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Abstract— Smart SensorNetworks (S-nets)are groups of sta-
tionary agents (S-elements)which provide distributed sensing,
computation, and communication in an ervironment. In order
to integrate information from individual agentsand to ef ciently
transmit this information to other agents,thesedevices must be
able to create local groups (S-clusters). A leadership protocol
that createsstatic clusters has been previously proposed.Here,
we further develop this protocol to allow for dynamic cluster
updating. This accommodateson-the- y network re-organization
in responseto environmental disturbancesor the gain or loss of
S-elementsWe outline an informal argument for the correctness
of this revised protocol. We describe our embedded system
implementation of the leadershipprotocolin simulation and using
a colony of robots. Finally, we presentresultsdemonstrating both
implementations.

|. INTRODUCTION

While mobile robotsmay be provided with a large amount
of on-boardsensing[1] in orderto acquireinformationabout
their ervironment, it is also possibleto distribute sensing
among agentsin the ervironment. One such approachto
distributed sensingis the Smart SensorNetwork, or S-net.
An S-netis composedf individual agentscalled S-elements,
which cancompute communicateandsensehe ervironment.
S-nets have distributed computationalcapabilities and can
provide processeddatato mobile robots. Experimentshave
beenperformedin simulationto evaluatethe utility of the S-
net approachand performanceadvantagesomparedo using
only on-boardsensordhave beenshown for certaincaseq2]—
[4].

Distributed sensing within an ervironment has a large
numberof potentialapplications.Becausesensingis spatially
distributed, S-netsare well suitedto gradientcalculation.For
example,if robotswereusedto aidin ghting forest res, and
sensorgould be distributed acrossthe ervironment,an S-net
could be usedto identify hot spotsandtemperaturggradients,
aiding the deploymentand movementof mobile agentg[2].

S-netscan also be used as a distributed communications
network. The useof digital pheromonefhasbeenproposedas
aneffective way to achiese distributedcommunicatiorbetween
agentdn anervironment[5]. S-netsareparticularlywell suited
to this application;asa smartsensareachS-elements capable
of sensing,communication,and computationindependenbf
otheragents.

Oneof the distributed algorithmsnecessaryor S-netsis an
algorithm for S-clusterformation. For a very simple sensor
network, mobile robots could communicateindividually with
all sensordn the ervironment.However, to enabledistributed
computationand to reducethe amountof communicationa
mobile agentmusthave with the S-net,groupingtheindividual
S-elementsinto clusters with leadersis desirable. Mobile
robots can then communicatewith S-netleadersin order to
acquire sensoryinformation from the S-net. A solution to
this leadershipproblemthat forms static S-clustershas been
presentedn [6].

S-elementshave the ability to communicatewithin a re-
strictedrange,have a x edlocation,andhave a uniqueinteger
identi er (ID number).The S-elementshat make up the S-net
shouldbe groupedinto S-clustersuchthateachleaderhasthe
lowest ID numberin the clusterandis ableto communicate
with all the follower S-elementsn the cluster Followers are
not necessarilyableto communicatewith all membersof the
S-cluster;it is only necessaryfor followers to be able to
communicatewith the S-clusterleader

In this paper we extendthe staticclusterleadershigprotocol
to allow for dynamicclusterupdatingas S-element@areadded
and removed. This extensionof the algorithmis designedto
be asynchronoudor usein embeddedsystems.We present
the dynamic cluster leadershipprotocol, outline an algument
for the correctnesf the algorithm, and describeits imple-
mentation,bothin simulationandusinga colory of robotsas
S-elementsResultsof both implementationsre presented.

Il. LEADERSHIP PROTOCOL

An S-netsystemcanbe representeds an undirectedgraph
where eachnodeis an S-elementand two connectednodes
are within communicationrange of each other Each node
can be realized a number of ways. Previous simulations
implementedeachnodeasa uniqueUnix processThe current
implementatiorusesa colory of smallautonomousobotswith
communicationsabilities. Each S-elementis implementedas
anindividual robot controller Robotcontrollerscanrun either
on real robotsor within simulatedrobot agents.

In the static cluster case,the S-netleadership(SNL) al-
gorithm [6] is run once in order to establishthe clusters,
and doesnot containprovisionsfor dynamicallyupdatingthe



clusters.After the clustersare resohed, clustersare usedfor
local integration of information collected by the individual

S-elements.This information integration is task dependent.

Becausethe clustersare static, if ary S-elementsare added
or removed no changesare madeto the clusters.If a leader
is removed, the performanceof the S-netcould be severely
deggraded,as the sensorydatafrom all of its followers would
belost. Theimproved algorithmpresentedn this paperallows
for dynamicupdatingof the clusters.

While the static SNL algorithm usesbroadcastandreceive
functions for communication,the dynamic S-net leadership
(DSNL) algorithm is designedto use directednodeto node
communicationswith the ability to sendmessageso other
agentsreadmessagesentby otheragentsfrom a queue,and
queryothernodes.This changevasmadeprimarily for easeof
implementationasthe simulationervironmentandthe colory
of robots used as S-elementsall have the capability to do
node to hode communication.This algorithm could also be
implementedusing broadcastommunications.

Thelist of nodesn communicatiorrangeis updateddynam-
ically outsideof the leadershipalgorithm. This is doneusing
broadcasfunctionsin a similar mannerto SNL. Lists of nodes
in thecluster nodesnotin thecluster andunresolednodesare
keptby eachnodeindividually. Leadersarethe only nodesthat
have full clusterlists; clusterlists for follower nodesinclude
only the leaderandthe nodeitself. Clusterlists are updatedat
eachiteration of the algorithm, so if a leaderor a follower is
removed, the affectednodesareaware.If aleaderis removed,
all of thefollowersin the clusterareresetandrengotiatetheir
leadershipstatus.In the casewherefollowersareremoved, the
leaderremovesthosenodedrom its clusterlist. Thereis no exit
pathfrom the leaderstatebecauseclusterswith only a single
memberare acceptableso once a node becomesa leader it
can never becomea follower.

Unlike SNL, DSNL has the addedability to control the
processof claiming followers (Step 3.2.2 belaw). In the
simplestcase followersjoin the clusterof the rst leaderto be
assertedwith the lowestID numberwinning in the caseof a
tie. While this is the default behaior in DSNL, this behaior
couldbealteredto choosebetweermultiple leadersassertinga
claim basedon factorssuchas preferringeitherlarge or small
networks.

ThedynamicS-netleadershiglgorithm(DSNL) is executed
by eachnode.An outline of the algorithmis asfollows:

DSNL Algorithm

1) Updatethe lists of nodes

1.1) Updatethe list of all nodes

1.2) Updatethe list of nodesin the cluster the list of
nodesnot in the cluster andthe list of remaining
nodes.

1.3) If the node is a leader check all messagedo
seeif arny nodeshave changedfrom claimed to
unclaimed.

2) If thenodeis notaleaderandhasno leaderin its cluster
list, resetthe nodeto be unresohed.

2.1) If the node hasjust becomeleaderlessnotify all
othernodesthat this nodeis unclaimed.

2.2) If thenodes ID numberis the lowestin the list of
remainingnodes,setnodeto be a leader

3) If thelist of remainingnodesisn't empty

3.1) If the nodeis a leader for all nodesin the list of
remainingnodes claim thosenodesthatarenot yet
claimed,and updatethe nodes state.Oncethe list
of remainingnodesis empty the nodeis resohed.

3.2) If the nodeis not a leader

3.2.2) If the nodeis not resohed, checkall messages
to seeif this nodehasbeenclaimedby aleader
If so,addtheleaderto the clusterlist andmalke
the noderesoled.

3.2.2) If thenodeis notyetresoled,checkeachnode
in the list of remaining nodesand move all
nodesthat have beenclaimedto the noncluster
list.

4) If the nodeis resoled

4.1) If the nodeis a leader executethe task specic
codefor leadernodes

4.2) If the nodeis a follower, executethe task speci c
codefor follower nodes

The stateof eachnodeincludes:

id_num; nodei's uniqueidentity number

leader a Boolean,indicateswhetheror not the nodeis
currently a leader

resolved aBooleanjndicatesvhetherthenodehasresohed
aseithera leaderor a follower.

nodelist list of all nodesin communicationsrange, it is
initialized before the algorithm begins, and can
changeover time.

remaining list of nodeswhose statusis still unresoled,
initially equalto nodelist

cluster list of nodesin the cluster initially null. For a

leader this list containsall nodesin the cluster
for a follower, this list only containsthe leader
anditself.

lastcluster list of nodesin the cluster after the previous
iteration of the algorithm. This is usedto track
when a follower becomedeaderless.

noncluster list of nodesthat are resoled, but not in the
cluster initially null. For a leader this list
containsall nodeswithin communicationgange
thatarenot in the cluster for a follower, this list
containsall nodesexceptthe leaderanditself.

The full transition function for DSNL is shovn belov. The
stepsare identical to thosein the algorithm outlined above,
but all stateupdatesare shavn.



/I Stepl
/I Step1.1
updatenodelist

/I Step1.2

lastcluster= cluster

cluster= intersect(nodelist¢cluster)
noncluster= intersect(nodelisthoncluster)
remaining= nodelist- cluster- noncluster

/I Stepl.3
if leader
for eachmessageén queue
if senderis in noncluster
if messagés a claimedstatuschange
noncluster-= sender
remaining+= sender

/I Step2

if (leader& (cluster== null))
resoled = false
noncluster= null
remaining= nodelist

/I Step2.1
if (lastclusteri= null)
send_unclaimed(nodelist)

/| Step2.2

if (id_num(self)< min(id_num(remaining)))

leader= true
resolhed = true

/I Step3
if (remaining!= null)
/I Step3.1
if leader
for eachnodein remaining
if (current== self)
cluster+= current
remaining-= current
else
if claimed(current)
if (leader(currentF= self)
cluster+= current
remaining-= current
else
noncluster+= current
remaining-= current
else
claim(current)
/I Step3.2
else
/I Step3.2.1
if Iresohed
for eachmessagen queue

if senderis in nodelist
if messagés a claim
cluster= leader
resolhed = true
noncluster+= remaining- leader
remaining= null
/I Step3.2.2
if Iresolhed
for eachnodein remaining
if claimed(current)
remaining-= current
noncluster+= current

/I Step4
if resohed
/I Step4.1
if leader
performthe dutiesof a leader
/I Step4.2
else
performthe dutiesof a follower

I1l. CORRECTNESS

The algorithm shouldachiese the following ve objectives:

1) leader= true, cluster= selfand all followers
for ary node that has the lowest ID number of all
unresohed nodesin communicatiorrange.

2) leader= false cluster= leader
for ary nodethat is within communicationrangeof a
leader

3) resolved= true
for every node.

4) cluster % nodelist

5) cluster 6 @
if the nodeis resohed.

The rst threeobjectives are similar to thosede ned for the
original SNL, but the lasttwo objectvesareuniqueto DSNL.

Theoem1: The algorithmwill resohe with leader= true,
cluster= selfandall followers for any nodethathasthe lowest
ID numberof all unresohed nodesin communicatiorrangeat
somepointin time.

Proof: Supposethat nodei hasthe lowestID number
of ary of the nodesin communicationrange.The rst time
the DSNL algorithmis executed,the nodewill execute Step
2. In Step2.2,id_num; = min(remaining). Node i then
setsleader = true and beggins to claim the other nodesin
remaining

Supposehatnodei doesnot have the lowestID numberof
ary of the othernodesin communicatiorrange,but all nodes
with lower ID numberghani arewithin communicatiorrange
of nodesthat asserthemseles asleaders While thosenodes
with lower ID numberghani arestill unresolhed,i will remain
unresohed aswell, sinceits ID humberwill not be the lowest



in remaining Once all nodeswith lower ID humbersthani
areresohed asfollowers, nodei will setleader = true and
begin to claim ary unresolhed nodes. ]

Theoem2: Thealgorithmwill resolhe with leader= false
cluster = leader for ary nodethat is within communication
rangeof a leader

Proof: Supposethat node i is within communication
rangeof a nodewhich eventuallyresolesasa leader As long
asnodei is unresoled, the testin Step2 will be true, since
cluster will be empty Once a node within communication
rangeof i becomes leader this leadernodewill try to claim
i. Whennodei runs Step3.2.1,therewill be a messagdrom
this leadernodeclaimingi, which will resohe i. If morethan
one nodeclaimsi, the nodethat claimedit rst or the node
with the lowest ID number in that ordet will becomenode
i's leader

Supposea nev node is added after other nodes have
previously resohed. The sameprocessappliesasif the node
had beenaddedasthe sametime asthe othernodes.Because
all nodesadd new nodesto remainingeven after becoming
resolhed, andleaderscontinueto attemptto claim nodesafter
becomingresohed, a node that is addedwithin range of a
leaderwill eventually resohe asa follower.

Supposea nodes leaderis removed. The node will reset
its own state in Step 2, and then send a messageto all
nodesin nodelistto notify them of the changein Step2.1.
Then, the sameprocessas above applies,whereleadernodes
within range,after addingthe nodeto remainingin Step1.3,
will attemptto claim the node,unlessthe node nov hasthe
lowestID numberof unresoled nodesin range,in which case
Theorem1l applies. ]

Theoem 3: Within a nite numberof iterations,resolved=
true for every node.

Proof: Every nodeis either a leaderor is within com-
municationrangeof a leader Hence,all nodesare subjectto
eitherTheoreml or 2. In eithercaseresolved= true. =

Theoem4: During every iteration, cluster ¥2 nodelist for
all nodes.

Proof: Supposeone of the followers in a cluster is
removed. In this case the leaderof that clustershouldremove
the follower from the cluster list. This occursin Step 1.2,
where the lists of nodesare updated.Becausecluster =
inter sect(cluster; nodelist) the clusteris always setto be
a subsetof the nodelist every time the DSNL algorithm is
executed,andclusteris always a subsetof nodelist ]

Theoemb5: If a nodeis resohed, thencluster 6 @.

Proof: Supposea leadernode is removed. When this
occurs,cluster = @ for all of the followers in the cluster
The next time the DSNL algorithmis executed,Step2 is true,
becausefor all the followers, cluster is reducedto the null
setin Stepl.2.In Step2, thesenodeswould setresolved =
f alse, which would restartthe DSNL algorithm and subject
thesenodesto either Theorem1l or 2. [ ]

TABLE |
NODE POSITIONS FOR EXAMPLE 1

[Node | X T Y ]
1 20.25 | 119.25
2 58.5 | 21.375
3 110.25 | 128.25
4 83.25 72

IV. IMPLEMENTATION

We have implementedhis algorithmbothin simulationand
on a colory of robots, where eachrobot is usedas an S-
element.Both implementationsuse identical communication
functions.Communicatioroccursby transferringles contain-
ing messagebetweennodes.

In theimplementatiorof the DSNL algorithmin simulation,
all S-elementsun on a single computerusing Matlab for the
simulation.EachS-elemenhasdistinctstateinformation.Dur-
ing eachiteration,an S-elementipdatests sensolinformation,
updatests communicationsandthenrunsa controller which
in this caseis the DSNL algorithm.Informationis exchanged
betweemodesin two ways,queriesandmessagegvery node
may malke certain information available to other nodes,for
example, the claimed statusof the node. This information
may be queriedat ary time during the controller cycle by
the othernodes.Messagesnay be sentat ary point whenthe
controller is running, but the messagequeueon eachrobot
is only re-indexed at the beginning of eachiteration. While
iterationsare synchronizedn simulationfor corvenience the
communicationsnodelwas designedto be asynchronous.

The sameagentarchitectureis usedfor the implementation
of the DSNL algorithmon a colory of robots. Eachrobot is
completelyautonomouswith on-boardcomputation,sensing,
and communicationsabilities [7]. The robots use PC/104
hardware, with USB CCD cameradfor sensing,and wireless
Ethernefor communicationin nite Atom Linux 2.0,basecn
Red Hat Linux 8.0, is installedon all the robots,and Matlab
5.3 is usedto run the controller Unlike in simulation, the
embeddedsystemcommunicationsre asynchronous.

Experimentswith both the simulatedand embeddedmple-
mentationsverify the performanceof the DSNL algorithm.
These experimentswere designedto test the ability of the
algorithmto achiere the goalsoutlined in Sectionlll. In all
casesthe DSNL algorithm was able to fulll the specied
goals.

A. Examplel

As an example system,supposewe have the arrangement
of S-elementshowvn in Figure 1. The nodesarelocatedat the
positionsgiven in Table |, are active for the times shavn in
Figure 2, and have a maximum communicationrangeof 90.
In the simulatedsystem,the statusof eachnodefor selected
iterationsis shovn in Tablell. Figurel shows the statusof all
nodesonce clustersresole for the rst time. Node 1 is then
removed at time step10, and Figure 3 shaws the statusof the
remainingthreenodesoncethey re-resole.
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To test the transferenceof the algorithm to embedded
systems,the samecon guration of nodeswas implemented
using a colory of robots, shavn in Figure 4. The clusters
thatwereresolhed proved to be identicalin the simulatedand
embeddedcasesIn both the simulatedand embeddedtases,
the DSNL algorithm determinedthe correct leadersand S-
clustersfor the S-net.

B. Example2

For a morecomplex example,supposeave have the arrange-
mentof S-elementshaowvn in Figure5. The nodesarelocated
at the positionsgiven in Table lll, are active for the times
shawn in Figure6, andhave a maximumcommunicatiorrange
of 50. In the simulatedsystem,the statusof resoled clusters
for selectedterationsis shavn in TablelV. After the clusters

TABLE I
STATE INFORMATION FOR EXAMPLE 1

[ Time [ Node [ Status | cluster [ noncluster | remaining |

0 1 134

2 24

3 134

4 1234
1 1 leader 1 34

2 leader 2 4

3 134

4 1234
4 1 leader 134

2 leader 2 4

3 follower 13 4

4 follower 14 3
10 2 leader 2 4

3 leader 3 4

4 234
12 2 leader 24

3 leader 3 4

4 follower 24 3

leader
S,
follower
4
leader
2

Fig. 3. Final resolutionof S-elementsn Examplel after Node 1 hasbeen
removed

are initially resohed, Node 1 is removed. After the clusters
resole again, Node 20 is added.Figure 5 shawvs the statusof
all nodesonce clustersresole for the nal time. Example2
senesasfurtherveri cation of the performanceof the DSNL
algorithm. This simulationdemonstrateshe scalability of the
algorithmasthe numberof nodesincreases.

V. CONCLUSIONS

We have developed an improved leadershipprotocol for
S-netsthat allows for dynamic updatingof clusters.An im-
plementationof this protocol for embeddedsystemshasalso
beendeveloped.This protocol hasbeendemonstratedboth in
simulationandusinga colory of mobile robotsas S-elements.



Fig. 4. Mobile robotsas S-elementdor Examplel
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TABLE 11l
NODE POSITIONS FOR EXAMPLE 2

Node | X Y Node | X Y
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TABLE IV
CLUSTER LISTS FOR EXAMPLE 2

[ Time | Leader | cluster |
5 1 16810
2 2479111213151617
3 31419
5 5
18 18
15 2 24679111213151617
3 381419
5 5
10 10
18 18
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Fig. 6. Timesof operationfor Example2
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