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Abstract— Topology control has been well studied in protocol for wireless ad hoc networks. which is suitable
wireless ad hoc networks. However, only a few topology for designing an efficient routing scheme to save energy
control methods take into account the low interference as gnd storage memory consumption, than the traditional
a goal of the methods. Some researchers tried to reduceyyireq networks. For simplification, we assume that the
the interference by lowering node energy consumption i ajess nodes are quasi-static for a period of time.

(i.e. by reducing the transmission power) or by devising Enerav conservation is one of the critical issues in
low degree topology controls, but none of those protocols 9y S S SSues

can guarantee low interference. Recently, Burkhart et designing wireless ad hoc networks. Many aspects of

al. [?] proposed several methods to construct topologies the networking will affect the energy consumption of
whose maximum link interference is minimized while the wireless networks, such as the physical electronic

the topology is connected or is a spanner for Euclidean design, the medium access control (MAC) protocols, the
length. In this paper we give algorithms to construct a routing protocols, and so on. Topology control, a layer
network topology for Wire_less ad hoc ne_twork suchthatthe petween MAC and routing protocol, provides another
maximum (or average) link (or node) interference of the 4iangion to save the energy consumption of the wire-
topology is either minimized or approximately minimized. less networks. In the literature, most of the research in
the topology control is about adjusting the transmission
Index Terms— Topology control, interference, wireless power, or designing someparsenetwork topologies that
ad hoc networks. can result in more efficient routing methods. However,
less attention is paid to minimize the interference caused
|. INTRODUCTION by this structures when we perform routing on top of
Wireless networks have become increasingly impahem. Notice that, if a topology has a large interference,
tant with the requirement for enhanced data and multhen either many signals sent by nodes will collide (if
media communications in ad hoc environments. While collision avoidance MAC is used), or the network
single hop wireless networks, mfrastructured networks may experience serious delay at delivering the data for
are common, there are a growing number of applicatioesme nodes, which in turn may cause larger energy
which require multi-hop wireless infrastructure whicltonsumption.
does not necessarily depend one any fixed base-station. In wireless ad hoc networks, each wireless device
Wireless ad hoc network needs some special treatmeah selectively decide which nodes to communicate
as it intrinsically has its own special characteristiosither by adjusting its transmission power, or by only
and some unavoidable limitations compared with wiradaintaining the communication links with some special
networks. For example, wireless nodes are often powersatles within its transmission range. Maintaining a small
by batteries only and they often have limited memoriesumber of communication links will also speed up the
A transmission by a wireless device is often received lbguting protocols in addition to possibly alleviate the
many nodes within its vicinity, which possibly causemterferences among simultaneous transmissions,and also
signal interferences at these neighboring nodes. On tbepossibly save the energy consumption. The question
other hand, we can also utilize this property to save tire topology control we have to deal with is how to
communications needed to send some information. Wihesign a network such that it ensures attractive network
like most traditional static communication devices, thieatures such as bounded node degree, low-stretch factor
wireless devices often move during the communicatiofor called spanning ratio), linear number of links, and
Therefore, it is more challenging to design a netwotkore importantly, low interference. In recent years, there



was a substantial amount of research on topology conthalve distinctive identities and each wireless nadeas
for wireless ad hoc networks?], [?], [?], [?], [?], a maximum transmission range,. We only consider
[?], [?]. However, none of these structures proposed imdirected (symmetric) communication links meaning
the literature cartheoretically bound the ratio of the that a message sent over a link can be acknowledged by
interference of the constructed structure over the intéhe receiver. In other words, linkv exists if and only if
ference of the respected optimum structure. A commdime Euclidean distance between nodeand v, denoted
assumption in the topology control methods is tlat by ||uv||, is less thanR, and R,. It is required that
node degree implies small interferenoghich is not the graph is connected if all nodes use their maximum
always true, as shown ir?[. Notice that, in practice, transmission ranges, otherwise devising a topology that
almost all topology control methods will select shompreserves the connectivity is not possible.
links and avoid longer links. However, even selecting Energy conservation is a critical issue in wireless
“short” links only cannot guarantee that the interferenad hoc networks. The energy needed to support the
of the resulting topology is within a constant factocommunication between from node to another node
of that of the optimum structure. Further, even only is composed of three parts: (1) the energy used by
letting each node only connect to its nearest neighboraode « to process the signal, (2) the energy needed to
the resulting communication grapimay still have an compensate the path loss of the signal framto v,
interference arbitrarily, up t@(n) factor, larger than and (3) the energy needed by nodeto process the
the optimum. Recently, Burkharet al. [?] proposed signal. In the literature, the following path loss model
several methods to construct topologies whose maximusnwidely adopted: the signal strength received by a
link interference is minimized while the topology isnode v is p;/r®, where p; is the signal strength at
connected or is a spanner for Euclidean length. one meter; is the distance of node from the source

In this paper we give algorithms to construct aode v, and « is a path loss gradient, depending on
network topology for wireless ad hoc network such th#ée transmission environment. Consequently, the least
the maximum link (or node), or the average interferenaignal needed to support the communication between
of the topology is either minimized or approximatelywo nodesu andv separated by distaneeis ¢; + cor®,
minimized. We also study how to construct topologwherec;, andcy, are some constants depending on the
locally with small interference while it is power efficientelectronic characteristics and the antenna characteristics
for unicast routing. of the wireless devices. Thus, we define the energy cost

The remainder of the paper is organized as follows(uv) for each link asc(uv) = ¢ + ¢2 - ||uv||*.
In Section ??, we specifically discuss what network  We also assume that each wireless device can
model is used in this paper, and how we define thljust its transmission power to any value frono its
interference of a topology. In Sectid??, we propose maximum transmission power or to a given sequence of
several methods to construct various topologies sughnsmission powers. Furthermore, in the literature it is
that the maximum link interference or the average liniften assumed that each wireless deviocgan adjust its
interference of the topology is minimized. In Sectiotransmission power for every transmission depending on
??, we proposed several methods to construct variotie intended receiver: node v will use the minimum
topologies such that the maximum node interferent@nsmission power available to reach node Some
or the average node interference of the topology iesearchers assume that, given a undirected network
minimized. We conclude our paper in Secti®f and topology H, each wireless device will only adjust its

also point out some future works. transmission power to the minimum power such that it
can reach its farthest neighbor fd. In this paper, we
[l. PRELIMINARIES will consider all possible power adjustments.

A. Network Model

We consider a wireless ad hoc network (or sensBr
network) with all nodes distributed in a two dimensional  Due to the limited power and memory, a wireless
plane. It is assumed in our paper that all wireless nodesde prefers to only maintain the information of a

subset of neighbors it can communicate, which is called
'Here we assume a symmetric communication. In other words, #¥pology contral In recent years, there is a substantial
radiusr,, of a nodeu is set asmax(uz,uy), where nodeu is the .
nearest neighbor of node, and nodey is the nearest neighbor of amount of research on topology control for ere_less ad
nodeuw. hoc networks ], [?], [?], [?], [?]. These algorithms
2Two nodesu andv are connected ifw < minry, 7. are designed for different objectives: minimizing the
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maximum link length (or node power) while maintaining  Notice that, symmetric links are often preferred in
the network connectivityd]; bounding the node degreewireless communications. In other words, a linkexists
[?]; bounding the spanning ratid?], [?]; constructing in the communication graph if these two nodeandv
planar spanner locally?]. Here a subgraph{ of a can communicate with each other directly, i.w| <
graph G is a length (or power) spanner @ if, for min(r,,r,). Using this observation, Burkhaet al. [?]
any two nodes, the length (or power) of the shortesiefine the interference of a linkv as the number of
path connecting them i/ is no more than a constantnodes covered by two disks centereduatind v with
factor of the length of the shortest-path connecting theradius||uv||. Let D(u, r) denote the disk centered at node
in the original graphG. Planar structures are used by with radiusr. Specifically, they define the coverage of
several localized routing algorithm®][ In [?], Li et a link uv as
al. proposed the first localized algorithm to construct a
bounded degree planar spanner. Recently, Li, Hou afft/
Sha [?] proposed a novel local MST-based method faHere, cov(uv) represents the set of all nodes that could
topology control and broadcasting. 18][[7], Li et al. be affected by node or by nodev when they commu-
proposed several new structures that approximate #i€ate with each other using exactly the minimum power
Euclidean minimum spanning tree while the structuregeded to reach each other. We call this interference
can be constructed using local information only and witlpodel asnterference based on Coverage model, and
O(n) total messages. will use IC(uv) to denote the interference of a link
However, none of these structures proposed in thader this model. This model is chosen since whenever
literature cartheoreticallybound the ratio of the interfer- 3 |ink wwv is used for a send-receive transaction all nodes
ence of the constructed structure over the interferenceygfiose distance to nodeor to nodev is less thari|uv||
the respected optimum structure. Recently, Burkletrt will be affected.
al. [?7] proposed several methods to construct topologies The network is then represented by a geometric
whose maximum link interference is minimized whilgindirectedweightedgraph, G = (V, E,W), with ver-
the topology is connected or is a spanner for Euclide@Bes representing wireless nodes, and edges representing
length. communication links. The weight of each linkv is
its interference numbefC(uv). See Figure?? for an
illustration. After assigning weights to all links, we call
As mentioned earlier, the ultimate goal of the topol-
ogy control is to conserve the energy consumption of
the wireless networks. It has been pointed out that the SN
topology control algorithms should not only consider R
adjusting the transmission power of nodes, bounding T :
the number of nodes a node has to communicate, or
bounding the power spanning ratio of the structure, but
also to minimize the inherent interference of the Structuggy 1. The interference of linkw is the number of wireless nodes
so multiple parallel transmissions can happen simultarvaiose distance to node or to nodev is less than|uv||.
ously, and the number of retransmissions is decreased.
Then a natural question idVhat is the interference of athe graph thenterference graphThen, Burkhartet al.
structure?”. In this subsection, we will discuss differen{?] proposed centralized methods to select a connected
models of defining the interference of a structure.  spanning subgraph of this interference graph while the
The interference model propose i is based on maximum interference of selected links is minimized.
the current network traffic. However, this model requirebhey also proposed centralized and localized methods
a priori information about the traffic in a network, whichio select subgraphs with additional requirement that the
is often not available when designing the network topatubgraph is an Euclidean length spanner of the original
ogy due to the fact that the amount of the network traffmommunication graph.
is often random and depends on the upper application Thus, given a subgrapH of the original commu-
layer. Thus, when we design a network topology toication graphG of n wireless devices, the maximum
minimize the “interference”, we prefer a static model dhterference, denoted a4 1C(H ), of this structureH is
interference that is depending solely on a the distributiatefined asnax.cy IC(e), and the average interference,
of the wireless nodes and, maybe, their transmissidenoted asl'/C(H), of this structureH is defined as

ranges. Yoec 1C(e)/n.

(uv) = {w | wis covered by D(u,|uv|) or D(v, |uv|)}.

C. What is interference?



Notice that, in practice, the wireless devices oftefransmission model and will us&7Ty (w) to denote the
cannot adjust their transmission powers to any numkaterference of a node under a given network topology
from 0 to their maximum transmission powers. Usuallyd .
there are a sequence of discrete power levels that the Thus, given a subgrapH of the original communi-
wireless device can choose from. In this discrete powegition graph, the transmission range of each nades
model, we clearly can extend the interference based @efined as-, = maxy,cq |uv|. The interference num-
coverage modelC as follows. Given any linkuv, let ber ITy(u) of a nodeu underinterference based on
P, be the minimum power level such that nodeand Transmission model is then defined as the cardinality
v can reach each other using this power, and-Jgtbe of the set{v | ||uv| < r,}. The maximum interference
the corresponding transmission range using the powegrthis structureH is defined asmaxy,cy ITy(u), and
P, i.e. P, = c1 + c2 - 1S,. Then, the coverage of athe average interference of this structiifes defined as
link wov is defined as Y wev 1T (u)/n.

cov(uv) = {w | wis covered by D(u,ryy) or D(v,Tyy)}- lIl. L INK BASED INTERFERENCE

And the interferencd C(uv) of a link uv is then the In this section, we design algorithms for topology
cardinality of cov(uv). In the remainder of the papercontrol that minimize the maximum or the average inter-
we will not distinguish this model from the model usederence of the resulting topology while preserving some
[?7]: we always use C(uv) to denote the interference ofProperties of the network topology such as connectivity.
a link in both models.

Notice that the interference model used i8] [ A. Minimizing the Maximum Interference
implicitly assume that the node will send message 10 pefinition 1: The MiN-Max link interference with

v and nodev will send message ta at the same time. 5 property P problem is to construct a subgraph
We argue that whem sends data to node, typically of a given communication graply = (V,E) such
node v only has to send a very short ack messagfas he maximum interferencel TC(H) of structureH

to u. The communication then becomes one way byhieves the minimum among all subgraphs(othat
ignoring this small ack message from Clearly, when have a given propert.

v is receiving message from nodethe nodes “nearby” Essentially, in f], Burkhartet al. gave a centralized

nodewv cannot send any data, otherwise, the signal fromethod to construct a connected topology that mini-

u to v will be colliding and thus interference OCCUrSyi;aq the maximum interference. He also introduced

Theoretically speaking, the transmission by another no@@ntralized and localized methods for the Mex-M Ax

w causes the inte_rferenc_e with the.transmission frofk interference with a propertypounded Euclidean

nodeu to nodew if the signal to noise ratio (SINR) gh4ning ratio In their algorithm (called LIFE) edges are

ngpﬁoségr:)al\l\:ﬁgﬁ“ﬁ%;i ?rgies:iigegwatg?\/;?:e;gxgsorte.d by their weights (interference) in ascending order.
Starting from the edge with minimum weight, in each

To simplify the analysis of SINR, we assume that the. ation of the algorithm an edgev is processed. If

transm|_33|on (_)f a nodey causes such interference 'fnodeSu andv are already connected, the edgeis just
nodew is within the transmission range af. In other

i 0= ignored and otherwise it will be added to the topology.
words, we say an interference occurs whers within - o 460rithm continues till a connected graph is con-
the transmission ranges of both nadend nodew, and  gi,cted. Clearly, the time complexity of this approach
both node: and nc_Jdeu transmit signal ta. The number ¢ O(mlogm + hn), whereh is the number of links in
of such nodesw is the total number of nodes Whosyq fina) structurefd. If a t-spanner structure is needed,
transmission will cause the interference of the S|gn@|ey [?] add a linkuw if the shortest path connecting
received b)_/ n_oda;. Considering such a node, then and v using previously added “short” links has length
the transmission of node may cause interference tolarger thant times the length of linkuv: otherwise, link

all nodes within its transmission range. Thus, to aIIevia&eU will not be added. Clearly, the time complexity of
the interference, we would like to minimize the numbqhiS approach i€ (m log m + h(’h +nlogn)).

of nodes yvithin the transmission range of nadeWe A graph propertyP is calledpolynomially verifiable
call such interference model &sterference based on if we can test whether any given graph has this

roperty P in polynomial time in the size of the graph

3The threshold of node depends on the sensitivity of the antenn§_[ . . .
of node nodev, the modulation technique of the signal, and othet! - FOr €xample, the connectivity property is polynomi-

factors. ally verifiable, the bounded spanning ratio property is



polynomially verifiable, thek-connectivity property is The following lemma proves that the MST gives the

polynomially verifiable. Assume that we are given angptimum answer.

polynomially verifiablgoropertyP. The following binary Lemma 2:MST gives the optimum solution for

search based approach is then straightforward. MIN-AVERAGE link interference withconnectivity
Algorithm 1: Min-Max Link Interference with a PROOF Assume the optimum graph, say’, is not

given propertyP MST and preserves connectivity. Since the average link

1) Sort the weight (i.e., interference number) of ainterference inG’ is equivalent to summation of link

links in ascending order. Leby,ws, - ,w, be Weights in G’ it requires thatG’ has the minimum
the sorted list of link weights. Let/ = m and Weight. SinceG’ is not MST, it must have weight less

L = 1. Repeat the following steps unfil = L.  that MST which is impossible.

2) Leti= L#j andw = w;. . o _

3) Test if the structurell formed by all links with Note that we will construct the minimum spanning
weight < w has the propertyP. If it does, then tree of the interference graph, which is different from
U = i, otherwise, therl, = i. the Euclidean minimum spanning tree. Actually, the

Assume that the time complexity to test whether Igucl@dean MST (i.e. where the weight of e_ach edge is the
given structureH (with n vertices and at most links) Euclidean length of the edge) can H¢n) times worse

- ; than the optimum for link interferencelIN-AVERAGE
has a propertyP takes timedp(m,n). It is easy to show ) _
that the above binary search based approach has t{h@Plem. The example illustrated by Figure 5 &) ¢an

complexityO(m log m + Bp(m, n) -log n). For example, € used to show that the Euclidean MST can be very

to test whether a structure is connected can be done_bf?'nd ffor bo;t:/lI|nkA|nterferenc$g:N-Méx ar:]d the I|nII<
time O(n), which implies that the min-max interferencdtererenceMin-AVERAGE problem. For that example,

with connectivity can be done in tim&(mlogm + the maximum inter.ference of the EucIidean_MSDi@z) .
nlogn) = O(mlogn). Testing whether a given structureand the average mterfergnce of the Euclidean MST IS
H is at-spanner of the original graplé can be done glsoO(n), Whlle in the optimum struct.ure, the maximum
in time O(n(nlog n +m)) = O(n? log n -+ mn), which interference isD(1), and the average interference is also

implies that the min-max interference witfspannercan tOh(l). 'trhus, Eu::l?ear; MbSTthIQ<'?) _tlmsstworfr]egthan
be done in timeO(m log m + n2log® n + mnlogn) — e optimum solution for both criteria. Notice th@tn)

O(nlogn(m + nlogn)) using a binary search basedi tfsﬂe W&rst posdsi?]IeMraticl)Afor any Ifstrkuptur? for both
approach described by Algorith@?. the MIN-MAX and theMIN-AVERAGE link interference

The following theorem is obvious. problem. . - ,
Theorem 1:For a given property?, Algorithm 22 Preserving the connectivity of the final structuife

gives the optimum solution fal IN-MAX link interfer- and minimizing the average interference can be optimally
ence problem solved using the minimum spanning tree, it will be NP-

hard to find the optimum structure when the propérty
S is additive, e.g., being &spanner.
B. Minimizing the Average Interference
The maximum interference of the structure captures IV. NODE INTERFERENCE

the worst link on the structure, however, it does not |, inic section we define interference for each node

capture the overall performance of the structure in MXtead of defining interference for each link. To study
of the interference. In this section, we design algorithrrpﬁ)de interference problem we define two models. The

that will minimize the_ average Interfgrences of the g5t model is based on link interference and the second
structure while preserving some additional propefty ., js hased on the number of nodes that are in the

_ Definition 2: TheMlN-AVERAGE link interference transmission region of a node.
with a propertyP problem is to construct a subgraph
H of a given communication grapt& = (V, E) such o
that the average interferen@®IC/(H) of structure 7 A Node Interference via Link
achieves the minimum among all subgraphsbthat Given a network topologyH, a nodeu will then
have a given propertyp. only communicate using links ir. If node v com-

When the given propertyP is just merely the municates with a neighbor with wv € H, nodeu

connectivity of structure, to solvMIN-AVERAGE link may experience the interference frohd@’'(uv) number
interference with a propert® problem, it suffices to find of nodes. We then would like to know what is the worst
the minimum spanning tree of the interference grapimterference number experienced by nadeé.e., we are



then interested iINC'(u) = maxy,eg IC(uv). In this problem by requiring a connectivity property is similar
model the interference of each nodds the maximum to the min-average power symmetric connectivity, which
link interference of all links incident to it. is well-known to be NP-Hard. Thus, instead of trying to
Definition 3: NODE INTERFERENCE(MODEL 1): solve it optimally, we first give a good approximation
Given a structureH, the interference of a node is algorithm to achieve the connectivity property. The fol-
defined as the maximum interference of all links incidefdwing theorem proves that the MST (of the interference
onu, i.e., graphG) is a 2-approximation for théIN-AVERAGE
ICH(u) = max IC(uv). node interference with connectivity.

Then the maximum node interference of a structure  Theorem 4:MST is a 2-approximation for the
is defined asM NIC(H) = max,cy ICx(u), and the MIN-AVERAGE node interference with connectivity
average node interference of a structure is defined R{gblem.
TNIC(H) =Y ,cv ICu(u)/n. PROOF Consider any spanning treé and let I(T')
1) Minimizing the Maximum Interferenc&irst, we denote the average node interference of grapnd let
would like to minimize the maximum node interferencd? (7') denote the total weight of the links of gragh
Definition 4: The MIN-MAX node interference Note that here the weight of each link is the interference
with a propertyP problem is to construct a subgraph Of that link. Since the weight of each edge is assigned to
of a given communication grap& = (V, E) such that at most two nodes[(7’) < 2W(T'). On the other hand,
the maximum node interferendé NIC(H) of structure consider the spanning tree as a tree rooted at some nodes.
H achieves the minimum among all subgraph&ahat For any leaf node:, the interference of the link that con-
have a given propertfp. nectsu to its parent is the interference that is assigned to
Notice that the node interference of a node no@odeu; for any internal node, the interference assigned
depends on the final topology, which introduces a levi§l nodeu is less than or equal to the interference of the
of difficulty compared with the link interference studiedink between node» and its parent in the tree; and the
in subsectior??. We first study how to find a connectednterference assigned to root is some value greater than
topology whose maximum node interference is min#ero. Thus, the total interference of the nodes is greater
mized. Surprisingly enough, we found that the minimuifian the total interference of the links and we have
spanning tree based approach still produces the optimi7’) < I(7T"). Now letOPT' be the optimum structure.
network topology. Clearly OPT is a spanning tree (i.e., cycles can be
Theorem 3:MST produces an optimum structur¢e€moved if there is any without increasing the average
for MIN-MAX Node Interference for connectivity prob-nterference). We havé(MST) < 2W(MST). Since
lem. MST is the minimum weight spanning tré&;(M ST) <
PROOF Assume the MST is not optimum a@P7T is W(OPT) and W(OPT) < I(OPT). Consequently,
an optimum structure. Consider the edge with the highd$tV/ ST') < 21(OPT). This finishes the proof.
interference in MST, say. Then edge: doesn’t belong
to OPT (otherwise structure MST would have been the The MST based heuristics also works if the weight
optimum) and also the interference of all edge®iRT of each edge is some quality such as the power needed
is less than the interference of edge This means a to support the link, the delay of the link, or the SINR
connected graph can be constructed with using edd&ignal to Interference and Noise Ratio). Again, the
whose interference is less than the interference of edgeclidean MST can be(n) times worse than the
e, and this violates the definition of MST. optimum. Since the maximum interference is at most
O(n?), obviouslyQ(n) is the worst possible ratio.
2) Minimizing the Average Interferenc&imilarly,
we can also minimize the average node interference of o
the structure. B. Transmission based Interference
Definition 5: The MIN-AVERAGE node interfer- Notice that, when a topolog¥ is used for routing,
ence with a property? problem is to construct a sub-each wireless node typically adjusts its transmission
graph H of a given communication grap¥ = (V, E) power to the minimum that can reach its farthest neigh-
such that the average node interferedc® /C(H) of bor in H. Considering this power level, we say that
structureH achieves the minimum among all subgraphbe the interference of each nodeis the number of
of G that have a given propertp. nodes inside its transmission range. kgtdenote the
Solving theMIN-AVERAGE node interference with transmission range of nodethen the node interference
a propertyP is not easy and since the simple form of thiss defined as follows:



Definition 6: NODE INTERFERENCE(MODEL 2): such that the average node interfereffe® I'T(H) of
Given a structureH, the interference of a node is structureH achieves the minimum among all subgraphs
number of nodes inside its transmission range, i.e., of G that have a given property.

ITo(w) == |{v | o] < r)l. | Solving theM|N-AVERAGE nqde interference prob-
em for Model 2 is not easy and it seems to be NP-Hard
Herer, = maxyyep [Juv. to find the optimum answer. Here we give an efficient
Then similarly the maximum node interferenc@euristics to find a structure that is practically good.
of a structure is then defined a8/NIT(H) = We construct a directed graphi’ = (V', E', W")
maxyev [T (u), and the average node interferencgs follows: for each edgev of G, we introduce two
of a structure is then defined a8 NIT(H) = additional verticeguv] and [vu]. Each nodeu, sorts its
> uey ITH(u)/n. neighborsuy, vs, ..., vx in ascending order of distances

would like to minimize the maximum node interferenceyjrected link ufuv;] and we assign weight to it;

_ Definition 7: The MIN-MAX node interference \ye 3150 define a directed linkuvtJu and we assign
with & property> problem is to construct a subgrah \yeight 0 to link [uv;]u. We also connect verticels;]

of a give_:n communi'cation grapty = (V, E) such that 54 [uvi1] using two directed linksuv;][uvis1] and
the maximum node interferende N 1T (H) of structure [wviei][uv;] 1 < i < k) and assign weight 1 to all
H achlev_es the minimum among all subgraphg-ahat h05e links [uv;][uvi+1] and we assign weight to all
have a given propert§. links [uvii1]fuvs] (1 < i < k). Al pairs [uv], [vu]
Consider node: and let N(u) be the number of 56 connected also. Assume nodds the p* nearest
neighbors of node when node; adjusts its transmission neighbor of node and node is theg! nearest neighbor
range to maximum. Node can adjust its transmission,f nodew. Then we assign weight to the edgéuv][vy]
range to have exactly neighbors @ < k < N(u)). and weightq to [vu][uv]. See Figure?? and Figure??
In other words, each node can set its interference o an jllustration. Figure?? depicts the original graph
any value betweefi and N (u) by using the appropriate gng Figure?? shows the transformed graph. All dashed
transmission range. Having thls property, solving t%ges have weiglit Now we start from any node ¢ V
MIN-MAX node interference with a properBy problem 54 we solve the min-cost multicast problem to all other
is only a simple binary search. nodesv € V. It is easy to show that the min-cost

Algorithm 2: MIN-MAXx Node Interference with a jticast problem in is equal to the min-average node
propertyP for model 2.

1) LetU = n—1 and L = 1. Repeat the following
steps untillU = L. u
2) Leti= L%j and letH; be the graph formed by X
connecting each nodeto its firsti-shortest links. v
Notice that, ifu has less than neighbors in the
original graph, then: will only connect to all its
N (u) neighbors.
3) Test if the structured; has the propertyP. If it
does, therl/ = 4, otherwise, therl = 1. Fig. 2. The original communication graph.
Assume Algorithm?? gives an interference value
i. Since setting the interference of each node to a value We then introduce a greedy based algorithm for
less than cannot preserve the propef The following this multicast problem in the directed graghi. The
theorem is then obvious. algorithm starts with and empty set pfocessed nodes
Theorem 5:Algorithm ?? produces the optimum denoted byA, and picks a random nodeand puts it in
solution for the MIN-MAX Node Interference with athe setA. We define the distance between a nodibat
propertyP. does not belong to set and setA as the shortest path
2) Minimizing the Average Interferenc&imilarly, starting from a node in set to v. Then in each iteration
we can also minimize the average node interferencetb& node that is the closest to the skis added to set
the structure. A and the distances of nodes to the geis updated.
Definition 8: The MIN-AVERAGE node interfer- The algorithm continues till all desired nodes aredn
ence with a property? problem is to construct a sub-Let H,, be the final structure constructed when nade
graph H of a given communication grap& = (V, E) s first put to the set.

interference graph iid.



networks, but they are too expensive to be implemented
in wireless ad hoc networks. In this section, we shift our
attention to localized topology control methods to min-
imize the interference, with an additional requirement
such as hop spanner, length spanner or power spanner.
Here the desired spanning ratio is given. If the structure
is required to be-length spanner, as shown if]][ for
each linkuv we only need the information @t/2). ||uv]|
neighborhood (i.e. nodes whose distance to nodsr

to nodev is less than(¢/2).||uv]|). Similarly for ¢-hop
spanner it suffices to gather the information [@f/2]

‘ ‘ ‘ ‘ hops of nodes: and v (i.e. nodes which are at most

S N N A b [k/2] hops away from node and nodev). Here we say
o .u ® ® , that a structured is at-spanner for power consumption
if for any pair of nodesu and v, the minimum power
Fig. 3. The transformed graph. of all paths connecting them & is no more thart

times the minimum power of the best path connecting
them in the original communication graph. Remember

To find the best structure possible, we will construghat, the power needed to support a link= (z,y),
the structuredi,, for all nodesy; € V' and then finds the denoted byp(e), is ¢1 + ¢; - ||zy||*. The total power of

structure with the minimum average nodal interferencg. pathIl, denoted byvgv; - - - vy, connectingu andv is
The approach used in this algorithm is like they) — Zf;ol p(vivig1) = k.61+02.2f;01 [vgvist ]|

Prim's algorithm. The set of nodek is divided into Here 4 is nodew; and v is nodewy. Let u —p v

two setsS andV — 5, a random node is put i and pe the path connecting and v using links in H with

in each iteration the nodelosestto the setS is added the minimum total power Consumption’ and its power

to it till S = V. Now we have to define the distanc%onsumption is then denoted Wu —H fU)_ Forma”y

between a node € V — .S and the setS. Consider gpeaking, a structurél is at-power-spanner of original

edgewwv such thatu € S andv € V — S, if this edge graph¢ if
is added then the interference of nodesnd v might p(u —pg v) <y
increase, we define this incremental interference as the J%%’é plu —gv) =

weight of edgeuv, and like Prim’s algorithm the distance

of nodev from the setS is the weight of the shortest ...\ transmission range of every nodefis (i.e.,

edge cgnnectm@ o S. _\Nhenever an edgev is addgd the maximum transmission power of every node;is-
The adjustable transmission range of nodeand v is )
O .

updated if necessary. Lemma 6:Consider any structuré! that is at-

. Therg is 'another heurlstlp to solve this pmble”bower-spanner. For any linkv in the original graph
This heuristic in only slightly different. We start from G, the t-power spanner path — v has an Euclidean

components and each component has exactly one nqgﬁgth at mostt - A - (c1 + cofuv||®), where A —
In each iteration two components that are the closgste(,_1yi+1/a is a constant ’

to each other are merged. Edge weights are defined theac /= _ _
same way and the distance between two component&ROOF Remember that the power cost of using a link
defines as the weight of the shortest edge connectifig +¢c2lluv[|®. We define themileageof this model as
them. The algorithm continues till there is only ondaX0<z g j¢z=- IN Other words, milage is the maximum
component left. Our simulation results show that thidiStance a message can be sent using unit amount of

In the remainder of the paper, we assume that the

simple trick slightly improves the performance. energy. It is easy to see that= /== achieves the
maximum mileage for this energy model. Clearly the
V. LOCALIZED APPROACHES maximum mileage |sczﬁ¥$%ll)/fl/ Hereafter, we use

In the previous sections, we discussed in detail to denote such mileagé.
several centralized methods for topology control to min- We then show that the least power path—g v
imize the interference while preserving some properhas an Euclidean length, say within some constant
P. Although these centralized methods can find tHactor of the Euclidean lengtfwv||. From the definition
optimum or near optimum structures for wireless ad hat mileage, we know that the total power of the path



u —p v is at least}. Since it is ai-power-spanner pathA. Theoretical Analysis

for uv, we haveA-z < t(c; +cz|luv||®). In other words, . _
z<t-A- (e + el uv||®). For average performance analysis, we consider a set

of wireless nodes distributed in a two-dimensional unit
square region. The nodes are distributed according to

This lemma implies that node can locally decide . : :
. . . either the uniform random point process or homogeneous
whether a linkuv will be kept in at-power spannefd : : . .
Poisson process. A point set process is said to be a

by using only the information of nodes within distances _. . .
v .. “Uniform random point procesdenoted byX,, in a
§ + ||uv]| to nodewu. The above lemma also implies

that the minimum power path for anv link uses onl region Q) if it consists ofn independent points each of
. b P y ; y hich is uniformly and randomly distributed ov@r The
local neighborhood nodes as long as the mileage (tﬁe

. . . andard probabilistic model diomogeneous Poisson
maximum ratio of the length of a link over the power ) .
ocesss characterized by the property that the number

needed to support the direct communication of this Iinlg; : L . :
nodes in a region is a random variable depending

is bounded from above by a constant. A . .
Th imilar t iruct " konIy on the area (or volume in higher dimensions) of
en similar to §], we can construct a networ the region. In other words,

topology H such that the maximum interference is
minimized while the structuré/ is at-power spanner of ~« The probability that there are exactlynodes ap-
the original communication graph. For the completeness pearing in any regionw of areaA is % cem M,

of the presentation, we still include the algorithm here. « For any region¥, the conditional distribution of

The algorithm is presented from the point view of a node nodes in¥ given that exactlyc nodes in the region

U. is joint uniform
Algorithm 3: Min-Max Link Interference with &- Given a set/” of wireless nodes, several structures
power spanner (such as relative neighborhood graph RNG, Gabiriel
1) Each wireless device collect the information ofraph GG, Yao structure, etc) have been proposed for
nodes with distance - t - Ry. topology control in wireless ad hoc networks. Tieda-

2) Sort the interference number in ascending order tife neighborhood graptdenoted byR NG(V'), consists
all links formed by nodes within distanee ¢ - Ry  of all edgesuv such that the intersection of two circles

from w. Let wy,wy, - ,w,, be the sorted list of centered at. andv and with radiug|uv|| do not contain

link weights. LetU = m and L = 1. Repeat the any vertexw from the setl’. The Gabriel graph[?]

following steps untilU = L. GG(V) contains edge anw if and only if the disk using
3) Leti= LY ] andw = w;. link wv as diameter, denoted h¥isk(u,v), contains no

4) Test if the structured formed by all links with other nodes ofl’. We will study the expected maxi-
interference< w has a path that is a-power mum node interference and the expected average node
spanner for each physical linkv. In other words, interference for structures Euclidean Minimum Spanning
the path has total power at madst(c; + co||uv||?>. Tree (EMST), Gabriel Graph (GG) and the Relative
If it does, thenU = i, otherwise, then, = i. Neighborhood Graph (RNG).

Let d, be the longest edge of the Euclidean
minimum spanning tree of. points placed indepen-
dently in 2-dimensions according to standard poisson
distribution with densityn. In [?], they showed that

In the previous sections, we studied how to desigiitn—oo r(nmd;, —logn < a) = e~ ". Notice that
topologies with low maximum or average interferencdg€ probability P,(nwd;, — logn < logn) will be
in the worst case. Worst case performance analy§idficiently close tol whenn goes to infinity, while
provides us the insight how bad these methods codltg Probability P,.(n7d;;, —logn < —loglogn) will be
behave. However, the worst case does happen rar@yjficiently close to0 whenn goes to infinity. That is
in practice. Another important performance analysis 1§ say, with high probabilitynrd;, is in the range of
average performances analysis, which gives us insid;]mgn—loglog n,2logn].
how a structure will perform generally. In this section, Given a region with area, let m(A) denote the
we will show that the most commonly used structures imumber of nodes of inside this region by a Poisson
the literature could have arbitrarily large maximum nodgoint process with density. According to the definition
interferences, but their average interferences are of@nPoisson distribution, we havé.(m(A) = k) =

bounded by a small constant. %. Thus, the expected number of nodes lying

VI. PERFORMANCES ONRANDOM DEPLOYED
NODES
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inside a region with areal is

u o ~_. V
., IA(SAY -0 B--. 2
E(m(A)):Zk-PT(m(A):k:)227]{‘ i - =
k=1 ' ST
o0 eféA((SA)kfl
B 6Akz_1 (k — 1)! =0A. Fig. 4. The diamond expanded from link.

For a Poisson process with density let uv be the

longest edge of the Euclidean minimum spanning tres, these diamonds defined by edges of EMST of a set
andd,, = [juv||. Then, the expected number of nodes thaf points inside a unit disk is at mosgtr /3. Lete;, 1 <

fall inside D(u,d,) is E(m(ndZ)) = nnd;, which is j < — 1 be the length of all edges of the EMST of
larger thanlog n almost surely, whem goes to infinity. points inside a unit disk. Consequently, they showed that
That is to say, the expected maximum interference gfeieEMST e? < gﬁ/\/ﬁ, They further improved this to
Euclidean MST ig9(logn) for a set of nodes producedzeieEMST e? < 12 using a more refined approach.
according to a Poisson point process. Consequently, the Thus, the expected average node interference of the
expected maximum node interference of any structugucture EMST is
containing MST is at leas®(log n). Thus, the expected S Tpasr(us)
maximum node interference of structure GG, RNG and E(=*=! L)<2 > (wel) < 24
Yao structures are also at leaQ{logn). The above " e.€EMST

analysis shows that all commonly used structures fpbr RNG graph, similar to the proof of, we can show

topology control in wireless ad hoc networks generaliyat S erne €4 < 81/+/3. This implies that

have a large maximum node interference evenréor n

domly deployed nodes. E(Zizl IRNG(W)) <2 3 (ne?) <1672V,
Our following analysis will show that the average n c.cRNG

interference of all nodes of these structures is small

for a randomly deployed network. Consider a 3ét

of wireless nodes produced by Poisson point proce _ .

Given a structure, let I;(u;) be the node interference Theorem 7:For a set of nodes produced by a Pois-

caused by a node;, i.e., the number of nodes inside the" pqint process with den;ity t_he expected maximum
transmission region of node;. Here the transmissionnOde interferences (thus link interferences) of EMST,

region of nodeu; is a disk centered ai; whose radius GG, RNG and Yao structures are at le@log n) with

is the lengthr; of the longest incident links af at node high p_robgbility; the expected average node interferences
u;. Hence, the expected average node interference iS(thus link interferences) of EMST and RNG are bounded

from above by some constants with high probability.
" Io(u 1 & 1<
E(M) - EE(Z Io(w)) = — ZE(IG(W))
i=1 =1

We then summarize the above discussions by the
g%llowing theorem.

n n 4 VIl. SIMULATION STUDIES
1 ) 1 ) A. Simulation Environment
= QZE(m(”Tz’)) ~n Z(”Wi) We conducted extensive simulations to study the
n’:1 = performance of different models and approaches intro-
- Z(WQ) <9 Z(mz) duced in this paper. The network is modelled by unit
(2 — 1/ . .
i1 papre disk graph. We put different number of nodes that are

randomly placed in & x 7 square and the maximum

The last inequality follows from the fact that is the transmission range of each node is set to

length of some edge 6’ and each edge iG: can be
used by at most two nodes to define its radius _

Theopen diamondsubtended by a line segment, B- Link Based Interference
denoted byD(uwv, 0), is the rhombus with sides of length We first study the performance of the optimum
|luv||/(2cosf), where0 < 6§ < /3 is a parameter. Seestructures when different spanning ratio requirement is
Figure ?? for an illustration. It was proven in?] that posted. Our simulation results are plotted in Fig@fe
the diamonds defined with parameter= /6 by any A critical observation is that the maximum interference
two edges of the Euclidean minimum spanning tree dimes increase with the increasing of network density as
not overlap. In addition they proved that the total areme showed theoretically.



C. Node based Interference

For the first model of the node based interferencdll
minimizing the maximum node interference is equivalent
to minimizing the the maximum link interference we
studied in the previous subsection. In addition, we know2]
that the minimum spanning tree of the link-weighted
interference graph defined for link interference has an
average node interference no more thanimes of
the optimum. Thus, we will concentrate our simulation3]
studies in the second model of the node interference.

For node interference that only considers the numg;
ber of nodes within the transmission range of a node,
our experiential results are plotted in Figue 5]

D. Comparison of Structures [6]

We also compare the performance of out centralized
(almost) optimum connected structures that minimize
the maximum link interference, or average node in-
terferences with various locally constructed structureg]
such as Gabriel graph, relative neighborhood graph and
the local minimum spanning tree. Figu?® illustrates
the performance comparisons of various structures !
terms of link interferences and node interferences. An
observation is that although the localized structures afe]
not optimum, their performances are comparable with
the optimum solution,, especially the local minimum
spanning tree. [10]

[11]
VIIl. CONCLUSION AND FUTURE WORK

Topology control draw considerable attentions rél2]
cently in wireless ad hoc networks for energy con-
servation. In this paper, we studied various problems
of topology control when we have to minimize thg13]
interference of the constructed structure. We optimally
solved some problems, gave approximation algorithrﬂsﬁf]
for some NP-hard questions, and also gave some ef-
ficient heuristics for some questions that seems to be
NP-hard. We conducted extensive simulations to sge!
how these new structures perform for random wireless
networks. We also theoretically showed that the most
commonly used localized structures in the literature has
large maximum interference even for random networks.
On the other hand, we show that the local minimum
spanning tree and the relative neighborhood graph has a
constant bounded average interference ratio for randomly
deployed networks. As a future work, we would like to
know whether our greedy heuristics for the min-average
node interference does give a constant approximation
guarantee.
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(a) length spanner (b) hop spanner (c) power spanner

Fig. 5. The maximum interference of the optimum structures with different length spanning ratio requirement (a), hop spanning ratio
requirement (b), and power spanning ratio requirement (c).
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Fig. 6. The maximum interference of the optimum structures with different length spanning ratio requirement (a), hop spanning ratio
requirement (b), and power spanning ratio requirement (c). Part (d) is the comparison of various topologies in terms of the maximum link
interference.
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Fig. 7. Comparison of various topologies in terms of the average link interference (a), the average node interference defined by the first
model (b), and the average node interference defined by the second model (c).



