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Abstract— A critical node (cut vertex) in a wireless sensor
network (WSN) is a node which its failure divides the network to
disconnected parts. Identification of such nodes is the first step in
countering against the threats on WSN reliability. In this paper,
we propose the Connected Dominating Set based CUT vertex
detection (CDSCUT) approach. We define 5 new rules for
deciding about the statuses of nodes. The proposed algorithm
has O(A?) local computation complexity and O(log,n) bit
complexity per node where n is the node count and A is the
maximum node degree. The simulation results show that our
proposed approach achieves up to 30% improvement in
percentage of status detection compared to the previous CDS
based approach while consuming similar time and energy.
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L INTRODUCTION

Wireless Sensor Networks (WSNs) are widely used in
many applications including military services, healthcare,
disaster relief, industrial automation, intelligent structures, etc.
Generally, there is no communication infrastructure in WSNs.
The nodes connect to each other in an ad hoc manner and
collaborate to forward the sensed data or messages to the target
nodes. We can model a WSN as a graph G = (V,E) where V is
the set of nodes (vertices) and E is the set of links (edges). G is
connected if there is at least one path between each pair of
nodes in V. Node v € V is critical if its removal increases the
number of connected components in G [1-3]. For example in
Fig. 1, black nodes are critical. If node 1 stops working, for
example, the network is divided into three disconnected
components. Detecting critical nodes provides useful
information about the fault tolerance of the network. For
example, identification of the critical nodes in a WSN, will
enable the network management authority to take counter
measures to reinforce these potential security risks.

A dominating set (DS) is a subset of nodes D € V such that
every node v € V is in D or has at least one neighbor in D. All
nodes u € D are called dominators and each nodew & D is a
ordinary node (dominatee). D is a connected DS (CDS) if
nodes u € D remains connected after removing all ordinary
nodes from G. In Fig. 1, for example, {2,8,5} is a minimum
dominating set, and {1,2,5,7,8} is a minimum CDS. CDS is a
very useful structure for routing in WSNs and usually is used
as a backbone of the network to facilitate the reliable
communication with remote nodes [4].
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Fig. 1. The network model.

Various distributed depth first search (DFS) and other
spanning tree based algorithms have been presented for finding
the critical nodes [1-3]. In these algorithms, a spanning tree is
implemented as an extra service with many message passings
which increases the network traffic and total consumed energy.
To the best of our knowledge, PArtition Detection and
Recovery Algorithm (PADRA) [5] is the only distributed
algorithm that detects critical nodes using CDS.

In this paper, we propose a distributed CDS based critical
node detection algorithm with 5 new rules. Our algorithm is
distributed and does not require a localization operation.
Hence, it is suitable for large scale sensor network applications.
We implemented our algorithm and PADRA and also a central
algorithm (CENTRAL) on TinyOS-TOSSIM simulator and
showed that our algorithm improves the detection percentage
of PADRA up to 30%. Besides, the wall clock time and energy
consumption of our algorithm are significantly better than the
CENTRAL algorithm.

II. BACKGROUND

PADRA finds the critical nodes from CDS in a WSN
without sending extra messages. The rules of the PADRA are
as follows:

e PADRA Rule 1 (PR1): Ordinary nodes are not critical.

e PADRA Rule 2 (PR2): A dominator node is critical if it

has a neighbor which is not connected to another node.

An example operation of the PADRA is given in Fig. 2.
Nodes 3, 4, 6, 9 and 10 are ordinary nodes so PRI identifies
them as non-critical nodes. According to PR2, node 5 and
node 8 are critical and nodes 1, 2 and 7 cannot be identified by
the PADRA.



PR1
Fig. 2. An example operation of PADRA.

Finding the minimum CDS is an independent and
interesting problem which is the subject of many studies. In
our simulations, we have used the same marking based
algorithm with the PADRA to find the CDS in the
networks [5]. The rules of this algorithm are as follows:

e If node u has at least two neighbors that have no edge

between themselves, then node u is a dominator.

e If node u has a dominator neighbor with a larger id
which is connected to all neighbors of u then node u is
not a dominator.

e Ifnode u has two connected dominator neighbors v and
z with larger ids, such that the union of their neighbors
cover the neighbors of u then u is not dominator.

III. PROPOSED APPROACH

To detect the statuses of nodes, we proposed a CDS based
critical node (CUT vertex) detection algorithm (CDSCUT)
with 5 new rules which takes more situations into
consideration than the PADRA. Let I'(u) shows the neighbor
list of node u, [h(u) be the ordinary neighbors of u, I';(u)
shows the dominator neighbors of node u and G/u be the
graph without node u. We use U~V to show that every node
u € U has at least one path to every node v € V.

Rulel (R1): A dominator node u is not critical if v €
I'(uw) such that T'(w) € I'(v).

According to R1, a dominator node u is not critical if it has
a neighbor v which is directly connected to all other neighbors
of u. The nodes in D form a connected subgraph of G such
that Vv € D:3u € D where u € I'(v). Therefore, Vv €
V:Tp(v) # @ - v~V is true. If a dominator node u has a
neighbor v such that I'(u) S I'(v) then either I'(v) =V /v or
Jw € I'(v) such that w # u Aw € D, because u is a part of
CDS. In the first case, node v keeps the connectivity of all
other nodes in G /u which implies that u is not critical. For the
second case in G/u we have Ip(v) ={w}->v~V -
['(w)~V - I'(u)~V. So in G/u all nodes remain connected
and u is not critical. For example, in Fig. 3.a, node 3 is not
critical because I'(3) € I'(1). Let G, shows the two-hop local
subgraph of node u. Getting a separated G, /u is a required,
but not sufficient, condition for any critical node u.

Rule2 (R2): A dominator node u is not critical if G, /u is a
connected graph.

In other words, a critical node u in G is also critical in G,,.
If u is critical in G then 3(x,y) € Vsuch that x » y in G/u.
So there is only one vertex disjoint path between x and y as
p(x,y) ={x,..i,u,j,..y} where i,j € I'(u). If the neighbors
of u remain connected in G /u then x + y A i~j in G /u will
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Fig. 3. (Black nodes are dominators) a) Node 3 is not critical (R1). b) Node 4
is not critical (R2). ¢) Nodes 2 and 3 are not critical (R3).

be a contradiction because i~j keeps the connectivity between
x and y in p(x,y). In Fig. 3.b, for example, node 4 is not
critical because the G,/4 is connected. However his rule is not
valid for node 2.

Rule3 (R3): A dominator node u is not critical if in G, /u
we have Vv € I, (u): v~Ip(w) and Vv € I,(w): Ip(v)/u # @.

A dominator node u is not critical if I(u) remain
connected in G, /u and all ordinary neighbors of u have at
least one dominator neighbor in G, /u. The connectivity of D
is not violated if all dominator neighbors of u remain
connected in G, /u. So, if Vv € Iy (u): v~Ip(w) in G, /u then
Vv € D:v~D in G /u. Each ordinary node v & D has at least
one neighbor in D hence Vv eTl,(u) : Tp(v)/u+@ -
v~D - v~V in G/u graph. Therefore, in G,/u we have
vv e Ip(uw):v~Tp(w) A Vv eTly(u):Th(v)/u+@ - Vv €
I'(w): v~V which indicates that u is not critical in G. For
example, in Fig. 3.c, nodes 2 and 3 are not critical because
their neighbors have another dominator neighbor and without
node 2 or node 3 D remains connected.

Rule4 (R4): A dominator node u which is critical in G is
critical in G if Avelw):lWw) c{fw)VulAv +
rw)/rw) in G,/u.

If u is a critical node in G, , then 3x € '(u):x + v in
G, /u. If u is critical node in the entire network then we must
have x » v in G/u. Suppose that x~v in G/u. So Iy €
I'(v) : x ~y. Without lose of generality, we can assume that
y is a neighbor of x in G. We have Vw € '(v): I'(w) €
{rv)uvi->Tr(y) c{rwv)uv}->xerl).Sov must be
a neighbor of node x which is a contradiction because if there
is an edge between x and v then we always have x~v in G,/
u. For example, in Fig 4.a, G, /4 is not a connected graph and
I'(1) € I'(2). Hence, node 4 is critical.

Rule5 (R5): A dominator node v is critical if it has a

critical neighbor w such that Tp(u) ={v} and Vw €
Fr'w)/vi{lp,(w) =uAT(w) € T'(w) Uu}.
We have Yw € T'(w)/v:{Ip,(w) =uAT(w) S T'(uw) Uu} so
Aw € I'(w/viw~v in G/u and ZAweT(w)/
viw~I(W) in G /u. Also Yw € T'(w) /v:Tp(w) =u so I'(u) N
I['(v) = @. Consequently, without v there is no path to any
node w € I'(v) from u and u + I'(v) /u in G /v which proves
that v is critical. For example in Fig. 4.b, the critical node 4 is
the only dominator neighbor of nodes 1 and 2 and the I'(1)
and I'(2) are the subsets of I'(4) U 4. So, node 3 is critical.

(a) (b)
Fig. 4. a) Node 4 is critical (R4). b) Node 3 is critical (RS).



Since the rules run on two-hop neighbor lists of nodes, the
total computational complexity of all proposed rules is 0 (A?)
where A is the maximum degree of a node in the network. The
total message complexity is O(1) per node (due to rule 5). The
total bit complexity is O(log,n) per node since the message
size is limited by O (log,n) where 7 is the node count.

IV.  PERFORMANCE EVALUATIONS

To evaluate the performance of the proposed approach, we
implemented PADRA, CDSCUT and a CENTRAL algorithm
in TinyOS-TOSSIM simulator [6]. In CENTRAL algorithm,
all nodes find their one-hop neighbor list and send it to a
single (sink) node to find the cut vertices using a central DFS
based algorithm. We generated 5 class of random geometric
networks varying from 50 to 250 nodes by incrementing 50
nodes at each step. For n=50, the average detected cut vertices
in CENTRAL algorithm (Fig. 5.a) is about 6 while this value
for CDSCUT and PADRA are 5.4 and 4.3 respectively. For
n=250, CDSCUT has found about 6 more cut vertices than the
PADRA. The CENTRAL algorithm has found approximately
5 more cut vertices than CDSCUT and 11 more cut vertices
than PADRA in average. The proposed algorithm has found at
least 73% of all cut vertices (about 14.6 from 20 nodes for
n=250) which is about 30 % higher than PADRA. PADRA
determines the statuses (critical or non-critical) of about 60%
of the nodes in average and this value slightly increases by
adding more nodes to the network (Fig. 5.b). The CDSCUT
algorithm determines the statuses of more than 80% of the
nodes for n=50 and about 90% of nodes for n=250. The total
consumed energy in CENTRAL algorithm is significantly
higher than the other algorithms (Fig. 5.c). CENTRAL
algorithm consumes about 180J energy in the networks with
250 nodes which is 8 times higher than CDSCUT and
PADRA where the total consumed energies of CDSCUT and
PADRA are similar.
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Fig. 5. Performance comparison of algorithms against node count a) Detected
Cut Vertex Count b) Percentage of Determined Nodes ¢) Consumed Energy
d) Wallclock Time

Collecting the entire topology information in a single node
increases the wall clock time of CENTRAL algorithm
dramatically when we increase the node count (Fig. 5.d). In
contrast, the wall clock times of PADRA and CDSCUT show
a linear function of node count. The wall clock time of
PADRA is slightly lower than that of CDSCUT. However, the
maximum difference is less than 2 s for all topologies. For
n=250, the CENTRAL algorithm takes about 30 s to complete
while this interval for PADRA and proposed algorithm are 11
s and 13 s respectively which means that for n=250, the
proposed algorithm is 2.3 times and PADRA is 2.7 times
faster than the CENTRAL algorithm.

V. CONCLUSION

In many WSN deployments reliability of the network is of
utmost importance (e.g., critical infrastructure monitoring) and
network partitioning should be avoided to be able to monitor
the whole deployment area. As such, the capability to identify
the critical nodes that can leave the network partitioned when
incapacitated is imperative. In this paper, we propose the
CDSCUT algorithm for deciding about the status (critical or
non-critical) of the nodes in WSN from CDS information. The
algorithm has 5 additional rules over the PADRA algorithm
where these rules can be executed on two-hop neighbor list of
nodes without applying a network wide spanning tree
algorithm. The local computation overhead of the rules are
bounded by 0(A?). Besides, the message complexity is 0 (1)
per node and the bit complexity is limited by O(log,(n)) per
node. The proposed approach has up to 30% improvement in
finding the critical nodes on WSNs while it keeps the energy
consumption and wall clock time close to the PADRA
algorithm.

ACKNOWLEDGMENT

The authors would like to thank the TUBITAK (Scientific
and Technical Research Council of Turkey) for financial
support of the project 113E470 which this work belongs to it.

REFERENCES

[1] O. Dagdeviren and V. K. Akram, “An energy-efficient distributed cut
vertex detection algorithm for wireless sensor networks,” The Computer
Journal, vol. 57, no. 12, pp. 1852—1869, 2014.

[2] V. Turau, “Computing bridges, articulations, and 2-connected
components in wireless sensor networks,” in Algorithmic Aspects of
Wireless Sensor Networks, pp. 164—175, Springer, 2006.

[3] S. Xiong and J. Li, “An efficient algorithm for cut vertex detection in
wireless sensor networks,” in Distributed Computing Systems (ICDCS),
2010 IEEE 30th International Conference on, pp. 368-377, IEEE, 2010.

[4] J. Wu and H. Li, “On calculating connected dominating set for efficient
routing in ad hoc wireless networks,” in Proceedings of the 3rd
international workshop on Discrete algorithms and methods for mobile
computing and communications, pp. 7-14, ACM, 1999.

[5] K. Akkaya, A. Thimmapuram, F. Senel, and S. Uludag, “Distributed
recovery of actor failures in wireless sensor and actor networks,” in
Wireless Communications and Networking Conference, 2008. WCNC
2008. IEEE, pp. 24802485, IEEE, 2008.

[6] P. Levis, N. Lee, M. Welsh, and D. Culler, “Tossim: Accurate and
scalable simulation of entire tinyos applications,” in Proceedings of the

Ist international conference on Embedded networked sensor systems,
pp. 126-137, ACM, 2003.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 400
  /MonoImageMinResolutionPolicy /OK
  /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

  /CreateJDFFile 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 (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


