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Abstract—We describe how a virtual node abstraction layer
can be used to coordinate the motion of real mobile nodes
in a region of 2-space.In particular, we consider how nodes
in a mobile ad hoc network can arrange themsehes along a
predeterminedcurve in the plane, and can maintain themsehes
in such a conguration in the presenceof changesin the
underlying mobile ad hoc network, speci cally, when nodesmay
join or leave the systemor may fail. Our strategyis to allow the
mobile nodesto implement a virtual layer consisting of mobile
client nodes,stationary Virtual Nodes(VNs) for predetermined
zonesin the plane, and local broadcast communication. The
VNs coordinate amongthemsehesto distrib ute the client nodes
betweenzonesbasedon the length of the curve thr ough those
zoneswhile eachVN dir ectsits zone's local client nodesto move
themsehes to equally spacedlocations on the local portion of
the target curve.

Index Terms— Motion coordination, virtual nodes, hybrid
systems,hybrid 1/0 automata.

|. INTRODUCTION

Motion coordinationis the general problem of achies-
ing some global spatial pattern of movementin a set of
autonomousagents.An important motivation for studying
distributed motion coordination that is, coordinationamong
agentswith only local communicationability and therefore
limited knowledge about the state of the entire system,
stemsfrom the developmentsin the eld of mobile sensor
networks. Previous work in this areaincludesdifferent co-
ordinationgoals,for example: ocking [9], rendezous[1],
[10Q], [13], deployment[2], patternformation [15], and ag-
gregation [7]. Owing to the intrinsic decentralizednature
of sensometwork applicationslike surwillance,searchand
rescue, monitoring, and exploration, centralizedor leader
basedapproachesreruled out. However, the lack of central
control makesthe programmingtask quite dif cult.

In prior work [3], [5], [6], [4], we have developeda notion
of “virtual nodes” for mobile ad hoc networks. A virtual
nodeis an abstractrelatively well-behaed active nodethat
is implementedusing less well-behaed real nodes.Virtual
nodes can be usedto solve problemssuch as providing
atomic memory [5], geographicrouting [3], and point-to-
point routing [4].

In this paper we explore a framawork for using virtual
nodesto solve motion coordinationproblems.We consider
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virtual nodesassociatedavith predeterminedyell-distributed
locationsin the plane,communicatingamongthemselesand
with mobile “client nodes” using local broadcastRoughly
speakingeachvirtual nodeis designate@ certainzonein the
plane—disjointfrom the zonesof the othervirtual nodes—
and is emulatedby all the mobile nodesthat are present
in its zone.The VN abstractionrmalkes programmingeasier
by providing a centralizedcontrollerwith reliable storage(a
virtual node)for eachdisjoint zonein the plane.

In this paperwe describea framework for using vir-
tual nodesto solve a simple motion coordination prob-
lem, namely uniformly positioning the mobile nodes on
a known differentiablecurve. The frameavork can be used
to implementdistributed algorithms for more complicated
motion coordination problems as well. Using the virtual
nodeabstractiorfor solving a coordinationproblemreduces
to achieving coordinationamongstationarycentralizedcon-
trollers with a priori known locations. Further writing the
coordination algorithm for the virtual nodes amountsto
“pluggingin” controlfunctionsin the virtual nodeprograms.

In additionto describingthe framawork for using virtual
nodeso solve coordinatiorproblemsywe alsobrie y describe
oneway of implementingvirtual nodesusingthe realmobile
nodes.We usethe Hybrid I/O Automata(HIOA) mathemat-
ical framework [12] for describingthe componentsn our
systems.

The paperis organizedasfollows: Sectionll describeghe
underlyingmobile network. Sectionlll describesour virtual
node layer Section IV de nes the motion coordination
problemwe consider SectionV describesan algorithm for
solving this motion coordinationproblem using the virtual
nodelayer. SectionVI givesthe proofsof correctnes®sf the
algorithm. Section VIl presentssimulation results for our
algorithm. SectionVIIl outlinesone way to implementthe
virtual nodelayer, and SectionIX concludes.

Il. THE PHYSICAL LAYER

Our physical model of the systemconsistsof a nite
but unknovn numberof communicatingphysical nodesin
aboundedsquareB in R2. We assumehat eachnodehasa
uniqueidenti er from a setl . Formally, our physicallayer
model consistsof threetypesof HIOA (seeFigure 1): (1)
automataPN; to model physicalnodeswith identi ers i 2
I, (2) a LBcast automatornthat modelsthe local broadcast
communicatiorservicebetweerthe physicalnodesand(3) a



“real world” automatorRW to modelthe physicallocations
of all the nodesandthe realtime.
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Fig. 1. The PhysicalLayer: PN automatacommunicatewith eachother

through an LB cast service and receve time and location information
continuouslyfrom RW .

Figure 2 shows the requiredcomponent®f eachautoma-
ton PN;; it may have other internal variables(initially set
to uniqueinitial values)andactions,which arenot speci ed
here.PN; continuouslyreceivesfrom RW the currenttime
asthe input variabler ealtime andits position asthe input
variablex;, and communicatests velocity to RW through
the outputvariablev;. The speedof PN ; is boundedby v..
The trajectoriesof the continuousvariablev; andthe effects
of the send and receive actionsare unspeci ed. At each
point PN is eitherin active or inactive mode;we assume
that, initially, nitely mary nodesareactive. Thefail; input
action setsthe modeto inactive and all internal variables
to their initial values,andthe recover; input actionsetsthe
modeto active. In inactive mode,all internal and output
actionsaredisabled,no input actionexceptrecover; affects
the internal or outputvariables,and during trajectories the
locally-controlledvariablesremainconstantandthe velocity
v; remainszero. Thus, we assumethat, in inactive mode,
PN stopsmoving. We modelthe departureof a nodefrom
B asa failure. For corvenience we assumethat transitions
areinstantaneous.

The PN s communicateusing a local broadcastservice,
LBcast which is a genericlocal broadcastservice param-
eterizedby a radius R, and a maximum messagedelay
dy. The LB cast(Rp; dp) serviceguaranteeshatwhenPN

performsa send(m); action at sometime t, the message

is deliveredwithin the interval [t; t + d,], by a receive(m);
action,to every PN; thatremainsin active modeandwithin
Rp distanceof PN; for the entireinterval [t; t + d,].
TheRW automator(seeFigure3) ervesto modelrealtime
andlocationsof all the nodes.t readsthe velocity outputv;
from eachPN;, i 2 |, and computesthe positionx; from
thevelocity v; for PN; andthe LBcast automatonLBcast

Signature: Transitions:
Input Input fail;
receive(m); Effect
fail; Vi 0
recover; mode inactive
Output Otherinternal variables initial
send(m);
Input recover;
Variables: Effect
Input mode  active
Xi 2B
realtime 2 R ©
Output
Vi 2 RZ;jvij Ve
Internal

mode 2 f active, inactiveg
Finite setof othervariables initially setto uniqueinitial values

Fig. 2. Hybrid I/O AutomatonPN ;.

Variables:

Input
Vi 2 R2, for eachi 2 |

Output
Xi 2 B, for eachi 2 |
realtime 2 R ©

Inter nal
Xj 2 B, for eachi 2 |, initially arbitrary
clock2 R 9, initially 0

Trajectories:

Invariant
Xi 2 B, for eachi 2 1

Evolve
Xi = Xj, for eachi 2 |
d(xj) = vj, for eachi 2 |
realtime = clock
d(clock) = 1

Fig. 3. RW automaton.

realtime for all physicallayer components.

I1l. THE VIRTUAL NODE LAYER

The boundedsquareB is partitionedinto a nite set of
zonesBy, h 2 H. For simplicity we assumeB isam m
squaregrid, with eachgrid squarecorrespondingo a zone
andhaving sidesof lengthb. Eachboundarypoint of asquare
is unambiguoushassignedo one zone.The index setH is
the setof coordinateof the centersof all squaresFor each
B, thesetN brs, containsthe zoneidenti ers of the north,
south,east,and westneighboringgrid squares.

Our virtual layer abstraction(see Figure 4) consistsof:
(1) client node automataCN; with identiersi 2 I, (2)
one stationaryvirtual node automatonVN y, for eachh 2
H, locatedat the centeroy, of the squareBy, (3) a virtual
communicatiorservice,VLBcast = LBcast(Ry; dy), for the
VN s andthe CN s, and(4) an automatorRW to modelthe
physicallocationsof all the CN s andthe real time.

A client nodeautomatonCN;, i 2 |, is a portion of a

requiresthe nodepositioninformationbecauset guarantees PN; automatonthat hasthe input variablesrealtime and

delivery only between“nearby” nodes.RW also produces

xj from the RW automatorandan outputvariablev; to the
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Fig. 4.  Virtual Node Layer: VN s and CN s communicateusing the
V LB cast service.

RW automatonWith respecto failures,an automatorCN ;
behaesthe sameasPN ;. CN; alsohassend andreceive
actionsfor interactingwith the VLB cast service.

A virtual node automatonVN, h 2 H, is an MMT
automaton(11], [14] parameterizedby a time upperbound,
dm m T it hasno realtimeclock variable. MMT automataare
discretd/O automatahathave a “task” structurewhichis an
equivalencerelationon the setof locally-controlledactions,
suchthatfrom a pointin anexecutionwhereataskbecomes
enabled,within at most time dy v 1, Some action in that
taskmustoccur VN, canexperiencea fail, input, disabling
internaland outputactions,preventingary inputsotherthan
recovery, from resultingin state changes,and setting the
automatorto aninitial state.lf arecovery, occursat a failed
VN , theVN actionsbecomeesnabledwith all tasksrestarted.
If VN, is failedanda CN is in By andremainsactive in
the zonefor d, time, thenarecover,, occurswithin thatd,
time. VN ;, communicatesith other VN s and CN s using
the VLBcast servicethroughsend,, andreceivey, actions.

VLBcast is an LBcast service(asdescribedn the phys-
ical layer) for the virtual layer, parameterizedby radiusRy
and maximummessagealelay dy, whereR, b. It allows
VN 1, to communicatewith eachVN § suchthatg 2 N brsy,
andwith CN s thatarelocatedin By,. It doesnot allow CN
automatato communicatewith one another

The RW automatonin the virtual layer is similar to the
onein the physicallayer, but hereit communicategthrough
the realtime andx variables)only with the CN automata
andthe VLBcast automatonandnot the VN automata.

This virtual layerwill beusedin SectionV to implement
a solution to the distributed motion coordinationproblem.
Details of how this virtual layer can be implementedusing
the physical layer are in Section VIIl. There we further
discussthe relation betweenthe parametergly m 1, dr, dy,
andRp, the physicallayer broadcastadius.

IV. THE MOTION COORDINATION PROBLEM

A differentiableparameterizecturve is a differentiable
mapP ! B, wherethedomainsetP of parametewraluesis
aninterval in therealline. Thecurve is regular if for every
p2P,j Yp)j6 0.Fora;b2 P, thearc Iengtl?_pf aregular
curve fromato b, is givenby s( ;a;b) = ;j Ap)jdp.

is said to be parameterizedby arc length if for every
p2 P,j Ap)j = 1. For acurve parameterizethy arclength,
s( ;a;b)=b a

For a given point x 2 B, if thereexistsp 2 P suchthat
( p) = x, thenwe saythat the point x is on the curve ;
alusingthe notation,we write thisasx 2 . We saythat is
a simplecurve providedfor everyx 2 ,  %(x) is unique.

spacedon acurve if thereexists a sequencef parameter
valuesp; < p2::: < pn, suchthatfor eachi, 1 i n,
(p) = Xxj,andforeachi,1<i<n,pi pi 1= pi+1 Pi-

In this paperwe x  to be a simple, differentiablecurve
that is parameterizedy arc length. Let P, = fp 2 P :
( p) 2 Bhg bethedomainof in zoneB, B. Thelocal
partof thecurve in zoneBy, is therestriction  : Py, !
Bn. We assuméhatPy, is corvex for every zoneB;,, B; it
may be emptyfor someBy,. We write jPyj for the length of
the curve . We de ne the quantizationof a real number
X with quantizationconstant > 0 asq (x) = d*e . For
the remainderof the paperwe x and write g, as an
abbreviation for q (jPnj). We write gmin for the minimum
nonzerog,, and gmax for the maximumg, .

Ourgoalis to designanalgorithmthatrunson the physical
nodessuch that, if there are no failures or recoveries of
physicalnodesafter a certainpointin time, then: (1) within
nite time thesetof nodesn eachzoneB;, h 2 H, becomes
x ed,andthe sizeof the setis “approximately”proportional
to the quantizedengthd,, (2) within nite time all physical
nodesin By, for which ¢, 6 0 arelocatedon , and(3) in
the limit all the nodesin eachB}, areevenly spacedon 4.

V. SOLUTION USING VIRTUAL NODE LAYER

The Virtual Node abstractionis used as a meansto
coordinatethe movementof client nodesin a zone.A VN
controlsthe motion of the CN s in its zone by settingand
broadcastingarget waypointsfor the CNs: VN, h 2 H,
periodically receves information from clients in its zone,
exchangesinformation with its neighbors,and sendsout a
messageontaininga calculatedtarget point for eachclient
node“assigned’to zoneBy,. Informally, VN , performstwo
taskswhensettingthe targetpoints: (1) it re-assignsomeof
the CN s that areassignedo itself to neighboringVN s, and
(2) it sendsatargetpositionon toeachCN thatis assigned
to itself. The objective of (1) is to preventneighboringVN s
from gettingdepletedof CN s andto achieve a distribution of
CN s overthe zonesthatis proportionalto the lengthof in
eachzone.The objective of (2) is to spacethe nodesevenly
on within eachzone.A CN, in turn, recevesits current
positioninformationfrom RW andits targetlocationfrom a
VN, and continuouslycomputesa velocity vector that will
take it to its latestreceved target point.



In our algorithm eachvirtual node VN ,, usesonly in-
formation aboutthe portionsof the target curve in zone
By andthe neighboringzones.For corveniencewe assume
that all client nodesknow the completecurve ; we could
insteadmodeltheclientnodesin By, asreceving inputsfrom
anotherautomatoraboutthe natureof the curve in zoneB,
and neighboringzonesonly.

A. Client NodeAlgorithm

The algorithmfor the clientnodeCN ( );, i 2 |, appears
in Figure5. The client nodefollows a roundstructure where
roundsbegin at times that are multiples of . Recall that
VN automatado not have accesdo realtime whereasCN
automatado. To help VN s follow the round structure,the
CN s send“trigger” message® promptthe VN sto perform
transitions.

At the beginning of eachround,a CN sendsa cn-update
messageo its local VN (that is, the VN in whosezone
the CN currentlyresides).The cn-update messagéells the
local VN the CN'sid, its currentlocationin B, andcurrent
round number

The CN thensendsan exchange-trigger messagel, +
later to its local VN . An additionaldym 1 + 2dy + time
later, the CN sendsa target-trigger messageo its local
VN . Both thesemessagearetrigger messageshat include
the CN's currentlocation and the current round number
usedby thelocal VN to determinewhetherthe CN is in its
zoneandwhat the currentround numberis.

CN; processesnly onekind of messagetarget-update
messagessent by its assignedVN . Each such message
describeshenew tamgetlocationx; for CN;, andpossiblyan
assignmento a differentVN . CN; continuouslycomputes
its velocity vectorv;, basedon its currentpositionx; andits
targetpositionx; , asvi = ve(Xi  X;)JjXi  X;]jj, moving
it with maximumvelocity towardsthe target.

B. Roundstructue

The VN, h 2 H, algorithm follows the CN's' round
structure However, VN s do not have accesgo ther ealtime
variable and must insteadrely on trigger messagegrom
CN s to determinewhenenoughtime haselapsedo perform
required actions. Here we explain hov we implementthe
round structurefor a VN .

Signature:

Input
receive(m)j, m2 (ftarget-updateg B)
Output
send(m);, m2 (fcn-updateg | B N)
[ (f exchange-trigger, target-triggerg
Internal
init;

Variables:

Input
Xi 2B
realtime 2 R ©
Output
vi 2 RZ2, velocity vector
Internal
x 2 B[ f?g , tamget point initially ?
round next-exch, next-target 2 N[ f?g , initially ?

Transitions:

Inter nal init;

Precondition
round= ?

Effect
round next-exch, next-target
X Xj

drealtime= e

Input receive(htarget-update, target );
Effect
if target(i) 6 null then
X tar get(i)

Output send(hcn-update, i, x;, round);
Precondition
realtime= round
Effect
round round+ 1
Output send(hexchange-trigger, x;, next-exci);
Precondition

realtime= next-exch +dy +
Effect
next-exch next-exch + 1

Output send(htarget-trigger, x;, next-target );
Precondition
realtime= next-target
Effect
next-target

+dumTt + 3dy + 2

next-target + 1

Recall that at the beginning of a round,eachCN sends Trajectories:

a cn-update messageo its local VN . The CN s thensend
exchange-trigger messagesl, + after the beginning of
the round, enoughtime that the cn-update messagehave
already been delivered, signaling to the VN that it has
receved all cn-update messageshat were transmittedat
the beginning of the roundin its zone.The VN waits before
using information from the cn-update messageauntil it
recevesoneof the CN s' exchange-trigger messageslhe
VN thensendsvn-update messageso its neighbors.
Each CN sendsa target-trigger messageto its local
VN an additionaldy mt + 2dy + time after it sendsan
exchange-trigger messageThis additionaltime is enough
for all the following to have happened(1) eachneighboring

Evolve
if (xi =x orx = 7?)thenvi=0
elsevi; = v¢ (X Xi)=jjx Xjj

Stop when
round= ? or realtime= round

or next-exch + dy +

B

or next-target + dym Tt + 3dy + 2

N)

Fig. 5. ClientnodeCN ( ); automaton.
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VN has receved an exchange-trigger messagefrom a
CN in its zone (d, time), (2) eachneighboringVN has
performedavn-update transmissiono its neighboringVN s,
including this one (dy m T time), and (3) the neighboring
VN vn-update messagesave arrived (d, time). When a
VN rst recevesa target-trigger messagdor a particular
roundfrom ary CN in its region, it knowsit hasrecevedary
vn-update messagefrom neighboringVN s for the round.
The VN then performssome computationand transmitsa
target-update messagéo CN s local to it.

A target-update messagenight notberecevedby aCN
until dy m T + 2d, time afterthe CN sentthe target-trigger
messageThis accountsfor: (1) the time it cantake for the
target-trigger messageo be receved by the VN (dy), (2)
thetime it cantake for theVN to performthetarget-update
broadcast(dy v 1), and (3) the time for the broadcastto
be deliveredat the CN (d,). Given the maximumdistance
betw%zgpoinbin onezoneandthe centerof a neighboring
zone, 2:5b= " (3b=2)2 + (b=2)?, andapcglstamspeedof
V¢ for eachclient node,it cantake up to 5—05'0 time for the
CN to reachits target. Also, aBer_the CN Fjlgarrivesin the
zoneit wasassignedo, upto  10b=3= " 2:5b % distance
from whereit startedjt could nd thatthelocal VN is failed,
in which caseit couldtake up to thed; VN -startuptime for
the VN to recover.

To ensurea round is long enoughfor a client node to
sendthe cn-update, exchange-trigger, andtarget-trigger
messagesgeceve atarget-update messagearrive atits new
assignedargetlocation,andbe surea virtual nodeis alive in
its zonebeforea new round begiBs,_we requ@hat satisfy

> 2dymTt +5dy + 2 + max( 2:5b=y; 100=3v;+ d;).

C. VN algorithm

The algorithm for virtual node VN (e; 1; 2)n, h 2 H,
appearsin Figure 6, wheree 2 Z* and 1; » 2 (0;1)
are parametersf the automatonVN y, collectscn-update
messagesent at the beginning of the round from CNs
located in its zone, aggreating the location and round
information from the messagdn a table, M . When VN
rst recevesan exchange-trigger messagdor a particular
roundfrom any CN in its zone,VN ;, tallies and computes
from its table M the numberof client nodesassignedo it
thatit hasheardfrom in theround,andsendghis information
in a vn-update messageo all of its neighbors.

WhenVH }, recevesa vn-update messagdérom a neigh-
boring VN , it storesthe CN populationand round number
information from the messagean a table, V. When VN
rst recevesatarget-trigger messagdor a particularround
from ary CN in its region, VN ,, usestheinformationin its
tablesM andV aboutthe numberof CN sin its zoneandits
neighbors'zoneso calculatehow mary of the CN sassigned
to itself shouldbereassigne@ndto which neighboringVN s.
This is done through the assign function (see Figure 7)
which calculatesa partial function assign mapping CN
identi ers to zonesthat they are assignedo. If the number
of CN sy(h) assignedo VN , exceedshe minimumcritical

Signature:
Input
receive(m),, m2 (fcn-updateg | B N)
[ (f exchange-trigger, target-triggerg B N)
[ (fvn-updateg H N N)
Output
send(m)y,
Constants

In= fg2 Nbrs: qg 6 Og

State variables:

M :1 ' B N, partialmapfrom CN ids to currentlocationand
round number initially ; . Accessorsloc;round.

V:H! N N, partialmapfrom VN ids to the numberof CN s, and
round numbery initially fthg, h0, Qii g for eachg 2 Nbrs[ fhg.
Accessorsnum; round.

sendbuffer, queueof messagednitially ; .

vn-done targetdone2 Z, initially 0.

Derived variables:
locM = (i 2 id(M)). loc(M(i))
y= (92 Nbrs[ fhg). numV(g))

Transitions:
Input receive(hcn-update, id, loc, round )y,
Effect
if loc2 By then
M M [ fhid, Hoc, roundi g

Input receive(hexchange-trigger, loc, round )
Effect
if (loc2 By " vn-done6 round then
for eachi 2 id(M)
if roundM(i)) 6 roundthen
M M n fhi, M(i)ig
sendbuffer  sendbuffer [ fhvn-update, h, jMj, round g
vrnrdone  round

Input receive(hvn-update, id, n, round ),
Effect
if id 2 N brs then
V(id) hn, round

Input receive(htarget-trigger, loc, round )y,
Effect
if (loc2 By " targetdone6& round then
V(h) hjMj, round
for eachg 2 Nbrs
if roundV(g)) 6 roundthen
V(g) ho, Oi
let target = calctarget(assign(id(M), y), locM)
sendbuffer  sendbuffer [ fhtarget-update, targetig
targetdone  round

Output send(m)p
Precondition
sendbuffer 6 ; * m= head sendbuffer)
Effect
sendbuffer  tail (sendbuffer)
Tasksand bounds
fsend(m)y, g, bounds[0; dy m T ]

Fig. 6. VN (e; 1; 2)n IOA signaturevariables,transitions,and tasks,
implementingmotion coordinationalgorithmwith parameterssafetye, and
damping 1; 2.
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Functions:
function assign(assignedM?2' , y: Nbrs[f hg! N): I !
assign| ! H,initially fhi, hig for eachi 2 assignedM
n: N, initially y(h)
ra: N, initially 0
if y(h) > ethen
if g, 6 0then
let lower= fg 2 In: 3—§y(h) > y(g)g
for eachg 2 lower
ra min(b 2 [g—sy(h) y(g)]=2(jloweij+l)c, n €)
updateassignby reassigning a nodesfrom h to g
n n ra
elseif In = ; then
let lower = fg 2 Nbrs: y(h) > y(g)g
for eachg 2 lower
ra min(b 2 [y(h) y(g)]=2(jlowej+l)c,n ¢)
updateassignby reassigning a nodesfrom h to g
n n ra
else
ra  b(y(h)
for eachg 2 In
updateassignby reassigning a nodesfrom h to g
return assign

H =

e)=jInjc

function calctarget(assign | !
seq indexed list of pairsin P
assigrfi)= h ” locM(i) 2
sortedby p, theni
for eachi 2 | : assigr{i) 6 null
if assigr{i) = g 6 hthen
locM(i) Og
elseif locM(i) 2 1 then
locM(i) choosef miny,  fdist(x;locM (i))gg
elseletp= 1(IocM (i), sedk) = hp;ii
if k= ®rst(seq then locM(i) h (inf(PR))
elseif k = last(seq then locM(i) h (sup(Pp))

H,locM: 1 ! B):l1! B=
|, initially thelist, for eachi 2 1 :
h, Of hp;ii wherep= | *(locM(i)),

elselet sedk 1) = hpx 1;ik 10, sedk + 1) = hog+1 sikr i
. + Pk +
locM(i)  n(p+ 1 (2Pl p))
return locM

Fig. 7. VN (e; 1; 2)n IOA functions.

numbere, then the assign function reassignssomeof the
CN s to neighborsof VN ,.

Let I n,, denotethe setof neighboringVN s of VN }, that
areon the curve  andyn(g), g 2 Nbrs, [ fhg, denote
the numbernum (Vh(g)) of CN s assignedo VN 4. If ¢, 6
0, meaningVN y, is on the curve (lines 7-11), then we let
lower, denotethesubsebf N brsy, thatareon the curve and
have fewer assignedCN s than VN , hasafter normalizing
with g—s For eachg 2 lower,, VN, reassignghe smaller
of the following two quantitiesof CNs to VN ¢: (1) ra =

2 [Zyn(h)  Yn(@=2(lower] + 1), where > < 1is a
dampingfactor and (2) the remainingnumberof CN s over
e still assignedo VN j,.

If ¢o = 0, meaningVN j is notonthecurve,andVN y, has
no neighborson the curve (lines 13-17),thenwe let lowery
denotethe subsetof N brs,, with fewer assignedCN s than
VN . For eachg 2 lowery, VN, reassignghe smallerof
the following two quantitiesof CNs: (1) ra= 2 [yn(h)
yn(9)]=2(jlower,j + 1) and (2) the remaining number of
CN s over e still assignedo VN y,.

VN y isonaboundaryif ¢, = 0, butthereisag 2 N brsy

with gy 6 0. In this case,yn(h) e of VN,'s CNs are
assignecequallyto neighborsin I n,, (lines 19-22).

The client assignmentsare then usedto calculate nen
target pointsfor local CN s throughthe calctarget function
(seeFigure7). This function assigngo every CN; assigned
to VN, atagetpointlocMn (i) 2 Bg;92 Nbrs, [ fhg, to
move to. Thetamget point locMy, (i) is computedasfollows:
If CN; is assignedto VN g, g 8 h, thenits targetis set
to the centeroy of By (lines 30-31);if CN; is assignedo
VN but is not locatedon the curve | thenits tametis
setto the nearestpoint on the curve, nondeterministically
choosingone if there are several (lines 32—-33);if CN; is
eitherthe rst or lastclient nodeon | thenits tamgetis set
to the correspondingendpointof 1 (lines 35-36);if CN;
is on the curve but is not the rst or last client node then
its target is moved to the mid-point of the locationsof the
precedingand succeedingCN s on the curve (line 38). For
the last two computationsa sequenceseq of nodeson the
cunve sortedby curve locationis used(line 27).

VN nally broadcastshe new target waypointsfor the
roundthrougha target-update messagéo its CN s.

V1. CORRECTNESS OF ALGORITHM

We sayCNj;i 2 |, is activein roundt if its modeis
active for the durationof roundt. A VN ,, h 2 H, is active
in roundt if thereis someactive CN; with x; 2 By for the
durationof roundst 1 andt. Thus, noneof the VN s is
active in the startinground. We usethe following notation:
I n(t) isthesetof idsh 2 H of VN sthatareactive in round
t andfor which ¢, 6 0. Out(t) is the setof idsh 2 H of
VN s that are active in roundt andfor which g, = 0. C(t)
is the setof active CN s at roundt, and Cj, (t) and Coy (1)
arethe setsof active CN s locatedin zoneswith idsin | n(t)
and Out(t), respectiely, at the beginning of roundt.

For ary pair of neighboringzonesB 4 andB,, andfor ary
roundt, we useyg(h)(t) to refer to the value of y4(h) at
the point in time in roundt whenVN 4 nishes processing
the rst target-trigger messageof roundt it receves. For
ary f;g 2 Nbrs, [ fhg, in the absenceof failures and
recoveriesof CN s in roundt, y (h)(t) = yg(h)(t); we write
this simply asyy (t). We presenta sequencef lemmasthat
togetherestablishthe following theorem:

Theoem1: If thereareno failuresor recoveriesof client
nodesat or after someroundtg, thenwithin a nite number
of roundsaftertg:

(1) the setof CN s assignedo eachVN , h 2 H, becomes
x ed,andthe size of the setis proportionalto the quantized

length g, within a constantadditive term w and

(2) all client nodesin By, for which ¢, 6 O arelocatedon
h andevenly spacedon 4 in thelimit.

For therestof this sectionwe x aparticularroundnumber
to and assumehat no failuresor recoveriesof CN s occurs
at or afterroundtg. The rst lemmastatessomebasicfacts
aboutthe assign function (seeFigure 7):

to: (1) If yu(t) e for
e (2 In(t) In(t+ 1),

Lemmal: In every roundt
someh 2 H, theny,(t + 1)



(3) Out(t) Out(t+ 1), (4) Cin (1)
Cout (t+1) Cou (1).

Proof: We x roundt to. (1) From line 6 of the
assign function (Figure 7) it is clearthat VN, h 2 H,
reassignsomeof its CN s in roundt only if y,(t) > e

(2) For ary VN, h 2 In(t), if ya(t) < e thenVNy
doesassignCN s, and y, (t + 1) = yg(t), otherwise,from
line 16 of Figure 7 it follows thaty,(t + 1) e. In both
casesh 2 In(t + 1).

(3) Sameas (2).

(4) ConsiderCN;, i 2 Ci, (t), suchthatCN; is assigned
to VN, h 2 In(t). From lines 7-11 of Figure 7 we see
that CN; is assignedo someVN g, g 2 I ny [ fhg. Since
In,[ fhg In(t+ 1), theresultfollows.

(5) As therearenofailuresandrecoveriesof CN's, C(t) =
C(t + 1). By de nition, Ciy (t) [ Cout (t) = C(t), Cin (1) \
Cout(t) = ;,and Cin (t + 1) [ Cou (t + 1) = C(t + 1),
Cin (t+ 1)\ Cout (t + 1) = ;. The resultfollows from part
(4). [ |

The next lemmastatesa key propertyof the assign func-
tion after roundto: VN ¢4, g 2 Out(t), is never assignecda
largernumberof CN sin roundt + 1 thanthelargestnumber
of CN s that were assignedtio ary of VN 4's neighborsin
roundt. Similarly, VN g, g 2 In(t), never getsa density
Yall"1) of CN's CN'sin roundt + 1 thatis greaterthanthe
hlgqlglestdensnyof its neighborsin roundt.

Lemma2: In everyroundt to, forg;h 2 H andh 2
Nbrsg: (1) If g;h 2 Out(t), yn(t) = maxanobrs, s (1),
andyg(t) < yn(t), thenyg(t+ 1) yn(t) 1, and
(2 1f g;h 2 In(t), 2 = max;onprs, 4, and 20 <
yn (t) thean(Hl) Yh(t)

Cih (t + 1), and(5)

Proof. (1) Fix g h andt as in the statementof
the lemma. Since yn(t) > yg(t) and g;h 2 Out(t),
we see from line 16 of Figure 7 that the number of
CNs that VN 4 is assignedfrom VN in roundt is at
most 2(yn(t)  yg(t))=2(jlowery(t)j + 1). This is at most

2(yn(t)  yg(t))=4, becauseyn(t) > ygy(t) implies that
lowerp () 1. Then, the total numberof CN s assigned
to VN ¢4 in roundt by all four of its neighborsis at most
2(yn(t) yg(t)). Thereforeyg(t+ 1)  yg(t)+ 2(yn(t)
Yo(t)) = 2¥n(t) + (1 2)yg(t). As 2 < 1, we have
Yg(t + 1) < yn(t). The result follows from integrality of
Yg(t + 1) andyn (t).

(2) As in part1, x g;h andt. Here yg(t) > Yol) gpg
g;h 2 In(t). From line 10 of Figure 7, it follows t%at the
numberof CN s thatVN 4 is assignedrom VN  in roundt
is at most z(qg Y(t)  yg(t))=2(jlowers (t)j+ 1). Thisis at
most g(qg Yh (t) Yq(t))=4. Then,thetotal numberof CN s
assugnedo VN4 in roundt by all four of its neighborsis
at most z(qg yh(t) Yg(1)). Thereforeyg(t + 1) (1

2Yg() + 2@2yn(t), thatis BC2 (1 5)nl 4
th:‘) As , < 1, we have yg((;”) < yg:" A simple
calculationshaws that if y“ (t) 6 yg(t) , then y'aﬁt) %

qmax

The next lemmastatesthat thereexists a round Ty that
is reachedwithin a nite numberof roundsafter ty, such
thatin every roundt Ty, the setof CN's assignedo
VN, h 2 Out(t), doesnot change.

Lemma3: There exists a round Toyt to suchthatin
ary roundt Ty, the setof CN s assignedo VN, h 2
Out(t), is unchanged.

Proof: First,we shav thatthe numberof CN s assigned
to VN p, h 2 Out(t), remainsunchangedthatis y, (t+ 1) =
Vh(t). Let Ngye be the total numberof h 2 H suchthat
0h = 0. Forany k, 1 k  Ngy, we de ne maxy(t) to
be the k™ largestnumberof CN's that are assignedo ary
VN p, h 2 Out(t), at the beginning of roundt  to:

8
< maxfyn(t)

:h 2 Out(t)g; if k=1
maxy(t) =  maxfyy(t) :h2 Out(t) »
' yn(t) < maxy 1(t)g; otherwise

Let maxvnsg(t) be the setof VN ids that have maxy (t)
CN s assignedo them. If thereexistsanl, 1 | Ny,
suchthat 8h 2 Out(t) : max,(t) yn(t), thenfor all k,
I < kK Ngut, maxg(t) = 0 andmaxvnsg(t) = ;

Let E(t) = (jCout(t)j, maxi(t);jmaxvnsy(t)j;:::,
maxy,, (t);jmaxvnxy,, (t)j). Let w be the minimum
Vh(to) for any h 2 Out(tp), andS = fh 2 Out(to)
Vn(to) = wg. Obsere that if w < e, then Emin =
(WjSj;w;jSj;0;0:::;0;0) is a minimum value for E(t),
otherwiseEnin = (€Sj;€;jSj;0;0:::;0;0) is a minimum
value. It sufces to show that for ary roundt tg, either
E(t+ 1) = E(t), thatis, t = Ty, or E(t + 1) is less
than E(t) by some constantamount, meaningthere is a
k;1 k Nout, suchthat for every I; 1 | < k, the
1" componenbf E(t + 1) is equalto the I componenbf
E(t), and the k™ componentof E(t + 1) is lessthan the
k™ componenbf E(t) by at least1.

Considerary roundt afterto. From Lemmal we know
thatjCout (t + 1)j  jCout (1)j. If JCou (t + 1)j < jCout (1)],
thenthe rst componendf E(t + 1) is lessthanthatof E (t)
by at least1. Otherwise,jCoy (t + 1)j = jCout (t)j. If for
every h 2 Out(t), ra= 0for all g2 lower,(t) (seeline 16
of Figure7), thennoneof the CN sin Cq; (t) arereassigned
in roundt+ 1, andE (t+ 1) = E(t). SettingTo,t = t, weare
done.Otherwise,there exists a nonemptyset of VN s with
idsin Out(t) thatreassigrsomeCN s to a heighboringVN .
We selectthe nonemptysetA of suchVN s with the highest
numberof assignedCNs. Let A maxvnsk(t), for some
k, 1 k Nout -

For ary g 2 Out(t) with yg(t) < max(t), the maximum
valueof y, (t) for ary h 2 N brsy suchthatVN 4 getssome
CNsfrom VN y, in roundt is atmostmaxy (t). FromPart(1)
of Lemma2 it follows thatyg(t + 1) maxg(t) 1.

For ary VN, h 2 A, since no VN with y >
p;laxk(t) assignsary CNsto VN, yp(t + 1) = yp(t)

g2lowery (1) g (t), wherer ag is thenumberof CNsVN
assignsto its neighborVN ¢ in roundt. We have showvn
above that for ary g 2 Out(t), if yg(t) < maxy(t) then
yg(t+ 1) maxk(t) 1. Therearetwo possiblecases(1)



if maxvnsg(t) = A, thenthek™ maxdecreasesnax (t +

1) maxg(t) 1. Thatis, the (2k + 1)t componentof

E decreasedy at leastl, and (2) if A maxv nsi (1),

then maxy(t + 1) = maxg(t) and jmaxvnsg(t + 1)j =

jmaxvnsi(t)j] jAj. Thatis, the (2k + 2)" component
of E decreasedy at leastl. This implies that there exists
Tout » SUchthat the numberof CN s assignedo eachVN y,,

h2 Out(t),t Tout, remainsunchanged.

Now supposehe setof CN s assignedo VN , changes
in someroundt  Tou . Sinceyn(t + 1) = yu(t) for all
h 2 Out(t). Summing,jCoy (t + 1)j = jCout (t)j and using
Lemmal we getCqyt (t+ 1) = Cout (t). Theonly way theset
of CNs assignedo VN y could change,without changing
yn andthe setCyy, is if thereexisteda cyclic sequencef
VN s with ids in Out(t) in which eachVN givesupc> 0
CN s to its successoN in the sequenceand receves c
CNs from its predecessomowever, sucha cycle of VN s
cannotexist becausethe lower setimposesa strict partial
orderingon the VN s. [ ]

For therestof the sectionwe x Tout to bethe rst round
after tg, at which the property statedby Lemma 3 holds.
Lemma3 implies that in every roundt  Tgu, In(t) =
In(Tout); Out(t) = Out(Tout); Cin(t) = Cin(Tout);
and Coyt (t) = Cout (Tout); We denote these simply as
I n; Out; Ci, ; and Cyy: . The next lemma statesa property
similar to thatof Lemma3 for VN, h 2 I n, andits proof
is similar to the proofs of Lemma3, and usespart (2) of
LemmaZ2.

Lemmad: ThereexistsaroundTsay  Tout Suchthatin
every roundt  Tswap, the setof CNs assignedio VN 4,
h 2 In, is unchanged.

The following lemmaboundsthe total numberof CN's
locatedin zoneswith ids in Out to be O(m?3).

Lemma5: In every roundt  Tou ;jCout (t)j = O(mM3):
Proof: FromLemma3, thesetof CN sassignedo each
VN, h 2 Out(t), is unchangedn every roundt  Toy .
This impliesthatin arny roundt  Toy , thenumberof CN's
assignedby VN y, to ary of its neighborsis 0. Therefore,

from line 20 of Figure 7, for ary boundaryVN g, (yg(t)

e)5jl ngj < 1. I ng is the (constant)setof h 2 N brsy with
th 6 0. Sincejl ngj 4, yg(t) < 4+ e. From line 16
of Figure 7, for ary non-boundarywN 4, g 2 Out(t), that
is 1-hop away from a boundaryVN y,, W < L
Sincejlowerg(t)] 4, yg(t) 2+ 4+ e Inductingon the
numberof hops,the maximum numberof CN's assignedo
aVN 4, g 2 Out(t), at| hopsfrom the boundaryis at most
L +e+ 4. Sinceforaryl,1 | 2m 1, therecanbeat
mostm VN s at |-hop distancefrom the boundarysummlng
givesjCoutj (e+ 4)(2m 1)m+ M = O(m?3).
]

For therestof thesectionwe x Tga, to bethe rst round
after Tyt , at which the propertystatedby Lemma4 holds.
The next lemmastatesthat the numberof CN s assignedo
eachVN, h 2 In, in the stableassignmengfter Tgp is

proportionalto g, within a constantadditive term.

Lemma6: In every roundt  Tgiap, for g;h 2 I n(t):

10(2m 1)
Omin 2

yn(t)  yg(t)
Oh Uy

Proof: Considera pair of VN s for neighboringzones
By andBn, g;h 2 I n. Assumew.l.0.g.yn(t)  yg(t). From
line 10 of Figure 7, it follows that g(qg Yn(t)  yg(t)

2(jlowery, (t)j +1). Sincejlowery (1) 4, j22) yzg" j
qgl—oz ———. By inductionon the numberof hopsfrom 1
to 2m 1 betweenary two VN s, the resultfollows. ]
From line 33 of Figure 7, it follows immediatelythat by
the beginning of roundTgap + 2, all CNsin Ci, arelocated
on the curve . This establisheshat the VN algorithm
satis es our secondgoal. The next lemma statesthat the
locationsof the CN s in eachzoneBy, h 2 I n, are evenly

spacedon  in the limit.

Lemma7' Consider a sequence of rounds t; =
.Asn! 1, thelocationsof CNs in By,
h2lIn, areevenly spacedon .

Proof: From Lemmad4 we know that the setof CN's
assignedo eachVN y, h 2 | n, remainsunchangedThen,
at the begginning of roundt,, every CN assignedo VN, is
locatedin By, andis on the curve 1. Assumew.l.0.g. that
VN y, is assignedat leasttwo CN s. Then, at the beginning
of roundts, one CN is positionedat eachendpointof 1,
namelyat p(inf (Py)) and p(sup(Py)). From lines 35—
36 of Figure 7, we see that the target points for these
endpoint CN's are not changedin successie rounds. Let
seqh(tz2) = Mpo;iyisiis; hon+1 i(n+1) I, whereyn = n+ 2,
po = inf (Py), and pn+1 = sup(Py). From line 38 of
Figure 7, for ary i, 1 < i < n, thei™ elementin seq,
atroundty, k > 2, is givenby:

pi 1(tk) + pivr (t)

2

Pi(tk+1) = pitk) + pi (tk)

For the endpoints,pi (tk+1) = pi(tk). Let the i evenly
spacedooint on the curve | betweenthe two endpointsbe
Xij. The parametewaluep; correspondingo X; is given by
pi = po+ ﬁ(pnﬂ Po). In whatfollows, we shaw thatas
n! 1 ,thep; corvergeto p; for everyi,0< i < n+ 1, that
is, the location of the non-endpointCN s are evenly spaced
on . Therestof this proofis exactly the sameasthe proof
of Theorem3 in [8] in which the authorsprove corvergence
of pointson a straightline with even spacing.
Obserethatp; = 2(pl 1+pa) =@ pi+ (P 1t
pi+1 ). De ne error at stepk k > 2 aseg(k) = p.(tk)
pi. Therefore, for eachi, i n 1, e(k+1) =
pi(tksas) P = (1 )e(k)+ s (& 1(k) + e (K)),
ek +1) = (1 p)e(k) + Fexk), andey(k + 1) =
(1 1)en(k)+ 5en 1(k). Thematrixfor this canbewritten



as:e(k + 1) = Te(k), whereT isann n matrix:
2 3
1 1 1=2 0 0 B 0
E 1= 1 1 =2 0 s 0 §
0 M. 0 1=2 1 1 1=2
0 . 0 0 1 1 1=2

Using symmetryof T, 1 1, andsomestandardheorems
from control theory, it follows thatthe largesteigervalue of
T islessthani. Thisimplieslimyy; T = 0, whichimplies
lim e(k) = 0. ]

VII. SIMULATION RESULTS

In this sectionwe brie y describethe performanceof the
algorithm as obsened in Matlab simulations.In particular
we studythe stabilizationtime Tgp , thatis, the numberof
roundsrequiredto achieve a stabledistribution of PN s over
zonesin H, for differenttypesof target curves. The inputs
to the Matlab function that modelsthe assign function of
our algorithm are: (1) a value of the parametere of the
algorithm, and (2) two m m matricescorrespondingo
the initial and the tamget distribution of PN s respectiely.
We have performedsimulationsfor different valuesof m
andfor differenttarget distributions. In all the experiments,
we x the value of e to be 5, the numberof participating
PN sto be 10°, andtheinitial locationsof all PN s to be the
lower right cornerof B.

The bar chartsin in Figure 8 show the distribution of
the PN s (dark bars) at different stagesin a typical run of
the algorithm, and the target distribution (light bars).From
top to bottom, the chartsshow the distribution of the PN s
afterthe rst round,at the endof round T, , andthe stable
distribution attainedat round Tgap , respectiely.

The plotsin Figure 9 shawv the valuesof Toy: and Teiap
for valuesof m rangingfrom 10 to 20, andfor threedifferent
cunes. C1 covers a rectangularregion at the lowerright
cornerof B, C2 covers a rectangularregion at the top-left
cornerof B, and C3 is an annularring at the centerof B.
From theseplots we obsenre thatif the curve is locatedfar
from the initial position of the PN s, asin the caseof C2,
thenthe stabilizationtime Tgtgp is dominatedby Toyt .

VIIl. IMPLEMENTING THE VIRTUAL NODE LAYER

In additionto client CN, a physicalnodePN;,i 2 1, in
zoneBy runsa TOBcast;y serviceanda VNE i, , h2 H,
algorithm (see Figure 10) to help implementeach virtual
nodeVN ;, andthe VLBcast serviceof the virtual layer.

In this sectionwe presenta sketchof our implementation
of thevirtual layerby the physicallayer Ourimplementation
is an adaptationof techniquesrom [4] to emulatea virtual
mobile node. The only substantie changesmade in our
currentimplementatiorare: (1) the changingof virtual node
locationsto be stationary (2) the replacemenbdf a periodic
locationupdatewith a continuousreal-timelocationupdate,
and (3) the restartof a virtual node as soonas a physical
node discovers it is in a failed virtual nodes zone. The
virtual nodeswe implementherearealsomodeleddifferently

Fig. 8.  Simulation results shav the actual (dark) and tamget (light)
distribution of PN s over H, at the end of variousrounds:the rst round
(top), at Tout (middle),andat Tgiap (bottom).
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Fig. 10. PN 's subautomataA physical node runs several programs,
includingVNE and TOBc ast automataaswell asa CN automaton.

from thosein [4], asMMT automataratherthansimplel/O
automata.

We use a standardreplicatedstate machineapproachto
implement robust virtual nodesthat takes advantageof a
TOBcast serviceto ensurethatall VNE s in a zonereceve
the samemessagesn the sameorder Using the LBcast
serviceof the physicalnodesand commonknowledgeabout
realtime, the totally orderedbroadcastservice TOBcast
for a zone can be implementedas follows: At the time of
sending,a messagds taggedwith the sender$ identi er,
zoneid, a sequencewumber and a timestamp,which is the
currentvalue of realtime. The tagsde ne a total orderon
sentmessagesysedin delivery. Beforedeliveringa message

TOBcast;, waits until d, + time has elapsedsince it
was sent, ensuringthat earlier messagesvere receved. It
then delivers the messagedor the timestampin order of
senderid and sequencenumber (As a technicaldetail, we
actuallyorderall join-req messagegdescribedshortly) after
ary othermessagefor a particulartime.) TOBcast; only
processemessagesaggedfor zoneBy,.

EachVNE j;, independentlymaintainsthe stateof VN p,
andsimulatesperformingactionsof the VN on thatstate.In
orderto keepthe statereplicationconsistentacrossdifferent
VNE s running on different physical nodesin the same
zone,whenVNE ; wantsto simulatean actionof the VN
(such as that of receving a messageat the VN that was
actually receved by VNE i, ), it broadcasta suggestiorto
performthe actionto the other VNE s of the zoneusingthe
TOBcast service.Whenan actionsuggestioris receved by
VNE iy , it is savedin a pending-action queue.Actions are
removed from a pending-action queuein orderby VNE i,
and simulatedon VNE i, 's local versionof the VN state.
A completedactionis then moved into a completal-action
queue, referencedby VNE ;, to prevent reprocessingof
completedactions.

Whena VNE entersa zone,it executesa join protocolto
getthe zones VN state.The join protocol begins by using
TOBcast to senda join-req messageWhene&er a VNE
recevesits own join-req messageit startssaving messages
to processn its pending-action queue.lf a VNE that has
alreadyjoinedrecevesthejoin-req, it usesTOBcast to send
ajoin-ack containinga copy of its versionof the VN state.
Whenthe joining VNE recevesthe join-ack, it copiesthe
included VN state and starts processingthe actionsin its
pending-action queuelf a VNE 'sjoin-req is not answered
in 3d, + 3 time, indicatingthe VN is failed, the VNE will
resetthe VN time later by usingTOBcast to senda reset
messageWhena VNE recevesareset messageit setsthe
VN stateto its initial state clearsthe pending-action queue,
and startssimulatingthe VN .

Theoem2: Assuming Rp p?)b, the TOBcast;n ,
VNEh,i 2 1;h 2 H, andtrivial client implementation
correctly implementthe Virtual Node abstractionwith VN
taskuppertime bounddy v 1 = 2d, + 2, VN -startuptime
d = 4d, + 5, VLBcast broadcastradius Ry b, and
VLBcast maximummessagelelayd, = 2d, +

Proof: The correctnesf the implementationof the
Virtual Node layer largely follows from the proof of cor
rectnessfor the implementationof the VMN layer in [4].
We herediscussthe correctnes®f the implementationwith
respecto: (1) thetaskupperbound,(2) the VN -startuptime,
and (3) the requirementdor LBcast and VLBcast.

(1) Onceoneof anabstractVN y's outputor internaltran-
sitionsis enabledthe preconditionfor sendinga suggestion
to simulatethe action through TOBcast is satis ed at all
VNE i, for PN; in B, andthe broadcasbccurs.It takes
atmostd, + time for the messageo be deliveredat other
VNE i, for PN; in By, afterwhich the actionis simulated.
However, it is possiblefor all active VNE s to fail right after



sendinga join-ack to a new VNE and before proposing
an enabledaction, leaving the new VNE to broadcasthe
simulationproposald,+ later, whenit receizesthejoin-ack.
Giventhat PN transitionsare assumedo be instantaneous,
dumT = 2dp + 2.

(2) If PN; entersa zone By, with a failed VN, its
VNE i 's join-req will not be answeredn 3d, + 3 time,
andthe VNE will sendareset messag@anadditional later
It takesthe VNE at mostd, + time to receie the reset
messagend restartthe VN . The total time 4d, + 5 for a
joining nodeto succeedn restartinga VN is d;.

(3) Asiin [4], dy, = 2d, + sincethe underlyingLBcast
service usedto implementVLBcast takes up to d, time
to deliver a transmittedmessagdrom a VN or CN, after
which TOBcast takesanadditionald, + timeto redelivera
messagatpa receving VN . Also similarly to [4], we require
thatR, 5b, in orderto guaranteghatR, b, allowing
aCN;inBp,i21,h2H, andVN j to communicateand
a VN, (locatedat on) andeachof its neighboringzones'
VN g, g 2 Nbrs(h), (locatedat o4) to communicateThis is
Becausa VNE emulatinga zoneB}, canbe asfar avay as

(2b)2 + b? from aVNE emulatingthe VN of neighboring
zone By. To guaranteethe two can communicatewhile
emulatingtheir respectie VN s, the broadcas're(iius R, of
the physicalLBcast servicemustbe be at least 5h. Unlike
[4], however, we do not requireanadditionaltolerancefactor
to accountfor periodiclocationupdatesrom the RW ; here,
the RW automatonis assumedto continually updatethe
VNE of its currentlocation. ]

IX. FUTURE WORK AND EXTENSIONS

We believe the framawork introducedin this papercan
be useful in simplifying the coordinationof mobile nodes
to solve a variety of other more comple, problems.One
promising avenue of future work would be to employ our
framawork for someof thoseproblems.As one example,in
the control algorithm presentedn this paper eachvirtual
nodeVN usesonly local informationaboutthe target curve

. This useof only local informationshouldadaptwell to a
problemextensionwherethe curve is dynamicallychanging.
The curve (or point, even) could be maoving targets being
tracked.In this casetheframework for coordinatiornof nodes
we presenthereis useful for two reasons(1) maintaining
alive VN s to detecttargetsand (2) guiding physicalnodes
to the moving tamets.

Also of interestis an in-depth analysisof the stability
of the control algorithm employed in this paperin the
face of someregular rate of physical node addition and
removal. While there has beena paucity of work in this
area,suchanalysesareextremelyimportantin the evaluation
of solutionsto most ary control algorithms for dynamic
systems.
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APPENDIX

Signature:
Input
receive(m)i;, , m a client message
TOBcast-rcv(m)i, , m a T OB cast message
Output
send(m); , m aclient message
TOBcast(m)i, m aTOB cast message
Internal
zone-updatejp
joini;n
restart;,
init-action(ac;., , act2 VN, .sig n inputs
simulate-action(act);, , act2 VN .sig
ack-join;.p

Variables:

Input
Xij 2 B, currentlocationof mobile node
realtime2 R ©

Internal
status2 f joining, listening, activeg, initially active
h2 H [ f?g , zoneid, initially ?
val 2 VN i, .states stateof VN p,, initially V Ny, :star t
pendingjoin, maxid of pendingjoin reqs initially 0
completedijoin, maxid of answeredoin reqs initially 0
join-id, time of join-req, initially 0
pendingactions queueof V Ny, :actions to be simulated initially ;
completedactions queueof V Ny, :actions simulated initially ;
TOBcastout, queueof outgoingT OB cast msgs,initially ;
local-out, queueof outgoingclient messagesinitially ;

Trajectories:
Stop when ary Preconditionis satis ed

Fig. 11. Signature,variables,trajectoriesof VNE i, algorithm imple-
mentingVN y, .

Input receive(m);n
Effect
TOBcastout  TOBcastout[ fhsimulate, hreceive, mi, ?ig
Output send(m);.
Precondition
local-out6 ; » m= headlocal-ouf)
Effect
local-out tail (local-out)
Internal init-action(act);.,
Precondition
status= active * x 2 B, °
Effect
TOBcastout

(val, act) 6 ?

TOBcastout [ fhsimulate, act, hrealtime iii g
Internal join;
Precondition

status= idle ®* x 2 By,

Effect
status  joining
join-id realtime
TOBcastout  TOBcastout[ fhjoin-req, ?, join-idig

Internal restart;y,
Precondition
status= listening ~ x 2 B, ~ realtime= join-id + 3d, + 4

Effect
TOBcastout  TOBcastout|[ fhresetig
Internal zone-update;,
Precondition
X 2By
Effect
status idle

h  id of zoneh? suchthatx 2 Bpo
val VN, .start
pendingactions  ;

Internal simulate-action(act);.n
Precondition

status= active * x 2 By, * headpendingactiong = hsimulate, act, oidi
Effect

dequeudpendingactiong

if (hsimulate, act, oidi 2 completedactions”™ (val, act) 6 ?) then

val (val, act)
if act= hsend, mi then
local-out local-out[ fmg

completedactions  completedactions[ fhsimulate, act, oidig
Inter nal ack-join;.p
Precondition
status= active * x 2 By, " pendingjoin > completedjoin
pendingactions= ; ~ 8act2 VN, .sign inputs (val, ac)= ?
Effect
TOBcastout
completedjoin

TOBcastout [ fhjoin-ack,hval, completedactions, pendingjoinig
pendingjoin

Input TOBcast-rcv(hoptype param, oidi);.n
Effect
if optype= simulate then
if status= listening or active then
enqueudpendingactions hsimulate, param, oidi)
if optype= join-req then
pendingjoin max(pendingjoin, oid)
if (status= joining ” oid = join-id) then
status  listening
if optype= join-ack then
completedioin  max(completeeijoin, oid)

if (status= listening and oid  join-id) then
status  active
hval, completedactions param

if optype= reset then
status  active
pendingactions  ;

Output TOBcast(m);n
Precondition

TOBcastout6 ; » m= head TOBcastout)
Effect

TOBcastout  tail(TOBcastout)

Fig. 12. Transitionsof VNE ., algorithm.



