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A Multi-Objective Extremal Optimisation
Approach Applied to RFID Antenna Design

Pedro Gomez-Meneses, Marcus Randall and Andrew Lewis

Abstract Extremal Optimisation (EO) is a recent nature-inspiredateturistic
whose search method is especially suitable to solve cordriabhoptimisation
problems. This paper presents the implementation of a fohjéctive version of
EO to solve the real-world Radio Frequency IDentificatioRI[®) antenna design
problem, which must maximise efficiency and minimise resorigequency. The
approach we take produces novel modified meander line amtgsigns. Another
important contribution of this work is the incorporation af inseparable fitness
evaluation technique to perform the fitness evaluation efdbmponents of solu-
tions. This is due to the use of the NEC evaluation suite, wkiorks as a black
box process. When the results are compared with those deddra previous im-
plementations based on Ant Colony Optimisation (ACO) arfteential Evolution
(DE), it is evident that our approach is able to obtain coritigetresults, especially
in the generation of antennas with high efficiency. Thesalt®indicate that our
approach is able to perform well on this problem; howevas#results can still be
improved, as demonstrated through a manual local searclegso
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1 Introduction

RFID [7] is the technology used to automatically identifyjexdis at a distance with-
out any physical or sight contact. RFID is widely used in aggtions such as smart
cards, electronic passports, access control, contaiaatifitation, animal identifi-
cation, sporting events, medical applications and inéhlstutomation [5].

The RFID implementation requires a tag, which consists ofa@aounhip together
with a radio antenna. For a description of the principles BfIR the reader is re-
ferred to [6, 7, 8, 12, 14]. The design of the antenna, as isodstrated in the new
section, is a Multi-Objective Combinatorial Optimisati®noblem (MOCOP) [3].
Until recently, engineers primarily designed these by haodever, nature-inspired
meta-heuristics have started to be used to try to find apprabed optimal configu-
rations in the design of RFID antennas. There is an initidliaalated work with ge-
netic algorithms [10], which was centred on a simple andleegRFID antenna de-
sign. A more systematic and general investigation has beeglabed on the design
of meander line antennas using Ant Colony Optimisation (A{&9, 12, 13, 14]
and Differential Evolution (DE) [11]. The research with AG®Dd DE has demon-
strated that it is possible to apply nature-inspired searebhanisms to design and
evaluate meander line RFID antennas.

The above has motivated the development of an applicatiothf design of
RFID antennas based on EO [1]. EO works by selecting one otdngponents
that make up the sole solution used in the algorithm. Thiscsieln is performed
by the assessment of the contribution of each componenéaidtution. Hence, the
componentthat degrades the solution evaluation the meshkdighest probability
of being chosen. Its value will be then replaced by a diffevatue. Over a number
of iterations, EO will gradually improve the quality of stins it generates. The
implementation of the EO approach for this problem is anredeéng challenge
because the evaluation for any valid solution of an anteagaut is performed
by an external black-box module provided by the free antenodelling software
package, NEC [2]. In terms of the meta-heuristic, there ignfiormation about
the potential value of components with which to guide thedeaTherefore, an
inseparable fitness evaluation mechanism is required tmpkemented. One such
scheme is developed as part of this research.

The inseparable fitness evaluation technique will be basethe idea of the
global pheromone scheme used in ACO. This scheme will servadintain a
record, over generations, of the components present indlians that have a
good evaluation. Thus, components with a higher presengeadd solutions will
have a higher level of pheromone, which means that these @oemps will be more
likely not to change as a result of EO’s selection mechanism.

The creation of a meander line is the most common form to desidRFID
antenna. The antenna is a folded dipole that can be repeeségta Cartesian
grid [6, 12] (see Figure 1), which is symmetrical around tipot. The grid is com-
prised of a finite number of points in a square shape. The nezdine is created
by the connection of these points by horizontal or vertiegisents, so that no seg-
ment intersects another already established. It is not atandthat all grid points
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Fig. 1 (a) The grid defines a & 5 antenna(b) lllustrates a potential meander line antenna for the
grid defined in (a)(c) The dipole antenna generated through the binding of twoongd- meander
line antennas shown in (b) by a 6 mm join.

must be connected; however, the meander line must startyoadjacent point to
the symmetric line that divides the two halves of the anteiiha start point is used
to connect, with an additional line, the two-mirrored dg®bf the antenna.

Recently, Randall et al. [12] developed an initial softwsystem to design and
evaluate the efficiency of meander line RFID antennas bas@&€C®. The approach
was successfully applied on grids from size 5 grid points to 10< 10 as a con-
structive mechanism creating a path on the grid. Continthigyresearch, Weis et
al. [13] proposed an extension based on a local search tpehitihat uses an op-
erator known as backbite. The next step was developed bysLewal. [8, 9] who
proposed a multi-objective version, which maximises ttigiehcy and minimises
the resonant frequency. After that, Weis et al. [14] prodasenechanism to incre-
ment the performance of the ACO software using an initialrpimne biased by
the a-priori knowledge from human designers. Each one sfitlorks show an im-
provement for all grid instances compared to those obtdiyetie previous work.

Montgomery et al. [11] developed a multi-objective DE auio, which dif-
fers from ACO in the way the solution is created. Instead @fgig constructive
mechanism, the DE algorithm starts with a complete initdison, which is itera-
tively improved using vector differences to modify it. Thesults showed that DE is
an appropriate method to achieve good solutions, being efteetive for smaller
antenna grid sizes. The DE approach did not use any localtseachanism to im-
prove the solutions. The DE approach demonstrates thatasisible to implement a
non-constructive technique to solve the RFID antenna dgsigblem, which is in-
herently constructive in nature. However, DE is a poputati@ased search method
suitable to solve continuous optimisation problems andRR&D antenna design
problem has been modelled as a combinatorial problem. Fore¢ason, it is be-
lieved that the non-constructive EO meta-heuristics, whesmrch methods is espe-
cially suitable for solving combinatorial optimisationgimems, could also achieve
competitive results to those generated by the ACO approach.

The EO approach described in this paper is tested and cothparthe same
grid sizes as those used Lewis et al. [9]'s multi-objecti@Rapproach and Mont-
gomery et al. [11]'s multi-objective DE approach.

The rest of this paper is organised as follows. Section 2aégxplthe insepara-
ble fithess evaluation scheme to solve problems that do wide the necessary
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information to perform a separable evaluation of companedection 3 presents
the extremal optimisation approach applied to the RFID ramdedesign problem.
Section 4 gives a summary of the computational experimesensldped with an

analysis of them. Section 5 presents the conclusions acdsiiss the future work
arising from this study.

2 Insepar able Fitness Evaluation Scheme

In EO, each component of the solution is evaluated to astessritribution to the
quality of the optimal. This evaluation is done at everydtem and it is essential
that the problem to be solved has as much suitable informasgossible for this
purpose. However, not all problems can provide this infdaroma For this reason, it
is necessary to incorporate a mechanism into EO in orderve pooblems where
it is not possible to carry out separable component fitheglaiations.

In the RFID antenna design problem, the input data are: titesgze, the side
antenna size, the wire width and the dipole segment corarelethgth. This infor-
mation, along with a proposed antenna design, is used astmfiie NEC software.
This software works as a black box computation, which retdine evaluation with
regard to the efficiency and the resonant frequency. No athtx is available or
known about these calculations, which may be used to perfloencomponent fit-
ness evaluation.

The inseparable fitness evaluation scheme proposed herdiased on the
pheromone structures used by Ant Colony System (ACS) [4R@S, each time
an ant traverses a path from the nest to the food source, bploeeomone update
is done. This action is performed until a complete route &dpced, updating the
pheromone level at each section of the route. Once all the leate finished the
creation of a route from the nest to the food source, a secpddta is carried out.
Here, the best route found at the current iteration is useal glsbal pheromone
update for each section in this route. As EO is not a methodgéaerates a so-
lution by applying a constructive mechanism, only the glgiteeromone update is
considered.

The idea behind the use of the pheromone structure is metivat the fact that
it works as an element which can keep a record of the solutarponents that are
present in good solutions. In this way, each time a new nanidated solution is
found, then a pheromone update is performed. With this phoee the components
that degrade the solution will have low pheromone levels thedcomponent that
contributes to the optimality of the solution will have a lhigheromone level. Thus,
the pheromone structure allows the implementation of ad#trevaluation of the
components of the solution without any specific informatibout the evaluation of
the objective function(s).

In the particular case of the RFID antenna design problech) eemponent of
the pheromone structure represents a segment that joinadj@oent non-diagonal
points of the grid. The collection of these segments comgpoge half of the sym-
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Component number —> 1 2 3 L. m
Pheromone level 0.17 0.42 0.36 0.25 Pheromone

Fig. 2 An example of a pheromone vector for the RFID antenna desiginlgm, wherem is the
number of components in the solutionis formally defined in the next section.

metrical design. Figure 2 shows a pheromone illustratiornife RFID antenna de-
sign problem.

The pheromone vector is initialised with a very low valuensstn zero and one.
After that, the pheromone level for each component is upbaleng the extremal
optimisation search process according to Equation 1.

ol =(1-a)®tran (1)

where:
@t is the pheromone value for th component at timg,

a is the pheromone decay factor, and
A is the pheromone positive reinforcement for tecomponent if it be-
longs to a non-dominated solution, 0 otherwise.

This pheromone update is applied only to each non-domirsatietdion found by
EO and only the components that have allocated a segmeutetaigs to the solu-
tion are able to obtain this reinforcement. Finally, theejperable fitness evaluation
scheme of a solution is given by Equation 2.

A(x)=®(x), Vi 1<i<n )

where:
A(x) is the fitness evaluation for tfi& component of the solution,

®(x) is the pheromone level for thE& component of the solution,
n is the number of components of the solution.

Note that the fitness function evaluation, for each compbaogthe solution, is
completely defined by the pheromone structure. It is unrsaecgso have any other
information with respect to this particular problem. Thibeme is very general and
applicable to other black box problems.

3 EO Applied to RFID Antenna Design

Until now, all approaches based on either ACO or DE, have eabrkith a meander
line antenna design. These works fulfilled the objectiveehdnstrating that it is
possible to develop a software system to design and evatueaader line RFID
antennas using both a constructive and a non-constructie-heuristics. How-
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Fig. 3 (a) The grid representation for @55 antenna based on segment allocat{billlustrates
a potential modified meander ling) The dipole antenna generated with two mirrored modified
meander lines connected by a 6 mm segment.

ever, new guestions emerge as to the possibility of applgthgr nature-inspired
meta-heuristics for generating antenna designs and ipivssible to build efficient
antennas with a different design to that of a meander line.

In response to these questions, the idea of developing anppéach using
modified meander lines, is proposed. Here, the restrictfogeoerating a single
continuous line is relaxed and now a line with loops, meshreads and parasitic
elements can be designed. This revised scenario involvesvamerpretation of
how the grid is built.

In previous works, eachode on the grid is tagged with an identification num-
ber from 1 ton?, wheren is the grid size, as was shown in Figure 1. Therefore,
the solution is represented by a sequence of nodes, whicjoiaesl in order by
a continuous line to generate the antenna design. Howevanriodified meander
line antenna design scheme, the same grid has a differenpiatation. Here, the
segments that join the nodes are tagged with an identification numimnfl tom,
wherem= (2 x (n— 1) x n), as shown in Figure 3.

For the modified meander line case, the solution is repreddmnt a vector ofn
components. Each component represents a segment thatpatetdially be put in
the antenna design. If thi® segment is allocated to the antenna design, then a value
of 1 is assigned to its position in the solution vector. A eabf 0 is assigned to
signify that the segment is not part of the antenna designKggire 4).

This representation to design a general modified meanderfitenna becomes
a combinatorial optimisation problem similar to the knagisproblem. The main
difference between this and the problem defined in this papé¢hat the weight
for each knapsack item is known, whereas in the modified nedire antenna
design there is no information related to any sort of weipht s associated with
the segments. Also, there is the constraint that a segmeatiated to the edge of

Segment number >_1

2 ... m
[o[o[1][1]o[a][1]0[1]1]1 |« Solution

1: allocated
Value  0:unallocated

Fig. 4 An example of a solution vector for the modified meander lineana.
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the grid aligned to the symmetric line, must be allocatediriginto consideration
these differences, the modified meander line antenna dedligre formulated as a
multi-objective knapsack problem.

The initial solution is obtained by a random selection ofrsegts. This mecha-
nism could generate an infeasible solution due to the remqént that at least one
segment associated to the edge of the grid aligned to the sjmiertine must be in
the antenna design. This is because the additional 6 mm sgisnesed to connect
and energise the two-mirrored grids that form the dipoleana. If an initial fea-
sible solution is generated then this is added as the firsit jgoithe approximated
Pareto-front set.

For this particular problem, which has no available infotiorato perform an
assessment of the components of the solution, a diffetedtféness evaluation is
implemented with the support of the inseparable fithessiatian scheme described
in Section 2. Thus, Equation 3 illustrates the fitness ev@mln#o select the segment
that degrades the solution to be assigned or unassignedtieantenna design.

®(x) ,¥i 1<i<mforfeasible solutions
A(x) = N 3)
-V VMieM for infeasible solutions

where:
®(x;) is the pheromone level for th& component of the solution,

m is the number of components of the solution,

Vi is the number of segments connected toithenassigned segment
associated to the edge of the grid aligned to the symmetigg &ind

M is the set of segments associated to the edge of the grickdlign
the symmetric line.

When the solution is feasible, the inseparable fitness atialu based on the
pheromone structure is applied to define which componentiefsolution de-
grade the solution. Thus, segments that have a low level efgphone are chosen
with a higher probability to be allocated/unallocated thzmse with a high level of
pheromone. This is because a segment with a low level meahi thoes not con-
tribute to achieving a high efficiency with a low resonangfrency in the modified
meander line antenna design. On the other hand, when theosois infeasible,
this means that none of the segments on the symmetric lirelacated. To obtain
a feasible solution again, one of them must be selected talieopthe antenna
design. Hence segments on the symmetric line, with a highbeuof neighbouring
segments connected to it, are considered to be the compahahtegrade the so-
lution. This is because a segment that is connected to odjerent segments has a
higher probability of generating a longer continuous lifikis is important due to
longer continuous lines reducing resonant frequency.

The Roulette Wheel Selection (RWS) scheme is used to satecvbthe worst
evaluated segments according to its probabiityrhe replacement of the value for
the chosen component (segment) is a simple process betaume fias to change
its value from 0 to 1 or from 1 to 0, as appropriate.
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Due to the very time consuming process to evaluate the salldy the NEC
software, for now, secondary search is not performed. HewaJocal search per-
formed manually, to discern a possible future implemeatedf this, is carried out.
For the same reason, as in previous works [9, 8, 11, 12, 13alefching system
is implemented to reduce the number of evaluations madeecbMHC software and
so to reduce the runtime of the EO process.

Each time a feasible solution is found, the non-dominatedguiure is activated
to update the approximated Pareto-front set found at thectiteration. If a new
non-dominated solution is found, then the pheromone lepdhte is performed.
The EO procedure is repeated for a pre-set number of iteatieinally, the ap-
proximated Pareto-optimal and Pareto-front sets that fered by the approach
are returned as output. Algorithm 1 shows the EO pseudocndéé bi-objective
modified meander line antenna design problem.

Algorithm 1 The EO pseudocode for line antenna design problem.

1: Generate the probability vectBr

2: Generate the initial pheromone structdre

3: Initialise a solutiorSwith random values fror§0, 1}
4: if Sfeasiblethen

5.  AddSinto the approximated Pareto-front set

6 Update pheromone leve®

7: end if

8: repeat

9:  if the current solution is feasibtéen
10: Evaluate the fithess(x;) for the components of the feasible solution
11: dse
12: Evaluate the fithess(x;) for the components of the infeasible solution
13:  endif

14:  Rank the components according to its fitnesg) from the worst to the best

15:  Select a component based on the probability of its Ranking RWS

16:  Obtain &S,y by changing the value of the selected compone®&tmO or 1 as appropriate
17: Evaluate the new solutid®ey

18:  if Sy is feasiblethen

19: Apply theNonDominance(Syey) procedure

20: if a new non-dominated solution is generatieeh
21: Update pheromone levets

22: end if

23:  endif

24: until the termination condition is satisfied
25: return the approximated Pareto-optimal and Pareto-front sets
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4 Computational Experiments

The EO algorithm was coded in the C language and compiledgdth The tests
were performed on a Linux workstation with a 3 GHz Core2 DudJGiAd 3.8 GB
of RAM. The NEC software was the version available in latedbet 2010.

Test data were the same as used in the previous works by Léwlis[8] and
Montgomery et al. [11]. These tests consist of six gridayfize 5x 5 to 10x 10.

All grids have a dimension of 25 25 mm and the segment width is 1 mm. An extra
segment of 6 mm in length is used to connect the dipole.

The number of iterations for the search was set to 1000. Adnighmber of iter-
ations were not performed because the NEC software takessidevable amount
of runtime. Each instance was run three times using a diffeemmdom seed. Grids
from 5x 5to 7x 7 ran an extra search with 2000 and 3000 iterations only terobs
if lower resonant frequencies could be reached.

The initial pheromone level and the pheromone decay facesewset at 0.1, as
these values have been found to be robust by Dorigo and Gdellzaf4]. The
pheromone positive reinforcement was set at 1.0 as a cdangtire. This value is
calculated as AL, whereL is the length of the best path generated by the ants. But,
as EO does not generate a path, this value was implementezbastant value.

4.1 Comparison of Results

The EO results were compared with those obtained by the AC@][@nd the
DE [11] algorithms. These variants are denotedA&@€q;, ACOqs, ACOq, DE,
DEninL. Theqindex for the ACO approaches refers to three different keeéfreed-
iness to determine the next component to add in its consteygtocess; that is, the
probability that a greedy decision is made instead of a fitibic one. On the
other hand, the DE variamtinL alludes to the incorporation of a minimum length
constraint in the meander line to encourage the exploraticolutions with lower
resonant frequencies.

The objective of this comparative study is to discuss thengfths and weak-
nesses of the EO approach and the contribution that this eewnique for RFID
antenna design can provide. To do this, it is necessary tsigenthe following
implementation differences that affect this comparison:

e The ACO and DE approaches work under the restriction of geimgr meander
lines, which can have different lengths. The EO algorithawéver, develops an
antenna based on the presence or absence of the segmentskkaip the grid
through a modified meander line that is able to create angdesi

e The connection line is another aspect that has been dealimdtifferent ways.
The DE approach always makes the connection line, whicheighté link con-
necting the two halves of the dipole antenna, at node 1, vilideACO and EO
algorithm may make the connection in any node on the symoagtine.
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e The local search mechanism has only been implemented byQ@a approach
through the application of the backbite operator [13]. Tledhd EO algorithms
have not yet implemented a local search mechanism.

e The number of solutions produced by DE and ACO were 10100 888d solu-
tions respectively. However, EO produced only between H@B000 solutions
according to the performed experiment, due to the limitetetand available
computational resources.

e DE and ACO, are population-based techniques. The vatialfi new solu-
tions generated by population-based methods is generatyey than the single-
individual-based methods, as is the case for extremal dgation.

Figure 5 shows a the plotted graph results for the ACO, DE addfproaches
for the grid size 7 7. The remaining plotted graphs can be obtained fronp:
//dl . dropbox. com u/ 69201895/ Evol ve2012/i ndex. ht m .

100 F° PV TN S

g B -

ACO q0-1
ACO q0-5
ACO q0-9

DE

Efficiency
PODOXX+

DE min length
EO

L L
1000 1500 2000
Resonant Frequency

Fig. 5 Result for the % 7 bi-objective RFID antenna design problems. This graphdgative of
the performance of EO, regardless of grid size.

The first issue that can be appreciated in the graph is an xippated Pareto-
front set that is biased towards the objective related taieffcy. This can be in-
terpreted as EO generates designs with a high efficienayadsif antenna designs
with low resonant frequencies. This is evident by obsertireynumber of solu-
tions generated in the frequency range 1 GHz to 2 GHz. Furtbes, most of the
solutions generated in that frequency range achievedrbefieiency than those
generated by the previous approaches.

Use of the S-metric [15] and the C-metric [15] can achieve aemamalyti-
cal comparison than the visual analysis of the plotted ggapphe S-metric eval-
uates how much of the multi-objective space is dominateddiyen approximated
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[Grid Sizg ACOq; [ ACOq: [ACOg | DE [DEmin.| EO |
5x5 [49331.848658.§48600.049326.148053.949422.
6x6 |86862.486557.386081.186949.986898.986319.4
7x7_|48587.148333.548005.448583.547525.447118.1
8x8 |27738.027738.027473.127684.627201.{19713.9
9x9 [48250.148177.547847.047835.646291.936255.9

10x 10 [47477.447333.447303.446678.444753.335810.4

Table 1 The S-metric values for the RFID antenna design with a gdd ef 5x 5, 6x 6, 7x 7,
8x8,9x9and 10x 10.

Pareto-front set. The C-metric compares two approximaaeetB-front sets through
measuring the proportion of points in one set that are dotméhiay the other set.

From Table 1 it can be observed that EO achieved a similarrageeof the
dominated space in comparison with the other approach#sdayrids of size & 5,

6 x 6 and 7x 7. However, for the grids of sizex88, 9x 9 and 10x 10, the S-metric
indicated a lower dominated space than the ACO and DE apipesathe decrease
in the value of the metric for the three largest grids was dukd reduced number of
iterations that EO carried out (just 1000, versus 3000 peréal by the three smaller
grids). This demonstrates that EO is able to find new, nonkdat®d solutions as the
number of iterations is increased. It is important to notd ttespite the similarity
of the S-metric value achieved by it, the approximated Pafireint sets obtained by
EO is more inclined towards higher resonant frequencieslinaer ones.

The C-metric values shown in Table 2 illustrate that evemwie low number
of iterations performed by EO, the proportion of solutionarid for this, that are
dominated by the other approaches, is less than 32%. Eviaefuthis became zero
in the case of the & 9 grid. These values can be considered to be good, but it is

5x5 ACOq]_ ACOqE, PCOqg DE DEminL EO 6x6 ACOql ACOq5 ACOqg DE DErrinL EO
ACOq| - 0.290 0.347 0.222 0.177 0.2{RCOq | - 0.304 0.442 0.131 0.219 0.1p1
ACOqs | 0.083 - 0.152 0.044 0.044 0.102COgs | 0.146 - 0.442 0.171 0.243 0.1p1
ACOq| 0.0 0.036 - 0.044 0.044 0.1D0ACOq | 0.08 0.130 - 0.105 0.134 0.147
DE (0.027 0.2 0.173 - 0.0 0.20p DE [0.333 0.391 0.519 - 0.207 0.2]79
DEpjn | 0.013 0.163 0.152 0.044 - 0.20®Eqin | 0.293 0.391 0.480 0.157 - 0.25
EO |0.027 0.109 0.065 0.066 0.022 EO | 0.04 0.072 0.038 0.013 0.024
7% 7 |ACOq ACOgs ACOqy DE DEpin. EO || 8x 8 |ACOq ACOgs ACOg9 DE DEmim. EO
ACOqi| - 0.285 0.229 0.559 0.397 0.30BCOq | - 0.0 0.517 0.689 0.656 0.066
ACOqs | 0.245 - 0.208 0.623 0.479 0.29®COqs| 0.0 - 0.517 0.689 0.656 0.066
ACOq9|0.210 0.116 - 0.537 0.397 0.10ACOgq |0.173 0.173 - 0.655 0.585 0.0[L6
DE [0.333 0.181 0.187 - 0.173 0311 DE |0.269 0.269 0.344 - 0.474 0.083
DEpjn | 0.315 0.233 0.25 0.731 - 0.14DEqin | 0.057 0.057 0.241 0.333 - 0.0[L6
EO |0.017 0.025 0.104 0.010 0.0 41| EO |0.038 0.038 0.137 0.011 0.0 B
9% 9 |ACOq ACOgp ACOg DE DEpin. EO |[10x 10/ACOq ACOg ACOgg DE DEmn. EO
ACOq| - 0573 0.608 0.824 0.982 0.08BACOq | - 0.408 0.701 0.886 1.0 0.112
ACOqs | 0.166 - 0.540 0.72 0.965 0.04&COqs | 0.39 - 0.656 0.806 1.0 0.105
ACOq9|0.102 0.16 - 0.662 0.844 0.0 ACOq|0.123 0.098 - 0.647 0.95 0.0p0
DE |0.166 0.253 0.297 - 0.87 0.102 DE |0.109 0.197 0.388 - 1.0 0.1p7
DEmin | 0.012 0.04 0.148 0.094 - 0.0 DEmn| 0.0 0.0 0.014 0.0 - 0.0
EO |0.025 0.013 0.094 0.0 0.017 4| EO |0.013 0.014 0.029 0.011 0.033

Table 2 The C-metric values for the RFID antenna design with a gzé sif 5x 5, 6x 6, 7x 7,
8x 8,9x9and 10x 10.
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necessary to develop a deeper analysis to understand wdg/\thkies are received.
A possible reason for these results is because of the facEthareates a type of
antenna with different features to those generated by thé@qurs works.

4.2 Manual Local Search Analysis

Previous work leant towards the creation of antennas thraugpntinuous line that
follows the pattern of a meander path. Generally, the lotigercontinuous line,
the lower the resonant frequency and quicker the NEC evatudiowever, the EO
implementation investigates the free allocation of segsanthe grid generating
antenna designs that do not necessarily follow any premi@ted pattern. Therefore,
the probability of creating a continuous long line is lowErnis feature has a strong
impact on both increasing evaluation runtime for the NEQGvearfe and decreasing
generation of antennas with lower resonant frequencies.

Results showed that EO was able to generate similar appadethiPareto-front
sets for runs with different initial seeds. Also, when tlegdtions are increased, the
approach is able to find points on the attainment surface étter convergence
and diversity. However, this improvement was not expeategach solutions with
lower resonant frequencies.

To improve the convergence towards lower resonant fredeena potential lo-
cal search mechanism was analysed. The backbite locahseechanism used in
previous works cannot be applied to the EO approach as tthisigue is oriented
to the construction of Hamiltonian walks as the case of a mealine. However,
EO needs of a mechanism to generate, in the current modifiaddee line solu-
tion, a continuous line as long as possible through the noadiéin of one or more
segments. The difficulty of performing this simple openati@s in the modified
meander line generated by EO not following any predefinettpasuch as a me-
ander line (see Figure 3). The drawn line on the grid can sanabusly produce
continuous lines, branched lines, circuits and complaseliated lines.

A heuristic that can be followed is to identify all end seginémes and to try
to add a new segment without creating a circuit. For exaniptgire 6 (a) shows
the minimum resonant frequency (RF) with its respectivecigfficy (E) that was
found in the 5x 5 grid. Here, all end segment lines that potentially can aud a
adjacent segment are identified. From these points, onimeets 31 and 37 are
able to add a new segment without generating a circuit. Eigufb) shows the
result when segment 32 is incorporated. It can be seen thaefonant frequency
decreases, but also there is a decrease in efficiency. A besienant frequency is
achieved when segment 9 is added (see Figure 6 (c)). Thi®iraprent is because
the incorporation of segment 9 achieves a longer continlioes

A special case can be given in Figure 7 (a), which illustratesn it is not possi-
ble to add an adjacent segment without generating a citdeie, there is the option
of removing any of the branched segment lines as can be séggure 7 (b). The
elimination of one of these branched segment lines achiaviadl in the resonant
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Fig. 6 A manual local search case for thex% grid, when it is possible to add a new segment
without generating a circuit. The dashed segment represeatconnection line.
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Fig. 7 A manual local search case for thex grid, when it is not possible to add a new segment
without generating a circuit. The dashed segment represeatconnection line.
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Fig. 8 A manual local search case for the<® grid, given a change to the connection line to a
different segment in the symmetrical line side. The daslkgdent represents the connection line.

frequency. This is an interesting finding that requires naralysis; however, this
was not the only discovery. It is possible to reduce the rasbfrequency even
more with a slight increase in efficiency, which is desirahl®FID. This is possi-
ble when segment 40 is eliminated and segments 5 and 9 amparated into the
circuit that is generated at the end of the continuous segstarting from the line
of connection (see Figure 7 (c)). For these two last case&shécessary to create a
general local search heuristic that allows the discoveneaf non-dominated points
towards lower resonant frequencies for the antenna desigergted by EO.

A third interesting case to discuss is given by analysingthetion with the low-
est resonant frequency obtained by EO for the grid size66 Figure 8 (a) shows
the antenna design and identifies the end segment linesdteattally could add an
adjacent segment. From these segments, the only one thatidasm new segment
without generating a circuit is segment 16. When segmens 48lded to segment
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16, the resonant frequency has a slight decrease from %MbB2 to 968.875 MHz
(see Figure 8 (b)). However, if the connection line is coesed in the local search
process, the simple act of changing the connection pointrteva position could
achieve a significant improvement in the reduction of themest frequency. Fig-
ure 8 (c) shows the considerable fall in the resonant frequéom 968.875 MHz
to 741.75 MHz when the connection line is moved from segménbzegment 55.

The incorporation of a local search mechanism is a task #tptires some time
to be studied. The aim is to develop a mechanism that reqagésw assessments
as possible due to the considerable amount of time requaretthé NEC software.
This is because the local search could multiply the numbsolftions generated to
be evaluated by the NEC software by a factor determined byrhawy additional
solutions are generated by it.

5 Conclusions

This paper described the implementation of an EO algorithinich was applied to
solve a real-world RFID antenna design problem.

The need to extend fitness evaluation to deal with problemishtaive no avail-
able information or data to perform the fitness evaluatiantie components of
the solution was evident. In response to this requiremést,riseparable fithess
evaluation technique was proposed. The implementatiohisftechnique used a
pheromone-based mechanism (borrowed from ACO) to assessotttribution of
the components of the solution.

A new representation of the solution based on the allocaifasegment lines
was implemented. With this novel representation, the RFi2rana design was set
out as a knapsack problem, which allowed the generation efiatype of antenna
design through a modified meander line.

Results show that the EO is an effective and efficient meshato find antenna
designs with high efficiency for resonant frequencies ov@iHEz. The new scheme
of the modified meander lines generated by EO has featuréghidraditional
meander line does not, such as an increase in the antenraivtedoad. However,
it is believed that these same features prevent the new agipfoom achieving low
resonant frequency antenna designs, which are efficientlgiyzed by the ACO
algorithms. For this reason, a set of mechanisms, to be imgriéed as extensions
to the EO approach, improving its convergence towards aatelesign with low
resonant frequencies, were proposed.

Despite the low number of evaluations that could be perfarmi¢h the EO ap-
proach (between 1000 and 3000 evaluations, depending aizthef the instance)
compared with the 10000 evaluations performed by previomksy the prelimi-
nary results are very promising. A number of potential fatworks emerge from
the proposal. Firstly, a population-based extension oEthepproach is an interest-
ing aspect to be developed, with the aim of increasing therdity of the solutions.
This improvement will be the basis for a parallel impleméintaof the EO algo-
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rithm, with the objective of reducing the considerable veddick time required by
the NEC evaluation software. Finally, taking into consateam the good perfor-
mance achieved by EO to find antenna designs with high effi@srand by ACO
to find antenna designs with low resonant frequencies, a iydnichheuristic that
uses both methods could be implemented. It is believed titatthis new hybrid
heuristic, enhanced approximated Pareto-front sets dmufdund.
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