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Abstract| This paper addressescombinatorial optimization schemesfor solving the multicri-

teria Steiner tree problem for communication network topology design (e.g., wireless mesh
network). The solving scheme is based on seweral models: multicriteria ranking, clustering,
minimum spanningtree, and minimum Steiner tree problem. An illustrativ e numerical example
correspondsto designinga covering long-distance Wi-Fi network (static Ad-Hoc network). The
set of criteria (i.e., objective functions) involves the following: total cost, total edge length,
overall throughput (capacity), and estimate of QoS. Obtained computing results show the sug-
gestedsolving schemeprovides good network topologieswhich can be comparedwith minimum
spanning trees.

1. INTR ODUCTION

Many years minimum spanning tree problem (MST) is a basic scierti c/telecomm unication
problem for designof communication/access/computer network topology, for network routing ([3],
[4], [5], [6], [17], [18], [21]). In this problem a traditional objective function consistsin minimum
total length (or weight) of spanningtree edges.Minimum Steiner tree problem (STP) can provide
decreasingof the above-mertioned total length by usageof additional nodes (vertices) ([4], [7].
[8], [17], [21], [23]). This problem is studied in mathematics (e.qg., [2], [7], [8]), in combinatorial
optimization (e.qg., [4], [21], [23]). In recert two decadeghe signi cance of STP wasincreased(e.g.,
active usagein communication networks for topology design, routing, protocol engineering, etc.)
(e.q.,[17],[21]). STP belongsto classof NP-hard problems (e.g., [4]) and exact enumerative solving
methods (e.g., [23]) or approximation algorithms (e.g., heuristics) (e.g., [20]) are used.

A brief survey of well-known kinds of Steiner tree problemsis presered in [14]. STP with two
criteria was investigated in [22]. A description of using a partitioning-syn thesis heuristic basedon
Hierarchical Morphological Multicriteria Design approadc for Steiner tree problem was described
in [10]. In this article multicriteria Steiner tree problem (multicriteria STP) is rstly suggested A
static Ad-Hoc communication network is examined as an application domain. In the multicriteria
spanning problem, eat edgehasthe following attributes: (i) length (cost), (ii) throughput (capac-
ity), (iii) reliability or QoS parameters. Our composite (four-stage) solving scheme is targeted to
building some Pareto-e ective Steiner trees (i.e., alternative solutions). The solving scheme con-
sists of stages:(a) building a spanning tree, (b) clustering of network nodes (by a maodi cation
of agglomerative algorithm), (c) building a Steiner tree for ead obtained node cluster, and (d)
revelation of Pareto-e ective solutions and their analysis.

Preserted numerical examplesfor a wirelesscommunication network illustrate the suggestedde-
signapproad. Computing wasbasedon authors MatLab programs (http://www.math works.com/).
A preliminary material was presened as a conferencepaper [15].
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2. SPANNING PROBLEMS

A static multihop wirelessnetwork is under examination. Multihop node paths going through
a set of nodes are usedfor two-node comnunications. Altitude map is introduced and four main
criteria are assignedfor eacy P2P connection. The altitude is the one of signi cant parameters
becauseit a ects not only network productivity (wirelesslinks require line-of-sight clearance)but
also link costs. The examined network is consideredas undirected graph G(V;E) where V is the
set of nodes(vertices) and E is the set of edges.It is assumedthat the network is two dimensional
one, though node stations are at di erent height. This fact has an a ect on altitude criterion for
eat P2P connection.

2.1. Parameters

The parametersunder consideration are following:

1. A distance betweentwo vertices vi;v; 2 V: [j;.

2. QoS characteristics for two vertices vi;v; 2 V: ;.

3. An altitude betweentwo vertices vi;v; 2 V: j.

4. A cost of connectionbetween vi;v; 2 V dependson j and gj: c¢j = F( j;qj). Hereit is
assumedthat F is proportional to linear aggregate ,? and g; .

2.2. Basic engineering problem

A set of transmission stations is consideredin the network that is represeried by graph G. Each
connection/edgeof G is evaluated upon four characteristics above. The examined problem is:

Find Pareto-e ective Sltaeiner tree for graph G while taking into account the following criteria :
(i) ovemll cost: Cst = ¢ &y G

(i) total networklength: Lst = o g lijs
(i) ovemll Q0S: Qst = = ¢ GstPQij ; and
(iv) summarized altitude: st = ¢ g ij

whee Gg(V%EY is a Steinertree,e; EC% VO V and ECis the extendel set of edges.

2.3. Problem formulations

The basic problem (Minim um Spanning Tree MST) is:
] X
min Iij
€j Gspan

where
Gepan(VEEY : VO Vv, E? E:

Here there are well-known solving methods such as Prim's algorithm and Kruskal's algorithm
(e.g., [1]).
If extra vertices can be added to minimize overall length, Steiner tree problem (STP) can be
examined: X
min Iij
ej Gst
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where
Gst(VEEY : VO v

This problem is NP-hard. There are many heuristics proposedduring the recert years(e.g.,[7],[20]).

An extension of MST problem is targeted to nding an e cient set of overall characteristics
(i.e., optimization by vector function) (multicriteria MST, i.e., MMST):

min Cspan(Gspan); MiN Lspan(Gspan); Max Qspan(Gspan); MIN  span(Gspan)

where:
Gepan(VEEY: VO Vv, EC E

Here a possiblesolving method consistsin multicriteria ranking of graph edges(by estimates) and
using standard approacesfor MST.
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Figure 1. Interconnection of problem formulations

Multicriteria STP (MSTP) is an extensionof STP. Here optimization is basedon vector function:
min Cst(Gst); Min Lst(Gst); max Qst(Gst); min  st(Gst)

where:
Gst(VEEY : VO v

Figure 1 depicts interconnection for the problems above.
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Metwork Map

Figure 2. Initial communication network (example)

3. SOLVING SCHEME, EXAMPLE

Our four-stage composite solving scheme (macro-heuristic) is:

Stage 1. Building a multicriteria spanning tree for the initial network (a modied Prim's algo-
rithm [1]).

Stage?2. Clustering of network nodes (by a modi cation of agglomerative algorithm [12]).

Stage 3. Building a spanning Steiner tree for ead obtained node cluster (a modi ed Melzak's
algorithm [7]).

Stage4. Rewelation of Pareto-e ective solutions and their analysis.
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Figure 3. Spanning tree (example)

Let us considerour solving scheme. Concurrently, our numerical exampleis described. Figure 2
depicts the initial communication network. Thus stagesof the solving schemesare considered.

Stage 1 (building a multicriteria spanning tree) is basedin the following initial data: the set
of network elemerns (graph vertices, accesspoints). Here a modi ed Prim's algorithm is used[1]:
addition to an existing built tree a "most closesubtree"(or a vertex). Multicriteria ranking is based
on quadratic utilit y function. At the rst step an initial set of roots is selectedand, as a result,
"spanning forest"is obtained. At the end step seweral verticesare selectedto extend the solution set.
A solution of minimum spanningtree (MST) is depicted in Figure 3. Figure 4 depicts the solution
for multicriteria spanningtree MST.
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Figure 4. Multicriteria spanning tree (example)

At the stageof clustering (Stage 2), clustersasgroups of closeverticesin the spanningstructure
are de ned. Here a cluster includes about 5...6 vertices, this cardinality of a cluster elemerts setis
usefulto decreasecomplexity of the solving processfor Steinertree problem (Stage3). The modi ed

agglomerative algorithm for hierarchical clustering is used[12]. The result of clustering is depicted
in Figure 5.

A modi ed Melzak's algorithm [7] (decreasedcomplexity) is usedfor building spanning Steiner

tree (MSTP) for ead cluster (Stage 3). The resultant spanning Steiner tree is depicted in Figure
6.
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Clusters

Figure 5. Clustering (example)

At the Stage 4 revelation of Pareto-e ective spanning structures is executed. Four above-
mertioned objective functions are used. Figure 7 illustrates six Pareto-e ective multicriteria span-
ning Steiner trees (network topology solutions).

Basic algorithms for topology designare shavn in Table 1.
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Figure 6. Steiner tree (example)

Table 1. Basic approadtesfor network topology design

Topology design problems Basic algorithms Used algorithms

1.Minimum spanningtree 1.Kruskal's algorithm [1] Prim's algorithm [1]
problem MST 2.Prim's algorithm [1]

2.Steinertree problem STP 1.Melzak's algorithm [7] Melzak's algorithm [7]

2.Winter's algorithm [7]
3.Simulated annealing [16]
4.Evolutionary methods [9]

3.Mulicriteria spanning tree 1.Weighted sum function [19]|Weighted sum function
MMST 2.Maximin method [19] [19]

4 Mulicriteria Steiner tree MSTP Methods above
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Figure 7. Pareto-e ectiv e solutions for Steiner tree problem

4. COMPARISON OF APPROACHES

Table 2 integrates computing results of multicriteria comparison of three approadies: (a) min-
imum spanning tree problem (MST, Figure 3), (b) multicriteria spanning tree problem (MMST,
Figure 4), and (c) multicriteria Steiner tree problem (MSTP, Figure 7). For the comparison, total
estimatesfor four consideredobjective functions are computed for ead approac results and revela-
tion of Pareto-e ective solutions (i.e., estimatesvectors) is executed:two seriesstepswith selection
of the 1st Pareto-e ective solution set and the 2nd Pareto-e ective solution set (after deletion of
the 1st Pareto-e ective solution set).

5. CONCLUSION

In the paper, multicriteria spanning Steiner tree problem is rstly suggestedfor communication
network (a case of wireless communication network). The solving scheme (a composite macro-
heuristic) consistsof the following stages:(i) spanning an initial network by a spanning tree, (ii)
clustering of network nodes, (iii) building of spanning Steiner tree for ead obtained cluster (a
subnetwork), and (iv) revelation and analysisof alternative spanning Pareto-e ective Steinertrees.
Evidently, it can be reasonableto examine modi cations of the usedsolving schemeand its stages,
for example: (a) improvemen of clustering methods, (b) increasing of clusters (i.e., cluster node
sets), (c) usageand comparison of various algorithms for Steiner tree problem. In addition, a
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special researt computing experiments may be carried out to study the suggestedsolving scheme,
a modi ed its versions,and ewlutionary optimization heuristics.

The draft material for the article waspreparedwithin framework of course"Design of Systems"in
Moscaow Institute of Physicsand Tednology (State University) (creator and lecturer: M.Sh. Levin)
([11], [13]) aslaboratory work 12 (student: R.l. Nuriakhmetov) and BS-thesisof R.l. Nuriakhmetov
(2008, advisor: M.Sh. Levin).

10.
11.

12.

Table 2. Comparison of network topology designapproades

Network topology design  |Length | Cost |Altitude | QoS | pareto
approach L C Q | layer

1.Minimal spanning 6998 | 383 | 22250 | 4356| 2
tree MST (Figure 3)

2.Mulicriteria spanning 7635 | 345 | 26575 | 4126| 1
tree MMST (Figure 4)

6919 | 429 | 20209 | 4356
6924 | 456 | 19592 | 4438
o , 695 417 | 19726 | 440

3.Mulicriteria .Stelner 7016 377 | 21726 | 4213
tree MSTP (Figure 7) 695 4:17 | 19726 | 4376
6919 | 429 | 20209 | 4231
6924 | 457 | 19592 | 4313
6992 | 3:83 | 20976 | 424
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