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Abstract Given a graph G = (V, E) with node weight w : V — R™ and a subset
S C V, find a minimum total weight tree interconnecting all nodes in S. This is the
node-weighted Steiner tree problem which will be studied in this paper. In general,
this problem is NP-hard and cannot be approximated by a polynomial time algorithm
with performance ratio aInn for any 0 < a < 1 unless NP C DTIME(n©{10¢m),
where 7 is the number of nodes in s. In this paper, we are the first to show that even
though for unit disk graphs, the problem is still NP-hard and it has a polynomial time
constant approximation. We present a 2.5 p-approximation where p is the best known
performance ratio for polynomial time approximation of classical Steiner minimum
tree problem in graphs. As a corollary, we obtain that there is a polynomial time
(9.875 + ¢)-approximation algorithm for minimum weight connected dominating set
in unit disk graphs, and also there is a polynomial time (4.875 + ¢)-approximation
algorithm for minimum weight connected vertex cover in unit disk graphs.
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1 Introduction

Given a graph G = (V, E) with weight function w on E and a subset S, Steiner tree
problem (STP) is to find a minimum subgraph of G interconnecting all nodes in S.
We call the set S as terminal set. For any Steiner tree T for S and node u € V(T),
we call u as a terminal node if u € S, otherwise, we call it as a Steiner node. The
Steiner tree problem, which is of great interest nowadays, is a classical problem in
networks. The problem is known to be NP-hard in most metrics (Garey and Johnson
1978). Lots of effort have been devoted to study the approximation algorithms for
this problem (Berman and Ramaiyer 1994; Hougardy and Promel 1998; Kou et al.
1981; Robins and Zelikovski 2000; Zelikovsky 1993) and have successfully achieved
constant ratios.

Node-Weighted Steiner Tree problem (NWST) is a variation of the classical STP.
Given a graph G = (V, E) with node weight w : V — R™ and a subset S of V, the
node-weighted Steiner tree problem is to find a Steiner tree interconnecting nodes
in the set S such that its total weight is minimum. Since all of nodes in terminal set
will be contained in any Steiner tree constructed, for convenience, we usually set
w(u) =0 for all nodes u € S.

In this paper, we study NWST problem in a special type of graphs called unit
disk graph, which has a wide application in networks. A unit disk graph is associ-
ated with a set of unit disks in the Euclidean plane. Each node is the center of a unit
disk. An edge exists between two nodes u and v if and only if |uv| < 1, where |uv|
is the Euclidean distance between u and v. As far as we know, there is no constant
approximation algorithms for NWST problem in this special type of graphs right
now. In our paper, we propose a constant approximation algorithm for NWST prob-
lem with approximation ratio of 2.5p0, where p =1 + % ~ 1.55 is the best known
approximation for the classical Steiner tree problem (Robins and Zelikovski 2000).
Also, as an application, we obtain a (9.875 + ¢)-approximation algorithm for the
Minimum Weighted Connected Dominating Set (MWCDS) problem, the target of
which is to construct a minimum weight connected subgraph dominating every node
in set S in a node-weighted graph. It improves the best previous approximation ratio
10+ & (Huang et al. 2009). Also for the Minimum Weighted Connected Vertex Cover
problem (MWCVC) in unit disk graphs, we obtain a (4.875 + &)-approximation al-
gorithm.

The rest of this paper is organized as follows. In Sect. 2, we introduce the related
work for NWST problem. In Sect. 3, we first present the main idea of our algorithms.
Then, we give some useful definitions and denotations first before we introduce the
algorithm and prove their approximation ratio. As corollaries, we obtain better ap-
proximations for MWCDS and MWCVC problem in unit disk graphs in Sect. 3.3.
Finally, we conclude our results.

2 Related work

As we know, quite a lot work has been done for STP problem starting from early
80s. Most of the early work (Aneja 1980; Segev 1987; Beasley 1984; Shore et al.
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1982) focus on solving the problem and its variations using linear programming. For
instance, Aneja (1980) used a specialized integer programming (set covering) formu-
lation to represent the STP and used the row generation scheme to solve the exponen-
tial increase of the number of constraints in the formulation related to the size of the
problem. Segev (1987) proposed an integer programming solution for an extension
of the standard Steiner Tree problem using Lagrangian relaxation and subgradient
optimization. Though these work presented solutions for Steiner tree problem from
the perspective of linear programming, most of them did not provide solid theoretical
proof for the approximation ratios of their algorithms.

As a variation of classical STP problem, NWST problem is also a NP-hard prob-
lem. And in 1991, Berman (see references in Klein and Ravi 1995) proved that cannot
be approximated within a factor of o(In k) by giving an approximation-preserving re-
duction from Set Cover (Feige 1998) to NWST problem, where  is the size of the ter-
minal set. This conclusion is achieved in general graph. Later, Klein and Ravi (1995)
presented the first asymptotically optimal solution of approximation ratio 2Ink, by
constructing the Steiner tree with spiders, a tree with at most one node of degree
greater than two. Later, this ratio is improved to be 1.35Ink by Guha and Khuller
(1999) by introducing a new concept called branch-spider. This is the best known
ratio up till now. One thing needs to be noticed here is that all these research work
was done in general graph.

As a special case, when the weights of all nodes are same, the NWST problem
is equivalent to Steiner Tree with Minimum Number of Steiner Nodes (STP-MSP)
problem. Given a set of n terminals S in the Euclidean plane and a positive con-
stant ¢, the STP-MSP problem is to find a Steiner tree for S with minimum number
of Steiner nodes such that each edge in the tree has a length no more than c¢. The best
approximation algorithm known up till now is a 3-approximation algorithm by Chen
et al. (2001).

Our focus in this paper is the NWST problem in unit disk graphs. Although known
as NP-hard problem, no approximation algorithms known as far as we know up till
now. We construct the first constant approximation algorithm implementable in poly-
nomial time in this paper.

3 Node-weighted Steiner tree problem (NWST)

In this section, we study the NWST problem in unit disk graphs and propose an
approximation algorithm for solving this problem. The main idea is based on the
classical Steiner Tree problem. Firstly, we construct an edge-weighted graph G” with
the same node-set and edge-set as the original graph G. Then, we define the weight
of every edge in G” as the half of the sum of its endpoints’ weights in G. Finally,
we use p-approximation algorithm to obtain a Steiner tree of G”. From the Steiner
tree of G”, we can get a Steiner tree of G with approximation ratio 2.5 ~~ 3.875. As
corollaries, we obtain polynomial time algorithms for MWCDS and MWCVC in unit
disk graphs with approximation ratio 9.875 + ¢ and 4.875 + ¢ separately.
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3.1 Preliminaries

In this section, we give some useful definitions and denotations. For a node-weighted
(or edge-weighted) graph G with weight function w and a subgraph H of G, denote
w(H) be the weight sum of all nodes (or edges) in H. For any two nodes u and v
of G, denote distg (u, v) as the weight of the shortest path between u and v, which is
calculated as min ka ep W(vr) among all the possible paths between u and v. Here
vy represents those internal nodes on every possible path p.

Given an edge-weighted graph G and a node subset S, we denote the p-
approximation algorithm for Minimum Steiner Tree as SMT(G, S) and the algorithm
for finding Minimum Spanning Tree as MST(G).

3.2 2.5p-approximation algorithm

The idea of this algorithm is to convert the node-weighted Steriner tree problem to
the classical Steiner tree problem. Firstly, we construct an edge-weighted graph G”
from G as follows by initializing G” with the same node-set and edge-set as G and
an edge weight function w’. For every edge e = (u, v) in G”, let the edge weight
w (u,v) = %(w(u) + w(v)). The second step of this algorithm is to compute a Steiner
tree T of G” on S through the p-approximation algorithm. Final, view T as the node-
weighted Steiner tree of G on § and output it. The pseudo-code of this algorithm is
presented in Algorithm 1.

Algorithm 1 NWST (G = (V, E, w, S))

1: Initialize an edge -weighted graph G’ = (V/, E’,w’, §’) by setting V' =
S'=8and E' =
for each edge (vl-, v;) in graph G’ do
Assign the weight of this edge w’(v;, vj) = w;) +wv;))/2.
end for
T =SMT(G/, S)
Output T

AN

To better illustrate this algorithm, we give an example. Given a node-weighted
graph G and a terminal set S as in Fig. la, firstly, we transform it into graph G’
(Fig. 1b) according to the weight assignment. The numbers besides each vertex in
G are the weights associated with them and we set the weight of all vertices in the
terminal set as 0. Secondly, we calculate the SMT for graph G’, which is the subgraph
in Fig. 1c. Figure 1d presents the NWST for original graph G.

Since G is a unit disk graph, for any terminal set S, there always exists a Steiner
minimum tree with maximum degree no more than 5. The following lemma proves
the relationship between the weight of the optimal SMT in graph G” and the weight
of the optimal NWST we want.

Lemma 1 Denote Topr sur as the optimal Steiner Minimum Tree for G" on the
set S and Topr_nwst as the optimal Node-weighted Steiner Tree of G on the same
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' 1/2 V!

_ Q Vg
V22730 v, 3/2 Vs
(b) G'and §'={v;,v},vi}
@
(d) NWST2(G) (¢) SMT(G,S)

Fig. 1 An example of 2.5p algorithm

terminal set S, respectively. Then w'(Topr_smut) < 2.5w(Topr_nwsT) When G is a
unit disk graph.

Proof Consider Topr_nwsr as a Steiner tree on S of G”. For convenience, denote T
as Topr_wnwst, V as V(Topr_nwst), E as E(Topr_nywst) and dr (u) as the degree of
node u in tree T, we have

w' (Topr_smr) < w' (Topr_NwsT)

1
> <5<w(u> + w(v)))

e=uvek

ueV

< % > (ww) =2.5uw(T).

ueV

Hence, the lemma holds. O

If we consider the Steiner tree T of G” as a subgraph of G, we can get the follow-
ing lemma:

Lemma 2 For any Steiner tree T of G” on terminal set S, if we view it as a sub-
graph G, then T is also a Steiner tree of G on set S and w(T) < w'(T).
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Proof Since for any Steiner tree, the degree of each Steiner node is not less than 2
and all weight of nodes in terminal set is 0, the lemma holds. 0

Theorem 1 Algorithm NWST is a 2.5p-approximation for node-weighted Steiner
tree problem in unit disk graph.

Proof Let T be the output of NWST. Denote Topr sur and Topr ywsr as in
Lemma 1. By Lemmas 1 and 2, we have

w(T) <w'(T) < pw' (Torr_smr) < 2.5pw(Torr_NWST)- O
3.3 MWCDS & MWCVC

As we know, the problem of MWCDS is to construct the Connected Dominating
Set(CDS) in a node-weighted graph with the minimum total weight. Normally, re-
searchers start with calculating Dominating Set (DS) for the graph first and then in-
terconnecting them. Obviously, the node-weighted Steriner tree can be used in the
MWCDS problem to interconnect all nodes of the DS to get better approximation
algorithm. Therefore, we can obtain the following corollary.

Corollary 1 A (9.875 + ¢)-approximation for MWCDS in unit disk graph exists by
interconnecting all nodes of the DS using algorithm NWST.

Proof For any node-weighted graph G and a given Dominating Set DS, denote
Topr_cps and Topr be the optimal CDS of the G and the optimal Steiner tree of G on
the given DS respectively. Since the induced graph G[DS U Topr_cps] is connected,
this graph contains a Steiner tree of G on DS. Thus, w(Topr \ DS) < w(Topr_cDS)-

By Huang et al. (2009), we can get a dominating set C of G with w(C) <
(6 + &)w(Topr_cps)- Then, using algorithm NWST?2 for C, we can obtain a Steiner
tree T with w(T \ C) <2.5pw(Toppr \ C). Clearly, V(T) is a connected dominating
set of G and

w(V(T)) =w(C) +w(V(T)\ )
< (64 e)w(V(Topr_cps)) +2.5ow(V (Topr) \ C)
< (9.875 +e)w(V(Toprr_cps))- 0

Besides, using NWST algorithm we proposed, we could achieve better approxima-
tion performance for the MWCVC problem as well. The MWCVC problem concerns
about finding a Connected Vertex Cover (CVC) for a node-weighted graph, which
has the minimum total weight. The connectivity of the Vertex Cover (VC) could be
easily obtained by constructing node-weighted Steiner tree connecting vertices in the
VC set. Therefore, applying our NWST algorithm into the MWCVC problem, we
have

Corollary 2 The MWCVC problem in unit disk graph could be approximated using

a (4.875 + €)-approximation algorithm by interconnecting all nodes in the set of VC
using algorithm NWST.
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Proof For any node-weighted graph G and a given V C, denote Vopr cvc and Vopr
be optimal CVC of G and the optimal Steiner tree of G on V C respectively. Ob-
viously, the induced graph of the G[V C U Vppr_cvc] is connected and contains a
Steiner tree of G on VC. Thus, w(Vopr \ VC) < w(Vorr_cvc).

As node-weighted vertex cover in unit disk graph admits a PTAS (Bar-Yehuda and
Even 1985; Halperin 2000; Nieberg and Hurink 2005), we can get a node-weighted
vertex cover set C of G with a weight of w(C) < (1 + &)w(Vopr_cvc). Then, using
algorithm NWST to interconnect C, we can obtain a Steiner tree 7. Clearly, V(T) is
a connected vertex cover of G and

w(V(T)) =w(C)+wV(T)\C)
(I+&)wVorr_cve) +2.50w(Vopr \ C)

< @875+ e)w(Vorr_cve). O

IA

4 Conclusion

In this paper, we propose a constant approximation algorithms for NWST problem
in unit disk graph. The approximation ratios for this algorithm is proven to be 2.5p,
respectively. As corollaries, we improve the approximation of MWCDS in unit disk
graphs from 10 4 ¢ to 9.875 4 ¢ and also the approximation ratio of MWCVC to
4.875 + ¢ in unit disk graphs.
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References

Aneja YP (1980) An integer linear programming approach to the Steiner problem in graphs. Networks
10:167-178

Bar-Yehuda R, Even S (1985) A local-ratio theorem for approximating the weighted vertex cover problem.
Anal Des Algorithms Comb Probl 25:27-46

Beasley JE (1984) An algorithm for the Steiner problem in graphs. Networks 14:147-159

Berman P, Ramaiyer V (1994) Improved approximations for the Steiner tree problem. J Algorithms
17:381-408

Chen D, Du DZ, Hu XD, Lin GH, Wang L, Xue G (2001) Approximation for Steiner tree with minimum
number of Steiner points. Theor Comput Sci 262:83-99

Feige U (1998) A threshold of Inn for approximating set cover. ] ACM 45:634-652

Garey MR, Johnson DS (1978) Computers and intractability: a guide to the theory of NP-completeness.
Freeman, San Fransisco

Guha S, Khuller S (1999) Improved methods for approximating node weighted Steiner trees and connected
dominating sets. Inf Comput 150:57-74

Halperin E (2000) Improved approximation algorithms for the vertex cover problem in graphs and hyper-
graphs. In: Proceedings of the 11th annual ACM-SIAM symposium on discrete algorithms. ACM-
SIAM, New York

Hougardy S, Promel HJ (1998) A 1.598 approximation algorithm for the Steiner problem in graphs. In:
SODA, pp 448-453

Huang Y, Gao X, Zhang Z, Wu W (2009) A better constant-factor approximation for weighted dominating
set in unit disk graph. Preprint

@ Springer



J Comb Optim (2009) 18: 342-349 349

Klein P, Ravi R (1995) A nearly best-possible approximation algorithm for node-weighted Steiner trees.
J Algorithms 19:104-115

Kou LT, Markowsky G, Berman L (1981) In: A fast algorithm for Steiner trees, pp 141-145

Nieberg T, Hurink J (2005) A PTAS for the minimum dominating set problem in unit disk graphs. In:
WAOA, pp 296-306

Robins G, Zelikovski A (2000) Improved Steiner tree approximation in graphs. In: Proceedings of the 11th
ACM-SIAM symposium on discrete algorithms, pp 770-779

Segev A (1987) The node-weighted Steiner tree problem. Networks 17:1-17

Shore ML, Foulds LR, Gibbons RB (1982) An algorithm for the Steiner problem in graphs. Networks
12:323-333

Zelikovsky A (1993) An 11/6 approximation algorithm for the network Steiner problem. Algorithmica
9:463-470

@ Springer



	Node-weighted Steiner tree approximation in unit disk graphs
	Abstract
	Introduction
	Related work
	Node-weighted Steiner tree problem (NWST)
	Preliminaries
	2.5rho-approximation algorithm
	MWCDS & MWCVC

	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


