
Computing 2-Hop Neighborhoods in Ad Ho
Wireless NetworksGruia Calines
u1Department of Computer S
ien
e, Illinois Institute of Te
hnology, Chi
ago, IL 60616
alines
�iit.eduAbstra
t. We present eÆ
ient distributed algorithms for 
omputing 2-hop neighborhoods in Ad Ho
 Wireless Networks. The knowledge of the2-hop neighborhood is assumed in many proto
ols and algorithms forrouting, 
lustering, and distributed 
hannel assignment, but no eÆ
ientdistributed algorithms for 
omputing the 2-hop neighborhoods were pre-viously published.The problem is nontrivial, as the graphs indu
ed by ad-ho
 wireless net-works 
an be dense. We employ the broad
ast nature of the wirelessnetworks to obtain a distributed algorithm in whi
h every node gainsknowledge of its 2-hop neighborhood using a total of O(n) messages,where n is the total number of nodes in the network, and ea
h mes-sage has O(log n) bits, whi
h we assume is enough to en
ode the ID andthe geographi
 position of a node. Our algorithm operates in an asyn-
hronous environment, and makes use of the geographi
 position of thenodes.A more 
ompli
ated algorithm a
hieves the same 
ommuni
ation boundswhen geographi
al positions are not available, but nodes are 
apable ofevaluating the distan
e to neighboring nodes or the angle of signal arrival.We also dis
uss updating the knowledge of 2-hop neighborhoods whennodes join or leave the network.1 Introdu
tionWireless ad ho
 networks 
an be 
exibly and qui
kly deployed for many ap-pli
ations su
h as automated battle�eld, sear
h and res
ue, and disaster relief.Unlike wired networks or 
ellular networks, no physi
al ba
kbone infrastru
tureis installed in wireless ad ho
 networks. A 
ommuni
ation session is a
hievedeither through a single-hop radio transmission if the 
ommuni
ation parties are
lose enough, or through relaying by intermediate nodes otherwise.In this paper, we assume that all nodes in a wireless ad ho
 network aredistributed in a two-dimensional plane and have an equal maximum transmissionrange of one unit. The topology of su
h wireless ad ho
 network 
an be modeledas a unit-disk graph, or UDG (see [11℄ for many interesting properties of unit-disk graphs), a geometri
 graph in whi
h there is a link between two nodes ifand only if their distan
e is at most one.The 1-hop neighborhood of a node v (denoted by N1(v)) is simply the setof nodes adja
ent to it in the UDG. We use N2(v) to denote the set of nodes
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uof the UDG 2-hops away from v. The 2-hop neighborhood of v is the bipartitegraph with node set N1(v) [N2(v) in whi
h all the links of the UDG with oneendpoint in N1(v) and the other endpoint in N2(v) are in
luded.Knowledge of the 2-hop neighborhoods is assumed in many distributed al-gorithm and proto
ols su
h as 
onstru
ting stru
tures [24, 6℄, improved routing[20℄, broad
asting [9℄, and 
hannel assignment [3℄. The 
lusters used for 
hannel
ontrol typi
ally have diameter at most two [19℄. The knowledge of the set of2-hop neighbors is helpful in frequen
y assignment to avoid se
ondary interfer-en
e. Also distributed algorithms for L(2; 1)-Labeling ([12, 8, 10℄) 
an use theinformation about 2-hop neighborhoods stored by every node. Knowledge of the2-hop neighborhood 
an be used for eÆ
ient 
omputation of multipoint relays,used for example in [14℄.Our distributed algorithms operate in an asyn
hronous environment, and weuse the number of messages as the measure of the eÆ
ien
y of the algorithm. Inour model a message 
an hold the ID of a node, the geographi
al position of anode, and O(log n) bits, where n is the total number of nodes in the network.Con
entrating on the number and the length of the messages is justi�ed bythe limited resour
es available to wireless nodes. We assume nodes have O(n)memory available.In this model, 
omputing the set of 1-hop neighbors with O(n) messagesis trivial: every node broad
asts a message announ
ing its ID. One 
an easily
ompute the 2-hop neighborhood with O(n) messages of size � logn ea
h, where� is the maximum number of 1-hop neighnors. But we insist on messages ofsize O(log n) ea
h, and therefore, as UDGs 
an be dense, 
omputing the 2-hopneighborhood is not trivial.The broad
ast nature of the 
ommuni
ation in ad ho
 wireless networks ishowever very useful when 
omputing lo
al information. To our knowledge nodistributed algorithm for 
omputing 2-hop neighborhoods has been previouslyproposed and analyzed.First we assume that ea
h stati
 wireless node knows its position information,either through a low-power Global Position System (GPS) re
eiver or throughsome other ways. Then to 
onstru
t the 2-hop neighborhoods it is enough toknow the IDs and positions of the 1-hop and 2-hop neighbors. Knowing the po-sition of these nodes 
an bring additional bene�ts over the 2-hop neighborhood.With these assumptions, we present a simple distributed algorithm whi
h allowsevery node to 
ompute the positions of its 2-hop neighbors. The total numberof messages of the algorithm is O(n).Se
ond, we assume that position information is not available, but every twoadja
ent nodes are 
apable of estimating their pairwise distan
e. Probing - low-ering the transmission power over an interval of time - is one way whi
h allowsthe 
omputation of pairwise distan
es. A detailed dis
ussion of lo
ation sys-tems appears in [13℄. Under this assumption, we present a distributed algorithmwhi
h allows every node to 
ompute its 2-hop neighborhood. The total numberof messages of the algorithm is O(n). The algorithm is based on triangulation



2-Hop Neighborhoods 3and 
an be immediatly updated to work when the angle-of-arrival informationis available (an assumption justi�ed in [18℄ or [15℄) instead of pairwise distan
es.Our approa
h is based on the spe
i�
 
onne
ted dominating set introdu
edby Alzoubi, Wan, and Frieder [2, 21℄. This 
onne
ted dominating set is based ona maximal independent set (MIS), whose role in algorithms for unit-disk graphswas dis
overed by Marathe et. al [16℄. An MIS is a dominating set: every nodemust have a 1-hop neighbor in the maximal independent set. In our algorithm,ea
h node uses its adja
ent node(s) in the MIS to broad
ast over a larger arearelevant information. Listening to the information about other nodes broad
astby the MIS nodes enables a node to 
ompute its 2-hop neighborhood. There isa dire
t (without using a MIS) solution when node positions are available, butit is more 
ompli
ated and requires syn
hronization in order to a
hieve message
omplexity O(n).The example in Figure 1 shows that �(n= logn) time might be ne
essary for
omputing 2-hop neighborhoods (assuming one \step" allows the transmissionof O(log n) bits), as the 
enter node has to transmit �(n) bits to show theexistan
e (or non-existan
e) of ea
h node on one side to the nodes on the otherside. This justi�es our 
on
entration on 
ommuni
ation 
omplexity, and not time
omplexity. And while our algorithms use heavily the nodes in the 
onne
teddominating set, the same example shows that overloading 
ertain nodes mightbe unavoidable.

Fig. 1. The 
enter node of this disk of radius 1 must send �(n) bits to allow the 
orre
t
omputation of the 2-hop neighborhoodsWe also des
ribe a straightforward pro
edure of updating the 2-hop neigh-borhoods when nodes join or leave the network. When leaving the network, the
ommuni
ation 
ost is O(log n) bits. When joining the network, the number ofmessages is bounded by a small 
onstant times the number of nodes in the 2-hopneighborhood of the new node.
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uThe paper is organized as follows. The next se
tion 
lari�es the notationand explains the properties of the 
onne
ted dominating set our algorithms use.Se
tion 3 des
ribe the algorithm for the situation when geographi
 position isavailable. Se
tion 4 des
ribes the generalization of the algorithm to the situationwhen only pairwise distan
e in between adja
ent nodes is available. Se
tion 5 de-s
ribes the re
omputation of 2-hop neighborhoods due to 
hanges in the network
on�guration. We 
on
lude with Se
tion 6.2 PreliminariesIn this paper by broad
ast we understand lo
al broad
ast - a pa
ket send by anode, and re
eived by every other node within the transmission range.Re
ently [2, 21℄ introdu
ed a virtual ba
kbone of the network, and our algo-rithms make heavy used of this virtual ba
kbone. The next subse
tion qui
klyreprodu
es their 
onstru
tion, and lists the important properties of the virtualba
kbone.2.1 The Virtual Ba
kboneThe virtual ba
kbone is a 
onne
ted dominating set in the UDG. It is basedon a maximal independent set (MIS), and we 
all the nodes in the maximalindependent set MIS nodes. MIS nodes 
annot be 1 hop away; if two MIS nodesare two or three hops away, we 
all them virtually-adja
ent. One or two 
onne
tornodes are used to establish a path 
orresponding to a pair of virtually-adja
entMIS nodes. A node 
an parti
ipate as a 
onne
tor for several pairs of virtually-adja
ent MIS nodes. Only the links in between a 
onne
tor node and the MISnodes it 
onne
ts, or in between two 
onne
tor nodes whi
h together establishthe path 
orresponding to a pair of virtually-adja
ent MIS nodes are added tothe virtual ba
kbone.In [2, 21℄ it is shown how the virtual ba
kbone (in
luding adding the 
onne
tornodes) 
an be 
onstru
ted distributely with O(n) messages, where the messagelength is O(logn) bits. They also show how to maintain the virtual ba
kbonewhen the topology of the network 
hanges.Wan et. al. [2, 21℄ proved that the virtual ba
kbone is 
onne
ted. Using anarea argument, [2, 21℄ proved that within three hops of an MIS node there 
ouldbe at most 47 MIS nodes, and therefore the maximum degree of the virtual ba
k-bone is bounded by a 
onstant we 
all �. Please refer to Figure 2 for intuitionon the virtual ba
kbone des
ribed above.It was �rst proved in [16℄ that the size of any maximal independent set isat most �ve times the minimum dominating set in the UDG, as in fa
t for anynode x 
an have at most �ve neighbors in an MIS. Alzoubi et al. [2, 21℄ noti
edthat their virtual ba
kbone is also within a 
onstant the size of the minimum
onne
ted dominating set.In addition, it is immediate that the virtual ba
kbone of [2, 21℄, together withlinks from every node to an MIS node adja
ent to it, is a hop-spanner. Pre
isely,
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Fig. 2. An illustration of the virtual ba
kbone of Alzoubi, Wan, and Frieder. The solidround nodes are the MIS node, whi
h form a dominating set. Two virtually-adja
entMIS nodes are 
onne
ted by paths of length at most three through 
onne
tor nodes- the empty 
ir
les in the �gure. Nodes not in the virtual ba
kbone are small solidsquares in the �gure.for every path in the UDG, there is a path on the virtual ba
kbone with at mostthree times as many links from an MIS node adja
ent to the origin of the pathto an MIS node adja
ent to the destination of the path. This fa
t was noti
ed byAlzoubi [1℄, and by Wang and Li [22℄, whi
h also planarize the virtual ba
kbonewhile keeping all its attra
tive properties.3 Geographi
 Position AvailableIn this se
tion we des
ribe the distributed algorithm whi
h allows every nodeto 
onstru
t the list of its 2-hop neighbors, assuming every node knows its ge-ographi
al position. With this information, every node 
an also easily 
omputethe links between its 1-hop and 2-hop neighbors. Our algorithm is des
ribed inthe simplest version, and we do not try to optimize the 
onstant hidden in theO notation.We start from the moment the virtual ba
kbone is already 
onstru
ted, andevery node knows the ID and the position of its neighbors. The idea of thealgorithm is for every node to eÆ
iently announ
e its ID and position to asubset of nodes whi
h in
ludes its 2-hop neighbors.The responsibility for announ
ing the ID and position of a node v is taken bythe MIS nodes adja
ent to v. Ea
h su
h MIS node assembles a pa
ket 
ontaining:< ID; position; 
ounter >, with the ID and position of v, and a 
ounter variablebeing set to 2. The MIS node then broad
asts the pa
ket.A 
onne
tor node is used to establish a link in between several pairs ofvirtually-adja
ent MIS nodes, and will not retransmit pa
kets whi
h do nottravel in between these pairs of MIS nodes. The 
onne
tor node will rebroad
astpa
kets with nonzero 
ounter originated by one of the nodes in a pair of virtually-adja
ent MIS nodes, thus making sure the pa
ket advan
es towards the other
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uMIS node in the pair. Re
all that the path in between a pair of virtually-adja
entMIS nodes has one or two 
onne
tor nodes.When re
eiving a pa
ket of type < ID; position; 
ounter >, an MIS node
he
ks whether this is the �rst message with this ID, and if yes de
reases the
ounter variable and rebroad
asts the pa
ket.A node listens to the pa
kets broad
asted by all the adja
ent MIS nodes (hereit is 
onvenient to assume a MIS is adja
ent to itself), and, using its internallist of 1-hop neighbors, 
he
ks if the node announ
ed in the pa
ket is a 2-hopneighbor or not - thus 
onstru
ting the list of 2-hop neighbors.Theorem 1. When �nished, the algorithm des
ribed above 
orre
tly 
omputesthe 2-hop neighborhood for every node in the network, and uses O(n) messagesof size O(log n) ea
h.Proof. The fa
t that the virtual ba
kbone is a bounded-degree hop-spanner es-sentially implies the 
orre
tness of the algorithm. The pre
ise argument is asfollows. Assume nodes v and u share a neighbor x, and let �v, �u, and �x be nodesin MIS whi
h are adja
ent to v, u, and x. Then �v 
reates a pa
ket with the IDand position of v, and with its 
ounter set to 2. As �v and �x are virtually-adja
ent,�x will re
eive the pa
ket and retransmit it with 
ounter set to 1. As �x and �u arevirtually-adja
ent, �u will also broad
ast the pa
ket, and therefore u �nds outthe ID and position of v.Regarding the number of messages, we 
ount the pa
kets announ
ing the IDand position of x. Su
h pa
kets are being sent by S1, the MIS nodes adja
entto x, and we re
all that jS1j � 5. They are also sent by S2, the MIS nodesvirtually-adja
ent to S1, by S3, the MIS nodes virtually-adja
ent to S2, andby the 
onne
tor nodes in between pairs of virtually-adja
ent MIS nodes insideS1 [S2, and by the 
onne
tor nodes in between virtually-adja
ent MIS nodes ofS2 and S3. Thus the total number of nodes retransmitting pa
kets announ
ing IDand position of x is O(�2). As �, the maximum degree of the virtual ba
kboneis 
onstant, the total number of messages is O(n). utWe remark that with the 
ounter of a pa
ket being initially set to k (andde
reased by one whenever a MIS node retransmits), the same argument asabove implies that with O(�k) messages every node 
an 
ompute its k-hopneighborhoods.4 Pairwise Distan
es AvailableIn this se
tion we assume that neighboring nodes 
an 
ompute their pairwisedistan
e, but are not aware of their pre
ise geographi
al position.Our approa
h is based on the virtual ba
kbone used before and rigid pie
es,whi
h we de�ne as subgraphs 
ontaining one MIS node and a subset of its neigh-bors su
h that a system of 
oordinates 
an be lo
ally established and in whi
hthe position of every node of the rigid pie
e is 
ompletely de�ned. A theory ofgeometri
 rigidity is well established [23℄. We need only simple properties whi
hare easily proved below.



2-Hop Neighborhoods 7First we des
ribe the distributed algorithm for 
omputing the rigid pie
es.Before the a
tual 
onstru
tion, every node announ
es all the MIS nodes to whi
hit is adja
ent, and re
ords the information transmitted by all its neighbors.Every MIS node v 
onstru
ts one after the other the rigid pie
es in whi
h itparti
ipates, and ensures these pie
es are disjoint with the ex
eption of v. Ea
hsu
h pie
e will have an ID, 
omposed of the ID of the unique MIS whi
h is inthe pie
e and an integer in between 1 and 18. On
e a node is assigned to a pie
etogether with v, it announ
es in a broad
ast message the ID of the rigid pie
eand its 
oordinates with respe
t to the rigid pie
e.Let us des
ribe the 
onstru
tion of one su
h rigid pie
e. The MIS node valways has 
oordinates (0; 0) with respe
t to the rigid pie
e. If all nodes adja
entto v are in a rigid pie
e with v, the pro
edure stops. Otherwise, v sele
ts aneighbor x whi
h is not in a rigid pie
e with v, and asks x to announ
e itsparti
ipation in the rigid pie
e and its 
oordinates with respe
t to the rigidpie
e: (jjxvjj; 0). Every node y adja
ent to both v and x and not yet in someother rigid pie
e with v, 
omputes its 
oordinates with respe
t to v and x basedon the length of the sides of the triangle xyv. A
tually, while the �rst 
oordinateof y is unique, the se
ond one is not: only its absolute value 
an be 
omputedexa
tly. If the angle dyvx is bigger than �=3, y will not parti
ipate in the rigidpie
e. If the se
ond 
oordinate of y is 0, then y parti
ipates in the pie
e andannoun
es its parti
ipation and its unique 
oordinates with respe
t to the rigidpie
e. If the angledyvx is at most �=3 and the se
ond 
oordinate of y is nonzero, yannoun
es it is willing to parti
ipate in the pie
e. Node v will pi
k only one su
hy (assuming it exists), and announ
e that both of y's 
oordinates with respe
tto the rigid pie
e will be positive. See Figure 3 for intuition. At this moment yannoun
es its parti
ipation in the rigid pie
e and its 
oordinates with respe
t tothe rigid pie
e. Every node z adja
ent to v, x, and y, and not yet in some otherrigid pie
e with v, 
omputes its unique 
oordinates with respe
t to the rigidpie
e, and announ
es its parti
ipation in the rigid pie
e and its 
oordinates.The following theorem enumerates the important properties of the distributedalgorithm des
ribed above.Theorem 2. Every non-MIS node is a member of at most �ve rigid pie
es.Every MIS node is a member of at most 18 rigid pie
es. Computing the nodesof a rigid pie
e and the 
oordinates with respe
t to the rigid pie
e of every node
an be done with a number of messages bounded by a 
onstant times the numberof nodes adja
ent to the MIS node in the pie
e. The total number of messagesuntil every node announ
es every pie
e in whi
h it parti
ipates, together with its
oordinates with respe
t to the rigid pie
e, is O(n).Proof. On
e we prove that a MIS node 
onstru
ts at most 18 rigid pie
es, theremaining assertions of the theorem follow from the des
ription of the algorithm.Let k be the number of rigid pie
es 
onstru
ted and let xi be the �rst nodessele
ted by v when 
onstru
ting the ith pie
e. Let yi be the node pi
ked by v asthe �rst node of the rigid pie
e with nonzero se
ond 
oordinate with respe
t tothe ith rigid pie
e, if su
h a node exists. If yi exists, de�ne Ri be the se
tor of
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v

x

y
R

Fig. 3. The unnamed nodes in the �gure 
an join the rigid pie
e started by v, x, andy. In the system of 
oordinates used, v is the origin, x has se
ond 
oordinate 0, andy has the se
ond 
oordinate positive. Noti
e that every node in the se
tor of the diskR = Ri 
an join the rigid pie
e and that R 
overs at least 1=6 of the unit disk 
enteredat v.the unit disk 
entered at v 
onsisting of the points z with angles dzvxi and dzvyiat most �=3. If yi does not exists, let Ri be the se
tor of the unit disk 
enteredat v 
onsisting of the points z with angles dzvxi at most �=3.
v z

x’

y’

x"

y"

x

y

x

y

i

j

j

i

Fig. 4. There 
ould be at most three se
tors Rk whi
h 
ontain the point z: the �rstgiven by xi and yi (whi
h are on opposite sides of the line vz) and then two se
torsgiven by x0 and y0 (both above the line vz) and by x" and y" (both under the line vz).As shown in proof of Theorem 2, a fourth se
tor su
h as the one given by xj and yj
annot exists.



2-Hop Neighborhoods 9We 
laim that any point z belongs to at most three se
tors Ri, 1 � i � k.See Figure 4 for intuition. Indeed, if there are i < j with z in both Ri and Rjand xi, yi (if yi exists), xj and yj (if yj exists) all on the same side of vz, thenxj 2 Ri as the angle\xivxj is at most �=3 and\yivxj , if yi exists, is also at most�=3. Therefore xj should have entered rigid 
omponent i, a 
ontradi
tion.If both yi and yj exist, xi and yi are on di�erent sides of vz, and xj andyj are also on di�erent sides of vz, then we obtain a 
ontradi
tion as follow.Assuming i < j and xi and xj are on the same side of vz (the 
ase when xiand yj are on the same side of vz is symmetri
), we have that the angle\yivxj isbigger than �=3, as otherwise xj should have been taken in rigid pie
e i. Sin
ethe angle[xivyi is at most �=3, we 
on
lude that xi is inside the angle[zvxj and asymmetri
 argument yields that yi is inside the angle dzvyj . Sin
e\yivxj is biggerthan �=3, we 
on
lude that\xjvyj is also bigger than �=3, a 
ontradi
tion.Thus only three se
tors Ri 
an 
ontain z: two with xi on one side of vz andyi nonexistent or on the same side as xi, and one i with xi and yi on di�erentsides of vz.As any Ri 
overs at least 1=6 of the unit disk 
entered at v, and any pointbelongs to at most three se
tors, we 
on
lude that there are at most 18 su
hse
tors. This �nishes the proof of Theorem 2. utAt this moment the rigid pie
es are 
onstru
ted, every node has announ
edits parti
ipation in the rigid pie
es together with its 
oordinates with respe
tto that pie
e. We now des
ribe the se
ond phase of the distributed algorithm,in whi
h every node v gives enough information to every of its 2-hop neighborsy to determine the fa
t that y is a 2-hop neighbor of v and whi
h is the setof 
ommon neighbors. More pre
isely, for every rigid pie
e whi
h interse
ts the1-hop neighborhood of v, y will have enough information to 
ompute whi
h ofits neighbors from the rigid pie
e are adja
ent to v.Every node re
ords all the information passed by its neighbors. In the 1-hopneighborhood of a node v, there 
an be at most a 
onstant number of rigidpie
es, as the number of MIS nodes in the 1-hop and 2-hop neighborhood of vis bounded by 25: if we draw a disk of radius 1=2 around every MIS node, weobtain disjoint disks of area �=4 whi
h are in
luded in the disk 
entered at vwith radius 5=2, whose area is 25�=4 (this argument is also used in [2℄).Separately for every rigid pie
e whi
h interse
ts the 1-hop neighborhood ofv (in
luding the rigid pie
es 
ontaining v), v determines how many neighbors ithas in the rigid pie
e. If v has at most two neighbors in the rigid pie
e, it askall its neighbors in the rigid pie
e to announ
e they are neighbors with v.If v has three non-
oliniar neighbors in 
ommon with the rigid pie
e, usingthe distan
e to these three points, v 
an 
ompute its 
oordinates with respe
tto the rigid pie
e. Then v asks its neighbors in MIS to announ
e its positionwith the rigid pie
e. This is done exa
tly as the announ
ements in Se
tion 3,with pa
kets 
ontaining < nodeID; pie
eID; 
oordinates; 
ounter >. Any nodere
eiving su
h a message evaluates whether it has neighbors in the rigid pie
e,and if yes the node 
omputes the set of its neighbors from the rigid pie
e whi
hare adja
ent to v, based on their 
oordinates with respe
t to the rigid pie
e.
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uIf v has three or more neighbors in 
ommon with a rigid pie
e, but they are
oliniar, v 
annot exa
tly 
ompute its 
oordinates with respe
t to the rigid pie
e,but has exa
tly two possible value for its 
oordinates. Then v asks its neighborsin MIS to announ
e both positions with a pa
ket 
ontaining< nodeID; pie
eID; 
oordinates1; 
oordinates2; 
ounter >. Any node y re
eiv-ing su
h a message evaluates if it has neighbors in the rigid pie
e, and if yes, asabove, it 
an 
ompute two sets S1 and S2 of nodes in the rigid pie
e whi
h 
ouldbe the 
ommon neighbors with v - assuming v has 
oordinates 
oordinates1 or
oordinates2 with respe
t to the rigid pie
e. The node y 
an also 
ompute thebise
tor line of the two possible positions of v, and let S be the nodes of therigid pie
e on that line neighboring y. Then y knows that S \ S1 \ S2 is the setof neighbors it shares with v.All 
ases are taken 
are of and we 
on
lude:Theorem 3. There is a distributed algorithm whi
h, under the assumption thatevery node 
an estimate the distan
e to every adja
ent node, 
omputes with atotal of O(n) messages for every node v the set of its 2-hop neighbors N2(v) andthe links in between N1(v) and N2(v).5 Updating the 2-Hop NeighborhoodsIn this se
tion we dis
uss the message 
omplexity of updating the 2-hop neigh-borhoods due to 
hanges in network topology. We do not address updating thevirtual ba
kbone as this was done in [2℄. The proposed proto
ol is straightfor-ward and does not use the virtual ba
kbone. We assume geographi
al knowledgeis available in this Se
tion.Before leaving the network, a node u uses its knowledge to let its 2-hopneighborhs know the fa
t it is leaving as des
ribed below. First the node u
omputes a maximal independent set (MIS) in the graph indu
ed by its 2-hopneighborhs. Then u 
omputes at most one "
onne
tor" node for ea
h MIS node.As before, MIS is a dominating set, and using an area argument, has 
onstantsize. Node u prepares an < ID; position; leaving; relay > message, with its ownID and position, the fa
t that it is leaving the network, and the full list of relaynodes. Ea
h node, after re
eiving su
h a message, make a note that u is leavingand updates its 2-hop neighborhood a

ordingly, and, if it �nds itself in the listof relay nodes, rebroad
ast the message on
e.When a node v joins the network, it will broad
asts its ID and position.Every existing node whi
h re
eives this message will rebroad
ast the ID andposition of v. Every node y re
eiving su
h a message, will update its stored 2-hopneighborhood to re
e
t the presen
e of v. If y is adja
ent to v, it will broad
astits ID and position. If y is a 2-hop neighbor of v, it sele
ts a 
ommon neighborx and asks x to relay to v the position and ID of y. The total bit 
omplexity ofmessage is O(q logn), where q is the size of the 2-hop neighborhood of v, and it
annot be improved by more than a 
onstant fa
tor sin
e v must �nd out theIDs of the nodes in its 2-hop neighborhood.
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lusionsThe virtual ba
kbone of Alzoubi, Wan, and Frieder [2, 21℄ 
an be 
onstru
tedwithout any geographi
al knowledge: their algorithm \operates" dire
tly on theunit-disk graph. We need at least the distan
e in between any pair of adja
entnodes. Same arguments using rigid pie
es apply when a node is able to 
omputethe angle in between the segments to adja
ent nodes. However, without any ge-ographi
al knowledge we do not know whether 
omputing 2-hop neighborhoodswith O(n) messages is possible. This observation raises the interesting questionwhether there are any (meaningful) problems whi
h have higher 
ommuni
a-tion 
omplexity on unit-disk graphs than on embedded (nodes aware of theirgeographi
al position) unit-disk graphs. Note that it is NP-Hard to re
ognizeunit-disk graphs [7℄.However, it follows from standard algebrai
 geometry results (page 542 of[17℄ or improved bounds in [4℄) that the number of labeled unit-disk graphs of nnodes is between 2
1n logn and 2
2n log n, for 
onstants 
1 and 
2 and therefore aproto
ol with a total O(n log n) bits 
ommuni
ation 
omplexity is possible. AnO(n log n) bits 
ommuni
ation 
omplexity would follow from a solution to anopen problem in algebrai
 geometry [5℄. It is worth mentioning that algebrai
geometry solutions seem to have huge running time and spa
e 
omplexity.Our model does not a

ount for messages lost be
ause of interferen
e. Itwould be desirable to design syn
hronous distributed algorithms with low mes-sage 
omplexity and low time 
omplexity in a model where messages are losteither due to signal interferen
e or due to node overloading.7 A
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