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Abstract— In the anycasting problem, a sensor wants to report their neighbors, and positions of all sinks. We presentethre
event information to one of sinks or actors. We describe the geographic localized anycast routing protocols that quteed
first localized anycasting algorithms that guarantee deliery delivery (therefore loop-less), are memory-less, andastbed

for connected multi-sink sensor-actor networks. LetS(x) be o
the closest actor/sink to sensorz, and |zS(z)| be distance GFGA, COPA and EEGDA. They are generalizations of the

between them. In greedy phase, a node forwards the packet Well-known greedy-face-greedy (GFG) [5] unicast routing
to its neighbor v that minimizes the ratio of cost cost(|sv|) protocol. GFGA anycasting algorithm is used in application

of sending packet tov (here we specifically apply hop-count \here path needs to be as short as possible in terms of number
and power consumption metrics) over the reduction in distace of hops while still guaranteeing delivery. COPA and EEGDA

(IsS(s)|—|vS(v)]) to the closest actor/sink. A variant is to forward tw iants f licati in which i
to the first neighbor on the shortest weighted path towardo. If € WO variants for applications in which energy consuorpt

none of neighbors reduces that distance then recovery mods i has to be reduced.
invoked. It is done by face traversal toward the nearest conected
actor/sink, where edges are replaced by paths optimizing gén Il. RELATED WORKS

cost. A hop count based and two variants of localized power — apycasiing for wireless networks has first been modeled
aware anycasting algorithms are described. We prove guargeed

delivery property analytically and experimentally. ?n [1]. Although many anycast protocols have been deployed
in wired networks [6], there are very few for anycasting in

wireless networks in the literature and only one of them $4] i
geographical. Most of existing solutions are based on astyca
Wireless sensor networks are receiving a lot of attentinnsfor wired networks and need to build some structures. For ex-
recent years due to their various potential applicatiorssSr ample, in [2] a shortest path anycast tree rooted at eacleesour
measurements from the environment may be sent to a b@&seonstructed for each event source. Tree-based protamls
station (sink) in order to be analyzed. Other sensors magsenot scalable, since the maintenance is costly when network
as routers on a path established to deliver the report. fetarhas dynamic changes or when actors are moving.
sensor networks, there exists a bottleneck (around sin&) if A number of articles refer to the anycast while solving
single sink collects reports from all sensors. Scenariak wia different problem. For example, in [7], sinks flood the
multiple sinks are then being considered, where each sensetwork with queries, creating spanning trees for repgrtin
reports to one of sinks. In wireless multi-sink sensorsact@he protocol is similar to directed diffusion, where event
networks, anycasting is performed when any of sinks mapurces are passive until demand for data is received. &noth
receive the report from sensors, and meet application désnartype is anycasting to a region, until one node from the region
However, the cost of anycasting and providing service méyreached [8], [3]. This differs from our problem formutai
depend on the distance of the receiving sinks/actors toeghe where actors are not in the same region, and in fact they
porting sensor. It is therefore desirable that selectedasting are preferably spread to cover all the area. The only known
algorithm reaches one of actors which is close to the evenposition based anycasting algorithm is proposed in [4], r@he
Energy consumption and scalability are two challengingnergy consumption needed to communicate at distdnise
issues since wireless networks operate on limited capadityu(d) = d* + c. In the startup phase, each sensor node
batteries with a potentially large number of nodes. To th&t beselects its next hop as follows. L& be a sensorN be one
of our knowledge, only few protocols have been designed fof its neighbors, andd be one of actors. Sens@y selects
anycasting in wireless networks. Most of them are based onreighborN for which w(|QN|) +u(|N A]) is minimized, over
adaptation of anycasting for wired networks [1] and need noall neighbors and over all actors. This localized algorithm
scalable flooding techniques. Other ones [2], [3] need gostloes not optimize the power consumption (despite the claim)
tree structure that is not robust. The only known positiosglola because it makes decision in the neighbor selection process
anycasting algorithm [4] is greedy and localized but optesi based on long edgd#v A| which are not power optimal (an
neither hop count nor power consumption. analytical proof of this fact was given in [9]). Further, ibes
Centralized algorithms are not scalable due to communia@st guarantee delivery. Authors [4] formulate integer dine
tion overhead needed to gather information at a single nogeogram to construct data aggregation tree to minimizeadiver
Localized algorithms are thus desirable. In case of loedlizenergy spent for reporting.
position based anycasting problem considered in thislertic We now review existing unicast routing protocols whose
sensor nodes are merely aware of their positions, positbnsbasic concepts are applied in our localized geographic any-

I. INTRODUCTION



casting schemes. In well knowjreedy routing [10], nodeS wherec is the overhead due to signal processing, and 2
currently holding the packet for destinatidn forwards it to is the signal attenuation power degree. [RRt= xy, ..., z,,

the neighbor that is closest t0. This simple localized algo- be a path from: = zg to d = x,, (2441 € Ngxi), 0 <i<n).
rithm does not guarantee delivery. Power aware greedyngutiThe cost of the path is cost(P) = Y cost(|z;ziy1]).
algorithms were first studied in [11]. Cost over ProgressRPCOThe energy-weighted shortest path (ESP) framto v is
based routing [12] is a localized metric aware greedy rautidenoted byESP (u, v, A), where A is the set of intermediate
scheme. A node: forwards a packet to neighbersuch that nodes which can be involved in the ESP. For brevity, we
the ratio of the cost to reaahto the progress made (measuredenote cost(ESP(u, v, A)) by cost(u,v, A). We denote by
as the reductiofuD| — |vD| in distance taD) is minimized. {SP(u,v, A) the first node on the ESP from soureeto
Only neighbors closer t® thanw are eligible (uD| > |vD|). destinationv using nodes from4.

Cost could be an arbitrary additive metric, such as hop gount
etc. This algorithm does not guarantee delivery.

In GFG [5], greedy routing is hop count based and is appliedIn this paper, we propose three geographic anycast al-
till reaching either the destination or a local minimum. &acgorithms: GFGA, COPA, and EEGDA which are inspired,
routing is applied to recover from greedy failure. It regsithe respectively, by GFG [5], COP [12] and EtE [14]. Each of
network topology to be a planar graph (edges do not interséitém consists of greedy and recovery phases, and they all
each other). The graph planarization divides the graph irggarantee delivery for a reporting sensor connected to at
faces. The face that contains the imaginary lfh®, whereS least one sink/actor. GFGA uses hop count as the metric,
is the failure node, and is the destination node, is traversedvhile others apply power consumption, where both greedy
by right/left-hand rule until a nodd closer to destination than and recovery steps are energy efficient. The two energy-
S is met. It has been shown in [13] that face routing, whegfficient algorithms have different computing complexstie
applied on Gabriel graph, guarantees recovery while tsavgr All algorithms construct a path from the source sensor node
the first face. Greedy routing continues frofnuntil delivery to one of sinks/actors. During the path construction, there
or another failure node is reached. exists a single destination to reach. The main feature is tha

EtE [14] combines advantages of localized greedy, powtis destination may change along the path according to the
aware and recovery approaches. In the greedy part, the nogévork topology. Anycasting may start from current nade
currently holding a packet computes the cost of the energpward sink/actorS(s) that is the closest to it. Howeves,
weighted shortest path (ESP) towards each of its neighborscpuld in fact be even disconnected frofi{s) or closer in
the forwarding direction of the destination. It then sedettte number of hops to another sink.
one with minimum cost of ESP over the progress and sends . )
the message to the first node on that ESP. For face routindaCtaranteed Delivery Anycasting
connected dominating set (CDS) is first constructed, and/eve This protocol, GFGA in the following, is based on
edge on Gabriel graph over CDS, traversed by face routinggiceedy [10] and face recovery [5] routing approaches. Both
followed through an ESP (over all common neighbors of edgéeps need to reduce the distance between the node holding
endpoints, regardless of their CDS status). CDS constructithe packet and its closest sink/actor.
algorithm [15] is applied. Each node constructs subgraph 1) Greedy stepSuppose that the distance from nadeur-
of its neighbors with higher IDs. If that subgraph is empty arently holding a packet to its closest sifku) is d = |uS(u)|.

IV. CONTRIBUTIONS

disconnectedy is in CDS. In the greedy step of GFGA, GreedyA, at each hop, nede
considers all its neighbors whose distancévS(v)| to their
[ll. A'SSUMPTIONS AND NOTATIONS corresponding closest sink¥(v) is < d. Then, among these

We suppose that sensor nodes are able to tune their rapgedidate nodes; selects the one whose distanee(v)| is
between0 and R. Let N(u) = {v | |uv| < R} be the set of the smallest. Note that nodesuch thaivS(u)| > d may also
physical neighbors (within communication range) of nade be suitable candidates for forwarding, aiming at a differen
where|uv| is the Euclidean distance between nodesndv. sink thanu. On Fig.[1, nodef is reporting. Nodef forwards

Let S = {s;},i=1,...,k be the set oft sinks or actors report to its neighbot that has the smallest distance to its
in the network. We denote b§(u) € S the closest sink to closest actorS; (whereasS(f) = S3). Greedy routing then
sensoru: |[uS(u)| = minges |us|. proceeds to senser and report is delivered to actdf;.

We assume that sensors are aware of the physical loca2) Recovery step:Algorithm [I formally describes the
tions of themselves, their neighbors and every sink/aéttbr. GFGA algorithm. Recovery mode is applied with procedure
sensors, and sinks/actors are assumed to be static. Thes&Nast_Face(v, v, S(u)) which returns the next node on the
sumptions allow us to describe concise path based anygastiaversed face, where face traversal started at nodeth
solutions, as otherwise changing any of the assumptionis lethe goal of reducing distanck.S(u)|. It has two possible
to complicated solutions or violation of guaranteed delive outcomes. One is to find a nodet distancév.S(v)| to its own
property. To guarantee delivery, our algorithms also neqjuiclosest actor/sinl¢(v) smaller than the initial distandeS(u)|
a natural condition that reporting sensor is connecteddundvhen recovery mode started, in which case the algorithm can
transmission rang®) to at least one of sinks/actors. go back to the greedy mode. Recovery, if any, occurs on the

The power consumption cost for transmitting a packet éitst traversed face, so there is no change of face. However,
distancer [16] is cost(r) = r® + ¢ if » # 0, or 0 otherwise, nodewu, where recovery mode started, may be disconnected



from its closest sink/actoS(u), while being connected to (nodei on figure), nodeu sends the message to the first
some other one. In this case, call ¥ext_Face(v,u, S(v)) nodev = fSP(u,t¢, A) on ESP(u,t, A) where A is the set
ends up in a cycle detected upon return to the initial nodé neighbors ofu with positive progress. On Fi@l 1, node

u while traversing the face containing imaginary line fronforwards its message to node (while COPA-Greedy chooses
u to S(u) (it is then an open face 'behind’ lineS(u); see nodee) where greedy power aware anycasting continues.
details in [13]), and in such a case, it returns unchangaskval
for u. The closest actoS(u) needs to be deleted from setAlgorithm 2 EEGA (u) - Selects next hop at nodew.
S at nodeu, because it is not reachable by Nodew then  1: if w € S then

selects new closest actor/sisku) and starts new greedy step 2:  exit {Greedy step has succeeded.

toward it (note that it may switch immediately to recovery 3: €lse
phase if there is no advance in greedy mode). When the closeét A {v € Nfu) [ [vS(v)] < [uS(u)[}

. . . > if A=0then
sink/actor is connected to, face traversal will be successful . Return{u} {Greedy step has failef.
and greedy anycasting may resume. Nadé¢hat discovers 7: else
that actor/sinkS(u) is disconnected from it needs to inform 8: v w € A which minimizes —S2ott-2)
somehow other nodes in its neighborhood about it, to preverst Return{fSP(u, v, A)}
them from forwarding decisions and possible looping baseﬁ: ensni? if

on their belief thatS(u) is still connected.
2) Recovery step:As observed in [14], face routing [5]

Algorithm 1 GFGA(s,S) Hop count based anycasting. guarantees packet delivery but is energy consuming. Pla-
1 u+«s narization via Gabriel graph (GG) favors short edges, whose
2: while u ¢ S andS # ) do mandatory use in recovery mode is power inefficient. We
if ﬁ‘;ffiﬁgﬁ(“) propose here energy efficient scheme for anycasting: Energy
5 {(;reedy anycasting fails, switch to recovery sjep. Efficient Face_ Anycasting (EEFA). Li_ke in EtE _[14], this
6: repeat recovery algorithm needs a preprocessing step which caaput
7: t « Next_Face(v,u, S(u)); vt a Gabriel Graph over a connected dominating set. The use
8: until uw = v or [vS(v)[ < [uS(u)| of the CDS allows to increase edge length in Gabriel graph,
9 if w = v then leading to selection of better edges for power efficiencgrEa
10: {u disconnected fronf(u) and cycle detectel. . .

11 Delete S(u) from S {S(u) changes. _node either belongs to the _CDS or h_as at least one neighbor
12: end if in the CDS. All sinks are included in CDS. The recovery
13:  end if source node is also added to CDS. Face routing is then used
14 uew to determine the next hop for nodeu. However, instead of
15: end while sending message fromto v directly, packet follows the ESP

between them.

B. Energy-efficient guaranteed delivery anycasting Fig. [ illustrates EEFA recovery algorithm, withas the

We propose two energy-aware versions of GFG for angeurce, andS(b) = S3. Edgebd is to be followed in GG
casting: COPA (Cost-Over-Progress GFG Anycasting) ameaer CDS. Nodel is then reached through the shortest path,
EEGDA (Energy-Efficient Guaranteed Delivery Anycastingyia nodec. The closest sink ta: is S3 but [¢S3| > [bS3]
Both of them use the same recovery step, based on the snerecovery phase continues. Nodedentifies next hopu,
in EtE [14] and differ in the greedy step they apply. Indeedi(a) = Ss and |aSs| > |bS3|. a then identifies its next
COPA is based on COP [12] greedy routing while EEGAprwarder noden in the GG over CDSm is reached via a
applies a variation of the EtE greedy routing for anycastingESP going through nodg S(m) = S, but |m.Ss| > |bS3| so

1) Greedy stepAs in GFGA, in greedy steps of COPA and
EEGA, at each hop, current nodeconsiders all its neighbors
v which verifies|vS(v) < d = [uS(u)].

COPA-Greedy: In the greedy phase of COPA, nodeselects

its neighborv which minimizes COP ratiq%. .k
Energy-Efficient Greedy Anycasting (EEGAS: I%éGA algo- T
rithm, described by Algol]2, is an enhancement of COR} \’" et , ]
Greedy algorithm. It is more energy-efficient but has higher . ; —Q. A
computing complexity. The main idea is to use shortest paths B )
both for evaluating the next target and for reaching this
target. Hence, we apply the ESP using only nodes closer to

Edge in GG over CDS

their sink/actor than the current node. This ensures aipesib _ @sioie T Edge in the underlying graph
. . Plain node )

progress at each step and preserves from looping W'th@l%ommnwe Next dominant node — Recovery anycasting path

needing to embed the path in the packet. A naddgnode on Face on anycasting path - - - ->=- Greedy anycasting path

f on Fig.[1) holding a packet, first selects its target neighbor
t which minimizes the ratio of the cost of the ESP fram Fig. 1. Example of EEFA 1: Extraction of a CDS, including failure node
to ¢ and the progress provided lly Oncet is determined, b 2: GG over CDS3 - Energy aware anycasting path.



recovery phase continues. identifies node which is reached actor/sinkd = |uS(u)| can be reduced. The recovery step
via with smaller cost patingi, S(i) = Sz but |iS2| > [bS3|. also has the same goal, to reduce distasi@dter following
i continues face anycasting and forwards to nad&V/e then a face. Gabriel graph preserves connectivity, and follgwin
have S(n) = 51 and |[nS1| < |bSs|. The message is finally very first face will either recover (reduce distanéeor lead
delivered toS; by greedy anycasting from. Algorithm[3 to a cycle [13]. In the first case, distanek continues to
formally describes EEFA. decrease, and loop cannot be created. In the second case,
one of actors/sinks is deleted from the network (by separate
Algorithm 3 EEFA(@, s) Face anycasting from failure nodeto scheme as described), because it is disconnected frormturre

nodes. node, and closest distande= |u.S(u)| is reinstated at a larger
1: &' — CDS(G) {Extract a CDS grapld/’ from G.} value. It then continues to decrease until either delivary o
;; dG<_‘_|uS|GU(<G_)j?3"3;;‘;;?’;13&@?&082G 3 discovery of a new cycle. Since the number of actors/sinks
4 repeat ' ' is finite (and source is connected to at least one sink/actor
5.t — Next_Faceg (v, S(u)) by the assumptions stated for our problem statement), one of
6:  {t is the next node on the proper face 6f{.} such iterations will succeed. The delivery is guaranteadesi
7. while v #tdo d, at each iteration, can always be reduced, until it evelytual
gf 1{’ Zcisefl(‘gfléw ]\Sf (tvh)emEAS[g)f)rom 1) becomes 0, or another cycle is detected.
10: endpwhile ' COPA and EEGDA also consist of greedy and recovery
11: until [vS(v)| < dorv=u phases that again reduce distanteCDS construction pre-
12: Return{v} serves connectivity of selected sensors, and also inclatiies

) ) actors in the set. Algorithms then simply run on smaller
When greedy anycasting fails at a node such that connected sets. The only other change is that every edge, in

[uS(u)| = d, we run EEFA till reaching a node such that i greedy and recovery phases, is followed by shortelspat

[vS(v)| < d to ensure the delivery. If(v) is not reachable, it petween them, not necessarily by direct link. It is followed

is removed fromS at nodev like in GFGA. Once such a node oy via common neighbors, if any exists, of both endpoints.

v is reached, greedy routing is run again till final deliveryitbr g guarantees that such paths always exist (sometimes the

triggering again the recovery phase, as described in Algo.ghst or only choice is simply the edge in Gabriel grapti
It has two names, depending on the choice of greedy step.

EEGDA uses EEGA while COPA uses COPA-Greedy. VI. SIMULATION RESULTS
In this section, we evaluate the performance of our al-
Algorithm 4 EEGDA(s, S) or COPA(s,S) - Power aware gorithms: GFGA, COPA and EEGDA. We use the energy

anycasting from source. consumption model described in Sectiod Il with= 107
Lues and ¢« = 4. The evaluation is normalized by computing
2: while u ¢ S andS # ) do energy or hop count overhead of anycasting protocols using

3 v« COPA-Greedyu) or EEGA(u) as reference the optimal centralized Dijkstra [17] ESP or SP

4: if w=v then *
5 {Greedy anycasting fails, switch to recovery sjep. resp.. Lete; gnde be the energy consumed (resp. the number
6: v — EEFA (u, S(u)) of hops) using any described protocol and the ESP protocol
7 if w=v then (resp. SP), respectively. The energy consumption overhead
8: {u disconnected front(u) and cycle detecte}. (ECO) (resp. the Hop Count Overhead (HCO)) is the ratio
1gf eng?}fems(“) from S {5(u) changes, ¢ \We use a home-made simulator that assumes no packet
11 end if collision. We deployN nodes at random over H00 x 1000
12:  we—w square around a void crescent area, in order to provoke the
13: end while triggering of the recovery stepV is obtained from a Poisson
law 6 = N x %, whered is average node degred,is area
V. ALGORITHM ANALYSIS and R is transmission radius. Nodes can adapt their range
In this section, we prove basic guaranteed delivery prgpeRetween0 and R = 100. Sinks are randomly chosen among
of the algorithms introduced in this paper. network nodes. Source node is randomly chosen among the
Lemma 1:Greedy algorithms, GreedyA, COPA-Greedytodes which are further thad hops away from any sink.
and EEGA (Alg[2) are loop free. Only connected source-destination pairs are consideredrin

Proof: All three greedy algorithms reduce the distancB€asurements. Note that when the number of sinks is set to
between current nodeand its closest sink§(u). Loop cannot 1, anycasting yields to unicast routing.
be created, since it is impossible to go back to a largermtista A- ECO with respect to network density
at a given node by repeated applications of greedy algorithmFig. [2 shows ECO of every algorithm. We observe that
B GFGA has high ECO, because steps are suboptimal. It tends
Theorem 2:GFGA, COPA and EEGDA guarantee deliveryto select too short edges in recovery mode and too long edges
whenever source node is connected to at least one actor. in greedy mode, compared to energy optimal length. ECO of
Proof: GFGA consists of repeated application of greediyvo energy-efficient anycasting algorithms decreases thith
and recovery phases until message is delivered. Greedy stepvork density since the GG over a DS provides sufficiently
is only applied if distance of current node to its closest long edges so that energy efficient anycasting algorithms ca
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Fig. 2. ECO of anycasting paths as a function of the networisite Fig. 4. HCO for every greedy algorithnd. sinks

compute an energy shortest path. For low densities, EEGBAnode discovers that actor/sink is disconnected from it and
and COPA achieve similar results. This is because they useeds to inform other nodes to prevent from later forwarding
the same recovery algorithm which is often triggered. Abward it. Another interesting problem, for future work, is
higher densities greedy phase prevails, and the differenceto consider the case of mobile actors/sinks. The difficsiltie
performance is already explained. arise from imprecise location information at sensors, anthf

B. ECO with respect to the number of sinks change in their connectivity status toward different pafthe
éw_etworks. Mobile sensors pose further formidable chaksng

creases when the number of sinks increases. This is du {Ba”)f/, the impact of hawr(;g mpre/qsek location mfolrm.lmlu

the fact that algorithms are more likely to find a closer sini€Ven for static sensors and actors/sinks, is not negligille
EEGDA achieves better results than COPA. However the gggse r_nenuoned problems exist aIrea_ldy for the case of one
between both algorithms appears constant. Both of them or/sink, which corresponds to localized routing.

very efficient, considering they are localized, as the ovach

is under25% for densities> 5. " buch - 4 C. Scheidel and
1] B. Awerbuch, A. Brinkmann, an . Scheideler, “Anycasti an
C. Hop count overhead multicasting in adversarial systems,” Dept. of Computeem, Johns

Fig.[4 plots the HCO of every algorithm, when the node__ Hopkins University, Tech. Rep., 2002.

. . . [2] W. Hu, N. Bulusu, and S. Jha, “A communication paradigm ligbrid
densny increases fa¥ sinks @) and when the number of sinks sensor/actuator networksJournal of Wireless Information Networks

increases for a fixed node density= 10 (b). Results show that vol. 12(1), pp. 47-59, 2005.
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b fh h head i d for d . Mobihog 2005, pp. 99-110.
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Fig. [3 shows that ECO of energy-efficient algorithms d
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