JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 4, APRIL 2001 559

An Evolutionary Algorithm for the Synthesis of
Multilayer Coatings at Oblique Light Incidence

Jinn-Moon Yang and Cheng-Yan Kao

Abstract—A robust evolutionary approach is proposed for |utionary algorithm is based on ideas borrowed from genetics
the synthesis of multilayer coatings at oblique light incidence. and natural selection. It is a generally adaptable approach for
The proposed approach consists of global and local strategies byproblem solving and is well suited for solving difficult opti-

integrating decreasing mutations and self-adaptive mutations via .~ " : - .
family competition and adaptive rules. Numerical results calcu- mization problems where traditional methods are less efficient.

lated at normal and oblique angles of incidence indicate that the ~ There are three main independently developed but strongly
proposed approach performs very robustly and is very competitive related implementations of evolutionary algorithms: genetic al-
with other approaches. Our approach, although somewhat slower, gorithms [13], evolution strategies [3], and evolutionary pro-
is very flexible and can easily be adapted to other application o-3mming [12]. For genetic algorithms, in both practice and
domains. This appro_ach is able to generate binary-type squnqns th 111 th il disad f ving bi e
based on two materials and to generate inhomogeneous solutions eory [ _]’ they enta'_ ISa vantag(_es or app _ylng Ina_lry rep
with continuous refractive-index variations. resented implementation to the design of optical coatings. To
achieve better performance, real-coded genetic algorithms [17],
[6] with a significantly large number of variables have been in-
troduced. In contrast, evolution strategies [14], [4], [18] and evo-
lutionary programming use mainly real-valued representation
. INTRODUCTION and focus on self-adaptive Gaussian mutations to the design of

HE design of optical coatings at oblique light incidencéptical coatings. Recent work [25] has shown that self-adaptive

is an important topic. Many different approaches fofpaussian mutations may leave individual designs trapped near
thin-film designs are often required as the solutions of differelcal optima for rugged functions, which is a potential problem
types of problems. Specifically, the design of nonpolarizin®r all synthesis methods.
coatings is of interest to many applications and is consideredn this paper, we apply a method called the family competition
a difficult task for most coating design methods. Numeric&volutionary algorithm (FCEA) to synthesize optical thin-film
methods are now the most widely used design techniqué¥stems with various number of layers. This proposed approach
These methods formulate the coating design problem as an Bgs been successfully applied to global optimization [25] and
timization based on the use of merit functions distributed ovBgxible ligand docking [24]. FCEA combines decreasing-based
Coating design parameters such as indexes, |ayer thicknes%{SSian mutation, Self—adaptive Gaussian mutation, and self-
number of layers, etc. adaptive Cauchy mutation. The performance of these mutations

Refinement methods [1], [9] and synthesis methods [7], [18Jepends heavily on the same factor, cabitep sizeThe self-
[21] are two basic approaches to the design of numerical @ﬂaptive mutations adapt the step size with a stochastic mecha-
tical coatings. Refinement methods normally require a startifggm. Decreasing-based mutations decrease the step size with a
design that is not quite satisfactory. The quality of the solfixed rate~y, wherey < 1. In order to balance exploration and
tion of refinement methods is sensitive at the starting desig@xploitation in the design space, these operators are made to co-
At the same time, to choose a good starting design is a diffic@ierate with one another by incorporating family competition
task for many coating applications, such as nonpolarizing coafd adaptive rules to construct a relationship among these mu-
ings. Contrary to refinement methods, synthesis methods [18}tions.
[5] generate their own starting designs automatically. SynthesisI he rest of this paper is organized as follows. Section Il de-
methods are combined with refinement methods to improve thefibes the problem of optical thin-film coatings; Section Il in-
quality of the solutions. Therefore, development of an effectifeoduces the evolutionary nature of FCEA. Section IV applies
Synthesis method is an important topic of research. FCEA to the SyntheSiS of a filter with 0.0, 0.5, and 1.0 transmis-
Recently, evolutionary algorithms [10], [16], [14], [23] haveSion regions at normal light incidence and of two edge filters

been applied successfully to some problems encounterec@frPblique light incidence in order to illustrate the performance
optical filters and coatings that are computationally comple®f our proposed approach. Section V presents the results of ap-
These references demonstrated that evolutionary algorithfd¥ng FCEA to synthesize two nonpolarized edge filters. Sec-
were competitive with well-known synthesis methods. An evéion VI presents concluding comments.

Index Terms—Edge filter, evolutionary algorithms, family com-
petition, nonpolarized coating, thin-film coatings.
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Fig. 1. The construct parameters of a coating system and the profiles of target 181
specification and a real coating system. 16 . . . L " . .
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35 —
(b)
>< 3t L _ Fig. 3. Effective refractive indexes of various incident angles and materials.
_QE, :
é 25 r 7, (p polarization) . videq inFo two categories according to the ava_iIabIe values of re-
[T e fractive index ¢, . .., 7). It may be called an inhomogeneous
= 2r 1 coating if the values of refractive index vector are continuously
Py Normat™"~ varying within each layer; otherwise, it is called a homogeneous
g 1.5 1 7, (s polarization) 1 coating based on materials. The inhomogeneous coating con-
% sidered here presents a number of thin layers, whose refractive
Ty ] indexes are varied within certain limits.
05 The merit function is one of the main elements of numer-

“i2 14 1.|6 118 2 2j2 2:4 2?6 2:8 3 ical coating design meth_ods_. Let the spectral reflectance of the
refractive index M-layer system shown in Fig. 1(a), be denotedids, d, A),
where ) is the wavelength region of interest. Fig. 1(b) shows
Fig. 2. Effective refractive indexes far andp-polarized light when ambient the example of a target reflectioR()) and of a respective de-
medium is glass and the incident angle is 45 sign reflection R&(n, d, \)). A suitable merit function is given
by
ters includes the number of layet$, the refractive indexeg;, X 12
and the thickness; of the jth layer, in order to match closely the 1w [R(n,d, M) — ROW)]?
specified performance whete< 5 < M. Fig. 1(a) shows an Fln,d, Ai) = {Wzkﬂ SRy, }
M -layer coating system. Itis necessary to define the desired op-
tical specification when we design a multilayer coating systemwhere
Most often, this is defined by the target transmittaiter the R(n,d, M), R()\k) respective desired and the target re-

1)

target reflectancée at a number of wavelengths in the spectral flectance at wavelengthy;
region of interest!’ equals + R if the materials of a multilayer 7, andd refractive index and thickness vectors of
coating system are all nonabsorbing. a coating system, respectively;

As defined in Fig. 1(a), a coating system is called a normal-in- 6 R, tolerance at the wavelengi..

cidence coating ifl, is zero; otherwise, itis called an oblique-indn general $ B;, is set to 0.01. Her&V is the number of points
cidence coating. On the other hand, a coating system can bewdiere the merit function is evaluated. The merit function rep-
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Select the best solution from
FC_adaptive procedure with O, , sclf- Repeat for these L solutions
adaptive Cauchy mutation, P (g) and L,| [ecach individual e
generates Py(g) inP If O,,is O, or O,,, then
7 adaptive rules are applied to
FC_adaptive procedure with O, ,, self- adapt the step sizes of
adaptive Gaussian mutation, Pz(g)f and L, mutation operators

generates P,

Satisfy terminal
conditions

h
L Retumn the offspring population ]
(b)

No

: 0,, - Mutation Operator (O, , O,,, or O,
Output the best solution L+ Family Competition Lengsh ( L) A
@ P (g) aid P,(g) are quasi-population
a

Fig. 4. Overview of our algorithm: (a) FCEA and (b) FC_adaptive procedure.

resents the root-mean-square error between the calculatedheadng the lowest and highest refractive indexes. According to
flectance and the target value. The most general method of ¢ak concept of effective refractive indexes, problems for oblique
culatingR(n, d, A) is based on a matrix formulation [8]. lightincidence can be reduced to the same form as in the case of
At obligue light incidence, the effective refractive index of amormal incidence. However, it should be easier to achieve better
layer with a refractive index must be defined for each polarizaynthesis results for thecase than for the case. These postu-

tion as [8] lates will be demonstrated in this paper. Second, the number of
layers is limited because the difficulty in fabrication of coatings

n° =(n* — np, sin® 6p)'/? (2) increases with the number of layers. Layer thicknesses cannot be
2 negative for obvious reasons. Very thin layers will be eliminated

n
= . 3
77p (772 _ 77,,2n Sin2 90)1/2 ( )

if its thickness is lower than 0.0Q1m, since this is difficult to
control in fabrication.
Heren,, is the refractive index of the ambient mediufyg, is
the incidence angle, and indexgsand#? relate to thes and
the p polarization, respectively. Fig. 2 shows the behavior of
the effective indexes as functions of the film index for the case In this section, we present the detail of the FCEA for the
in which ambient medium is glass,{ = 1.52) and the inci- optical thin-film designs. The basic structure of the FCEA is
dent angle is 45 It can be seen from Fig. 2 that the ratio of thas follows (Fig. 4).V solutions are randomly generated as the
effective refractive indexes of two arbitrary materials §ggo- initial population. Then FCEA enters the main evolutionary
larization is always greater than the ratio of the correspondif@pp, in which each generation consists of three nearly identical
values at normal incidence. The ratio of the indexegfpolar- procedures applied sequentially. Each procedure is realized
ization is always less than the ratio of the corresponding valugg doing recombinations, mutations, family competition, and
at normal incidence. Fig. 3(a) and (b) shows that the differenselection. These three procedures differ mainly in the mutations
betweem® andn” becomes progressively larger, and this makesed: decreasing Gaussian mutatiai,f, ), self-adaptive
the designs more sensitive to the state of polarization when Bauchy mutation®,,.), and self-adaptive Gaussian mutation
incident angle §o) or the incident index,,,) increases. Itim- (O, ). Hence, we refer to such a combination of procedures as
plies that the difficulties are increasing in designing the nonpti=C_adaptive,” which will be described later on in detail. The
larizing coating that optimizes both andp-polarization simul- output is a new quasi-population wifki solutions, which will
taneously as with increasiréty or 7,,. be the input of the next FC_adaptive procedure.

Some observations should be considered when designing &he FC_adaptive procedure employs three parameters—the
coating system. According to the maximum principle [21], thefqgarent population /£, with N solutions), mutation operator
is no advantage in using more than two materials with the lowdg?,;), and family competition lengthZ()—to generate a new
7; and highesty, refractive indexes at normal light incidencequasi-population [Fig. 4(b)]. The “FC_adaptive” procedure
Thatis, the best results can be achieved with the pair of materipteceeds as follows to generate a quasi-population. Each

I1l. FAMILY COMPETITION EVOLUTIONARY ALGORITHM

Authorized licensed use limited to: National Taiwan University. Downloaded on March 16, 2009 at 03:29 from IEEE Xplore. Restrictions apply.



562 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 4, APRIL 2001

0.4

— . control. The number of elements of each veatpr, v, andy
sy = is M.
| On the other hand, FCEA represents a solution as
(M,z,0,v,9) when the design problem is an inhomoge-
neous coating. The vectarincludes both the thickness vector
and the refractive indexes vector of a coating system to be
optimized. The numbers of elements of the thickness vector
and the refractive indexes vector dve Therefore, the number
of elements of each vectar, &, v, andy is 2M .

For both the two-material coatings and the inhomogeneous
coatings, FCEA uses the same initialization procedure with the
same initial values for parameters. The initial valdeis ran-
domly chosen fronjM;, M,,], whereM; andM,, are the num-
bers of the lower bound and upper bound layers, respectively.
The initial value of each entry is randomly chosen over a fea-
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Fig. 5. Density functions of Gaussian and Cauchy distributions.

TABLE | sible region, which depends on the properties of the specifica-
PARAMETERS OF FCEA AND NOTATION tion of optical coatings. The initial values of each entryof,
USED IN THIS PAPER and+ are set to 0.04, 0.01, and 0.01 according to experiments
on problems studied in this paper with various values.
parameter name | the value and notation of parameter For the rest of this section, we use two-material coatings to
recombination pep =0.8 (for Om,,), explain each of the important components of the FC_adaptive
probability (pe) Pea =0.2 (for O, or O, ). procedure: recombination operators, mutation operations, and

rules for adapting step sizes, (v, andi). For easy description

family competition | Ly = 6 (for O
(for Ontgy), of the operators, we use = (M*, 1%, z%, 0%, v*,¢*) to rep-

length Ly =6 (for Om, or Ou, ). resent the “family father” and = (M?, 1%, 2%, 0% v*,4*) as

step sizes vi =% =001, o; = 4dvs. another parent (only for the recombination operator). The off-

population size (N) | 50 spring,c = (M¢,I¢ z°, 0% v°,4°), is generated by a genetic

other notation M: number of layers, operation. We also use the symb;‘;(l to denote thgth compo-
MF: value of merit function, nent of an individuall, vVj € {1,..., M}.

3" nd: total thickness of a solution.

A. Recombination Operators

The advantages or disadvantages of recombination for a par-
ular objective function can hardly be accessed in advance [2].
Therefore, we implement two simple recombination operators
?ﬁqgenerate offspring: modified discrete recombination and in-

individual in the population sequentially becomes the “famil}gIC
father.” With a probabilityp,, this family father and another
solution randomly chosen from the rest of the parent populati
are used as parents to do_a recombl_natlon operatpn. Ther.]termediate recombination. With probabilities of 0.8 and 0.2, at
new offspring or the family father (if the recombination is

not conducted) is operated on by a mutation. For each famﬁach FC_adaptive procedure only one of the two operators is

father, such a procedure is repeatetimes. Finally,L, children tHosen. The values of probabilities were set in order to achieve

are produced, but only the one with the best objective valltjhee robust quality of the solution according to our previous re-

) . . e » sults [25]. Here we would like to mention again that recombi-
survives. Since we create children from one “family father . . . »
nation operators are activated with only a probabjity

and perform a.select|on, t.h.'s Is a “family competition” strategy. 1) Modified Discrete RecombinationThe original discrete
After the family competition, there arév parents andV S . . .
) ) : o ecombination generates a child that inherits genes from two
children left. In each pair of father and child, the individua . "
. A i o «.. o parents with equal probability. Here the two parents of the re-
with a better objective value survives. This is called “famil L P "
ombination operator are the “family father” and another so-

select|on.. . Illjtion randomly selected. Our experience indicates that FCEA
Regarding chromosome representation, we present a solu-

tion ag M, I,z ,v,1) in FCEA when only one pair of ma- can b? more ropust if the chl!q inherits genes from thg family
. . . . . father” with a higher probability. Therefore, we modified the
terials withy; andny, is available.A is the number of layers

of a coating system. We use an indicatoto represent the operator to be as follows:

structure of the refractive indexes. The refractive index of first

layer is equivalent tay; whenI is zero, and it is equivalent . _ [ «% with probability 0.8

to n;, when I is one. The initial value/ is randomly set to Xy = {x‘; with probability 0.2. )

one or zero. The vector is the thickness vector of a coating

system to be optimizeds, v, and+) are the step-size vectors For a “family father,” applying this operator in the family

of decreasing-based mutation, self-adaptive Gaussian mutatimmmpetition is viewed as a local search procedure because this
and self-adaptive Cauchy mutation, respectively. In other woragerator is designed to preserve the relationship between a child
each solutionx is associated with some parameters for step-siaed its “family father.”
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Fig. 6. Series of intermediate performance and the refractive-index profiles of our FCEA for the filter with 0.0, 0.5, and 1.0 transmissiontregian<
0.75 gm on ann, = 1.52 substrate based on the refractive index pair 1.35 and 2.35.

2) Intermediate RecombinationiVe define intermediate re- mutation is used in this FC_adaptive proceduri (5) and (6)

combination as

is v. We follow the work of the evolution strategies community

o = 2t + 0_5(353; — %) (5) [3]to emp.loy only intermediate recombination on step-size vec-
tors, that isg, v, ande.
and
B. Mutation Operators
w6 = w? + 0.5(w! — w?) ) P

Mutations are main operators of the FCEA. After the recom-

wherew is v, o, or ¢ based on the mutation operator applied ibination, a mutation operator is applied to the “family father” or
the family competition. For example, if self-adaptive Gaussighe new offspring generated by a recombination. In FCEA, the
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TABLE I
COMPARISONS OFFCEA WITH SYNTHESIS METHODS AND REFINEMENT METHODS ONFILTER WITH 0.0, 0.5,AND 1.0 TRANSMISSION REGIONS

FCEA synthesis methods[15) refinement methods[15}
Gradual- Minus- Flip- Inverse-Fourier | Dumped-Least Golden- Hooke

Evolution Filter Flop Transformation Square Selection Jeeves
M 32 33 32 9 37 34 43 ’ 35 35 35
3" nd(pum) 1.96 3.33 2.805| 2.350 4.550 1.99 2.37 1.975 2,671 3.434

MF(%) 1.72.0.387 0.587 5.10 213 2.56 2.20 1.86 381 4.970

mutation is performed independently on each vector elementrofitation is able to make a larger perturbation than Gaussian
the selected individual by adding a random value with expectautation. This implies that Cauchy mutation has a higher

tion zero probability of escaping from local optima than Gaussian
, mutation does. The main reason why we use these three types
z; =z +wD() (") of mutations is that they can closely cooperate with one another
where to improve the performance of the overall search. The detailed

= thickness of theth of reasons were discussed in [25]

x;  ith variable ofz’ mutated fromz;

D(-) random variable;

w step size. The performance of Gaussian and Cauchy mutations is
In this paper,D(-) is evaluated a&/(0, 1) or C(1) if the muta- largely influenced by the step sizes. FCEA adjusts the step
tions are, respectively, Gaussian mutation or Cauchy mutatigitzes while mutations are being applied [e.g., (8), (10), and

1) Self-Adaptive  Gaussian  MutationWe adapted (12)]. However, such updates insufficiently consider the perfor-
Schwefel's [19] proposal to use self-adaptive Gaussidiance of the whole family. Therefore, after family competition,
mutation. The mutation is accomplished by first mutating thgome additional rules are implemented.
step sizev; and then the thickness; 1) A-decrease ruleimmediately after self-adaptive muta-
c_,a / tions, if objective values of all offspring are greater than
5 = expl N0, 1) +71;(0,1)] (®) or equal to that of the “family parent,” we decrease the
wf =wj +viN;(0,1) ©) step-size vectors (Gaussian) og) (Cauchy) of the parent
whereN(0,1) is the standard normal distributiod;(0,1) is
a new value with distributio@v (0, 1) that must be regenerated

C. Adaptive Rules

v

w? = 0.95w? (14)

for each indey. For FCEA, we follow [3] in setting and+’ as

(v2n)~t and(y/2/n)~1, respectively. The. equalsM if the

problem is the two-material coating; otherwisegquals 21 .
2) Self-Adaptive Cauchy MutationVe follow previous

wherew?® is the step-size vector of the parent. In other

words, when there is no improvement after self-adaptive
mutations, we may propose a more conservative, that is,
smaller step size, which tends to make an improvementin

works [26] to define self-adaptive Cauchy mutation as follows: the next iteration.
3 =% exp[r' N(0,1) + 7N;(0, 1)] (10) 2) D-increase rule:lj[ is difficult, however, to _decide the
s . ratey of decreasing-based mutations. Unlike self-adap-

tive mutations that adjust step sizes automatically, the
In our experimentst is one. Note that self-adaptive Cauchy step size of decreasing-based mutation goes to zero as the
mutation is similar to self-adaptive Gaussian mutation except

number of generations increases. It is essential to employ
that (9) is replaced by(11). That is, they implement the same  a rule that can enlarge the step size of decreasing-based
step-size control but use different means of updating mutations in some situations. The step size of the de-
3) Decreasing-Based Gaussian MutationSur decreasing- creasing mutation should not be too small, when com-
based Gaussian mutation uses the step-size veetiih a fixed pared to step sizes of self-adaptive mutations. We pro-
decreasing rate = 0.97 as follows: pose to increase if one of the two self-adaptive muta-
o =yo° (12)

tions generates better offspring. To be more precise, after
xi =x7 + o°N;(0,1). (13)

a self-adaptive mutation, if the best child with step size
is better than its “family father,” the step size of the de-
Previous results [25] demonstrated that self-adaptive mu-  creasing-based mutation is updated as follows:
tations converge faster than decreasing-based mutations but,
for rugged functions, self-adaptive mutations are more easily
trapped into local optima than decreasing-based mutations.
Fig. 5 compares density functions of Gaussian distribution
(N(0,1)) and Cauchy distributions({(1)). Clearly, Cauchy

0¢ = max(c°, v ean) (15)

mean

wherev, .., is the mean value of the vector 3 is 0.2 in
our experiments. Note that this rule is applied in stages of

self-adaptive mutations but not of decreasing mutations.
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TABLE Il
CONSTRUCTIONPARAMETERS OF THE0.0—0.5—1.0 RANSMISSION FILTER AND THE s-POLARIZATION OF THE LONG-WAVE-PASS FILTER AND OF THE
SHORT-WAVE-PASS FILTER. OBTAINED BY FCEA

0.0-0.5-1.0 filter long-wave-pass filter | short-wave-pass filter
Layer n nd nd Ul nd n nd
Subs(n,) 1.52 1.52 1.52

1 2.35 0.0912 0.0678 | 1.45 0.44943 | 2.35 0.01631
2 1.35 0.0633 0.0276 | 2.35 0.05743 1.45 0.01814
3 2.35 0.0168 0.4476 | 1.45 0.06604 2.35 0.11283
4 1.35 0.0050 0.0316 | 2.35 0.12593 1.45 0.20981
5 2.35 0.0411 0.1366 | 1.45 0.08192 2.35 0.11822
6 1.35 0.0031 0.0238 | 2.35 0.09485 1.45 0.23115
7 2.35 0.0066 0.1849 | 1.45 0.10638 2.35 0.01001
8 1.35 0.1315 0.0980 | 2.35 0.07607 1.45 0.02222
9 2.35 0.0048 0.0288 | 1.45 0.13735 2.35 0.01002
10 1.35 0.0546 0.1391 | 2.35 0.08491 1.45 0.22033
11 2.35 0.0898 0.0179 | 1.45 0.11492 2.35 0.11273
12 1.35 0.0466 0.0013 | 2.35 0.07759 1.45 0.20554
13 2.35 0.0260 . 0.3210 | 145 0.08634 235 . 0.13547
14 1.35 0.0256 0.1084 | 2.35 0.15958 1.45 0.02614
15 2.35 0.0610 0.3487 | 1.45 0.08878 2.35 0.13397
16 1.35 0.1523 0.0577 | 2.35 0.05881 1.45 0.20600
17 2.35 0.0876 0.0844 | 1.45 0.11170 2.35 0.11738
18 1.35 0.0783, 0.0049 | 2.35 0.17752 1.45 0.23381
19 2.35 0.1230 0.0358 | 1.45 0.06772 2.35 0.63280
20 1.35 0.1045 0.0911 | 2.35 0.05008 1.45 0.04522
21 2.35 0.3301 0.0952 | 1.45 0.23398 2.35 0.03005
22 135 0.0939 0.2132 | 2.35 0.04599 1.45 0.24562
23 2.35 0.1212 0.0190 | 145 0.09472 2.35 0.01418
24 1.35 0.1382 0.1143 | 2.35 0.15562 1.45 0.01463
25 235 0.0397 0.0694 | 1.45 0.08259 2.35 0.11425
26 1.35 0.1223 0.1065 | 2.35 0.04518 1.45 0.21041
27 2.35 0.0051 0.0023 | 1.45 0.17860 2.35 0.11237
28 1.35 0.0019 0.0111 | 2.35 0.06825 1.45 0.20064
29 235 0.0862 0.1196 | 1.45 0.05959 2.35 0.10941
30 1.35 0.0013 0.0477 | 2.35 0.06566 1.45 0.19994
31 2.35 0.2120 0.1602 | 1.45 0.15079 2.35 0.10621
32 1.35 0.0169 0.0646 | 2.35 0.03476 1.45 0.09507
33 2.35 0.0503 | 1.45 0.09478

34 2.35 0.13713

35 1.45 0.15067

36 2.35 0.01190

medium (nn) | 1.0 1.0 1.0
S nd 1.96 3.33 7.0 6.48
MF(%) 1724 0.387 0.279 1.019

Instead of updating the value of, this rule increases IV. EXPERIMENTAL RESULTS OFTWO-MATERIAL COATINGS
directly the step size of decreasing-based mutations ac-

cording to the step size of self-adaptive mutations whenIn this section, we present the numerical results of a filter with
(15) is satisfied. 0.0, 0.5, and 1.0 transmission at normal light incidence and of
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Fig. 7. Reflectance and refractive-index profile of a 36-layer long-wave-pa§id- 8- Reflectance and refractive-index profile of a S4-layer long-wave-pass
filter for s-polarized light obtained by FCEA at a #@ngle of incidence on Tlter obtained by FCEA fop-polarized light at a 45 angle of incidence on

interesting regio.4 < A < 1.2 um on any, = 1.52 substrate based on the INteresting regio.4 < A < 1.2 um on any, = 1.52 substrate based on the
refractive index pair 1.45 and 2.35. refractive index pair 1.45 and 2.35.

, , . , proaches because a suitable starting design for simple refine-
two edge filters at oblique light incidence to illustrate the prosyent is difficult to obtain. Such multiwavelength specifications
posed method. The _f|rst problem is used to compare the pﬁ{rght be required for laser and electrooptical systems. We im-
formance of FCEA with seven well-known coating approacheﬁrement FCEA on this problem to compare with seven well-
The experimental results of edge filters indicated that FCEA I-%?ﬁown approaches. The desired performance is
able to obtain good enough solutions for the problems at oblique
light incidence. 0.4< A<045:T = 0.0 (reflector)

Table I indicates the setting of FCEA parameters, such as ini- 0.5 < A < 0.55:7 = 1.0 (antireflector)
tial step sizes, family competition lengths and recombination e e .
probabilities. These values were used for the synthesis problems 0.6<A<065:T=05 (beallm splitter)
defined in this papet., o, andp.p are the parameters for de- 0.7<A<0.75:T = 1.0 (antireflector)
creas!ng-based m“ta“‘?f’iv Y, 1/”, andp. , are for self-adaptive The spectral target is the solid curve shown in Fig. 6(b). Fol-
mutations. The population size is 50. These parameters Were|5ing previous works [7], [15], we had used only two coating
lected after many attempts to design solutions for these thrl’ﬁﬁterials with refractive indexes of = 1.35 andr, = 2.35.
optical coatings with various initial value§ for the parametersy o < bstrate and medium indexesmre- 1.52 ands,, = 1.0,
For each problem, FCEA was tested 30 times. respectively. The merit function was defined at 36 points. That

) . o . s, each region exists nine points.

A. _F|Iter with 0.0, 0.5, and 1.0 Transmission at Normal Light 1 initial number of layers is randomly chosen from 25 to
Incidence 35. The initial thickness of each layer was uniformly selected
The first example concerns the synthesis of a filter in the réfom the region from 0.01 to 0.2m. The maximum number of

gion 0.4-0.75:m at normal light incidence. This filter speci-generations is 1000.

fication has been used previously for comparisons of synthesislo illustrate the convergence, a series of intermediate solu-
methods [7], [15]. It was believed that it would be difficult tations obtained by FCEA are shown in figures from Fig. 6(b) to
design such a coating system without the use of synthesis &. 6(e). The dash curves represent designed results, and the
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Fig. 9. Reflectance and refractive-index profile of a 32-layer short-wave-pass (b)

filter obtained by FCEA fors-polarized light at a 45 angle of incidence on rig 10 Reflectance and refractive-index profile of a 59-layer short-wave-pass

interesting regio.4 < A < 1.2 um on amy, = 1.52 substrate based on the fijter obtained by FCEA fomp-polarized light at a 45 angle of incidence on

refractive index pair 1.45 and 2.35. interesting regio®.4 < XA < 1.2 um on anyy, = 1.52 substrate based on the
refractive index pair 1.45 and 2.35.

solid curve is the target design. Fig. 6(a) illustrates the rela- ) o o
tionship between the value of merit function and the numb8prror that reflects as much as possible of the visible light inci-
of generations. The value of merit function is 36.25% when t/f§€nt upon them and transmits the remaining radiation. That is,
number of generations is one. The values become 2.009% &g target reflectance of theandp cases was 1.0 in the region
0.504% when the numbers of generations are at the one-h{iRm 0.4 to 0.8um and was zero from 0.85 to L;an. The in-
dredth and three-hundredth, respectively. After FCEA has gident medium IS airrf, = 1) an(_ﬂ the substra_ue is glass with
hausted 1000 generations, the value of merit function is 0.387%,= 1-52- The high-and the low-index refractive indexes were
the number of layers is 33, and the thickness is 3.88for the 7 = 2.35 andr, = 1.35, respectively. The merit function was
final solution. Its refractive-index profile is shown in Fig. 6(f). defined at 39 points. .

Table Il shows the comparisons of FCEA with well-known TN€ initial number of layers is randomly chosen from 30 to
synthesis methods [15], such as gradual-evolution and inver88: The initial thickness of each layer was uniformly selected
Fourier transform methods; and refinement methods [15], sugM 0-01 to 0.2um. The maximum number of generations is
as dumped-least-square and Hooke and Jeeves methods, or‘iLlEPQ_ : o )
filter. FCEA is able to obtain more robust solutions than these F19- 7 shows the reflectance and the refractive-index profile
comparative approaches. of an s-polarized case of a final coa_tlng system optamedl by

The values of merit function are 1.72% and 0.387% for FECEIRCEA. Its number of layers is 36 and its value of merit function
when the total thicknesses are 1.96 and 3.88 respectively. is 0.279%. The total thickness of this solution is . On the

The construction parameters of these two solutions of our FCEH€r hand, the final solution of thepolarized case is shown
are given in Table IlI. in Fig. 8. The total thickness is 10.24n, the number of layers

is 54, and the value of merit function is 0.570% of this final so-
lution. It can be seen that the total thickness and the number of
layers of the final design in thg-polarized case are consider-
The second design problem is to create a long-wave-padsy more than in the-polarized case. The construction param-
filter for s- and p-polarized light at 45. The solid curve in eters of ans-polarized solution generated by FCEA are given in
Fig. 7(a) indicates the target specification. The filter is a colfable Ill. According to the experimental results, FCEA is able

B. Long-Wave-Pass Filter
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Fig. 11. The reflectance and refractive-index profile of an 89-layer (b)

short-wave-pass nonpolarized filter obtained by FCEA at a dBgle of

incidence on interesting regidh4 < A < 1.2 um. The available value of Fig. 12. Reﬂec_tance and refr_active_—index p§°fi'e of an 86-layer
refractive index is continuous from 1.45 to 2.35. long-wave-pass filter for nonpolarized light at a°4%ngle of incidence

on interesting region.4 < A < 1.2 um. The refractive index is continuous
from 1.45 to 2.35.

to obtain coating systems that are close to the target specifica-

tion. long-wave pass filter for FCEA. The total thickness of the de-
sign in thep-polarized case is also considerably more than in the

C. Short-Wave-Pass Filter s-polarized case. The construction parameters cfpolarized
solution generated by FCEA are given in the final column of

The synthesis of a short-wave-pass filter ferand p-polar-
ized light at 45 [22] is being discussed. The target reflectanc-tléable .
is the solid curve shown in Fig. 9(a). The filter is a heat reflector ]
(or called hot mirror), which is a special long-wavelength cutoff V. INHOMOGENEOQUSCOATINGS: NONPOLARIZED EDGE
filter. That is, the filter transmits the visible radiation from 0.4 FILTERS
to 0.8:m without disturbing the color balance. The width of the At oblique light incidence, the most interesting design is that
rejection region depends on the light source to be used. In thig coatings satisfy for both and p polarizations simultane-
filter, the target reflectance was zero in the region from 0.4 twsly. In this section, FCEA is implemented to design nonpo-
0.8 um and was 1.0 from 0.85 to 1;@n. The incident medium larization edge filters including the long-wave-pass filter and
is air (7., = 1), and the substrate is glass with = 1.52. The the short-wave-pass filter. The target specifications of these two
high- and low-index refractive indexes weng = 2.35 and edge filters are the same ones defined in Section IV-B and Sec-
m = 1.35, respectively. The merit function was defined at 38on 1V-C. For example, the reflectance is zero in the region
points. All initial values are set to the same values used by tfrem 0.4 to 0.8zm and 1.0 from 0.85 to 1.2m for the short-
long-wave-pass filter. wave-pass filter. The incident angle is’4%he incident medium
The final design obtained by FCEA is a 32-layer coating ii$ air, and the substrate is glass.
the s-polarized case and a 59-layer coating in thpolarized Whens andp targets are specified simultaneously, the opti-
case for the short-wave-pass filter. Figs. 9 and 10 show the reality of two-material designs may be no longer valid. Thus, if
flectance and refractive-index profiles of theandp-polarized possible, it is worthwhile to use a set of materials with various
case, respectively. This problem seems more difficult than thelexes for nonpolarizing coatings. In this paper, we force the
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refractive indexes to satisfy the following constraimiss< 7; <

1., Wheren; andry;, correspond to the lowest and highest refrac-
tive indexes that are available for the problems, respectiverl
Therefore, FCEA is required to decide the refractive ingex
and the thickness; of the jth layer, in order to match closely
the specified performance whete< j < M.

Nonpolarizing coatings are much more difficult to design,
and so a large number of layers may be required. Thus, the initil
tial number (1) of layers was randomly chosen in the range
of 70-90. The initial thicknessi() and refractive indexf;) of
each layer were uniformly selected from the region from 0.01 to[2]
0.2 um and from 1.45 to 2.3mm, respectively. The maximum
number of generations was set to 2000.

Figs. 11 and 12 show andp reflectances and refractive-
index profiles of short-wave-pass and long-wave-pass nonpo-[
larizing edge filters, respectively. The final design of the short-
wave-pass filter is an 89-layer coating with the value of merit
function as 2.82%. In this final solution, the values of merit [
function of s- andp-polarized cases are 0.29% and 2.53%, re- [6]
spectively, as shown in Fig. 11(a) and (b).

On the other hand, the long-wave-pass design has 86 Iayerg]
with its value of merit function as 1.82%, and the values of merit
function of s- andp-polarized cases are 0.45% and 1.37%, re- [€]
spectively. Fig. 12(a) shows tkeandp-polarized reflectances,
and Fig. 12(b) indicates the refractive-index profile of the solu-
tion. Again, these results show that designs for ¢hplariza-
tion are easier to formulate than fppolarization.

Conversion of an inhomogeneous system into a system with
only two materials was described by Southwell [20]. In this
method, the number of layers of the resulting system may in-
crease. In practice, two-material systems are much easier to fab-
ricate using a conventional deposition process. The design ofl&]
nonpolarized coating, discussed above, demonstrates that FCEA,
is able to find adequate solutions.

(3]

[10]

(14]

[15]
VI. CONCLUSION

This study demonstrates that FCEA is a stable synthes%el
approach for optical thin-film designs at both oblique and
normal light incidence. From our experience, it is suggested?]
that a global optimization method should consist of both global
and local search strategies. In FCEA, decreasing-based mufas]
tions with a large initial step size is a global search strategy;
self-adaptive mutations with family competition procedure[19]
and replacement selection are local search strategies. These
strategies can closely cooperate with each other to improve tHe0l
overall search performance. [

The designs formulated as solutions for three difficult optical
coating problems verify that the proposed approach is robust ariéf!l
is very competitive with other algorithms. FCEA is also able to
obtain stable solutions for nonpolarizing coating problems. Weg23]
believe that the flexibility and robustness of FCEA make it an
effective synthesis method of optical thin-film designs.

We will continue to investigate a more flexible approach to
adapt the number of layers of a coating system and will SIUdy1f§5]
more diverse set of thin-film designs to determine the limits o
FCEA.

21]

(24]
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