0062517e-3, 
-9.2577764e-3, 
-9.0907229e-3, 
-8.8479177e-3, 
-1.0347971e-2, 
-1.0282285e-2, 
-8.904405 8e-3, 
-9.3513887e-3, 
-1.0357251e-2, 
-1.0128610e-2, 
-1.055271 le-2, 
-8.4004189e-3, 
-1.2750242e-2, 
-9.8571566e-3, 
-8.9733347e-3, 
-9.4165837e-3, 
-8.7493905e-3, 
-7.7924593e-3, 

1.6075770C-2). 
1.2805486e-2). 
1.3921727e-2). 
\. 4259619e-2). 
1.4483568e-2). 
1.5735505e-2). 
1.4856282e-2). 
1.5497881e-2). 
1.5691213e-2). 
1.2508188c-2). 
1.4639317e-2). 
1.5151820e-2). 
1.3736058e-2). 
1.4803167e-2). 
1.6634360f.-2). 
1.472I771e-2). 
1.5610313e-2). 
1.4884507e-2). 
1.5451158e-2). 
1.6280492e-2). 
1.8053262e-2). 
1.7078368e-2). 
1.6608680e-2). 
1.7028671e-2). 
1.6793145e-2). 
1.6170751e-2). 
1.6655170C-2). 
l,6074734e-2). 
1.8618508e-2). 
2.0102692e-2). 
1.2493525e-2). 
1.4218213e-2). 
1.4639213e-2). 
1.8753684e-2). 
2.20O4734e-2). 
1.0457582C-2). 
2.7097845e-2). 
1.0808515e-2). 
1.1798712e-2). 
1.1533424c-2). 
1.2329645e-2). 
1.3029385e-2). 

%coef2_disp(Naml 
cocf2_disp(bafnl0, 
coef2_disp(bafnll, 
coef2_disp(bafn6, 
coef2_disp(bafl2, 
coef2_disp(bafl3, 
coef2_disp(baf3, 
coef2_disp(baf4, 
cœf2 disp(baf5, 
coef2_disp(baf50, 
cœf2_disp(baf51, 
coef2_disp(baf52, 
coef2_disp(baf53, 
coef2 disp(baf54, 

A3, 
5.8969718e-4, 
5.1935441e-4, 
3,4558633e-4, 
5.8312064e-4, 
6.2762461e-4, 
5.0168527e-4, 
6.0603872e-4, 
4.1464804e-4, 
4.4606478e-4, 
5.2893109e-4, 
6.9794119e-4, 
5.8l38876e-4, 
4.3867795e-4, 

A4, 
-2.0288303e-5, 
-1.4074936e-5, 
2.5330454e-6, 

-1.7556026e-5, 
-1.8947499e-5, 
-1.4413749e-5, 
-1.8920312e-5, 
-7.2876766e-6, 
6.1200859e-6, 
-7.0867424e-6, 
-3.8819033e-5, 
-1.8249855e-5, 
-2.3936865e-6, 

A5 ) 
2.8521978e-6). 
2.2229689e-6). 
1.1900884e-6). 
2.9471099e-6). 
3.2O3OO90e-6). 
2.0771351e-6). 
2.7375194e-6). 
1.4129143e-6). 
1.7483664e-6). 
2.1797509e-6). 
3.5656310e-6). 
2.5746426e-6). 
1.501401 le-6). 
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coef2_disp(bafS, 
coef2_disp(baf9, 
coef2_disp(bakl, 
coef2_disp(bak2, 
coef2_disp(bak4, 
coef2_disp(bak5, 
coef2_disp(bak50, 
coef2_disp{bak6, 
coef2_disp(balf3, 
coef2_disp(balf4, 
coef2_disp(balf5, 
coef2_disp(balf50, 
coef2_disp(balf51, 
coef2_disp(balf6, 
coef2_jlisp(balf8, 
coef2_disp(balkn3, 
coef2_disp(balkl, 
coef2_disp(basf 1, 
coef2_disp(basfl0, 
coef2_disp(basfl2, 
coef2_disp(basfl3, 
coef2_disp(basf 14, 
coef2_disp(basf2, 
coef2_disp(basf5, 
coef2_disp(basf50, 
coef2_disp(basf51, 
coef2_disp(basf52, 
coef2_disp(basf54, 
coef2_disp(basf55, 
coef2_disp(basf56, 
coef2_disp(basf57, 
coef2_disp(basf6, 
coef2_disp(basf64, 
coef2_disp(bkl, 
coef2_disp(bklO, 
coef2_disp(bk3, 
coef2_disp(bk6, 
coef2_disp(bk7, 
coef2_disp(bk8, 
coef2_disp(fkl, 
coef2_disp(fk3, 
coef2_disp(fk5, 
coef2_disp(fk51, 
coef2_disp(fk52, 
coef2_disp(fk54, 
coef2_disp(fnll, 
coef2_disp(fl, 
coef2_disp(f13, 
coef2_disp(f14, 
coef2_disp(fl5, 
coef2_disp(f2, 
coef2_disp(f3, 
coef2_disp(f4, 
coef2_disp(f5, 
coef2_disp(f6, 
coef2_disp(f7, 
coef2_disp(f8, 
coef2_disp(f9, 

4.6995284e-4, 
6.9291183e-4, 
2.679826Se-4, 
2.4273540e-4, 
3.2955714e-4, 
2.0949226e-4, 
1.8153631e-4, 
3.7095536e-4, 
1.6375720e-4, 
4.3046688e-4, 
2.5936745e-4, 
4.3452084e-4, 
3.0677273e-4, 
3.0040260e-4, 
3.9742058e-4, 
2.0622098e-4, 
1.9908305e-4, 
6.8618153e-4, 
7.3535957e-4, 
9.3379945e-4, 
1.07535286-3, 
1.1920911e-3, 
9.7702423e-4, 
6.3221574e-4, 
1.1036516e-3, 
1.2219537e-3, 
8.93022846-4, 
2.0284464e-3, 
1.94127346-3, 
9.96551766-4, 
6.65321626-4, 
7.7376428e-4, 
7.77213566-4, 
2.2595365e-4, 
1.67828406-4, 
1.85125596-4, 
1.5598074e-4, 
2.08169656-4, 
5.67417566-5, 
2.1463624e-4, 
1.2613174e-4, 
1.4560516e-4, 
1.3129343e-4, 
1.0085829e-4, 
8.8845082e-5, 
1.2504217e-3, 
7.8346482e-4. 
8.1271690e-4. 
7.1365720e-4, 
7.7800910e-4, 
8.6924972e-4, 
7.1828923e-4, 
7.3789911e-4, 
7.0608713e-4, 
9.6357866e-4, 
9.12095966-4, 
6.3621526e-4, 
7.51687106-4, 

-7.3102793e-6, 
-3.7950550e-5, 
-6.1946101e-6, 
-6.3916988e-6, 
-1.2153641e-5, 
-5.5580737e-7, 
4.6618943e-6, 
-1.7661400e-5, 
1.5027176e-5, 
-2.0489836e-5, 
-1.5064670e-7, 
-1.655213 le-5, 
-1.95151366-6. 
-2.2119056e-6, 
-1.3041618e-5, 
-3.9599217e-6, 
-2.0306838e-6, 
-8.1530554e-6, 
-1.3407390e-5, 
-3.9996373e-5, 
-5.4046905e-5, 
-5.2304151e-5, 
-2.8680692e-5, 
-1.75330606-5, 
-3.8659027e-5, 
-6.0256399e-5, 
-3.3448747e-5, 
-1.4304533e-4, 
-1.5776742e-4, 
-3.8518520e-5, 
-1.4148425e-5, 
-2.8857539e-5, 
-1.6483738C-5, 
-1.0729053e-5, 
-5.5328684e-6, 
-7.0180588e-6, 

1.1623640e-6, 
-7.6472538e-6, 
1.2149716e-5, 
-1.2671989e-5, 
-8.2960642e-7, 
-5.2843067e-6, 
-7.41795166-6, 
-2.2241781e-6, 
-4.1267464e-6, 
-8.9130731e-5, 
-1.0331153e-5, 
-1.6852152e-5, 
-1.5356429C-5, 
-1.9727183e-5, 
-2.40117046-5, 
-8.3757309e-6, 
-9.5060664e-6, 
-1.3731195e-5, 
-2.9653611e-5, 
-2.595597 6e-5, 
-8.3230722e-6, 
-1.6255461e-5, 

1.779969 le-6). 
3.2253161e-6). 
6.2209005e-7). 
5.1229141e-7). 
1.0333767e-6). 
2.9765122e-7). 
2.0448919e-8). 
1.3821042e-6). 
-1.7953510e-7). 
1.5924415e-6). 
6.0410634e-7). 
1.6658805e-6). 
8.5689514e-7). 
8.0013234e-7). 
1.4386564e-6). 
4.4844819e-7). 
3.1429703e-7). 
3.3013474e-6). 
3.6962325e-6). 
5.6638955e-6). 
7.2739552e-6). 
8.6551492e-6). 
5.7931396e-6). 
2.8739893e-6). 
6.0798447e-6). 
6.619372 le-6). 
4.4506802e-6). 
1.5393060e-5). 
1.45629566-5). 
5.93575646-6). 
3.3387062e-6). 
4.2797530e-6). 
4.5370859e-6). 
7.2832778e-7). 
3.4747416e-7). 
4.2385691e-7). 
1.23180506-7). 
4.924099 le-7). 
-4.2771477e-7). 
6.8154684e-7). 
1.3180567e-7). 
3.4588010e-7). 
4.5815122e-7). 
1.9197508e-7). 
2.4392914e-7). 
1.0480983e-5). 
4.275197 9e-6). 
4.5166052e-6). 
3.5458118e-6). 
3.8039205e-6). 
4.5365169e-6). 
3.5549137e-6). 
3.8257675e-6). 
3.5479149e-6). 
5.4103450e-6). 
5.1185012e-6). 
2.9472755e-6). 
4.0551837e"-6). 



coef2_disp(kf 1, 
coef2_disp(kf3, 
coef2_disp(kf50, 
coef2_disp(kf6, 
coef2_disp(kf9, 
coef2_disp(kzfnl, 
coef2_disp(kzfn2, 
coef2_disp(kzfsn2, 
coef2_disp(kzfsn4, 
coef2_disp(kzfsn5, 
coef2_disp(kzfsn7, 
coef2_disp(kzfsn9, 
coef2_disp(kzfsl, 
cocf2_disp(kzfs6, 
coef2_disp(kzfs8, 
coef2_disp(kzf6, 
coef2_disp(klO, 
coef2_disp(kllt 

coef2_disp(k3, 
coef2_disp{k4, 
coef2_disp(k5, 
coef2_disp(k50, 
coef2_disp(k51, 
coef2_disp(k7, 
coef2_di sp(lafn 10, 
coef2__disp(lafn21, 
coef2_disp(lafn23, 
coef2_disp(lafn24, 
coef2_disp()afn28, 
coef2_disp(lafn7, 
coef2_disp(!afn8, 
coef2_disp(laflla, 
coef2_disp(lafl3, 
coef2_disp(laf2f 

coef2_disp(laf20, 
coef2_disp(laf22a, 
coef2_disp(laf25, 
coef2_disp(laf26, 
coef2_disp(laf3, 
coef2_disp(laf9, 
coef2_disp(lakll2, 
coef2_disp(lak!21, 
coef2_disp(lakni2, 
coef2_disp(laknl3, 
coef2_disp(]aknl4, 
coef2_disp(lakn22, 
coef2_disp(lakn6, 
coef2_disp(lakn7, 
coef2_disp(lakl0, 
coef2_disp(!akll, 
coef2_disp(lakl6a, 
coef2_disp(lak20, 
coef2_disp(lak21, 
coef2_disp(lak23, 
coef2_disp(lak28, 
coef2_disp(lak31, 
coef2_disp{lak33, coef2_disp(lak8, 

3.4494190e-4, 
3.6515757C-4, 
3.8601862e-4, 
2.395898 le-4, 
2.7803535C-4, 
3.0149478e-4, 
3.3438756C-4, 
3.347555 le-4, 
5.4759655e-4, 
7.4780873e-4, 
9.6006315e-4, 
4.7129902e-4. 
6.0860367C-4, 
3.6347288e-4, 
1.0970513e-3, 
3.4833226e-4, 
1.3879745e-4, 
1.8263096e-4, 
3.4828095e-4, 
1.8966377e-4, 
2.0765657e-4, 
2.2550894e-4, 
1.8637660e-4, 
1.8421156e-4, 
7.4367535e-4, 
6.1250913e-4, 
3.961089 le-4, 
5.3038456e-4, 
5.5949356c-4, 
1.1147255e-3, 
8.2846469e-4, 
1.5748398e-3, 
9.6J85256e-4, 
6.3171596e-4, 
4.5883886e-4, 
1.3030739e-3, 
1.0345598e-3, 
8.8284489e-4, 
5.7232017e-4, 
2.5559645e-3, 
3.2407686e-4, 
3.1464516C-4, 
2.5893372e-4, 
3.2856524c-4, 
3.6867908e-4, 
2.3622943e-4, 
2.4908012e-4, 
2.4373786c-4, 
5.450692 le-4, 
3.2476320e-4, 
4.8892724e-4, 
3.1872622C-4, 
1.7291765e-4, 
3.4286906e-4, 
4.4238875e-4, 
3.6816151C-4, 
3.5357770e-4, 
4.3841844e-4, 

-7.6053118e-6, 
-1.9089812e-5, 
-1.3379593C-5, 
2.0310603e-6, 
-4.9998960e-7, 
2.8868678C-6, 
-7.1799896C-6, 
-1.161397 3e-5, 
-1.1717987e-5, 
-1.7341165e-5, 
-3.3307832e-5, 
-1.135899 8e-5, 
-2.0613741e-5, 
-1.5994850e-6, 
-2.4165632C-5, 
-9.9354090e-6, 

7.8358808c-6, 
-1.4105398e-6, 
-2.197687 6e-5, 
1.458403 le-6, 
-2.1314913e-6, 
-5.4163445e-6, 
-2.5979987e-6, 
-2.0450534e-6, 
-1.2921245e-5, 
-9.1760698e-6, 

1.9565557e-6, 
-1.3346974e-6, 
-1.0007074e-5, 
-2.3979989C-5, 
-2.2108582e-5, 
-6.3407414e-5, 
-1.6231095e-5, 
-7.5645417e-6, 
-5.0275096e-6, 
-6.2689126e-5, 
-4.3008448e-5, 
-2.2042475C-5, 
-1.3181988C-5, 
-1.5721379e-4, 
-8.4118624C-7, 
-1.0814561e-5, 

7.6556580C-6, 
3.2051557C-6, 
-6.9826459e-6, 
8.1681533e-6, 
7.0505584e-7, 
1.7117573e-6, 
-1.7297314C-5, 
-5.1327015e-6, 
-1.1811627e-5, 
6.6319967e-6, 
7.7882807e-6, 
-8.1287792e-6, 
-1.6906632e-6, 
-8.6283328e-6, 
7.8428250C-6, 
-1.295!193e-5, 

1.2660303e-6). 
1.4345201e-6). 
1.3359542e-6). 
6.0813527e-7). 
7.710591 lc-7). 
6.7799805e-7). 
9.l964556e-7). 
1.0939788e-6). 
2.0042905C-6). 
3.4427318e-6). 
5.8217650e-6). 
1.6946777e-6). 
2.350063 le-6). 
1.1023685e-6). 
5.6994640e-6). 
1.1227905e-6). 
8.4344620e-8). 
3.3096328C-7). 
1.3941592C-6). 
2.7687697e-7). 
3.2131234c-7). 
4.3498997e-7). 
4.9365998c-7). 
3.4814749e-7). 
2.7404039e-6). 
1.7034755c-6). 
1.0029477e-6). 
1.2064345e-6). 
1.1559175C-6). 
6.2175926e-6). 
3.9458540e-6). 
1.0044908e-5). 
4.9181335e-6). 
2.3202213e-6). 
1.641079 le-6). 
8.5989688e-6). 
5.491749 le-6). 
4.566508 le-6). 
2.0252639c-6). 
1.8886019e-5). 
3.765289 le-7). 
7.9828892c-7). 
-3.7061383e-8). 
3.0925067e-7). 
7.0273582e-7). 
-1.3539324e-7). 
2.708757Oe-7). 
2.1575860e-7). 
1.799360 le-6). 
5.0461740e-7). 
1.1363503e-6). 
3.1014063C-7). 
-1.1063827e-7). 
7.1596070e-7). 
7.3784132e-7). 
7.5649349e-7). 
4.6780278C-8). 
1.158063 le-6). 



coef2_dìsp(lak9, 
coef2_disp(lasfn 15, 
coef2_disp(lasfn 18, 
coef2_disp(lasfn30, 
coef2_disp(lasfn31, 
coef2_disp(lasfn9, 
coef2_disp(lasfll, 
coef2_disp(lasfl3, 
coef2_disp(lasf3, 
coef2_disp(lasf32, 
coef2_disp(lasf33, 
coef2_disp(Iasf8, 
coef2_disp(lfl, 
coef2_disp(lf2, 
coef2_disp(lf3, 
coef2_disp(If4, 
coef2_disp(lf5, 
coef2_disp(lf6, 
coef2_disp(lf7, 
coef2_disp(tf8, 
coef2_disp(lgsk2, 
coef2_disp(llfl, 
coef2_disp(llf2, 
coef2_disp(llf3, 
coef2_disp(Uf4, 
coef2_disp(llf6, 
coef2_disp(llf7, 
coef2_disp(pkl, 
coef2_disp(pk2, 
coef2_disp(pk3, 
coef2_disp(pk50, 
coef2_disp(pk51, 
coef2_disp(psk2, 
coef2_disp(psk3, 
coef2_disp(psk50, 
coef2_disp(psk52, 
coef2_disp(psk53, 
coef2_disp(sfl56, 
coef2_disp(sfl6, 
coef2_disp(sfn64, 
coef2_disp(sfl, 
coef2_disp(sfl0, 
coef2_disp(sfll, 
coef2_disp(sfl2, 
coef2_disp(sf 13, 
coef2_disp(sf!4, 
coef2_disp(sfl5, 
coef2_disp(sf 16, 
coef2_disp(sfl7, 
coef2_disp(sfl8, 
coef2_disp(sfl9, 
coef2_disp(sf2, 
coef2_disp(sf3, 
coef2_disp(sf4, 
coef2_disp(sf5, 
coef2_disp(sf50, 
coef2_disp(sf51, coef2_disp(sf52, 

5,6748764e-4, 
1.042497 le-3. 
1.9248178e-3, 
6.928398 le-4. 
8.4763112e-4. 
1.3263988e-3. 
6.0299606e-4. 
1.4177373e-3. 
9,1823007e-4, 
2.4848158e-3, 
1.2974344e-3, 
1.5820869e-3, 
5.8415074e-4, 
6.2971872e-4, 
4.6787852e-4, 
5.6173085e-4, 
5.4129697e-4, 
4.7507875e-4, 
5.3951938e-4, 
4.5298946e-4, 
2.2990560e-4, 
4.2811388e-4, 
4.0265729e-4, 
4.0516750e-4, 
4.516661 le-4, 
3.5400942e-4, 
4.8840166e-4, 
1.306600 le-4, 
2.9001564e-4, 
2.1255152e-4, 
1.5661848e-4, 
1.4455285e-4, 
1.7407923e-4, 
1.1916606e-4, 
1.7638709e-4, 
3.8218429e-4, 
2.792479 le-4, 
2.3376489e-3, 
2.7505904e-3, 
1.4083879e-3, 
1.7491597e-3, 
2.0551378e-3, 
2.9462812e-3, 
1.1970650e-3, 
2.5277439e-3, 
2.9250972e-3, 
1.9137570e-3, 
1.0126871e-3, 
1.0760709e-3, 
1.7143328e-3, 
1.2120420e-3, 
1.1171914e-3, 
2.0259158e-3, 
1.8634691e-3, 
1.2739656e-3, 
1.5350870e-3, 
2.2651418e-3, 
1.6834427e-3, 

-3.289928 le-5. 
-1.8067825e-6. 
-7.5388918e-5. 
-1.2265479e-5. 
4.5551843e-6, 
4.7438783e-6, 
6.6029672e-6, 
-5.2019105e-5. 
-1.8296849e-5, 
-1.7333919e-4, 
-2.7569572e-5, 
-5.1101128e-5, 
-1.6884537e-5, 
-1.5592113e-5, 
1.3422259e-6, 
-1.1219778e-5, 
-4.1973115e-6, 
-4.0602970e-6, 
-6.9790993e-6, 
-3.8995694e-6, 
-i:6868474e-6, 
-6.9875718e-6, 
-7.6000030e-6, 
-5.4507043e-6, 
-7.4107160e-6, 
-5.6239322e-6, 
-1.4611711e-5, 
-9.5958149e-7, 
-1.9602856e-5, 
-8.9190321e-6, 
-4.3866422e-6, 
-5.1413770e-6, 
-3.2622544e-7, 
6.4250627e-6, 
-3.4507987e-6. 
-2.8742342e-5, 
-1.2779218e-5, 
-1.0682651e-4, 
-1.5173832e-4, 
-4.4978076e-5, 
-7.8964252e-5, 
-1.1396226e-4, 
-2.0371019e-4, 
-5.5728265e-5, 
-1.7332899e-4, 
-2.1913665e-4, 
-1.2468626e-4, 
-2.7£Ó1159e-5, 
-3.3523570e-5, 
-7.4064352e-5, 
-4.5516530e-5, 
-4.0112089e-5, 
-1.0348282e-4, 
-6.5403181e-5, 
-4.7889342e-5, 
-9.1737353e-5, 
-2.0072278e-4, 
-8.6832245e-5, 

2.0438076e-6). 
3.8393637e-6). 
1.30320O8e-5). 
1.7263354e-6). 
1.65 50517e-6}. 
7.8507188e-6). 
1.4484996e-6). 
7.2348123e-6). 
4.4652393e-6). 
1.9596905e-5). 
7.8461878e-6). 
1.0662006e-5). 
2.7259662e-6). 
3.0502534e-6). 
2.0021368e-6). 
2.7012778e-6). 
2.3742897e-6). 
2.0556661e-6). 
2.4087417e-6). 
1.9005178e-6). 
4.3959703e-7). 
1.7175517e-6). 
1.5659130e-6). 
1.5992768e-6). 
1.8684107e-6). 
1.3019147e-6). 
2.1125553e-6). 
1.5899017e-7). 
1.0967718e-6). 
5.7854334e-7). 
3.143877 3e-7). 
3.5994942e-7). 
1.9916158e-7). 
-1.7478706e-7). 
2.9704663e-7). 
1.6748094e-6). 
9.4769182e-7). 
2.1446850e-5). 
2.5644487e-5). 
1.1419083e-5). 
1.185865 le-5). 
1.634002 le-5). 
2.7633569e-5). 
7.8814553e-6). 
2.1465274e-5). 
2.6700784e-5). 
1.5187223e-5). 
5.8927698e-6). 
6.405243 le-6). 
1.2078466e-5). 
7.559221 le-6). 
6.6254840e-6). 
1.4959114e-5). 
1.3765657e-5). 
8.0562028e-6). 
9.9741416e-6). 
1.6380215e-5). 
1.1266792e-5). 



coef2_disp(sf53, 
coef2_dìsp<sf54f 

coef2_disp(sf55, 
coef2_disp(sf56, 
coef2_disp(sf57, 
cocf2_disp(sf58, 
cocf2_disp(sf59, 
coef2_disp(sf6, 
coef2_disp(sf61, 
coef2_disp(sf62, 
coef2_disp(sf63, 
coef2_disp(sf7, 
coef2_disp(sf8, 
cocf2_disp(sf9, 
coef2_disp(sknl8. 
coef2_disp(skl, 
cocf2_disp(skl0, 
coef2_disp(skll, 
coef2_disp(skl2, 
coef2_disp(skl3, 
coef2_disp(skl4, 
coef2_disp(skl5, 
coef2_disp(skl6, 
coef2_disp(sk!9, 
coef2_disp(sk2, 
coef2_disp(sk20, 
coef2_disp(sk3, 
coef2_disp(sk4, 
coef2_disp(sk5, 
coef2_disp(sk51, 
coef2_disp(sk52, 
coef2_disp(sk55, 
coef2_disp(sk6, 
coef2_disp(sk7, 
coef2_disp(sk8, 
coef2_disp(sk9, 
coef2_disp(sskn5, 
coef2_disp(sskn8, 
coef2_disp(sskl, 
coef2_disp(ssk2, 
coef2_disp(ssk3, 
coef2_disp(ssk4, 
coef2_disp(ssk50, 
coef2_disp(ssk51, 
coef2_disp(ssk52, 
coef2_disp(tifn5, 
coef2_disp(tifl, 
coef2_disp(tif2, 
coef2_disp(tif3, 
coef2_dispCtif4, 
coef2_disp(tif6, 
coef2_disp(dkl, 
coef2_disp(tisf 1, 
coef2_disp(ubk7, 
coef2_disp(uk50, 
coef2_disp(zkn7, 
coef2_disp(zkl, coef2_disp(zk5, 

2.0364401C-3, 
1.6830114e-3, 
2.1692831e-3, 
1.9779903c-3, 
5.2295853c-3, 
4.2207315c-3, 
8.0837909e-3, 
3.1800214e-3, 
1.6807292e-3, 
1.2307943C-3, 
1.7881803e-3, 
9.770041 le-4, 
1.4385871C-3, 
1.0141982e-3, 
3.4939073e-4, 
2.7409985e-4, 
2.2083748C-4, 
2.4249380t-4, 
2.0838047e-4, 
2.9676678e-4, 
1.5266041e-4, 
1.9944840C-4, 
2.237721 lc-4, 
2.3655893c-4, 
1.8518895C-4, 
2.5565265C-4, 
2.997636 le-4, 
2.1134478C-4, 
1.6392687e-4, 
2.8628731 e-4, 
3.099714Ie-4, 
2.4958755e-4, 
3.0347388e-4, 
1.7370120e-4, 
3.5159357c-4, 
1.8861769e-4, 
6.4060677e-4, 
5.0554082C-4, 
2.5292407e-4, 
2.5881635e-4, 
4.3401638c-4, 
2.7742702e-4, 
3.7688285C-4, 
2.8025567e-4, 
4.6286000e-4, 
1.2335546c-3, 
4.2650638e-4, 
6.1537921e-4, 
1.1021697e-3, 
L1999618e-3, 
2.0230960e-3, 
2.1822593e-4, 
2.4436836e-3, 
1.406815 le-4, 
1.4952379e-4, 
2.7117600e-5, 
2.6311112e-4, 
2.7439704e-4, 

-1.1763293e-4, 
-4.6451087C-5, 
-9.474397 0e-5, 
-4.8421498e-5, 
-4.6931979e-4, 
-2.2895268C-4, 
-7.6975589e-4, 
-2.1953184C-4, 
-3.3978727e-5, 
-3.7780898e-5, 
-5.2282393e-5, 
-2.6551022e-5, 
-5.8543435e-5, 
-2.3235110e-5, 
-1.0028109e-5, 
-1.739391 le-6, 
3.5467529e-6, 

-7.5561129e-6, 
1.5107581e-7, 

-9.3746109e-6, 
6.8001252e-6, 
6.3298328c-6, 

-4.9029910c-7, 
1.4330022e-6, 
8.47965 64e-6, 

-9.6947284e-6, 
-9.8865231C-6, 
3.4130130e-6, 
4.7463374C-6, 

-8.4638718e-6, 
-3.5480823e-6, 
-3.275919 le-6, 
-6.5261354e-6, 
6.3461730e-6, 

-1.1852989e-5, 
1.367947le-5, 

-3.9493178C-5, 
-2.1403288e-5, 
5.2540756e-6, 
6.7648572e-6, 

-1.2949572e-5, 
1.2686469e-7, 

-9.5448507C-6, 
1.1591526e-7, 

-1.3476750e-5, 
-8.5902987e-5, 
-2.1564809e-5, 
-3.9493915e-5, 
-9.3622430C-5, 
-8.8610291e-5, 
-l.8345806e-4, 
-5.5063640e-6, 
-2.1244237C-4, 
1.3041796e-6, 
3.4334254e-6, 
1.7553283e-5, 

-8.2854201e-6, -5.9213789e-6, 

1.5672506e-5). 
1.2104532e-5). 
1.6404455e-5). 
1.5734251e-5). 
4.4359036e-5). 
4.0847905e-5). 
7.9262505e-5). 
2.6671014e-5). 
1.2154392e-5). 
7.8617786C-6). 
1.2867869C-5). 
5.490967 2e-6). 
9.3241989e-6). 
5.8174500e-6). 
1.1802616e-6). 
4.0037912e-7). 
2.6143582e-7). 
5.978401 le-7). 
2.4301769e-7). 
7.4341245e-7). 

-6.7666095e-8). 
1.9631497e-9). 
2.8445925e-7). 
2.9327826e-7). 

-7,0710768e-8), 
6.8512885e-7). 
8.2251299e-7). 
1.2673355e-7). 

-4.9303610e-8). 
7.9967143e-7). 
5.789972 le-7). 
3.6957062e-7). 
6.9039819e-7). 

-5.3316579e-8). 
9.7956516e-7). 
-3.0071065e-7). 
3.2567627e-6). 
2.458299 le-6). 
3.5912155e-7). 
3.4731723e-7). 
1.5042O44e-6). 
4.5044790e-7). 
1.2959815C-6). 
7.3266529e-7). 
1.6107565C-6). 
1.0257463e-5). 
2.6364065e-6). 
4.7363335e-6). 
8.2094068e-6). 
9.8139193e-6). 
2.3097036e-5). 
5.4469060e-7). 
2.3518712e-5). 
4.8615933e-8). 
5.9393094C-8). 

-7.0564114e-7). 
7.3735801e-7). 
6.3841709e-7). 



Appendix 22: Facts Base of the Refractive Index of the Optical 
Glass 

/* 

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 
Nl: Refractive index of the optical 
Nc': Refractive index of the optical 
N632: Refractive index of the optical 
N589: Refractive index of the optical 
N587 Refractive index of the optical 
N546 Refractive index of the optical 
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%indice2_refract(Glass_namel, Nl, Nc', N632, N589, N587, N546). 

indice2_refract(bafnl0,l.66579,l.66646,1.66708,l.6699l,l.67003,l.6734l). 
indice2_refract(bafnll, 1.66260,1.66325,1.66386,1.66660,1.66672,1.67000). 
indice2_refract(bafn6,1.58536,1.58594,l .58647,1.58889,1.58900,1.59189). 
indice2_refract(bafl2,1.63509,1.63575,1.63638,1.63918,1.63930,1.64266). 
indice2_refract(bafl3,1.66450,1.665ì9,l .66585,1.66879,1.66892,1.67245). 
indice2_refract(baß, 1.57893,1.57952,1.58008,1.58256,1.58267,1.58565). 
indice2_rcfract(baf4, 1.60153,1.60217,1.60278,1.60550,1.60562,1.60889). 
indice2_rcfract(baf5, 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_refraci(baf53,1.66578,1.66645,1.66708,1.66990,1.67003,1.67341). 
indicc2_refract(baf54,1.6625 8,1.66323,1.66385,1.66660,1.66672,1.67001). 
indice2_refract(baf8, 1.61978,1.62041,1.62099,1.62362,1.62374,1.62690). 
indice2_refract(baf9, 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_refraci(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 refraci(bak5,1.55383,1.55429,1.55472,1.55663,1.55671,1.55897). 
indicc2_refract(bak50,1.56476,l.56523,1.56568,1.56765,1.56774,1.57007). 
indicc2_refract(bak6,1.57136,1.57185,1.57230,1.57435, 1.57444,1.57687). 
indice2_refract(balf3,1.56810,1.56862,1.56910,l. 57126,1.57135,1.57392). 
indice2_refract(balf4,1.57632,1.57683,1.57731,1.57947,1.57957,1.58214). 
indice2_refract(balf5,l.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). 
indicc2_refract(balf6,1.58569,1.58623,1.58672,1.58894,1.58904,1.59169). 
indice2_refract(balf8,1.55036,1.55088,1.55136,1.55351,1.55361,1.55618). 
indice2_refract(balkn3,1.51586,1.51628,1.51667,1.51841,1.51849,1.52054). 
indice2_rcfract(ba!kl,1.52375,1.52418,1.52458,1.52634,1.52642,1.52851). 
indice2_refract(basfl,1.62133,1.62207,1.62277,1.62592,1.62606,1.62987). 

glass at the line 1 
glass at the line c' 
glass at 632 nano-meter 
glass at 589 nano-meter. 
glass at 587 nano-meter. 
glass at 546 nano-meter. 

303 



indice2_refract(basf 10,1.64527,1.64604,1.64676,1.65002,1.65016,1.65410). 
indice2_refract(basf 12,1.66495,1.66574,1.66648,1.66983,1.66998,1.67403). 
indice2_refract(basf 13,1.69229,1.69312,1.69391,1.69745,1.69761,1.70190). 
indice2_refract(basfl4,1.69383,1.69475,1.69561, 1.69951,1.69968,1.70442). 
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(basf50,1.7O449.1.70539,1.70623,1.71O03,1.7I02O,1.71480). 
indice2_refract(basf51,1.71813,1.71901,1.71984,1.72356,1.72373,1.72823). 
indice2_refract(basf52,l .69673,1.69753,1.69828,1.70166,1.70181,1.705 87). 
mdice2_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). 
Ìndice2_refract(basf57,1.64687,1.64759,1.64828,1.65134,1.65147,l .65516). 
indice2_refract(basf6, 1.66284,1.66358.1.66428,1.66741,1.66755,1.67133). 
indice2_rcfract(basf64,1.69576,1.69659.1.69736,1.70084,1.70100,1.70520). 
indice2_refract(bkl, 1.50763,1.50802,1.50839,1.51002,1.51009,1.51201). 
indice2_refract(bkl0, 1.49552,1.49589,1.49624,1.49776,1.49782,1.49960). 
indice2_refract(bk3, 1.49594,1.49632,1.49668,1.49824,1.49831,1.50014). 
indice2_refract(bk6, 1.52851.1.52893,1.52932,1.53105,1.53113,1.53317). 
Ìndice2_refract(bk7, 1.51432,1.51472,1.51509,1-51673.1.51680,1.51872). 
indice2_refract(bk8, 1.51764,1.51804,1.51842,1.52008,1.52015,1.52210). 
indice2_refract(fld, 1.46853,1.46888,1.46920,1.47063,1.47069,1.47236). 
indice2_refract(fk3, 1.46232,1.46267,1.46300,1.46444.1.46450,1.46619). 
indice2_refract(fk5, 1.48535,1.48569,1.48601,1.48743,1.48749,1.48914). 
indice2_rcfract(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_rcfract(fk54, 1.43552,1.43576,1.43598,1.43696,1.43700,1.43815). 
indice2_rcfract(fnll, 1.61593,1.61672,1.61746,1.62081,1.62096,1.62502). 
indice2_refract(fl, 1.62074.1.62154,1.62230,1.62573,1.62588,1.63004). 

indice2_refract(fl3, 1.61730,1.61810,1.61884,1.62222,1.62237,1.62646). 
indice2_refract(fl4, 1.59676,1.59749,1.59818,1.60126,1.60140,1.60513). 
indice2_rcfract(fl5, 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). 
indice2_refract(f3, 1.60806,1.60883,1.60955,1.61279,1.61293,1.61685). 
indice2_rcfract(f4. 1.61164,1.61242,1.61315.1.61644,1.61659,1.62058). 
indice2_refract(f5, 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_rcfract(f9, 1.61565,1.61641,1.61711,1.62031,1.62045,1.62431). 
indice2_refract(kfl, 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_rcfract(kf6, 1.51443,1.51491,1.51535,1.51733,1.51742,1.51978). 
indice2_refracl(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, 1.52633,1.52683,1.52729,1.52935,1.52944,1.53188). 
indice2_refract(kzfsn2,l. 55521,1.55571,1.55618,1.55827,1.55836,1.56082). 
indice2_refract(kzfsn4,1.60924,1.60990,1.61052,1.61328.1.61340,1.61669). 
Ìndice2„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_refract(kzfsn9,1.59471,1.59532,1.59589,1.59844,1.59856,1.60159). 
indice2_refract(kzfsl, 1.60894,1.60960,1.61021,1.61298,1.61310,1.61639). 
indice2_refract(kzfs6. 1.58827,1.58886,1.58941,1.59186,1.59197,1.59487). 
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(klO, 1.49867,1.49910,1.49950,1.50129,1.50137,1.50349). 
indice2_refract(kll, 1.49764,1.49804,1.49841,1.50006,1.50013,1.50207). 
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indice2_refract(k3, 1.51556,1.51598,1.51638,1.51815,1.51823,1.52032). 
indice2_refract(k4, 1.51620,1.51664,1.51705,1.51887,1.51895,1,52111). 
indice2_refract(k5, 1.51982,1.52024,1.52064,1.52241,1.52249,1.52458). 
indice2_refract(k50, 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(lafnl0, 1.77909,1.77994,1.78073,1.78427,1.78443,1.78868). 
indice2_refract(lafn2I, 1.78332,1.78411,1.78485,1.78816,1.78831,1.79226). 
indice2_refract(lafti23, 1.68485,1.68551,1.68612,1.68888,1.68900,1.6923O). 
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). 
indice2_refract(Lafn7, 1.74319,1.74418,1.74511,1.74931,1.74950,1.75458). 
indice2_refract(Iafii8, 1.72995,1.73078,1.73155,1.73504,1.73520,1.73940). 
indìce2_refract(laflla, 1.74996,1.75105,1.75207,1.75672,1.75693,1.76258). 
indice2_refract(lafl3, 1.76946,1.77041,1.77130,1.77533,1.77551,1.78037). 
indice2_refract(laf2, 1.73905,1.73983,1.74056,1.74386,1.74400,1.7796). 
indice2_refract(laf20, 1.67824,1.67891,1.67954,1.68235,1.68248,1.68585). 
indice2_refract(Iaf22a, 1.77561,1.77658,1.77749,1.78161,1.78179,1.78677). 
indice2_refract(laf25, 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(lakll 2,1.67415,1.67475,1.67530,1.67779,1.67790,1.68084). 
indice2_refraci(lakl21,1.63719,1.63772,1.63821,1.64038,1.64048,1.64304). 
indice2_refract(laknl2,1.67419,1.67478,l.67533,1.67779,1.67790,1.68083). 
Ìndicc2_refract(laknl3,1.68958,1.69020,1.69O78,1.69339,1.6935O,1.69660). 
indice2_refract(laknl4,1.69297,1.69358,1.69415,1.69669,1.69680,1.69980). 
indice2_rcfract(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(lakl0, 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(lakl6a,1.72921,1.72989,1.73053,1.73338,1.73350,1.73688). 
Ìndice2_refract(lak20, 1.68944,1.69008,1.69068,1.69337,1.69349,1.69669). 
indice2_refract(lak21, 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, 1.74962,1.75031,1.75096,1.75385,1.75398,1.7574O). 
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(lasfnl5,1.87118,1.87225,1.87326, 1.87780,1.87800,1.88347). 
indicc2_refracl(lasfnl8,1.9O522,1.90652,1.90773,1.91324,1.91348,1.92O16). 
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(lasfn9, 1.84256,1.84376,1.84489,1.85003,1.85026,1.85651). 
indice2_refract(lasfll, 1.79624,1.79710,1.79790,1.80150,1.80166,1.80597). 
indice2_refract(lasfl3, 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). 
ìndice2_refract(lasf32, 1.79581,1.79701,1.79814,1.80326,1.80349,1.80974). 
indice2_refract(lasf33, 1.79908,1.80015,1.80117,1.80575,1.80596,1.81153). 
indice2_rcfract(lasf8, 1.79996,1.80113,1.80222,1.80719,1.80741,1.81345). 
indicc2_refract(lfl, 1.56910,1.56973,1.57032,1.57297,1.57309,1.57629). 
indice2_refract(If2, 1.58495,1.58562,1.58625,1.58909,1.58921,1.59263). 
indice2_refract(lf3, 1.57805,1.57869,1.57930,1.58203,1.58215,1.58544). 
indice2_refract(lf4, 1.57433,1.57498,1.57559,1.57833,1.57845,1.58175). 
indice2_refraci{lf5, 1.57723,1.57789,1.57851,1.58132,1.58144,1.58482). 
indice2„refracl(lf6, 1.56339,1.56401,1.56459,1.56720,1.56732,1.57047). 
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indice2_refract(in, 1.57090,1.57155,1.57216,1.57489,1.57501,1.57830). 
indice2_refract(lf8, 1.56060,1.56120,1.56177,1.56432,1.56444,1.56750). 
indice2_reiraci(lgsk2, 1.58311,1,58356,1.58399,1.58591,1.58599,1.58828). 
indice2_rcfract(llfl, 1.54457,1.54513,1.54566,1.54804,1.54814,1.55099). 
indice2_refract(llf2, 1.53729,1.53783,1.53834,1.54062,1.54072,1.54344). 
indice2_rcfract(llf3, 1.55658,1.55714,1.55767,1.56003,1.56013,1.56295). 
Ìndice2_refracl(Ilf4, 1.55768,1.55827,1.55881,1.56127,1.56138,1.56433). 
indice2_refract(llf6, 1.52845,1.52897,1.52945,1.53162,1.53172,1.53431). 
indicc2_rcfract(Ilf7, 1.54523,1.54579,!.54633,1.54873,1.54883,1.5517O). 
indice2_rcfract<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, 1.51824,1.51861,1.51895,1.52047,1.52054,1.52232). 
indicc2_refract(pk51, 1.52646,1.52680,1.52711,1.52849,1.52855,1.53019). 
indice2 refract{psk2, 1.56597,1.56641,1.56682,1.56865,1.56873,1.57088). 
indicc2 refract(psk3, 1.54965,1.55008,1.55048,1.55224,1.55232,1.55440). 
indicc2_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). 
indicc2_refract(psk53, 1.61717,1.61764,1.61808,1-62005,1.62014,1.62247). 
indice2_refract(sfl56, 1.77606,1.77740,1.77867,1.78444,1.78470,1.79179). 
indicc2_rcfract(sn6, 1.79609,1.79750,1.79884,1.80491,1.80518,1.81265). 
indice2_rcfract(sfn64, 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(sfl0, 1.72085,1.72200,1.72309,1.72803,1.72825,1.73430). 
indice2_refract(sfH, 1.77599,1.77734,1.77862,1.78446,1.78472,1.79190). 
indice2_refract(sfl2, 1.64271,1.64359,1.64441,1.64814,1.64831,1.65285). 
ìndicc2_refract(sfl 3, 1.73304,1.73424,1.73538,1.74054,1.74077,1.74710). 
indicc2_refraci(sfl4, 1.75358,1.75486,1.75606,1.76157,1.76182,1.76859). 
Ìndice2_rcfract(sfl5, 1.69221,1.69326,1.69425,1.69875,1.69895,1.70445). 
indice2_refract(sfl6, 1.64056,3.64143,1.64225,1.64595,1.64611,1.65061). 
indice2_refract(sfl7, 1.64453,1.64541,1.64624,1.65000,1.65017,1-65474). 
indicc2 refract(sf!8, 1.71436,1.71548,1.71653,1.72130,1.72151,1.72734). 
Ìndice2_refract(sfl9, 1.66090,1.66182,1.66269,1.66662,1.66680,1.67158). 
indicc2_refract(sf2, 1.64210,1.64297,1.64379,1.64752,1.64769,1.65222). 
indìcc2_rcfract(sf3, 1.73242,1.73360,1.73471,1.73977,1.74000,1.74620). 
indice2„rcfraci(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). 
indicc2 rcfract(sf50, 1.64892,1.64983,1.65068,1.65455,1.65473,1.65944). 
indice2_refract(5f51, 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). 
indicc2_refract(sf53, 1.72096,1.72210,1.72318,1.72808,1.72830.1.73430). 
indice2_rcfract(sf54, 1.73318,1.73437,1.73549,1.74057,1.74080,1.74703). 
indice2_refract(sf55, 1.75366,1.75493,1.75612,1.76156,1.76180,1.76847). 
indicc2_refract(sf56, 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). 
indicc2_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 refract(sf61, 1.74297,1.74420,1.74535,1.75060,1.75084,1.75728). 
indicc2 rcfraa(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). 
indicc2_rcfract(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 rcfTact(sf9, 1.64878,1.64967,1.65050,1.65429,1.65446,1.65907). 
indicc2_refract(sknl8, 1.63505.1.63561,1.63613,1.63844,1.63854,1.64129). 
indicc2_rcfract(skl, 1.60699,1.60751,1.60799,1.61016,1.61025,1.61282). 
indice2 refractfsklO, 1.61949,1.62001,1.62050,1.62270,1.62280,1.62541). 
indicc2 refract(skll, 1.56101,1.56146,1.56188.1.56376,1.56384,1.56605). 
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indice2_refract(skl2, 1.58015,1.58062,1.58107,1.58304,1.58313,1.58547). 
indice2„refract(skl3, 1.58873,1.58922,1.58968,1.59172,1.59181,1.59423). 
indice2_refract(skl4, 1.60007,1.60056,1.60101,1.60302,1.60311,1.60548). 
indice2_refract(skl5, 1.61973,1.62025,1.62073,1.62289,1.62299,1.62555). 
indice2_refractCskl6, 1.61727,1.61777,1.61824,1.62032,1.62041,1.62286). 
indice2_refract(skl9, 1.61018,1.61070,1.61118,1.61333,1.61342,1.61597). 
indice2_refract(sk2, 1.60414,1.60465,1.60513,1.60729,1.60738,1.60994). 
indice2_refract(sk20, 1.55684,1.55729,1.5577O11.55955,1.55963,1.56181). 
indice2_refract(sk3, 1.60567,1.60617,1.60664,1.60872,1.60881,1.61127). 
indice2_rcfract(sk4, 1.60954,1.61005,1.61052,1.61263,1.61272,1.61521). 
indice2_refract(sk5, 1.58619,1.58666,1.58710,1.58904,1.58913,1.59142). 
indice2_refraci(sk51, 1.61778,1.61827,1.61874,1.62081,1.62090,1.62336). 
indice2_refract(sk52, 1.63505,1.63561,1.63613,1.63844,1.63854,1.64128). 
indice2_refract(sk55, 1.61725,1.61776,1.61823,1.62032,1.62041,1.62287). 
indice2_refract(sk6, 1.61046,1.61098,1.61147,1.61365,1.61375,1.61634). 
indice2_refract(sk7, 1.60418,1.60468,1.60514,1.60720,1.60729,1.60973). 
indice2_refract<sk8, 1.60787,1.60839,1.60888,1.61107,1.61117,1.61378). 
indice2_refrac«sk9, 1.61069,1.61122,1.61172,1.61395,1.61405,1.61670). 
Ìndice2_refract(sskn5, 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_rcfract(sskl, 1.61375,1.61430,1.61481,1.61710,1.61720,1.61993). 
indice2_refract(ssk2, 1.61878,1.61933,1.61986,1.62220,1.62230,1.62509). 
indice2_refract(ssk3, 1.61123.1.61180,1.61234,1.61473,1.61484,1.61770). 
Ìndice2_refract(ssk4, 1.61427,1.61480,1.61531,1.61755,1.61765;1.62032). 
indice2_refract(ssk50, 1.61442,1.61498,1.61550,1.61785,1.61795,1.62075). 
indice2_refract(ssk51, 1.60022,1.60075,1.60126,1.60351,1.60361,1.60629). 
indice2_rcfract(ssk52, 1.65455,1.65517,1.65574,1.65832,1.65844,1.66152). 
indice2_rcfract(tifn5, 1.58867,1.58944,1.59016,1.59341,1.59356,1.59751). 
indice2_refract(tifl, 1.50818,1.50865,1.50910,1.51109,1.51118,1.51356). 
indice2_refraci(tif2, 1.52911,1.52966,1.53017,1.53246,1.53256,1.53531). 
indice2_rcfrac((tif3, 1.54382,1.54442,1.54499,1.54754,1.54765,1.55072). 
indice2_refract(lif4, 1.57945,1.58017,1.58085,1.58393,1.58406,1.58779). 
indice2_refracl(!if6, 1.61080,1.61168,1.61252,1.61633,1.61650,1.62118). 
indice2_refract(tikl, 1.47621,1.47660,1.47697,1.47862,1.47869,1.48063). 
indice2_rcfract(tisfl, 1.66667,1.66772,1.66870,1.67319,1.67339,1.67889). 
indice2_refraci(ubk7, 1.51433,1.51472,1.51509,1.51673,1.51680,1.51872). 
indice2_refract{uk50, 1.51993,1.52035,1.52074,1.52249,1.52257,1.52464). 
indice2_refract(zkn7, 1.50592,1.50633,1.50671,1.50840,1.50847,1.51045). 
indice2_refract(zkl, 1.53036,1.53080,1.53122,1.53307,1.53315,1.53534). 
indice2_refract(zk5, 1.53084,1.53130,1.53173,1.53366,1.53375,1.53605). 
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/* 
This base of facts contains the refractive index of the optical glasses, at the 
following lines f, f, g, h and i. 

The parameters are: 

Glass namel: 
Nf: 
Nf: 
Ng: 
Nh: 
Ni 

*/ 

Name of the optical glass 
Refractive index of the optical glass at the line f 
Refractive index of the optical glass at the line f 
Refractive index of the optical glass at the line g 
Refractive index of the optical glass at the line h. 
Refractive index of the optical glass at the line i. 

%indice3_refract(Naml,Nf1Nf", Ng, Nh1Ni). 
indice3_refract(bafnl0,1.68001,1.68084,1.68803,1.69486,1.70690). 
indice3_refract(bafiil 1,1.67637,1.67717,1.68411,1.69066,1.70217). 
mdice3_refract(bafn6,1.59752,1.59823,l.60435,1.61016,1.62036). 
indice3_rcfract(bafl 2,1.64924,1.65007,1.65728,1.66415,1.67636). 
indice3_refract(bafl3,1.67937,1.68025,1.68783,1.69507,1.70792). 
indice3_refract(baf3, 1.59147,1.59221,1.59857,1.60460,1.61524). 
indice3_refract(baf4, 1.61532,1.61613,1.62318,1.62990,1.64182). 
indice3_refract(baf5, 1.61590,1.61662,1.62279,1.62862,1.63880). 
indice3_refract(baf50,l .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_rcfract(baf53,l .68000,1.68083,1.68801,1.69482,1.70679). 
indice3_refract(baf54,1.67641,1.67721,1.68416,1.69072,1.70221). 
indice3_rcfract(baf8, 1.63305,1.63383,1.64054,1.64691,1.65810). 
indice3_refract(baf9, 1.65269,1.65347,1.66023,1.66663,1.67785). 
indice3_refract(bakl, 1.57943,1.58000,1.58488,1.58940, 1.59715). 
indicc3_refract(bak2,1.54625,1.54677,1.55117,1.55525,1.56222). 
indice3_refract(bak4,1.57590,1.57648,1.58145,l.S8609, 1.59407). 
indice3_refrac((bak5,1.56332,1.56386,1.56850,1.57280,1.58015). 
indice3_refract(bak50,1.57455,1.57510,1.57987,1.58429,1.59183). 
indi ce3_refract(bak6,1.58154,1.58213,1.58713,1.59180,1.59983). 
indicc3_refract(balf3,1.57890,1.57952,1.58488,1.58990,1.59856). 
indice3_refract(balf4,1.58711,1.58773,1.59307,1.59806,1.60670). 
indice3_refract(balf5,1.55452.1.55511,1.56018,1.56492,1.57313). 
indice3_rcfract(balf50,1.59695,1.59761.1.60333,1.60869,1.61803). 
indice3_rcfract(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(balfS,1.56118,1.56181,1.56721,1.57230,1.58116). 
indice3_refract(balkn3,1.52447,1.52496,1.52914,1.53301,1.53962). 
indice3j-cfract(balkl, 1.53252,1.53302.1.53729,1.54125,1.54800). 
indice3_rcfract(basfl,1.63740,1.63836,1.64671,1.65476,1.66925). 
indice3_refract(basf 10,1.66188,1.66287,1.67150,1.67980,1.69473). 
indice3_refract(basf 12,1.68204,1.68306,1.69194,1.70052,1.71603). 
indice3_rcfract(basfl3,1.71038,1.71145,1.72090,l .73004,1.74669). 
indicc3_refract(basfl4,1.71384,1.71504,1.72563,l .73596,1.75498). 
indice3_rcfract(basf2,1.67757,1.67869,1.68844,1.69791,1.71514). 
indice3_rcfract(basf5,l. 61323,1.61406,1.62136,1.62833,1.64074). 
tndice3_refract(basf50,1.72388,l.72504,1.73515,1.74492,1,76259). 
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mdice3_refract<basf51,1.73712,1,73825,1.74810,1.75758,1.77463). 
indice3_refract(basf52,1.7l384,l .71485,1.72362,1.73201,1.74698). 
indice3_refract(basf54,1.75251,l,75390,1.76614,1.77817,1.80054). 
indice3_refract(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(basf6,l,67876,1.67970,1.68790,1.69577,1.70985). 
indice3_refract<basf64,1.71347,1.71452,1.72367,1.73248,1.74836). 
indice3_refract(bkl, 1.51566,1.51612,1.51998,1.52355,1.52962). 
indice3_refract(bkl0, 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_refract(bk8, 1.52581,1.52627,1.53019,1.53380,1.53994). 
iiìdice3_refract(fkl, 1.47552,1.47591,1.47924,1.48230,1.48746). 
indice3_refract(flc3, 1.46939,1.46978,1.47315,1.47626,1.48150). 
indice3_refrac«fk5, 1.49227,1.49266,1.49593,1.49894,1.50401). 
indicc3_refract(ft51,1.49056,1.49088,1.49365,1.49619, 1.50048). 
indice3_refract(flt52,1.49018,1.49051,1.49337,1.49601, 1.50045). 
indice3_refraci(fk54,1.44034,1.44061,1.44291,1.44501, 1.44855). 
indice3_refraci(fnll,1.63309,1.63412,1.64320,1.65211, 1.66870). 
indice3_refracl(fl, 1.63827,1.63932,1.64851,1.65741,1.67356). 

1.63457,1.63560,1.64465,1.65341,1.66929). 
1.61249,1.61343,1.62160,1.62946,1.64361). 
1.61695,1.61790,1.62623,1.63426,1.64871). 
1.63208,1.63310,1.64202,1.65063,1.66621). 
1.62461,1.62560,1.63423,1.64256,1.65760). 
1.62848,1.62948,1.63828,1.64678,1.66215), 
1.61461,1.61556,1.62380,1.63174,1.64604). 
1.64909,1.65017,1.65963,1.66879,1.68545). 
1.63779,1.63885,1.64809,1.65704,1.67332). 
1.60622,1.60713,1.61500,1.62257,1.63615). 
1.63194,1.63292,1.64140,1.64959,1.66440). 
1.54781,1.54842,1.55371,1.55869,1.56739). 
1.52110,1.52164,1.52627,1.53060,1.53807). 

1.53814,1.53874,1.54391,1.54877,1.55722). 

indice3_refracl(fl3, 
indice3_refracl(fl4, 
indice3_refracl(fl5, 
indice3_refraci(f2, 
indice3_refraci(ß, 
indicc3_refraci(f4, 
indice3_refract(f5, 
indice3_refract(f6, 
indice3_refract(f7, 
indice3_refracl(f8, 
indice3_refract(f9, 
indice3_refract(kf 1, 
indice3_refract(kf3, 
indice3 refract(kf50, 
indice3_refract(kfó, 1.52434,1,52492,1.52984,1.53446,1.54250). 
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). 
indice3_refract(kzfsn4,1.62309,1.62390,1.63085,1.63745,1.64904). 
indice3 refract(kzfsn5,1.66571,1.66668,1.67512,1.68319,1.69760). 
indice3^refractCkzfsn7,1.69353,1.69462,1.70412,1.71330,1.72993). 
Ìndice3_refract(kzfsn9,1.60747,1.60820,1.61456,1.62055,1.63103). 
indice3,refract(kzfsl, 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, 1.73516,1.73640,1.74726,1.75777,1.7768O). 
indice3_refract(kzf6, 1.53400,1.53460,1.53969,1.54446,1.55273). 
indice3_refract(kl0,. 1.50756,1.50807,1.51243,1.51649,1.52350). 
indice3_refract(kll, 1.50578,1.50624,1.51019,1.51385,1.52011). 
indice3_refraci(k3, 1.52435,1.52485,1.52913,1.53311,1.53992). 
indicc3_rcfract(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, 1.51106,1,51154,1.51564,1.51945,1.52596). 
indice3_refract(k7, 1.51700,1.51748,1.52159,1.52540,1.53189)'. 
indice3^refract(lafnl0,1.79694,t.79798,1.80699,1.81552,1.83054). 
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indice3_refract(]afti21,1.79992,1.80088,1.80915,1.81693,1.83043). 
indice3_refract(lafn23,1.69871,1.69952,1.70646,1.71289,1.72434). 
indice3_refract(]afn24,1.76826,1.769l 8,1.77706,1.78446,1.79732). 
indi cc3_refract(lafn28,l .78403,1.78493,1.79264,1.79984,1.81224). 
indice3_refraci(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(lafl la,1.77383,1.77527,1.78793,l.80028,1.82295). 
indice3_refract(lafl3, 1.78996,1.79117,1.80179,1.83201,1.83036). 
indice3_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). 
indicc3_refraci(laf22a,1.79663,1.79788,1.80886,1.81948,1.83879). 
indicc3_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(lai9, 1.81495,1.81666,1.83180,1.84675,1.87469). 
indice3_refraci(lakll2,1.68649,1.68720,1.69322,1.69882,1.70839). 
indice3_refract(lakl21,1.64791,1.64852,1.65367,1.65844,1.66654). 
indice3_refract(Iakn 12,1.68647,1.68717,1.69320.1.69881,1.70840). 
indioe3_refn«:t(laknI3,1.7025811.70333,1.70975,1.7l573,1.72600). 
indice3_refraci(laknl4,1.70554,1.70626,1.71237,1.71804,1.72773). 
indice3_refract(lakn22,1.65925,1.65992,1.66563,1.67093,1.680OO). 
indicc3_refract(lakn6,1.65022,1.65085,1.65625,1.66127,1.66982). 
indicc3_refract(lakn7,l.65935,1.65998,1.66540,1.67042,1.67898). 
indi cc3_refract(lakl0,l. 72996,1.73079,1.73784,1.74444,1.75587). 
indice3_refract(lakl 1,1.66630,1.66696,1.67256,1.67775,1.68662). 
indice3_refract(lakl6a,1.74338,1.74419,1.75114,1.75762,1.76874). 
indicc3_refract(lak20,1.70289,l, 70367,1.71033,1.71657,1.72729). 
indice3_refract(lak21,1.64790,1.64850,1.65366,1.65844,1.66657). 
indicc3_refract(Iak23,1.67693,1.67759,1.68328,1.68855,1.69756). 
indice3_refract(lak28,1.75451,1.75535,1.76257,1.76931,1.78090). 
indicc3_refraci(lak31,1.70531,1.70601,1.71200,1.71755,1.72701). 
indice3_refract(iak33,l .76400,1.76482,1.77187,1.77843,1.78966). 
indice3_refract(lak8, 1.72222,1.72298,1.72944,1.73545,1.74574). 
indice3_refract(1ak9, 1.69979,1.70051,1.70667.1.71240,1.72219). 
indice3_refraci(lasfn 15,1.89424,1.89560,1.90746, 1.91881,1.93900). 
indicc3_refract(lasfnl8,1.93345,l .93515,1.95007, 1.96462,1.99133). 
indice3_refract(Iasfn30,1.81530,1.81631,1.82496, 1.83309,1.84719). 
indice3_refract(lasfn31,1.89576,1.89702,1.90793, 1.91824,1.93627). 
indice3_refract(lasfn9,1.86899,1.87059,1.88467,1.89844, _) . 
indice3_refract(lasfl 1,1.81435,1.81541,1.82452,1.83314,1.84821). 
indice3_refract(lasfl3,1.87194,1.87333,l.S8547,1.89713,1.91806). 
indicc3_refract(lasf3,1.82199,1.82317,1.83335,1.84309, 1.86048). 
indicc3_refract(lasf32,1.82225,1.82385,1.83805,1.85206,1.87828). 
indice3_refraci(lasf33,1.82261,1.82403,1.83646,1.84856, J . 
indice3 refract(lasf8,1.82550,l.S2705,1.84062,1.85389, 1.87832). 
indice3_refract(lfl, 1.58256,1.58335.1.59025,1.59684,1.60858). 
indicc3_refract(If2, 1.59935,1.60020,1.60762,1.61473,1.62746). 
indice3_refractClf3, 1.59188,1.59270,1.59980,1.60660,1.61874). 
indice3_refract(lf4, 1.58824,1.58906,1.59620,1.60305,1.61528). 
indicc3_refract(lf5, 1.59146,1.59230,1.59964,1.60667,1.61924). 
indice3_rcfraci(lf6, 1.57663,1.57741,1.58419,1.59067,1.60220). 
indice3_refraci(lf7, 1.58476,1.58558.1.59271,1.59953,1.61172). 
indice3_refract(lf8, 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(llfl, 1.55655,1.55725,1.56332,1.56910,1.57931). 
indicc3_refract(lif2, 1.54876,1.54942,1.55521,1.56070,1.57036). 
indicc3_refract(llf3. 1.56845,1.56915.1.57515,1.58084.1.59089). 
indice3_refraa(!lf4, 1.57009,1.57082.1.57713,1.58313,1.59375). 
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indice3_rcfract(llf6, 1.53935,1.53999,1.54546,1.55064,1.55972). 
indice3_refraci(llf7, 1.55731,1.55802,1.56415,1.56998,1.58027). 
indice3_refract(pkl, 1.50898,1.50940,1.51298,1.51627,1.52182). 
indicc3_refract(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,l.52570,1.52612,1.52968,1.53294,1.53846). 
indice3_refract(pk51,l.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,l .55836,1.55885,1.56303,1.56689, 1.57342). 
indice3_refract(psk50,1.56327,1.56374,l.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(sfl56,1.80615,1.8080], 1.82461,1.84128, _) . 
indice3_refract(sfl6, 1.82780,1.82976,1.84731,1.86497, J . 
indice3_refract(sfn64,l. 72238,1.72380,1.73637,1.74882, _) . 
indice3_refract(sfl, 1.73462,1.73610,1.74916,1.76199,1,78577). 
indice3_refract(sflO, 1.74648,1.74805,1.76197,1.77578, _) . 
indice3_refract(sfll, 1.80645,1.80834,1.82518,1.84211, _) . 
indice3 refract(sfl2, 1.66187,1,66302,1.67315,1.68301,1.70110). 
indice3_refract(sfl3, 1.75988,1.76153,1.77621,1.79084, _) . 
indice3_refract(sf 14, 1.78229,1.78407,1.79988,1.81574, ). 

indìce3_refract(sfl5. 1.71546,1.71687,1.72939,1.74174,1.76486). 
indice3_refract(sfl6, 1.65954,1.66068,1.67069,1.68043,1.69818). 
indicc3_rcfraci(sfl7, 1.66384,1.66500,1.67521,1.68514,1.70329). 
indice3_rcfract(sf!8, 1.73903,1.74053,1.75380,1.76685,1.79108). 
ìndice3_refract(sfl9, 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(5f4, 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, 1.66884,1.67004,1.68061,1.69093,1.70989). 
indice3_rcfract(sf51, 1.67445,1.67566,1.68630,1.69670,1.71597). 
indicc3_rcfract(sf52, 1.70448,1.70585,1.71789,1.72970,1.75155). 
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_rcfract(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_rcfract(sf6, 1.82775,1.82970,1.84705,1.86436,1.89716). 
indice3_refract(sf61, 1.77026,1.77193,1.78677,1.80147, _) . 
Ìndice3_refract(sf62, 1.69646,1.69774,1.70909,1.72018,1.74056). 
indice3 refract(sf63, 1.76761,1.76927,1.78393,1.79845, _) . 
indicc3_rcfract(sf7, 1.65288,1.65399,1.66372,1.67317,1.69036). 
ìndice3_rcfract(sf8, 1.70460,1.70594,1.71772,1.72926,1.75049). 
indice3_refract(sf9, 1.66822,1.66939,1.67966,1.68965,1.70788). 
itidicc3_refract(sknl8,1.64658a.64724,1.65290,1.65819,1.66731). 
indice3_rcfract(skl, 1,61775,1.61837,1.62365,1.62856,1.63697). 
indice3_refract(sklO,1.63043,1,63106,1.63642,1.64141, 1.64996). 
indice3_refract(skl 1,1.57028,1.57081,1.57530,1.57946, 1.58654). 
indice3_refract(skl2,1.58996,1.59051.1.59529.1.59971, 1.60725). 
indice3_refract(skl3,1.59888,1.59946,1.60442.1.60902. 1.61689). 
indicc3_refract(skl4,1.61003.1.61059,1.61541,1.61988, 1.62748). 
indicc3_refract(skl5,1.63046,1.63108,1.63631,1.64118, 1.64949), 
indice3_rcfract(skl6,1.62756.1.62814,1.63312,1.63774, 1.64559). 
indice3 refract(skl9,1.62087,1.62149,1.62672,1.63159, 1.63993). 
indice3_refract(sk2, 1.61486,1.61547,1.62073,1.62562,1.63398). 
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indice3_refract(sk20,1.56598,1.56650,l. 57093,1.57502, 1.58198). 
indice3_refract(sk3, 1.61600,1.61659,1.62163,1.62630,1.63428). 
indice3_rcfract(sk4, 1.62000,1.62059,1.62569,1.63042,1.63850). 
indioe3_refract(sk5, 1.59581,1.59635,1.60100,1.60529,1.61259). 
Ìndice3_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,l.62757,1.62816,1.63314,1.63775,1.64559). 
indice3_refraci(sk6, 1.62134,1.62196.1.62731,1.63227,1.64078). 
indice3_rcfract(sk7, 1.61440,1.61498,1.61995,1.62455,1.63240). 
Ìndice3_refract(sk8, 1.61880,1.61942,1.62479,1.62979,1.63837). 
indice3_refract(sk9, 1.62182,1.62246,1.62795,1.63306,1.64185). 
indice3_rtfract(sskn5,1.66750,1.66825,1.67471,1.68080,1.69143). 
indice3_refract(sskn8,1.62641,1.62713,1.63336,1.63925,1.64959). 
indice3_refract(sskl,1.62520,1.62586,1.63152,1.63681, 1.64595). 
indice3_refract(ssk2,l.63048,1.63116,1.63696,1.64240, 1.65180). 
indice3_refract(ssk3,1.62325,1.62395,1.62995,1.63559, 1.64539). 
indice3_refraci(ssk4,l .62547,1,62611,1.63163,1.63677, 1.64561). 
indice3_refraci(ssk50,1.62617,1.626S5,1.63268,1.63816,1.64765). 
indice3_refraci(ssk51,1.61147,1.61212,1.61770,1.62292,1.63196). 
indice3_refraci(ssk52,1.66749,1.66824,1.67468,1.68072,1.69122). 
indice3_refract(tifn5,l .60538,1.60639,1.61529,1.62405, 1.64042). 
indice3_refract(tif 1, 1.51820,1.51878,1.52384,1.52866,1.53726). 
indice3_refract(tif2, 1.54070,1.54138,1.54734,1.55309,1.56356). 
indice3_refraci(tif3, 1.55680.1.55757,1.56433,1.57091.1.58300). 
indice3_refract(tif4, 1.59521,1.59616,1.60452,1.61274,1.62804). 
indice3_refract(tif6, 1.63070,1.63194,1.64308,1.65448, _ ). 
indice3_refiract(tikl, 1.48436,1.48483,1.48880,1.49249,1.49882). 
indice3_rcfract(tisfl, 1.68997,1.69141,1.70417,1.71698,1.74164). 
indi ce3_refract(ubk7.1.52237,l.52282,1.52667,1.53022,1.53623). 
indice3_refract<uk50,1.52858,1.52907,1.53327,1.53715,1.54377). 
indicc3_rcfract(zkn7,1.51423,1.51470,1.51869,1.52238, 1.52864). 
indice3_rcfract(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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