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ABSTRACT

This paper proposes a new parallel asynchronous version of the Strength Pareto Evolutionary Algorithm (SPEA)
implemented over a network of inexpensive personal computers. The objective of the implementation is the optimal
design of communication networks in the presence of multiple and even conflicting objectives. It tries to find the best
topologies for the network, given the location of the Communication Centres (nodes), and the cost and reliability of the
potential links between them. The proposed tool provides the system designer with a complete set of valid solutions,
easing the process of decision making. In this set, known as the Pareto optimal set, all solutions are feasible and no
solution is the best, if all objectives are being considered. Experimental results validate the suggested approach.
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RESUMEN

Este trabajo propone una innovadora versión paralela asíncrona del Strength Pareto Evolutionary Algorithm (SPEA),
implementada sobre una red de computadoras personales de bajo costo. El objetivo de la implementación es el diseño
óptimo de redes de computadoras en presencia de múltiples objetivos que incluso pueden estar en conflicto entre sí. Se
trata de obtener las mejores topologías posibles para la red, dada la ubicación de los centros de comunicación (nodos), y
el costo y confiabilidad de los enlaces potenciales entre ellos. La herramienta propuesta provee al diseñador de sistemas
de un completo conjunto de soluciones válidas asistiendo al proceso de toma de decisiones. En este conjunto, conocido
como conjunto Pareto óptimo, todas las soluciones son factibles y ninguna puede considerarse mejor a las demás si se
toman en cuenta todos los objetivos. Resultados experimentales demuestran la validez de la propuesta sugerida.
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1 INTRODUCTION7KH�GHVLJQ�RI�FRPPXQLFDWLRQ�QHWZRUNV� LV� D� W\SLFDO�SUREOHP�IURP� WKH�ILHOG�RI�RSHUDWLRQDO� UHVHDUFK��&OHDUO\�� LW� FDQ�EHFODVVLILHG� DV� D� PXOWLREMHFWLYH� SUREOHP�� 7KH� REMHFWLYH� RI� WKH� GHVLJQHU� LV� WR� RSWLPLVH� D� VHW� RI� FRQIOLFWLQJ� REMHFWLYHV�UHOLDELOLW\�� FRVW�� GHOD\V�� WKURXJKSXW�� FDSDFLW\�� HWF�� ZKLOH� PDLQWDLQLQJ� UHVWULFWLRQV� RYHU� DQRWKHU� VHW� RI� UHTXLUHPHQWV�PLQLPXP�UHOLDELOLW\��PD[LPXP�FRVW��PD[LPXP�DFFHSWDEOH�GHOD\��PLQLPXP�VSHHG��HWF��7KLV�SUREOHP�LV�NQRZQ�WR�EH�13�+DUG�>�@�0DQ\� DSSURDFKHV� KDYH� EHHQ� GHVLJQHG� WR� DGGUHVV� WKLV� SUREOHP�� VRPH� RI� WKHP� EDVHG� RQ� YDULRXV� NLQGV� RI� JUDSKSHUWXUEDWLRQ�KHXULVWLFV�>�����@��DQG�RWKHUV�IRXQGHG�LQ�WHFKQLTXHV�IURP�DUWLILFLDO�LQWHOOLJHQFH��WDEX�VHDUFK�>��@��VLPXODWHGDQQHDOLQJ�>��@�DQG�JHQHWLF�DOJRULWKPV�>�����������@���$Q�LQWHUHVWLQJ�VXPPDU\�RI�WKHVH�PHWKRGV�FDQ�EH�IRXQG�LQ�>�@��7RVKRUWHQ�WKH�GLVFXVVLRQ�LW�LV�XVHIXO�WR�VD\�WKDW�D� QRQH� RI� WKHP� WUHDWV� WKH� SUREOHP� DV� D�PXOWLREMHFWLYH� SUREOHP�� EXW� WKH\� ZRXOG� UDWKHU� FKRRVH� DQ� REMHFWLYH� WRRSWLPLVH��OHDYLQJ�WKH�RWKHUV�DV�UHVWULFWLRQV�E� DOO�RI�WKHP�FDQ�EH�DSSOLHG�RQO\�WR�QHWZRUNV�RI�UHVWUDLQHG�PDJQLWXGH��DQG�LQ�YHU\�UHVWULFWHG�VLWXDWLRQV��$V�WKH�VL]HRI� FRPPHUFLDO� V\VWHPV� JURZV� WKHUH� LV� D� FRPSOHWH� ODFN� RI� WRROV� WR� DLG� LQ� WKH� GHVLJQLQJ� SURFHVV�� DQG� WKHPHWKRGRORJ\�RI�WULDO�	�HUURU�WKDW�KDV�EHHQ�DSSOLHG�LV�QHLWKHU�HIIHFWLYH�QRU�HIILFLHQW�,Q� WKH� SUHVHQW� ZRUN� ZH� SURSRVH� DQ� LPSOHPHQWDWLRQ� RI� WZR� YHUVLRQV� RI� WKH� 6WUHQJWK� 3DUHWR� (YROXWLRQDU\� $OJRULWKP�63($��>��@���D�VHTXHQWLDO�DQG�D�SDUDOOHO�RQH��� DQG�ZH�H[DPLQH�DQG�FRQWUDVW� WKH� UHVXOWV� REWDLQHG�ZLWK� ERWK��:H�KDYHFKRVHQ� WKH�63($� EHFDXVH� LW� LPSOHPHQWV� HOLWLVP� WKURXJK� WKH�PDLQWHQDQFH� RI� DQ� H[WHUQDO� SRSXODWLRQ� RI� EHVW� VROXWLRQVIRXQG�GXULQJ�WKH�ZKROH�JHQHUDWLRQDO�ORRS��WKHQ��FRQYHUJHQFH�LV�JXDUDQWHHG�>��@�
The rest of this work is organised in the following way: section 2 presents a very concise outline of the theory of
multiobjective optimisation. Section 3 introduces the problem to be solved with its restrictions and generalities. Section
4 discusses the test problem. Section 5 and 6 contain descriptions of the implementations (sequential and parallel
version, respectively). Section 7 includes performance metrics used for the testing procedure. Section 8 presents
experimental results. And, finally, section 9 emits some conclusions and directions for further work.

2 MULTIOBJECTIVE OPTIMISATION PROBLEMS

Multiobjective optimisation can be applied to a wide range of problems. In particular we consider the problem of the
backbone design of a computer network. One of the key objectives of the designer is to minimise total costs, while
another one is to maximise reliability. Depending on the type of normal traffic, other objectives can be minimise delays,
maximise throughput, etc. Every objective can be expressed explicitly as an objective to optimise or can be included as a
restriction for the optimisation process. Considering this fact a multiobjective problem can be defined as follows.
Multiobjective Optimisation Problem (MOP). A general MOP includes a set of n parameters (decision variables), a set
of k objective functions, and a set of m restrictions. Objective functions and restrictions are functions of decision
variables. This can be expressed as:

Optimise y = f(x) = (f1(x), f2(x), ... , fk(x))
subject to e(x) = (e1(x), e2(x), ... , em(x)) t 0

where x = (x1, x2, ... , xn) � X
y = (y1, y2, ... , yk) � Y

(1)

and where x is the decision vector and y is the objective vector. X denotes the decision space and the objective space is
denoted by Y. Depending on the problem at hand “Optimise” could mean minimise or maximise.
The set of restrictions e(x) t 0 determines the set of feasible solutions Xf and its corresponding set of feasible objective
vectors Yf.
From this definition it follows that every solution for the problem consists of a n-tuple x = (x1, x2, ... , xn), that yields the
objective vector y = (f1(x), f2(x), ... , fk(x)), where every x must comply with the set of restrictions e(x). The optimisation
problem consists in finding the x that has the “best” f(x). In general, there is not one “best” solution, but a set of
solutions, none of which can be considered better than others if all objectives are considered at the same time. This
derives from the fact that there could be –and mostly there are– conflicts between the different objectives that compose
the problem. Thus a new concept of optimality should be established for MOPs.

In common mono-objective optimisation problems the set of feasible decision variables is completely ordered by the
objective function f. The goal is simply to find the value –or set of values– that lead to the optimal values of f. In
contrast, in multiobjective optimisation the feasible decision vector set is partially ordered (i.e. there exist a decision
vector a and a decision vector b and f(a) cannot be considered better than f(b), neither f(b) is better than f(a). Then,
mathematically the relations =, d and t should be extended. This could be done in the following way:
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Given two decision vectors u �X and v �X
f(u) = f(v) if and only if  ��L {1, 2, ... , k}:  fi(u) = fi(v)

f(u) t f(v) if and only if  ��L {1, 2, ... , k}: fi(u)t fi(v)
f(u) > f(v) if and only if f(u) t f(v)� f(u) z f(v)

(2)

The relations d and < could be defined in similar ways.
Then, given two decision vectors of a MOP, x1 and x2 they comply to one of three conditions: either f(x1) > f(x2), or f(x1)

> f(x2), or f(x1) & f(x2) � f(x2) & f(x1). And this is expressed with the following symbols.
Pareto Dominance. Given two objective vectors a y b,

a 0 b (a dominates b) if and only if a > b

b 0 a (b dominates a) if and only if b > a

a ó b (a and b are not comparable) if and only if a & b � b & a

(3)

Definitions for the minimisation problem (/��ó) could be derived in analogous fashion.

At this point the concept of Pareto optimality can be introduced. A solution is said to be Pareto optimal or “non inferior”
if any objective cannot be improved without degrading others.
Pareto Optimality: A decision vector x � Xf, and its corresponding objective vector y = f(x) � Yf is non-dominated
with respect to a set A � Yf if and only if� a � A : (y 0 a � y ó a) (4)

When y is non-dominated with respect to the whole set Yf –and only in that case– x is a Pareto optimal solution, x �
Xp (the Pareto optimal set) and the corresponding y is part f the Pareto optimal front Yp.
Dealing with Pareto optimal solutions, it is clear that they are non-comparable. This points to the fact that a MOP does
not always have a single solution, but a set of compromise solutions. None of these solutions can be defined as “the
best”, unless other information is added (i.e. weight of every objective).

Pareto Optimal set and Pareto front. Given the set of feasible decision vectors Xf , the function p(Xf) returns the set of
non dominated decision vectors that belong to Xf, i.e.:

p(Xf) = { x � Xf | x is non dominated with respect to Xf } (5)

The set Xp = p(Xf) is known as the Pareto optimal set, while the corresponding set of objective vectors Yp = f(p(Xf))
constitutes the Pareto optimal front.

3 STATEMENT OF THE PROBLEM$�QHWZRUN�FDQ�EH�PRGHOOHG�E\�D�SUREDELOLVWLF�XQGLUHFWHG�JUDSK�>�@�*� ��9��/��S���ZKHUH�x 9 LV�WKH�QRGH�VHW�x / LV�WKH�DUF�VHW��7KH�FDUGLQDOLW\�RI�/ LV�DOVR�WKH�QXPEHU�RI�SRVVLEOH�OLQNV�DQG�FDQ�EH�H[SUHVVHG�DV� �� ��  99/Q (6)

x $QG�S LV�WKH�UHOLDELOLW\�RI�OLQNV�7KH� SUREOHP� RI� QHWZRUN� GHVLJQ� FRQVLVWV� RI� FKRRVLQJ� WKH� OLQNV� JLYHQ� WKH� FRPPXQLFDWLRQ� FHQWUHV� ORFDWLRQV�� DQG� WKHSRWHQWLDO� OLQNV� ZLWK� WKHLU� FRVW� DQG� UHOLDELOLW\�� 7KH� UHVXOWLQJ� QHWZRUN� VKRXOG� DFTXLUH� D� FHUWDLQ� VHW� RI� YDOXHV� IRU� WKHREMHFWLYHV�DQG�FRPSO\�ZLWK�DQRWKHU�VHW�RI�UHTXLUHPHQWV�
From the definitions mentioned in the previous section, it is obvious that the problem of backbone network design
optimisation can be expressed as a multiobjective optimisation problem. $V� WKH� SUREOHP� FDQ� EH� DV� ELJ� DV� D� GHVLJQHUVWDWHV�LW��L�H���KH�FDQ�FKRRVH�DV�PDQ\�REMHFWLYHV�DV�KH�ZDQWV��KH�FDQ�KDYH�DV�PDQ\�NLQG�RI�OLQNV�DV�WHFKQRORJ\�DQG�EXGJHWOHWV�KLP���WKHUH�LV�D�QHHG�WR�SODFH�OLPLWV�RQ�LW��,Q�WKH�SUHVHQW�ZRUN��LW�LV�VWDWHG�DV�WKH�RSWLPLVDWLRQ�RI�WZR�REMHFWLYHV��N  ����UHOLDELOLW\�DQG�FRVW��The fact that every network topology must be connected is expressed by restricting reliability to
positive values, then WKH�SURSRVHG�VROXWLRQV�PXVW�PHHW�RQO\�D�PLQLPXP�UHOLDELOLW\� UHTXLUHPHQW� �P  ����� ,W� LV�DVVXPHGRQH�EL�GLUHFWLRQDO�OLQN�EHWZHHQ�HDFK�SDLU�RI�QRGHV��UHGXQGDQF\� LV�QRW�DOORZHG��� WKXV� the potential links between every
pair of nodes are the decision variables��(YHU\�GHFLVLRQ�YDULDEOH�[ LV�FRPSRVHG�RI�D�Q�WXSOH��[���[��������[Q��7KH�FRQVWUDLQWV�RQ�UHGXQGDQF\�DQG�QXPEHU�RI�REMHFWLYHV�DUH�RQO\�DSSDUHQW�DQG�GR�QRW�PDNH�WKH�SUREOHP�OHVV�JHQHUDO��DVWKH� DGGLWLRQ� RI� QHZ� REMHFWLYHV� LV� D� WULYLDO� SUREOHP�� HYHQ� WKRXJK� LW� PD\� UHTXLUH�PRUH� FRPSXWDWLRQDO� UHVRXUFHV�� $OVR�



4

UHGXQGDQW�OLQNV�FDQ�EH�WUHDWHG�DV�DQRWKHU�NLQG�RI�OLQN��ZLWK�LWV�RZQ�FRVW�DQG�UHOLDELOLW\�>��@��Then, the expression of the
problem is:

Optimise y = f(x) = (f1(x), f2(x))
subject to e1(x) > 0

(7)

where:x x = (x1, x2, ... , xn) � X is the decision vector; every xi {0, 1, ..., t} represents a (type of) link between a pair of nodes
and t is the number of different link types (0 is used to indicate the absence of connection);x y = (y1, y2,) � Y is the objective vector;x I��[��LV�WKH�UHOLDELOLW\�FRUUHVSRQGLQJ�WR�WKH�FRQILJXUDWLRQ [�x I��[��LV�WKH�FRVW�IXQFWLRQ�RI�WKH�VDPH�FRQILJXUDWLRQ [�x H��[� UHIHUV�WR�WKH�PLQLPXP�DFFHSWDEOH�UHOLDELOLW\�$OWKRXJK�SDUDPHWHUV� OLNH� VSHHG�� FDSDFLW\� DQG� WKURXJKSXW� DUH� LPSRUWDQW� IRU� LQQRYDWLYH�DSSOLFDWLRQV�� WKH�PDLQ� QHWZRUNGHVLJQ�REMHFWLYHV�DUH�FRVW�DQG�UHOLDELOLW\�>��@��%RWK�IXQFWLRQV�ZHUH�VWXGLHG�LQ�DOPRVW�DOO�SDSHUV�IRXQG�UHIHUULQJ�WR�GHVLJQRSWLPLVDWLRQ� SUREOHPV�� 6RPHWLPHV�� WKH� SUREOHP� ZDV� GHFODUHG� DV� WKH� PLQLPLVDWLRQ� RI� FRVW�� VXEMHFW� WR� D� UHOLDELOLW\FRQVWUDLQW�� ZKLOH� VRPH� RWKHUV� DV� WKH�PD[LPLVDWLRQ� RI� UHOLDELOLW\� VXEMHFW� WR� D� FRVW� FRQVWUDLQW�� (YHQ� VRPH� WLPHV� >�@� DZHLJKWHG� VXP�DSSURDFK�RI�ERWK�REMHFWLYHV�ZDV� VXJJHVWHG��%XW� WKH�PXOWLREMHFWLYH�QDWXUH� RI� WKH�SUREOHP�KDV� QRW� EHHQSUHYLRXVO\�HYLGHQFHG�7KH�FRQFHSW�RI�UHOLDELOLW\�GHSLFWV�WKH�SUREDELOLW\�RI�D�V\VWHP�WR�KDYH�DQ�H[SHFWHG�SHUIRUPDQFH�RYHU�D�WLPH�LQWHUYDO��6R�WKH�UHOLDELOLW\�RI�D�V\VWHP�GHSHQGV�RQ�LWV�FRQILJXUDWLRQ�DQG�WKH�UHOLDELOLW\�RI� LWV�FRPSRQHQWV��7KHUH�DUH�PDQ\�PHWKRGVDQG�PHWULFV�WR�PHDVXUH�WKH�UHOLDELOLW\��)RU�RXU�LQVWDQFH�RI�WKH�SUREOHP��WR�HQVXUH�WKDW�WKHUH�LV�DOZD\V�D�FRPPXQLFDWLRQSDWK�EHWZHHQ�HYHU\�SDLU�RI�QRGHV�LQ�WKH�QHWZRUN��WKH�DOO�WHUPLQDO�UHOLDELOLW\�PHWULF�ZDV�FKRVHQ��L�H��WKH�QHWZRUN�IRUPV�DWOHDVW�D�VSDQQLQJ�WUHH��>�����@��7KH�UHOLDELOLW\�FDOFXODWLRQ�LV�GRQH�YLD�0RQWH�&DUOR�VLPXODWLRQV�EHFDXVH�WKHUH�DUH�QRW�RWKHUPHWKRGV� WKDW�FDQ�JLYH�JRRG�UHVXOWV�LQ�DFFHSWDEOH�WLPH��WKH�SUREOHP�RI�FRPSXWLQJ�WKH�UHOLDELOLW\�RI�D�QHWZRUN� LV�� LQ� LWVWLPH��13�+DUG�>�@���7KH�SVHXGRFRGH�IRU�WKH�UHOLDELOLW\�FDOFXODWLRQ�SURFHGXUH�LV�

Procedure Reliability(x)
Begin

i = 0
counter = 0
While i < Number_MC_replications

Randomly generate a network NET, from x
If NET forms a spanning tree

counter = counter + 1
End If
i = i + 1

End While
Computed_reliability = counter/Number_MC_replications

End
Pseudocode 1. Reliability Calculation7KH�FRVW�RI�HYHU\�FRQILJXUDWLRQ� LV�FDOFXODWHG�DGGLQJ�XS�WKH�FRVWV�RI�HYHU\� OLQN�DGGHG�WR�WKH�WRSRORJ\��(DFK� OLQN�KDV�DFRVW�WKDW�LV�WKH�SURGXFW�RI�WKH�GLVWDQFH�LW�FRYHUV�DQG�WKH�FRVW�SHU�GLVWDQFH�XQLW��L�H��WKH�FRVW�RI�D�FRQILJXUDWLRQ�[ LV�

I��[��� � ¦ QL LL LFWXQLWGLVW� ���FRV
B (8)

where:x dist_uniti is the distance –in units– that the link i covers; andx cost(ci, i) is the cost –per unit– of the type of link ci.,Q�RUGHU�WR�VROYH�WKH�SUREOHP�WKH�IROORZLQJ�DVVXPSWLRQV�DUH�QHFHVVDU\�>�@�x 7KH�QRGHV�DUH�SHUIHFWO\�UHOLDEOH��IDLOXUH�RI�QRGHV�FDQ�EH�VLPXODWHG�E\�D�IDLOXUH�RI�LWV�LQFLGHQW�OLQNV��x 7KH�FRVW�DQG�UHOLDELOLW\�RI�HDFK�SRWHQWLDO�OLQN�DUH�NQRZQ�x 7KH�OLQNV�FDQ�EH�LQ�RQO\�RQH�RI�WZR�SRVVLEOH�VWDWHV��RSHUDWLRQDO�RU�IDLOHG�x /LQNV�IDLO�LQGHSHQGHQWO\��L�H��WKH�IDLOXUH�LQ�D�OLQN�GRHV�QRW�LPSO\�WKH�IDLOXUH�RI�DQRWKHU�x 1R�UHSDLU�LV�FRQVLGHUHG��L�H��ZKHQ�D�OLQN�IDLOV�LW�LV�QRW�UHSDLUHG�DQG�SXW�LQWR�RSHUDWLRQ�DIWHUZDUGV�
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4 TEST PROBLEM

The test problem is based on the expansion of the ULAK-NET network, first published in [5]. It is a simplified version
of a real network design problem conceived to link, using distinct types of fiber, 19 universities and research centres
located in 9 different cities of Turkey. It was chosen because it is the largest published example found during our
research. Besides, the results of this example were available; therefore, they were used to compare them with our
experimental results.
Table 1 shows the distance matrix in kilometres for each pair of nodes. Three types (t = 3) of fiber optic links are
considered; their costs and reliabilities are (333 $/km, 96%), (433 $/km, 97.5%) and (583 $/km, 99%) respectively.

Then, the size of the search space is composed of ����
��� ¸̧¹·¨̈©§
�� ���
 99W individuals of the form (x1,…, x171) with their

corresponding cost and reliability.Y� Y� Y� Y� Y� Y� Y� Y� Y� Y�� Y�� Y�� Y�� Y�� Y�� Y�� Y�� Y�� Y��Y� � ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ����Y� � �� �� �� � � ��� ��� ���� ��� ��� �� �� � ��� ��� ��� ����Y� � �� �� �� �� ��� ��� ���� ��� ��� �� �� �� ��� ��� ��� ����Y� � � � � ��� ��� ���� ��� ��� �� �� �� ��� ��� ��� ����Y� � � � ��� ��� ���� ��� ��� �� �� �� ��� ��� ��� ����Y� � � ��� ��� ���� ��� ��� �� � �� ��� ��� ��� ����Y� � ��� ��� ���� ��� ��� � � �� ��� ��� ��� ����Y� � ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ����Y� � ��� � � ��� ��� ��� ��� ��� ��� ���Y�� � ��� ��� ���� ���� ���� ���� ���� ��� ���Y�� � � ��� ��� ��� ��� ��� ��� ���Y�� � ��� ��� ��� ��� ��� ��� ���Y�� � � � ��� ��� ��� ����Y�� � � ��� ��� ��� ����Y�� � ��� ��� ��� ����Y�� � ��� ��� ����Y�� � ��� ����Y�� � ���Y�� �7DEOH��� 'LVWDQFH�PDWUL[�IRU�WKH�WHVW�SUREOHP�
5 DESCRIPTION OF THE IMPLEMENTATION)RU�WKH�DSSOLFDWLRQ�RI�WKH�0XOWLREMHFWLYH�(YROXWLRQDU\�$OJRULWKP��02($���HDFK�SRVVLEOH�VROXWLRQ�[  ��[���[��������[Q���ZDVFRGHG�XVLQJ�D�VWULQJ�RI�LQWHJHU�QXPEHUV��[L � ^�����������W`��7R�REWDLQ�WKH�VWULQJ��DQ�DGMDFHQF\�PDWUL[�RI� WKH�JUDSK� WKDWPRGHOV�WKH�QHWZRUN�ZDV�ZULWWHQ�>�@��$V�WKLV�PDWUL[� LV�V\PPHWULFDO��RQO\� WKH�XSSHU�WULDQJXODU�SDUW�ZDV� LQVHUWHG�LQWR�WKHFKURPRVRPH��)RU�H[DPSOH��WR�FRGH�WKH�QHWZRUN�RI�ILJXUH����WKH�PDWUL[�RI�ILJXUH���ZDV�XVHG�

Figure 1. Graphical representation of a computer network backbone.
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� � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �
Figure 2. Adjacency matrix for network of figure 1.

7KH� ILQDO� UHSUHVHQWDWLRQ� [�� WDNHQ� IURP� WKH� XSSHU� WULDQJXODU� SDUW� ±DQG� QRW� FRQVLGHULQJ� WKH� GLDJRQDO±�� LV� WKH� VWULQJ�����������&RQWLQXLQJ�ZLWK� WKH� WHVW�SUREOHP� WKH�FDOFXODWLRQ�RI� UHOLDELOLW\� LV� DFFRPSOLVKHG�ZLWK�0RQWH�&DUOR� VLPXODWLRQV� >��� ��@�2QO\�������UHSOLFDWLRQV�ZHUH�PDGH�GXH�WR�WKH�KLJK�FRPSXWDWLRQDO�FRVW��6ROXWLRQV�QRW�DFKLHYLQJ�WKH�PLQLPXP�UHOLDELOLW\UHTXLUHPHQW� DUH� QRW� LQVHUWHG� LQ� WKH� H[WHUQDO� SRSXODWLRQ�� HYHQ� WKRXJK� WKH\� PD\� EH� SDUW� RI� WKH� SXUSRUWHG� 3DUHWR� VHW�$Q\ZD\��WKH\�UHPDLQ�LQ�WKH�FXUUHQW�SRSXODWLRQ�EHFDXVH�IHDVLEOH�FKLOGUHQ�FDQ�EH�JHQHUDWHG�IURP�WKHP��$V�LW�ZDV�IRUPHUO\VWDWHG��WKH�WRWDO�FRVW�RI�D�QHWZRUN�LV�WKH�VXP�RI�WKH�FRVWV�RI�LWV�OLQNV�)ROORZLQJ�WKH�GHILQLWLRQ�RI�63($�>��@��WZR�SRSXODWLRQV�RI�LQGLYLGXDOV�DUH�NHSW��WKH�ILUVW�RQH��GHSLFWHG�DV�3��LV�NQRZQ�DVWKH�FXUUHQW�SRSXODWLRQ��ZKLOH�WKH�VHFRQG�RQH�RU�H[WHUQDO�QRQ�GRPLQDWHG�VHW�3¶ PDLQWDLQV�HYHU\�QRQ�GRPLQDWHG�LQGLYLGXDOIRXQG�VR�IDU�7KH�SURFHVV�RI�ILQGLQJ�WKH�QRQ�GRPLQDWHG�LQGLYLGXDOV�LQ�3 LV�EDVHG�RQ�WKH�FRQFHSW�RI�GRPLQDQFH�H[SUHVVHG�LQ�VHFWLRQ���(YHU\�WLPH�D�QHZ�QRQ�GRPLQDWHG�LQGLYLGXDO�LV�IRXQG��LW�LV�FRPSDUHG�DJDLQVW�WKH�PHPEHUV�LQ�3¶��LI�LW�LV�D�QHZ�VROXWLRQ��LWLV�LQVHUWHG�LQWR�3¶��7KH�QXPEHU�RI�LQGLYLGXDOV�LQ�3 LV�1 DQG�UHPDLQV�FRQVWDQW�GXULQJ�WKH�ZKROH�JHQHUDWLRQDO�ORRS��EXW�WKHQXPEHU�RI�LQGLYLGXDOV�LQ�3¶ PD\�FKDQJH��3¶ FDQ�QRW�KDYH�PRUH�LQGLYLGXDOV�WKDQ�D�SUHYLRXVO\�VWDWHG�QXPEHU�RI�1¶��,I�WKHVL]H�RI�3¶ LV�JUHDWHU�WKDQ�1¶��FOXVWHULQJ�VKRXOG�EH�SHUIRUPHG��7KH�SURFHVV�RI�FOXVWHULQJ�>������@�KDV�EHHQ�LPSOHPHQWHG�EXW�ZDV�QHYHU�XVHG�EHFDXVH�WKH�PD[LPXP�VL]H�RI�WKH�H[WHUQDO�SRSXODWLRQ�ZDV�QHYHU�UHDFKHG�63($�GLIIHUV�IURP�WKH�WUDGLWLRQDO�JHQHWLF�DOJRULWKP�RQO\�LQ�WKH�ZD\�ILWQHVV�LV�DVVLJQHG�WR�LQGLYLGXDOV��7KH�FRPSXWDWLRQRI�WKH�ILWQHVV�YDOXH�IROORZV�WKH�SURFHGXUH�H[SODLQHG� LQ�>��@��(YHU\�PHPEHU�RI�3¶ KDV�D�ILWQHVV�HTXDO� WR�WKH�QXPEHU�RILQGLYLGXDOV�LQ�3 LW�GRPLQDWHV��SOXV�RQH��ZKLOH�HYHU\�PHPEHU�RI�3 KDV�DV�ILWQHVV�WKH�VXP�RI�ILWQHVV�RI�PHPEHUV�RI�3¶ WKDWGRPLQDWHV�KLP��,Q�WKLV�ZD\�LW�LV�HQVXUHG�WKDW�PHPEHUV�RI�3¶ KDYH�D�EHWWHU�ILWQHVV�YDOXH�WKDQ�PHPEHUV�RI�3��1RWLFH�WKDWWKLV� LV� LQ� WKH� FRQWH[W� RI� ILWQHVV� PLQLPLVDWLRQ�� 7KH� ILWQHVV� DVVLJQPHQW� SURFHVV�� DV� ZHOO� DV� FOXVWHULQJ�� LQGXFHV� WKHPDLQWHQDQFH�RI�GLYHUVLW\�>��@�6HOHFWLRQ�LV�LPSOHPHQWHG�ZLWK�ELQDU\�WRXUQDPHQWV��DQG�WKH�QH[W�JHQHUDWLRQ�LV�FUHDWHG�YLD�RQH�SRLQW�FURVVRYHU�7KH�PXWDWLRQ�RSHUDWRU� WDNHV�P� LQGLYLGXDOV� IURP� WKH�SRSXODWLRQ� DQG�FKDQJHV� HYHU\�DOOHOH� IURP� LWV� FKURPRVRPH�ZLWKSUREDELOLW\�����7KH�SDUDPHWHUV�RI�WKH�63($�DUH�WKH�IROORZLQJ�x 3RSXODWLRQ�VL]H��1�������LQGLYLGXDOV�x ([WHUQDO�QRQ�GRPLQDWHG�VHW�VL]H��1¶�������LQGLYLGXDOV�x 0D[LPXP�QXPEHU�RI�JHQHUDWLRQV��JPD[��������x &URVVRYHU�SUREDELOLW\��SF�����x 0XWDWLRQ�UDWH��UP�������x 3HUFHQWDJH�RI�SRSXODWLRQ�PXWDWHG�LQ�HDFK�JHQHUDWLRQ��P�������7KH� LQLWLDO� SRSXODWLRQ� IRU� WKH� DOJRULWKP� ZDV� JHQHUDWHG� UDQGRPO\�� EXW� LQGLYLGXDOV� ZLWK� OHVV� OLQNV� KDYH� D� JUHDWHUSUREDELOLW\�RI�EHLQJ�LQVHUWHG�LQWR�WKH�LQLWLDO�SRSXODWLRQ��WKLV�DSSURDFK�KDV�VKRZQ�LWV�XVHIXOQHVV�WR�VSHHG�XS�FRQYHUJHQFH��$�VWRS�FULWHULD�KDV�DOVR�EHHQ� LPSOHPHQWHG��7KH�DOJRULWKP�FRQWLQXHV�ZLWK� LWV�JHQHUDWLRQDO� F\FOH� LI�QHZ� LQGLYLGXDOV� DUHEHLQJ� LQVHUWHG� LQWR�3¶ HYHU\� ���JHQHUDWLRQV�� RU� LI� WKH�PD[LPXP�QXPEHU� RI� JHQHUDWLRQV� ������� KDV� QRW� EHHQ� UHDFKHG�7KRVH�QXPEHUV�ZHUH�FKRVHQ�IRU�WKH�ILUVW�LPSOHPHQWDWLRQ��EXW�D�FRPSOHWH�VWXG\�VWLOO�VKRXOG�EH�GRQH�:KHQ�WKH�DOJRULWKP�VWRSV�LW�KDV�LWV�UHVXOWV�LQ�3¶��ZKLFK�LV�FDOOHG�WKH�NQRZQ�3DUHWR�VHW�;NQRZQ��WKH�FRUUHVSRQGLQJ�REMHFWLYHYHFWRUV�<NQRZQ  �I�;NQRZQ��LV�WKH�NQRZQ�3DUHWR�IURQW��3VHXGRFRGH���SUHVHQWV�WKH�VHTXHQWLDO�YHUVLRQ�
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Procedure NetworkDesignSeqSPEA()
Begin.

Read initial input parameters for the SPEA: s, gmax, pc, rm, m%
Read parameters of the problem: cost and reliability of links
Read randomly generated initial population P
Generation_Counter = 1
While StopCondition is not reached and Generation_Counter < gmax

Compute the value of each objective function for each individual
Find non-dominated individuals in current population P
Update external non-dominated set P’
If the number of externally stored non-dominated solutions exceeds a given maximum N’

prune P’ by means of clustering
End If
Calculate the fitness of each individual in P and P’
Select individuals from the union set P + P’ until the mating pool is filled
Apply specific crossover and mutation operators to generate the new set P
Generation_Counter = Generation_Counter + 1

End While
Write out the individuals from P’ as ;NQRZQ with their corresponding <NQRZQ

End
Pseudocode 2. Sequential version of SPEA

6 PARALLEL VERSION$V� WKH�FDOFXODWLRQ� RI�REMHFWLYH�YDOXHV�� VSHFLDOO\� WKH�FRPSXWDWLRQ� RI� UHOLDELOLW\�� LV�YHU\� WLPH�FRQVXPLQJ�� WKH�H[HFXWLRQWLPH�RI�WKH�SURSRVHG�VROXWLRQ�FDQ�EH�LPSURYHG�UXQQLQJ�LW�LQ�D�GLVWULEXWHG�HQYLURQPHQW�0RUHRYHU�� WKH� WRWDO� LPSOHPHQWDWLRQ� FRVWV� FDQ� EH� UHGXFHG� VLJQLILFDQWO\� LI� ZH� XVH� D� QHWZRUN� RI� LQH[SHQVLYH� SHUVRQDOFRPSXWHU�LQVWHDG�RI�D�PDVVLYHO\�SDUDOOHO�VXSHUFRPSXWHU�7KH�PDLQ� DOJRULWKP� FRQVLVWV� RI� WZR� NLQGV� RI� SURFHVVHV�� DQ� RUJDQLVHU� DQG� VHYHUDO�363($V� �3DUDOOHO� 6WUHQJWK� 3DUHWR(YROXWLRQDU\�$OJRULWKP�SURFHVVHV���7KHUH�LV�RQO\�RQH�RUJDQLVHU��ZLWK�WKH�UHVSRQVLELOLW\�RI�FUHDWLQJ�DOO�WKH�363($V�DQGFROOHFWLQJ�WKH�ILQDO�UHVXOWV��7KH�363($V�GR�WKH�UHDO�ZRUN�7KH�SVHXGRFRGH�IRU�WKH�RUJDQLVHU�SURFHVV�LV�WKH�IROORZLQJ�
Procedure NetworkDesignOrganiserParallelSpea()
Begin

Spawn H PSPEAs
flag_counter = 0
While flag_counter < H

Wait for flag from H processes
If a flag is received

Collect the results from the process that has sent the flag and kill him
flag_counter = flag_counter + 1

End If
End While
Do the union operation over all sets obtained from the PSPEAS
Apply the Pareto dominance concept over the resulting set to obtain ;NQRZQ with its corresponding <NQRZQ
Write final result out.

End
Pseudocode 3. Parallel version of SPEA. Organiser Procedure.6WUDLJKWDZD\��WKH�363($V�DUH�GLVFXVVHG��*LYHQ�D�GLVWULEXWHG�V\VWHP�ZLWK�+ SURFHVVRUV��LQ�HDFK�SURFHVVRU�K��K �^�������+`� WZR�SRSXODWLRQV�DUH�NHSW�3K�J��DQG�3¶K�J���7KH�SRSXODWLRQ�3K�J��FRQWDLQV�WKH�PHPEHUV�JHQHUDWHG�E\�FURVVRYHU�LQ�WKHSUHYLRXV�JHQHUDWLRQ�J����ZKLOH�3¶K�J�� LV� WKH� H[WHUQDO� VHW� RI� QRQ�GRPLQDWHG� VROXWLRQV� IRXQG� IURP� WKH�EHJLQQLQJ�RI� WKHJHQHUDWLRQDO�ORRS��XQWLO�JHQHUDWLRQ�J LV�UHDFKHG�2QFH� IRXQG�� WKH� QHZ� VROXWLRQV� IRU�3¶K�J�� LQ� HDFK� SURFHVVRU�K�� DW� JHQHUDWLRQ�J�� WKH\� DUH� EURDGFDVWHG� WR� DOO� WKH� RWKHUSURFHVVRUV�� 7KLV� SURFHGXUH� LV� NQRZQ� DV� VHQGLQJ� DQG� UHFHSWLRQ� RI� PLJUDQWV�� 7KH� UHFHLYLQJ� SURFHVVRUV� DFFHSW� DOO� WKHPLJUDQWV��DV�ORQJ�DV�WKHLU�PHPRU\�FDSDFLW\�LV�QRW�H[FHHGHG�
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)RU� WKH� VHTXHQWLDO� YHUVLRQ� WKH�SRSXODWLRQ� LV� FRPSRVHG� RI�1 LQGLYLGXDOV�� DV� WKH� SDUDOOHO� YHUVLRQ� LV� LPSOHPHQWHG� LQ�+LGHQWLFDO�SURFHVVRUV��WKH�VL]H�RI�HDFK�SRSXODWLRQ�3K ZLOO�EH� +1 ��:KHQ�PLJUDQWV�DUH�UHFHLYHG�� WKH�SRSXODWLRQ�JURZV�UHWXUQLQJ�WR LWV�QRUPDO�OHYHO�DIWHU�WKH�JHQHWLF�RSHUDWRUV��DV�VHOHFWLRQ��DUH�DSSOLHG�7KH�SVHXGRFRGH�LV�DV�IROORZV�
Procedure NetworkDesignParallelSpea()
Begin.

Read initial input parameters for the PSPEA: s, gmax, pc, rm, m%
Read parameters of the problem: cost and reliability of links
Read randomly generated initial population P
Generation_Counter = 1
While StopCondition is not reached and Generation_Counter < gmax

Compute the values of every objective function for each individual
Receive migrants from other processes and add them to current population P
Find non-dominated individuals in current population P
Update external non-dominated set P’
Selectively broadcast all new solutions from P’
If the number of externally stored non-dominated solutions exceeds a given maximum N’

Prune P’ by means of clustering
End If
Calculate the fitness of each individual in P and P’
Select individuals from the union set P + P’ until the mating pool is filled
Apply specific crossover and mutation operators to generate the new set P
Generation_Counter = Generation_Counter + 1

End While
Inform the organiser that process is done by sending a flag
Send the individuals from P’ to the organiser
Wait for the kill signal sent by the Organiser

End.

Pseudocode 4. Parallel version of SPEA. PSPEA Procedure.7KH� SURSRVHG�PHWKRG� KDV� HPHUJHG� IURP� SUHOLPLQDU\� GLVFXVVLRQV� DQG� KDV� SURYHG� LWV� HIIHFWLYHQHVV�� 1RWZLWKVWDQGLQJ�VXEVHTXHQW�H[SHULPHQWV�IRXQGHG�LQ�RWKHU�LGHDV�ZLOO�EH�KHOG�
7 PERFORMANCE METRICS

To evaluate experimental results using the two versions, an appropriate test suit metrics is used, because no single metric
can entirely capture performance, effectiveness and efficiency for multiobjective evolutionary algorithms.
Since most of these metrics reflect the likeness between the true Pareto optimal front (Ytrue) and the computed Pareto
front Yknown, a good approximation of the true Pareto optimal front is built by gathering all non-dominated individuals
from all sets. In other words, for the following results, the real Pareto Optimal front is approximated by the best known
solutions of all our experiments.
The test suit comprises the following metrics:
1) Overall Non-dominated Vector Generation (ONVG) [15]: simply counts the number of solutions in the Pareto

front Yknown

FNQRZQ<219* __' (9)

where F denotes cardinality.

2) Overall true Non-dominated Vector Generation (OTNVG): counts the number of solutions in the Pareto front
Yknown that are also in the true Pareto optimal front Ytrue.^ `FWUXHNQRZQ <\<\\2719* ��� ' (10)
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3) Overall Non-dominated Vector Generation Ratio (ONVGR) [15]:

FWUXH<219*219*5 __' (11)

It denotes the ratio between the number of solutions in Yknown to the number of solutions in the true Pareto front Ytrue. Since
the objective is to obtain a set Yknown as similar to the true Pareto front as it is possible, a value near to 1 is desired.
4) Error Ratio (E) [15]:

219*H( 1L L¦ ' �

®̄­ RWKHUZLVHHL � <)URQW�3DUHWR�WUXHLQ�WKHDOVRLV<LQ�YHFWRUDLI� WUXHNQRZQ
(12)

This ratio reports the proportion of objective vectors in Yknown that are not members of Ytrue. Therefore an error ratio close
to 1 indicates a poor correspondence between the obtained and the true Pareto front, i.e. E = 0 is desired.
5) Generational Distance (G) [15]: � �219*G* 1L L ��� �¦ ' (13)

where LG is the Euclidean distance (in objective space) between each objective vector F in Yknown and its nearest

correspondent member in the true Pareto front Ytrue. A large value of G indicates Yknown is far from Ytrue being G = 0 the
ideal situation.

8 EXPERIMENTAL RESULTS

The results presented here were obtained from successive runs over a 10Mbps Ethernet network composed of up to 8
personal computers, each one with a AMD K6-2 350 MHz processor, with 128 MB of RAM. The program code is
entirely written in C, and the parallel implementation was done using PVM (Parallel Virtual Machine) running over
LINUX (Mandrake 7.0). As an example Table 2 presents the values of objective functions obtained using a 4 processors
configuration, while figure 3 shows the corresponding Pareto front.

5HOLDELOLW\ &RVW 5HOLDELOLW\ &RVW 5HOLDELOLW\ &RVW������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������������� ������� ������� ������� ������� �������
7DEOH��� 5HVXOWV�REWDLQHG�IURP�D�UXQ�ZLWK�IRXU�SURFHVVRUV�



10

)LJXUH��� 3DUHWR�IURQW�REWDLQHG�IURP�D�UXQ�ZLWK�IRXU�SURFHVVRUV�
'LIIHUHQW�SDUDOOHO�FRQILJXUDWLRQV�ZHUH�XVHG�LQ�VHYHUDO�UXQV�WR�REWDLQ�WKH�UHSUHVHQWDWLYH�UHVXOWV�SUHVHQWHG�LQ�7DEOH����7KHILUVW�FROXPQ�LV�WKH�UXQ�QXPEHU��UXQV���WR���DUH�H[HFXWHG�ZLWK�RQO\�RQH�SURFHVVRU��VHTXHQWLDO�YHUVLRQ���UXQV���WR����DUHREWDLQHG�ZLWK� WZR�SURFHVVRUV��UXQV����WR����ZHUH�PDGH�ZLWK�IRXU�SURFHVVRUV��ILQDOO\��UXQV����WR����ZHUH� LPSOHPHQWHGRYHU�HLJKWK�SURFHVVRUV��(DFK�UXQ�XVHG�D�GLIIHUHQW�UDQGRPO\�JHQHUDWHG�SRSXODWLRQ�RI�LQLWLDO�VROXWLRQV��&ROXPQ���GHSLFWVWKH�QXPEHU�RI�SURFHVVRUV�LQ�HDFK�UXQ�&ROXPQ���SUHVHQWV�WKH�QXPEHU�RI�3DUHWR�2SWLPDO�VROXWLRQV�IRXQG�LQ�HDFK�UXQ�GHQRWLQJ�WKH�PHWULF�GHILQHG�DV�219*�LQWKH�SUHYLRXV�VHFWLRQ��&ROXPQ���FRQWDLQV�WKH�QXPEHU�RI�VROXWLRQV�IRXQG�WKDW�EHORQJ�WR�WKH�WUXH�3DUHWR�2SWLPDO�)URQW�<WUXHRU�2719*��&ROXPQ��� LV� WKH�FRPSXWDWLRQ�RI�219*5��DV�SUHVHQWHG� LQ� VHFWLRQ����&ROXPQ���DQG���DUH� WRWDO� HUURU� DQGJHQHUDWLRQDO� GLVWDQFH�� UHVSHFWLYHO\�� &ROXPQ� �� LV� WKH� WLPH� ±H[SUHVVHG� LQ� KRXUV±� HDFK� UXQ� ODVWHG�� 7KH� ODVW� FROXPQ� LVREWDLQHG�DSSO\LQJ�WKH�FRQFHSW�RI�GRPLQDQFH�RYHU�FROXPQV���������������DQG����L�H���LW�HVWDEOLVKHV�D�UDQNLQJ�DPRQJ�UXQV�EDVHG�RQ�WLPH�DQG�RWKHU�WHVW�PHWULFV��7KH�UDQNV�RI�EHWWHU�VROXWLRQV�DUH�ORZHU�WKDQ�WKDW�RI�ZRUVH�RQHV�

5XQ 1��RI3URF� 219* 2719* 219*5 ( * 7LPH 5$1.
� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� �� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� �� ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� �� ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� ��� � �� � ������ ������ ������ ����� �7DEOH����5HVXOWV�REWDLQHG�ZLWK���������DQG�HLJKWK�SURFHVVRUV�

,W� LV� LQWHUHVWLQJ� WR� UHDOLVH� WKDW�JUHDWHU� QXPEHU�RI�SURFHVVRUV�\LHOG� WR� D� EHWWHU� UDQN�� L�H�� EHWWHU�PXOWLREMHFWLYH� VROXWLRQV�0RUHRYHU�� WDEOH���SUHVHQWV�D� VWDWLVWLFDO� VWXG\� RI� UDQNV��7KH�VXP�RI� UDQNV� DV�ZHOO� DV� DYHUDJH� UDQN��GHFUHDVH�ZKHQ� WKH

�������������������������������������������������

����� ����� ����� ����� ����� �����5HOLDELOLW\
&RVW
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QXPEHU�RI�SURFHVVRUV�LQFUHDVHV��)RXUWK�FROXPQ�SUHVHQWV�VWDQGDUG�GHYLDWLRQ�RI�WKH�VDPSOH��ZKLOH�ILIWK�DQG�VL[WK�FROXPQVDUH�WKH�PD[LPXP�DQG�PLQLPXP�UDQNV�RI�WKH�VHW�UHVSHFWLYHO\�
1��RI3URF� 6XP�RI�5DQNV $YHUDJH 6WDQGDUG'HYLDWLRQ 0D[LPXP�5DQNYDOXH 0LQLPXP�5DQNYDOXH� �� ��� ����� � �� �� ��� ����� � �� � ��� ����� � �� � ��� ����� � �7DEOH����6WDWLVWLFDO�VWXG\�RI�UDQNV

7KLV�WDEOH�FOHDUO\�VKRZV�WKDW�SDUDOOHOLVP�LV�EHQHILFLDO�IRU�WKH�PXOWLREMHFWLYH�SHUIRUPDQFH�RI�WKH�SURSRVHG�DOJRULWKP��L�H�LI� DOO�REMHFWLYHV� �WHVW�PHWULFV�SOXV�H[HFXWLRQ� WLPH�� DUH�FRQVLGHUHG��SDUDOOHO�YHUVLRQ�RXWSHUIRUPV� WKH� VHTXHQWLDO� YHUVLRQ�%HVLGHV��WKH�PRGHO�LV�VFDODEOH��DV�HLJKWK�SURFHVVRUV�DFTXLUH�EHWWHU�VROXWLRQV�WKDQ�RQH��WZR�RU�IRXU�SURFHVVRUV�7KLV�UHVXOW�LV�YHU\�SURPLVLQJ�QRW�RQO\�IRU�FRPSXWHU�QHWZRUN�EDFNERQH�GHVLJQ��EXW�IRU�RWKHU�FRPSOH[�HQJLQHHULQJ�GHVLJQSUREOHPV��ZKHUH� WKH� FRPSXWDWLRQ� RI� REMHFWLYH� YDOXHV� PDNHV� LPSRVVLEOH� WKH� HQXPHUDWLYH� VHDUFK�� DQG� RWKHU� WUDGLWLRQDOPHWKRGV�DOVR�IDLO�
6 CONCLUSIONS7KH�FRQWULEXWLRQV�RI�WKLV�ZRUN�FDQ�EH�VXPPDULVHG�DV�IROORZV�x The proposal of a new approach to the network design problem. This problem has been addressed in several

ways but has not been previously treated as the optimisation of multiple objectives. The approach is useful in the
sense that it leads to a complete set of optimal solutions instead of the single solution proposed in other works.
Furthermore, this proposal can be implemented in interactive design environments where the decision-maker
changes parameters dynamically and narrows or widens the search space seeing immediate results.x Parallel version of SPEA. We suggest and implement (for the first time in the literature) a simple and effective
way of making a parallel version of a MOEA. The advantages are twofold: execution time is lowered, then the
algorithm can be applied to time consuming problems; and the cost of the implementation is decreased, as our
implementation runs in a relatively low in price network of personal computers and not in a expensive
supercomputer. Also, as shown in the experimental results, the parallel version is capable of obtaining a broader
set of solutions than the sequential one.x We have discussed and implemented stop criteria, which is an innovation for MOEAs. This implementation
decreases execution time and it lets the algorithm stop before arriving to the stated maximum number of
generations. This also allows a study of convergence point for MOEAs, which has not previously been done.

As direction for future work, we can indicate the following:x Raise the number of objective functions. In this regard, mean and maximum delay have been considered because
both can be implemented without much computational effort and without the need of applying complex routing
algorithms. Actually, we are carrying out experiments in this field. Throughput is also being examined.x Make a statistical study to find optimal convergence point for the algorithm. In this respect, other stop criteria,
like one that summarises values of test metrics, can be regarded as well.x Choose and implement other MOEAs; build a parallel version of them and compare the obtained results. In this
regard, we are presently working on a sequential and parallel versions of the Non Dominated Sorting Genetic
Algorithm (NSGA) [3], applied to the problem treated in this work.x Apply parallel versions of MOEAs to other complex engineering design problems to test the flexibility and
robustness of the approach.

In conclusion, the present work demonstrates the usefulness of parallel asynchronous implementations to solve a
multiobjective optimisation problem, resulting in a better performance (specially in execution time). With the newly
proposed technique at hand, traditional mono-objective design of telecommunication networks may consider more
(complex) objectives, as several quality of services parameters, to obtain more realistic designs in practical situations
where a lot of conflicting compromises should be considered.
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