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Abstract—In many networks, it is less costly to transmit a

coordination protocols for receivers of a packet to agremnup

packet to any node in a set of neighbors than to one specific a next-hop relay [3]-[8] when multiple candidates receive

neighbor. This observation was previously exploited by oper-
tunistic routing protocols, by using single-path routing metrics
to assign to each node a group of candidate relays for a partidar
destination.

This paper addresses theleast-cost anypath routing (LCAR)

problem: how to assign a set of candidate relays at each node

for a given destination such that the expected cost of forwating
a packet to the destination is minimized. The key is the follaing
tradeoff: on one hand, increasing the number of candidate riays
decreases the forwarding cost, but on the other, it increasethe
likelihood of “veering” away from the shortest-path route. Prior
proposals based on single-path routing metrics or geograpb
coordinates do not explicitly consider this tradeoff, and & a
result do not always make optimal choices.

The LCAR algorithm and its framework are general and
can be applied to a variety of networks and cost models. We
show how LCAR can incorporate different aspects of underlyng
coordination protocols, for example a link-layer protocol that
randomly selects which receiving node will forward a packet or
the possibility that multiple nodes mistakenly forward a packet.
In either case, the LCAR algorithm finds the optimal choice of
candidate relays that takes into account these propertiesfahe
link layer.

Finally, we apply LCAR to low-power, low-rate wireless
communication and introduce a new wireless link-layer techique
to decrease energy transmission costs in conjunction withngpath
routing. Simulations show significant reductions in transnission
cost to opportunistic routing using single-path metrics. Rirther-
more LCAR routes are more robust and stable than those based
on single-path distances, due to the integrative nature ofhie
LCAR'’s route cost metric.

|. INTRODUCTION

N wireless networks, it is often less costly to transmit
a packet toany node in a set of neighbors than to one

specific neighbor. For example, with unreliable wirelesgsi
the probability of a packet being successfully received by

least one node in a set of neighbors is usually greater thean

probability of one specific node receiving it. This obseioat
motivates the idea obpportunistic routing (OR) [3]-[6].

Previous work in opportunistic routing has largely focuse

on mechanisms for link-layer anycasting and on devisi
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a packet. At the same time, comparatively little attention
has been given to the problem of selecting and prioritizing
candidate relays so as to minimize end-to-end forwarding
costs.

The starting point of this work is the following question:
with opportunistic routing, are there practical and geheeys
to a) select the optimaket of candidate relays that can be used
at each node to reach a given destination, and b) prioritize
these relays in order to select the optimal effective fodear
when multiple candidate relays have received a packet?

The optimal selection of candidate relays must take into
account the following tradeoff. On one hand, having many
candidate relays decreases the forwarding cost (i.e.,dbe ¢
to send toany of these candidates). On the other hand, each
neighbor does not make as much progress as the next hop
in the shortest path to the destination. Therefore emptpyin
too many candidates may increase the likelihood of a packet
veering away from the shortest route, and ultimately even
introduce loops in the routing topology.

In addition, the prioritization of relays must take into
account a second tradeoff, linked to the underlying link-
layer coordination protocol: as the number of candidat@yl
grows, the forwarding cost decreases — but the overhead of
link-layer coordination increases, because the numbeodés
participating in the coordination protocol is higher. Hayi
more candidate relays also increases the risk of duplicate
transmissions, where more than one receiving relay mistgke
forwards a packet.

With opportunistic routing, each packet can traverse a
multitude of possible paths to reach a destination, wittheac
path having a different cost. Which path each packet fol-
lows depends on the non-deterministic outcome of linkdlaye
ﬁ]ansmissions, decisions made by link- and network-layer
protocol mechanisms, and the topology of the network. As
such, each possible choice of candidate relays gives rise to
3 probability distribution over all possible paths betwela
source and destination, and this distribution determimes t
eq<pected cost of using a route. The challenge is therefore
to select and prioritize relays in a distributed way, withou
explicitly computing this distribution.

To solve the problem of finding optimal candidate relay sets

10f course, the notion of optimality is relative to the modette network,
and any routing algorithm can only be as good as the modelrgnd metrics
that drive it. This point is particularly relevant in the d¢ext of wireless
networks, where link statistics are hard to estimate anehaftust be paired
with simplifying assumptions (e.g., independence).



Notation and Acronyms °
N() Neighbors of node Dest
Dij Packet reception prob. fromto j; '
J(i) (or J)  Candidate relay set (CRS) at node Source
dig Anycast link cost (ALC) from: to J
R;y Remaining path cost (RPC) from to the destina- 3
tion

Fig. 1. Anypath route. An anypath route (defined in Section Il) is the union
of all possible paths from a source to a destination thatrateded by a given
choice of candidate relays at each node. Each node has apawtng to
its candidate relays to reach the destination, and dashed tb neighbors
and prioritizing the candidate relays, we use a gener@izat that are not candidate relays. A possible trajectory (défineSection 11-C)

i _ ; ; through the anypath route is highlighted in bold. Note thdtagectory is
of 5|_ngle path routing, that we caihyp_ath_ rou.tmg In .apypath not always a path or walk and may contain branches, as woylpemawith
routing, the next hop to reach a destlnatlgn is exp_hcn@ated duplicate transmissions.
as aset of neighbors rather than a single neighbor. The
notion of single-path route is generalized to thatamfypath
route, which is the union of all possible packet trajectories
induced by an assignment of candidate relays. Within this
framework, we formulate a distributed algorithm feast-cost
anypath routing (LCAR)that computes the optimal choices

of candidate relays. We believe that the LCAR algorithm

broadens the scope and relevance of opportunistic routing, Source S Destination
and provides a useful framework for the further evaluation,
analysis, and design of new routing protocols. Fig. 2. Valuable detours: why not use single-path metrics?(Figure

. ) discussed in Section II-A). The use of a single-path metaald prevent the
The rest of this paper proceeds as follows. Section dburce from using any of its neighbors in the upper dense aesause in

defines and motivates least-cost anypath routing, Section single-path distance they are further from the destinatian the source itself.

. . ever, sending a packet via the dense mesh takes adveoiteagg/cast
gives properties of least-cost anypath routes, and Sed‘émarding and is often cheaper than via the four-node dtarbottom, even

IV introduces the LCAR algorithm. Section V investigates it goes through more hops.

the interplay between LCAR and different link-layer podisi

and protocols. Section VI shows an application of LCAR

to low-power wireless networking, and Section VII evalgateA. Why not use shortest single-path metrics?

perfqrmance. Finally, Section VIII surveys related workda  \ost opportunistic routing protocols are driven by single-
Section IX concludes. path metrics: nodes run a single-path routing algorithm and
choose candidate relays using the shortest-path distaihce o
their neighbors to the destination as the selection coiteri
For example, a node running EXOR [5] takes as candidate
1. PROBLEM OUTLINE relays all neighbors with lower single-path cost to reaah th
destination. However, single-path metrics do not acclyrate
reflect anypath routing costs, and so can lead to sub-optimal
The underlying communication primitive used by anypatbhoices of candidate relays, as the following example shows
routing (AR) is link-layeranycast whereby a nodétransmits Figure 2 shows a network where the source has four
a packet taanynode among a set of its neighbors. We call thiseighbors and must select a subset of these neighbors as the
set thecandidate relay set(CRS) of node;, denoted/ (i) (or set of candidate relays that it may use to reach the destimati
J, wheni can be omitted without ambiguity); it contains allLet us assume that all links have packet delivery probabilit
the nodes which may be used as next-hop relays for packets: 0.75, and compute delivery probabilities using a single-
forwarded byi toward the destinaticn path metric. The probability of a packet being successfully

With anycast transmission, a packet may travel accordif§livered to the destination when sending Viathrough the
to a number of different paths from a source to a destin@¥o-node strand at the bottom j§ = 0.42. The probability
tion. We define amanypath route R from a source to a Of a packet being successfully delivered when goin_g through
destination to be a directed graph where every node (but @&y 4-node path in the mesh at the topis= 0.24. A single-
source) is a successor of the source, and every node (butRAE metric would therefore lead us to select nddas the
destination) is a predecessor of the destination.agclic Sole candidate relay from the source. However, with anycast
anypath route is an anypath route that contains no Cydggr_wardmg, each node in the upper mesh has three candidate
Figure 1 shows an example of an acyclic anypath route. Ed&@lays to its right. A simple computation shows that the true
anypath route can be specified equivalently by the list of CREglivery probability, when usingl, B, C' as candidate relays
J(ny), J(na), ... J(ny) of the nodesi, ns, . . . ny, it contains, and going through the upper mesh(Is- (1-p)*)*-p = 0.70.
or by the list of paths that can be used to traverse it. Thesefolf our choice of candidates is driven by single-path mefnies
an anypath route can also be defined as the union of all , _ _ . _

. . . . _“In the remainder of this paper, it shall be implicit when refegy to a CRS

pOSSIble paths between a source and destination that arngesSi is relative to one particular destination, which d@nany node in the
from a given assignment of CRS at each node. network.



ignore this opportunity, and as a result make a routing detis Note thatp,; increases for every node that is added/io
that provides a significantly lower delivery probabilithet and thus so do the E2E and ETX anycast link costs. In other
single-path metric effectively disqualifies nodes that actf words, for these costs, the AL@;; is always decreased by
should be candidates. adding more nodes to the candiate relay set.

C. Cost of a trajectory in an anypath route

We must first generalize the notion of link cost to account AtrajectoryT’in an anypath rout& is a subgraph oR that

. . : connects the source and the destination. Note that a taject
for anycast rather than unicast forwarding. We define the . . ) .
. may simply be a walk (in graph language); but it can also
anycast link cost (ALC) d;; as the cost to send a packet from . . .
. . , . - contain branches, which could occur as a result of a duplicat
i to any node in the set/, whereJ C N(i) U {i}. Similarly . X
: : . . transmission of a packet by more than one receiver. We now
to standard unicast link costs, choosing an anycast link cq

. . . INX C%Rfine the cost of a trajectory relative to the anypath route i
is a modelling decision that depends on the cost criterion f?gverses ) y yp

our network. Note that for anypath routing to be worthwhile, Definition 1: Let T — (s,n1,na, .. .nx, 1) be a trajectory

lhe candidate set s enlargadthenise there s no acvantagd} < Tecostol T relaive 1o, denotedt(T 7). is the sum
: geadin 9% the anycast link costs iR of the nodes inl":
to having more than one candidate relay, and anypath routing

B. Anycast link cost

will end up computing least-cost single-path routes. ¢(TIR) = Zdu(i) =dsy(s) T dnygny) T dny gng)-
Any ALC must have two simple properties. The first is that i€T

it reduces to the unicast link cosf; for a CRS of sizel: It is important to emphasize that the cost of a trajectory
Property 1:If J = {j}, thend;; = d;;. depends not only on the trajectory itself, but also on the

In other words the anycast link cost is a generalization ahypath routéR that it traverses, because each constitdgnt
unicast link costs. The second property is that the ALC to amepends on the entire candidate relay $end not just on
set containing the sender nodeOisthis property generalizes the effective relay(s) iV used in that particular trajectory. We

the propertyd;; = 0 of unicast distances. illustrate this dependence in Figure 3, by computing the cos
Property 2: If i € J, thend;; = 0. of the same trajectory’ = (a, b, ¢, d) relative to four traversed
We now give two examples of anycast link costs. anypath routes. All links have delivery probabilitys, and the

1) Transmission-count metric (ETX)As a first example ALC metric isd®7X. In Figure 3(a), node has two candidate
of ALC, we can generalize the expected transmission couetays, and so its ALC idfﬂf = (1-0.5%)"1 =4/3. Nodes
(ETX) [9] metric for unicast transmission. This metric césin b and ¢ have a single candlofate relay and have ALC equal to
the expected number of transmissions to successfullyeatediv 2, giving a path cost(7T|R) = 5.33. In Figure 3(b) the costs
packet across an unreliable unicast link. With link-layay-a at nodesh and ¢ are lower due to their additional candidate
cast, the ETX becomes the expected number of transmissiogigys. In Figure 3(c), the trajectory cost is the same aa)in (
until any node inJ receives the packet. Its expression is: even though the anypath routes are different, because stnyca
1 link costs of noded and ¢ are not changed by additional
aff™r = —, (I.1)  incoming links. Finally in Figure 3(d), the anypath routedan

bis the trajectory are identical, with cost equal to the costhef t
wherep;; is the probability that a packet fromis received single-path route froma to d.

by at least onenode in the set of nodes:

4

3 2 2
° °® ® o
piJZl_H(l—pij). 12y e bl e d
jeJ
Of course, the above definition assumes spatial indeperdenc o =

(@) c(T|R) = 5.33

such thati’s transmission is received (or not) independently X R ) ) )

by nodes inJ. This assumption is reasonable when fadin
and noise are the main source of channel errors; it may not
hold when interference from other transmissions is a frague

source of errors. Our aim here is not to derive a complex metri

that captures spatial loss correlations in general caditibut ©e(TIR) =533 @e(TIR) =6

we note that the LCAR framework can accommodate suEh . . i . )
. Ig. 3. Cost of a trajectory in an anypath route. (Figure discussed in

metrics and others. Section 1I-A). Cost of the same trajectof§ = (a, b, ¢, d) traversing four

2) Delivery probability metric (E2E): Another possible different anypath routes. The casf;7;\ is annotated next to nodesb, and
anycast link cost simply considers the probability of ssstel
packet delivery. This anycast link cost is defined as negativ
logarithm ofp, s, so that the costs can be added across sevebal

. . . - Least-cost anypath route
anycast links to obtain the end-to-end delivery probapilit vp

There are multiple possible trajectories to traverse an any
dEPE = —logpiy (I.3) path route, and each is used with some probab#it§’), that



depends on a number of factors, such as the non-deterministi T
outcome of link-layer transmissions, decisions made bi-lin
and network-layer protocol mechanisms, and the topology of source S destination
the network.
Definition 2: The costC'(R) of an anypath rout& is the o
expected cost of all trajectories across that route, S

Network topologyp;; = 1 for solid links,

=S P(T) (T (@) J

C(R) ;z (T) - e(TR), 3/4 for the dashed link, and/3 for the dotted links.
€

where the sum is ovall possible trajectories from the source ®-->
to the destination ofR.
This definition generalizes the cost of a single-path roifite:

all CRS’s are singletons, there is only one trajectbracross W .
an anypath route (and so(P) = 1), and its cost is the sum R4
of its constituent link costs. Each possible choice of cdatdi L ) L .
relays gives rise to a probability distribution over all pitée ERRREE [ @ =
paths between the source and destination, and this diBobu () Shortest single-path route. (c) Shortest anypath route.

determines the expected cost of using a route. Fortunately,

shall see in Section IV that it is possible to avoid the explicFig. 4. Least-cost single-path and anypath routes can be disjoint.

computation of this distribution. (Figure di_scussed in Section III-A). Example of a Ieasttmg/path route that
. . . .. does not include the least-cost single-path route. Theroestic is expected
Having now defined anypath routes and their cost, it {g&nsmission count (ETX).

natural to define the least-cost anypath route (“LCAR route”

between two nodes as the one with minimal cost: 09, ® g1 &
Definition 3: The least-cost anypath route (LCAR route) , -~ S
R* from a source to a destination is the anypath route that ‘\9‘970% -9 *—=9
has lowest costU(R*) of all anypath routes between those N /
nodes. ‘e’
An immediate consequence of this definition is that the LCAR (@) Network topology (b) LCOR route (c) LCOR route
. from A to B. from B to A.

route has cost either smaller than or equal to the shortest
(least-cost) single-path cost between two nodes, sinceaherig. 5. Asymmetry of least-cost anypath routes.(Figure discussed in
of all anypath routes between two nodesludesthe set of Section IlI-B). Example of a least-cost anypath route tisahat symmetric.

: . ink delivery probabilities are depicted in the left-mogjuie. The cost metric
single p_ath routes between_these nodgs_. Note that th_ere H@ pected transmission count (ETX).
be multiple LCAR routes with equal minimal cost (as is the

case with single-path routes). Also, the least-cost amymatte

may itself be a single-path route. For example, if the mesiic nodes on the right as their candidate relay set. The anycast
ETX and all links have delivery probability, then the LCAR ink delivery probability is thereford — (1 — 2/3)% = 8/9,

route is identical to the least-cost single-path route. and so the expected transmission count of the anycast link is
9/8, which is lower thant/3 for the upper (dashed) link. The
[1l. PROPERTIES OF LEASTCOST ANYPATH ROUTES least-cost anypath route thus goes through the bottomoporti

Hf the network and does not include the shortest single-path

_ "~ route. The least-cost anypath route has overall test/8+1,
We have now seen how anypath routes generalize singi§xer than the shortest single path cost.
path routes, and that the least-cost anypath route is equal t

the least-cost single-path route when there is no gain tade h
from selecting candidate relay sets of size greater than 1Bt Asymmetry of least-cost anypath routes
might appear natural to infer from these facts that the {east With single-path routes, route costs are symmetric as long
single-path route is always included in the least-cost atlyp as individual link costs are symmetric. This property does
route. This is however not always the case, as the followimgpt hold for anypath routes. Figure 5(a) shows a network
example shows. with two end-pointsA and B, and three intermediate nodes.
Figure 4 shows a network with some links (solid) having deAll links have delivery probability0.9, except for one link
livery probability 1, some (dotted) having delivery probabilitythat has delivery probabilit§.1. The ALC metric is expected
2/3, and one link (dashed) with delivery probabildy4. The transmission count (ETX).
link metric is expected transmission count (ETX). Solickbn  Figure 5(b) shows the least-cost anypath route frbio B.
therefore have cos#;; = 1, dotted links haved;; = 3/2, This route does not use the upper node as a candidate relay,
and the dashed link hag; = 4/3. Since4/3 < 3/2, the because it has a poor connectionBo Given that this upper
shortest single-path route will go through the top, for altotnode has to re-transmit on average 10 times to deliver a packe
route cost ofl + 4/3 + 1 = 10/3. With anypath routing, the to B, it is preferable for nodel to re-transmit in the rare case
nodes on the left of the dotted links can use either of the twat neither of the two bottom candidates receives the packe

A. Least-cost single-path and anypath routes can be disjoi



even if the upper node has received it. A. Remaining path cost
Now let us consider the reverse direction, frabnto A.

Here, the least-cost anypath route uses all three inteateedi

nodes are candidate relays. Using a smaller CRS set would

result in a higher ETX to get fron® to the set, and since all ]

intermediate nodes have the same delivery probabilityl to @

there is no performance hit from using the upper relay (enlik * e

when sending from¥ to B). -

-
L

C. Sub-paths of least-cost anypaths are also least-cost any diy Ris
paths Cost fromi to J Cost from J to dest.

In smgle path routing, the SUb-paths of a shortest P Ig, 6. Two components of anypath route cost(Figure discussed in Section

route are themselves also shortest-paths. For example;vjj\). The cost of an anypath route can be broken down into damponents:

(n1,n2,n3,...n,_1, 1) is a shortest single-path route from  the anycast link cost, which is the cost to reach the nextetsy, and the
to 1, then (nz, N3y .. M1, 1) is a shortest-single path royteremaining path cost, which is the cost to get from the next-telay to the

. R destination.
form ny to 1, ns,...nip_1,1 is a shortest-single path route

form n; to 1, and so on. This fact is obvious and is usually ity unicast forwarding, it is trivial that the remainingsto
not even stated explicitly in the context of single-pathtt {5 o packet to reach the destination after it is forwardetheo

Does a similar property hold for least-cost anypath routegdjay is the path cost from the relay to the destination. With
Fortunately, the answer is positive. Before s_tating thisnally, 5nveast forwarding, the effective relay can be any nod,in
we must extend to anypath routes the notion of subpath U%ﬁ% so the corresponding notion must be revisited. We define
in the previous paragraph. Consider an anypath réutat {heremaining path cost (RPC) denotedR;;, as the expected

traverses a node(i.e., i is not the sourf:e in this route). We st to reach the destination from the CHSo which node
say that thesub-anypattof R from nodei is the anypath route ; a5 anycast a packet. The breakdown of an anypath route’s
consisting of node and all successor nodes ©fn R, along st into ALC and RPC is illustrated in Figure 6.

with their CRS's. This notion of a distance from aet of nodes.J to the
Proposition 1: Let R be a least-cost anypath route from estination may appear somewhat disconcerting. The key is t

source to a destination, and noklée an interior node ifR.  \qte that the RPC is a weighted combination of costs from

Call Ry, the sub-anypath route &t from nodek, and define gach node inJ to the destination. The weights reflect the

Dy, = Cost(Rx). Then, relative probability that each node inis effectively used as

Dy = Dj, relay and forwards a packet that was link-layer anycast from
. . i 1o J.
where Dy, is the least-cost anypath distance from néde Like for the anycast link cost, choosing the RPC is a

th?l'r?iisurnoatg)sri]t'ion roven in the Appendix) is a crucial Onemodelling decision; it should reflect network costs as well
prop (® bp ) s the underlying link-layer coordination costs. As a senpl

and it is fortunate, for two reasons, that it holds for Ieasg- . . . .
’ . o . xample of RPC, consider an ideal anycast link layer opegati
cost anypath routes. The first is that it allows to reasq b y y

recursively about routes. both in order to construct and follows. The sendeértransmits a packet. If a single node in
ursively Ut routes, ! . u Preceives the packet, that node is used as the relay. If rfeultip
prove the correctness of algorithms to find these least-cost

fddes inJ receive the packet, then the receiver with lowest

anypath routes. This is c_omparable to the case of smghﬁ-p%st (the"best” receiver) to reach the destination is selected
routing, where constructing &-hop shortest-path route can ¢ ihe relay. If the packet is not received by any noddin

be done.startlng from the shortdst- 1-hop path, recurswely the sender retransmits. The behavior of non-ideal, prlctic
descending so on unt# = 0. The second reason why this;.

2 . . . link layers can also be captured in the RPC and is further
proposition is helpful is that without it, each node WOUl(giscussed in Section V

potentially be required to compute and keep track of one
candidate relay set per (source, destination) pair, rettean
having only one set per destination.

Denote byD;, the cost to reach the destination from a node
k. If D, = D for all kK € J, then the RPC with our ideal link
layer is simply R;; = D. Now consider the case where all

IV. FINDING LEAST-COSTANYPATH ROUTES WITH D, are not equal, but all link delivery probabilities are equal
PHYSICAL COSTS to somep. In this case, the RPC can be computed as

While the definition of anypath route cost (Def. 2) is
intuitive, it sheds no light on how to actualtipmputethis cost iJ = m :
in a distributed setting, let alone how to find the anypathaou J
with least cost. This section introduces a distributed @ligm  where it is assumed (without loss of generality) that theesod
to compute the optimal candidate relay sets. The LCAR J are sorted by their cost to the destination, i.e., that<
algorithm is structurally similar to the classical distribd D, < ... < D;. Finally, in the general case each ndden J
Bellman-Ford, but is driven by different metrics that gealige receives the packet with some probability.. The remaining
unicast link and path costs respectively. path cost is then:

R = — (L=py7'D; (VD)

1

n
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.,_.

D=

n —1
1 J
Rt = — | puD + sz‘ij <H m)
k=1

S 1- [Txes Pir =
(IV.2) k

Note that like the anycast link cost, the RPC generalizes (a) Network with source and destinatioro.
the single-path case: whdd| = 1, it simply becomes the
cost from the relay to the destination. Note however that the, = —log 3 D; < —log %
RPC from a CRSJ to the destination depends not only gn
itself, but also on the predecessor nads J. In other words,
the same CRS can give a different RPC for two different
senders. In this sense RPC is quite different to the single-
path notion that it generalizes, since the traditionallsifath Dy = —log & Dy = —log %
notion of sub-path cost does not depend on the previous node
in a path. This dependence of the RPCigmonly through the ) Pi < D (¢) D; decreases!
distribution _Onf]' F_0r agiven destination, if and i’ induce Fig. 8. The E2E anycast link cost is not a physical cost mode(Counter-
the same distribution ovef, then the RPCs are equal. example for proof of property 4, discussed in IV-B). In thi@mple, the cost

We illustrate the dependence of the RPC on the sender withn @ to the destinatiordecreasesf it adds as candidate relay a node
the example of Figure 7. Two forwarding nodeand j each which in (b) hashigher costthani itself has to reach the destination.
have the same candidate relay 6t J(i) = J(j) = {k,l}.
We consider the ideal link-layer described earlier, thid¢ce
as relay the receiver with lowest cost to reach the destinati Must increase, even though the anycast link dpsmay have
Sok is chosen as relay every time it receives a packet (beca@§sreased by adding this node.
D;. < D;), and nodé is only chosen if it receives a packet and Definition 4: Consider a nodé with CRS J. The cost to
k does not. What are the remaining path cd#fs andR;c to reach the destination fromis D; = dij + Riy. Letk €
the destination? Consider first sendeNodek receives every N (i) \ J be a neighbor of that is not in.J, and for which
packet fromi, and so is the effective relay for every packeD, > D;, and defineJ’ = J U k. The physical cost criterion
(including for packets that nodehad received as well). Theis respected if and only if:
remaining path cosk, is thus5. The situation is different for
senderj. Nodek only receives packets fropnwith probability diy + Riy > dij + RiJ,
0.8, whereas nodé receives every packet, thug;c = 0.8 «
5+ 0.2+ 10 = 6. Note that an ideal link-layer is not requiredkoy 51| possible combinations af .J, and k.
to illustrate R;c: # R;c, e.g. the inequality would also hold it \ye 1o\ return to the two the ALCs and RPCs defined in
the relay_|s _selected at random each time bodnd! receive g, tion 11-B.
a transmission.

T

o-
-

Property 3: The expected transmission count (ETX) any-

i L k cast link cost (Il.1) is a physical cost model.
.f." """"" _'.'-’Dk =5 Property 4: The end-to-end delivery probability (E2E) any-
08 ) J(i) = J() = {k,1} cast link cost is not a physical cost model.
9;8"" g%"@ ::Z We leave the proof of Property 3 as an exercise to the reader.
@ "~ 7 We prove that the E2E metric is not physical by using a

counter-example. Consider the network of Figure 8(a), wher
nodel is the destination, and where delivery probabilities are
Fig. 7. The remaining path cost depends not only on the QR@&it also annotated next to each link. In Figure 8(b), nodé&as as
on the sendet. candidate relay set the singleton set containing the deiim
only, i.e.,, J = {1}. The remaining path cost is therefore
Ri; =1, and we haveD; = d;; + R;y = —log 1. Nodek
has the same candidate relay set consisting of the destinati
_ _ _ only, giving usDj, = —log + > D;.

‘The ALC and RPC metrics can be designed in many consider now Figure 8(c), where nodeises as CRS the
different ways depending on the underlying protocol and cogs; ;7 — {1,k}. If the delivery probability ALC were a
model. However, they must jointly satisfy one criterion imyhysical cost model, the cost at nodlevould increase with

order for routing to converge. It is called the physical cost,is candidate relay set, becauseD;, > D;. More precisely,
criterion, and can be interpreted as a generalization of 4@ should havel,;, + R, > d;; + Ris, where.J — {1}.
single-path routing requirement that link costs be nonatieg 1, vever. we can compute that

in order for routing to converge. The criterion requirest tifia
a nodei adds to its CRS a neighbor with higher cost to the
destination thani itself, theni’s cost to reach the destination diy = —log (1 — (1 —pi)(1 — pir)) = —~log 7,

CRS

B. Physical cost models



and anypath routes as follows. In one iteration, each nadedates
its value D", whereh is the iteration index. ThiD! is the

Ry = anypath routing cost estimate froirto the destination at the
—log ((1 — (1 = pi)(1 — pix)) (pix + (1 — pi1)parpr1)) =  h-thiteration; it converges towarD);. By convention, we take:
~log % Dh =, for all &, (IV.4)
Putting both together, we obtain _and we setd;; = o0 if (4,7) is not a link of _the graph. One
iteration step consists of updating the estimated cost ¢o th
diy + Ry = — 1Og§ _ 1Og§ < — 10g1 =d;;+ Riy destination from each node:
‘ 4 4 2 ’
htl s , h .

showing that the delivery probability ALC is not a physical i = ey [dis + Rij] foralli# 1, (IV.5)
cost model.

whereR”; is the remaining path cost computed using the costs
o _ D;?, j € J from the previous iteration. The CRS used bip
C. Least-cost anypath routes are acyclic with physical £0stqnq as a by-product of minimizing the above equation. Our

Our definition of anypath routes allows the presence definition of the algorithm is completed by noting the initia
cycles. Is this necessary, and in particular, can the leastt- conditions:
anypath route ever contain a cycle? DY = oo, for all ¢ # 1.

Proposition 2: In a physical cost model, no cyclic anypath . .
route has lower cost than the least-cost acyclic anypatlerouThe algorithm terminates when:

The proof of this proposition (given in the Appendix) DZ’? :DZh_b for all 3.
proceeds by showing that with a physical cost, it is always ) ) _
possible to obtain a lower-cost acyclic anypath route from aJust like single-path Bellman-Ford, the LCAR algorithm
cyclic anypath route. can Work_ln a d|§tr|buted setting, with nodes asynchror)o_usl

Corollary 1: An algorithm to find least-cost anypath route§€computing their cost (using eq. (IV.5)) and advertisingi
under a physical cost model need not consider cyclic routel§l€ir neighbors. An example is shown in Figure 9.

This is fortunate, since reasoning about the subset of any/n the following, a £ h) anypath route is one whose longest
path routes that are acyclic is easier than reasoning alioutP®th contains at mosk hops. A least-cost<{ h) anypath
possible anypath routes. Note however the following sonagwifoute from a node is a least-cost anypath route froimto
counter-intuitive point: in a non-physical cost model, iast- _the destination, subject to the constraint that the longatt
cost anypath routenay contain cyclesln the case of the in the anypath route traverses at mashops. o
non-physical E2E metric, one way to interpret why the least- Proposition 3: The LCAR algorithm computes, at iteration
cost anypath route can contain cycles is to see that tiisthe least-cost{ #) anypath route costs from each node to
metric captures the probability of end-to-end deliverylioks ~the destination. Furthermore, the algorithm terminatesr at
without retransmissions. While it is best for a packet to enakNosth* < |\ iterations, and at terminatiod); is the cost
progress to the destination at every hop, it is preferabte(f Of the least-cost anypath route franto the destination.
the perspective of delivery probability) to allow a hop thath€ proof of this proposition is given in the Appendix.
moves away from the destination (and thus may lead to aVVhile the upper bound on the LCAR algorithm’s conver-
loop) than to lose the packet altogether. This is somewtnce time (in number of iterations) is the same as for single
reminiscent of hot potato routing [10] for wired networksiwi Path Bellman-Ford, its complexity is greater, since thex a
limited buffer sizes, where it is preferable to forward alkmtc 2" possible subsets that must be evaluated, compared to
to a node that is further to the destination than to simplypdrd/ (¢)| possible relays with single-path routing. Cases where

it, in the case that the link to the next-hop node is busy. the complexity of computing (IV.5) can be reduced are dis-
cussed in [1]; under certain criterion of practical relesaion
the ALC and RPC, computing (IV.5) requires only searching
throughn possible sets.
We now show an algorithm that computes least-cost anypath
routes. We assume throughout this section the use of a @thysic  \/ ReLAY SELECTION POLICIES AND LINK-LAYER
cost model; therefore we have from Proposition 2 that the COORDINATION PROTOCOLS
least-cost anypath routes in this section are acyclic. . : . :
. . . In the previous section, we assumed an ideal link-layer
How does a node select which of its neighbors should i
. ; U anycast that had no overhead, always chose the best effectiv
be candidate relay nodes? As illustrated in Figure 6, the~’ " .
. A .receiver as next-hop relay, and never let through duplicate
expression to minimize is the sum of the ALC and RPC, which o . . . . ;
L . N transmissions. This section considers other, non-idedk- li
must be minimized over all possible subsgts. N (i) : ; . .
layer anycast mechanisms. It uses LCAR to investigate the
D; = min [dij + R;j]. (Iv.3) interplay between least-cost anypath routes and the winigrl
JeaN® link-layer anycast coordination protocol. It shows how LA
We call this “the anypath Bellman equation”. It represehts t can take into account anycast selection policies whicteifint

steady-state of the LCAR algorithm, that computes least-cadionally or unintentionally) might not select the best rigee

D. Finding least-cost anypath routes with physical costs
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(a) Initial graph with link probabil-
ities annotated. The destination is
nodel.

Fig. 9. lllustration of the LCAR algorithm computing leasist anypath routes from every node to the destination.

D

(b) h = 1: least-cost€ 1) anypath (c) h = 2: least-cost £ 2) anypath (d) h = 3: least-cost£ 3) anypath
routes. routes. routes.

as the next hop relay. It also shows how LCAR can take intbe optimal CRS with ERS-any tends to be smaller than with
account the link-layer coordination cost of anycast fodirag ERS-best.
and the possibility of erroneous duplicate transmissions. By definition, ERS-best makes optimal choices. So why
should one consider ERS-any, or any other ERS policy?
Because the cost and complexity of executing an anycast link
) ) ) layer coordination protocol may vary depending on the ERS
When a packet transmitted by a nodis received by more pgjicy. Even if an ERS policy sometimes selects suboptimal
than one node in’s CRS, a decision must be made as tg|ays, the overall cost of using it cannot be a priori ruled t
which receiver should then forward the packet further. Wgo higher than ERS-best. For example, ERS-best has stricter
call this an effective relay selection (ERS) policy. It magglection requirements than ERS-any, and so a link-layer
appear that the ERS policy is only relevant to the link layepyotocol implementing it will likely have higher overhead.
since it is carried out on a per-packet basis as part of ahyc@siherefore useful to be able to model other ERS policies,
forwarding. However, it is also directly relevant to thewetk oth in order to evaluate their impact on routing costs, and t
layer, because a routing decision that selects optimalidated ;g protocols that may incorporate these policies.
relay sets must take into account the ERS policy thatis Used. £Rrg_pest and ERS-any are only two simple examples of
other words, the least-cost anypath route using one ER&ypolossiple ERS policies. One could imagine many other ERS

is not the same for another ERS policy; this is incorporaterg)ncies_ For example, a hybrid between ERS-any and ERS-
into the LCAR algorithm via the distrbution ovef that is best, that would select any receiver among théest, thus
reflected in the remaining path cost. operating in an intermediate regime between the hard coordi
The policy described in Section IV-A always chooses agytion constraints of ERS-best and the suboptimal relaiceho
next forwarding node the “best-placed” receiver, that g t ¢ ERS-any. Or, one could design an ERS policy that takes
re_ceive_rk: with minimum cost to the destinatioDk._ We call IN(4)| (or J) into account, for example making the valkef
this policy ERS-bestAnother example of ERS policy BRS- e hyprid policy described above depend on the neighbarhoo
any, where the relay is chosen uniformly at random amongsnsity. An in-depth investigation of the different ERSipigls
receivers of a packet; we show here how ERS-any can by their link-layer implementations is beyond the scope of
modelled in the LCAR framework. _this paper; however we note that the LCAR algorithm can
With ERS-any, ifS C .J is the set of nodes that receivesyccommodate and find optimal routes for any ERS, as long as

a transmission, then the remaining path cost is a weightgfl resulting distribution ovey is correctly modelled in the
average cost over the nodes $h The remaining path cost Rpc.

R{7Y can thus be written as

A. Other policies for effective relay selection

an 1 B. Duplicate relays
RiyY = Z P(5) EZDj ) (V.1)

S jes An important challenge in opportunistic and anypath rautin

is the design of a coordination protocol to implement an ERS
whereP(S) is the probability that the subset of nodes receivyolicy. This protocol must ensure that the nodes receiving a
ing a packet from nodeis S: packet all agree and select the correct relay in a distribute
way. While an ideal protocol does this with complete relia-
P($) = H (pijlijes + (1= pig)Ljgs)- bility, it is in practice possible that the outcome of exdogt
J€I0) the coordination protocol is incorrect. One such error wdoul
By plugging the above expression &7” into equation be that more than one receiver forwards a packet. Such a
(IV.5) we obtain a different instance of LCAR that computeduplicate transmission could happen, for example, becaiise
the least-cost routes under the use of ERS-any. Note that tust signalling information, when two nodes mistakenlyiée
only the costsof routes will be different with ERS-any thanthey are each the only receiver of a packet.
ERS-best; the anypath routes themselves will in the generalfhe LCAR framework and algorithms also can capture and
case be different, because theminimizing (IV.5) may not account for such imperfections in coordination protocis:
be the same under different expressionsiQj. Intuitively, example, consider an implementation of ERS-any where each
with ERS-any, a neighbor with a high,, that is added to the node in.J, other than the effective relay, mistakenly forwards
CRS is more likely to be used than with ERS-best, and soduplicate packet with probabilify. In such a case, the RPC



(e.g., radio utilization belowt0~2) is to reliably rendez-vous
between a sender and a receiver whose radios are turned off
most of the time.

Several strategies for low-power operation of wireleskdin
have been proposed. We focus on low-power listening (LPL)
[11], a simple technique for link-layer duty cycling, andrin
duceanycast LPL(A-LPL), a derived duty cycling technique
° o o that exploits anycast forwarding to reduce energy costs in
conjunction with LCAR. Note that LCAR can also be used
with other low-power link schemes; we illustrate it with LPL
because of LPL's widespread adoption in a large number of
wireless sensing projects, due to its simplicity and rotess.

(b) Rdup

A. Low-power listening

Fig. 10. Least-cost anypath routes with perfect vs imperfect link lyers. Each node awakens once within an interval of duratign
Wit pertect ink ayer coordination vs & Ink layer that setmes fts tnougn and briefly samples the channel. If the node hears no activity
duplicate transmissions. In (b), the LCAR route has smallgS's, because On the channel, it sleeps until its next wakeup time, or until
the reduction in forwarding cost from using large CRS is efffby cost of it has a packet to transmit, whichever comes first. If the node
ggfz'r?gisd;’rg“rﬁfet;ﬂ‘;ﬁ;ﬁ;ﬂf‘s' This effect partiéylaronounced at large o5 hear activity on a channel, and specifically if the node
recognizes a preamble sequence, it remains awake until it
receives the packet that is sent following the preamble.
can be expressed as: Note that in practice the duration of the listen state is lewe
bounded by a minimal wakeup time, and hence decreasin
R?fm = (1 +p(J1=1)) - B5". (V.2) p requires )tlo increase,,.. LPL Fi)s asynchronous and nodes ’
This R%“? can then be used as the RPC in the LCAR algorith@P not keep track of their neighbors’ duty cycles. Since a
in order to obtain anypath routes that take into account tgender cannot simply start transmitting at the time when the
expected cost of duplicates. The result is that sizes of CR8stination wakes up, it precedes the packet transmission
in an LCAR route are smaller when using as RR&? than by a long preamble (a known bit sequence). In order to
R because the possibility of duplicates increases the c@starantee that the preamble will be heard by the receiver,
of having large CRS’s, which can partially (or entirely)ssf it must last at least as long as the interval between
the reduced forwarding cost captured by the ALC. node wakeups. This means that as the duty cycle is brought
A comparison of LCAR routes found by the algorithmdown (by increasing,.. such that the overall fraction of time
using R%? vs. R* is shown in Figure 10. These routes arépent listening is decreased), the cost of sending a packet
computed via simulation, using a high value jpf= 0.1, in grows due to the increasingly long preamble. This can be
order to make the differences strongly apparent. An integs viewed as the drawback to LPL’s simplicity and robustness.
observation is that the degree to whiBR*? causes the LCAR Many optimizations to LPL are possible, such as embedding
algorithm to “clamp down” on CRS sizes depends on tHéestination or offset information in the preamble. While dee
distance to the destination. At close distance to the detiim not cover them here, these optimizations are compatible wit
(e.g,1 or 2 hops away), the overall penalty of transmitting &he A-LPL scheme described below.
duplicate is less steep than at far distances, since thécedtepl
will be redundantly transmitted over a small number of hopB. Anycast Low-Power Listening (A-LPL)

If a duplicate is generated earlier on in the route however, 1,4 design of A-LPL follows from the idea that if a node

it will potentially travel more hops throughout the netwprki.ocmits a packet to any node in a group of neighbors which

resulting in more wasteful transmissions; thus the least-C o,c, jisten at randomly distributed times, then it should be

anypath route with duplicates has smaller CRS sizes closegiqiple to reduce the length of the preamble that would be
the source and larger CRS sizes close to the destination.

necessary when sending to one specific neighbor. The net
effect is a reduction in energy cost and latency to transmit
VI. APPLICATION TOLOW-POWERWIRELESSNETWORKS 4 packet.

Just like Bellman-Ford can be used with a wide variety of For clarity, we assume in the remainder of this section that
cost and distance metrics, so can LCAR. This section sholiviks are reliable ;; = 1), and so do not model the ETX
how LCAR can be applied to reduce energy consumption ocdbmponent in the two link costs below. Note however that the
packet forwarding in low-rate, duty-cycled wireless netkg use of this scheme is complementary to the use of anycast
Since the radio is the dominant energy consumer in many loferwarding to reduce the ETX with lossy links; both can be
power wireless devices [11] [12], it is necessary to power @one in combination.
down whenever possible, by using some form of duty cycling Assume that wakeup times are independent and uniformly
of the radio. Duty-cycling schemes trade off latency forrgge distributed within the interval,,. Assume that we use a
efficiency, and a key difficulty to achieve low duty cyclepreamble of length,,. < t,,. Define A = ttp—z and note
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that with standard (unicast) LPL we haxe> 1. We say that To compute the remaining path cost with this anycast

a transmissiorhits a node if the preamble covers the node'®orwarding mechanism, note that at each (re-)transmissien

wakeup interval. The probability;;; of hitting one specific probability of any node inJ(:) receiving the packet is the

neighbor is\, but the probability of hittinganynode in a CRS value py;; obtained in (VI.1). Thus, the remaining path cost

of sizen is is obtained by substituting,,; for p in (IV.2), where\,: is
prir =1 — (1= \)". (VI.1) the argument minimizing (VI.2).

While py;; increases with the size of the CRS, guaranteeig | ink-layer coordination with A-LPL
that some node n the CR.S receives a packet (e.g., reaChmﬂlaving an efficient and robust link-layer coordination pro-
prit = 1) still requires having a preamble of length at Ieaﬁt

t--. The way to exploit this increased probability is therefor: ocol is a key challenge with anygast forwar(_jlng_. Wwith A
. . . __LPL however, the burden on a candidate coordination prdtoco
to combine the shortened preambles with a re-transmissign . .
. . IS ‘much smaller than with a non duty-cycled link layer
strategy. The average number of transmissions until wethit a I o )
. such as [5]. This is because it is rare that multiple nodes
least one node will bé /pp;;.

_ _ . receive the same packet, due to their radios being turned
An anycast link cost metric for A-LPL must reflect an entire, | only a very small fraction of the time (and under our

transmission cost, which includes both preamble and .pach%ependence assumption). Figure 11 shows that the optimal
transmission tim& Note the tradeoff between decreasihg value of the preamble length is small. Thus, at each packet

(cost of a single tra_ms_mission) and increaslyighljt (ex_pected retransmission, the probability that multiple nodes ree¢he

number of transmlssmns). The optimal point n this tra_ﬁe(:gyacket is low. In most cases, a preamble hit happens for
depends on the sizg/| of the CRS. and the relative dura_tlon a single node at a time, and there is no need for a costly
of k¢ andtr,. We can now define thenergyanycast link coordination phase between multiple nodes. In fact, in our

cost for A-LPL: protocol implementation of A-LPL (described in [1]) each

) tpre + tpkt . Mz + tpkt node in a CRS that receives a packet forwards it; we found
toe€l0ta]  pri | aeloda 1— (1— A)J17  thata coordination protocol was not worth its cost given the

(VI.2)  minute number of duplicates that actually happened.

where the numerator is the energy costooie transmission,
and is multiplied by the expected number of transmissions. VIl. PERFORMANCE
Note that this metric generalizes the unicast LPL cost, ihat
for |J| = 1, we haved’ XL =t +t, which is equal to
the forwarding cost in the unicast case. Compuiirly '~
analytically is hard, because minimizing eq. (VI1.2) re@sir
finding the zeroes of an ordé/{ polynomial. We therefore

A—LPL __
diJ -

This section evaluates the performance of LCAR in com-
parison with standard single-path routing and with anypath
routing using single-path metrics. This evaluation usesusi
lations with a simple network and channel model, and focuses

. . LT . low-power routing with LPL. Due to lack of space, it
compute it numerically, and plot it in Figure 11. The o timal" '
P y P g b does not cover throughput performance under ETX, and does

tradeoff point is for small values of (except wher}.J| = 1), ot describe our implementation and evaluation on a 50-node
showing that with unicast transmission there is no advmta&. P . .
ireless testbed; these results are available in [1].

to the strategy of reducing preambles and retransmittiidjain . .
9y gp b We use the following terminologySP routes are least-

reamble hit. Using the optimal values fdy the transmission . :
P ! ng pu val d 1581 st single-path routes as found by classical Bellman-eord

. . _C
t duced b factor of 2-5 f tical CRS .. .
cost 1S reduced by a factor o or practica SIZ%?Jkstra algorithms.LCAR routes are the least-cost anypath

(7] = 10). routes found by the algorithm of Section IV. Final§P-AR
routes are anypath routes obtained using a single-patticmetr
2 R (such as in EXOR) as discussed in Section II-A.
15 f| N
o7 1 \\,-\\7 [J1=10 A. Route costs
™ We first evaluate the cost of paths found by LCAR. We
0.8 e i simulated a network with nodes uniformly distributed in a
0 square surface. Connectivity is determined exclusively by
0 0.2 0.4 0.6 08 1 distance, e.g. we use the unit disk graph model. All simaoifesti
A reported here use average node densityl(dfand networks

Fig. 11. Anycast LPL link costs. (Figure discussed in Section VI-C). with 50.0 nodes. For graph; that plot an_empmcal mean as
Anycast link costdf]’LPL as a function of preamble length for different a function of some underlylng variable ("e'! graphs that do
CRS sizes. In this figure we have sgf; = 0.01 - ., in line with existing not plot an empirical cumulative density function), we run
implementations of LPL [11] [12]. With a CRS of sizg transmission cost gimulations until the95% confidence interval is less than
is reduced by a factor df.5 over unicast LPL, with a CRS of size 10 it is ..
reduced by a factor greater than +10% of the emplrlcal mean.

The first set of simulations evaluates the cost of LCAR and

SEnergy is proportional to transmission time under the aggiom of fixed SP-AR routes. For each node pair, we compute the shortest

transmit power. single-path route and the LCAR route. We then order nodes
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Transmission energy route costs using Anycast LPL Route density Empirical CDF of number of route disconnections
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(@) Comfaﬁsgg of average LCAR costs using ALC (c) Empirical CDF of N4, the number of disconnected
metric d; , as a function of shortest single-path routes, for the link addition/deletion model wigh, =
distance, and for two different duty cycles. 0.05.

Fig. 12. Simulation results for a 500-node network and average dentsi 10.(Results discussed in Section VII-A).

(b) Average outdegre¢J(i)| as a function of single-
path distance to the destination.

B. Robustness

Route costs are a primary measure of a routing algorithm’s
performance, but are not the only measure. Robustness is
another important property of any algorithm that is inteshde
to run in a distributed wireless setting. One essential cispfe
robustness is the resilience of routes in the face of topgolog
changes. We studied this resilience by running the follgwin
i | simulation experiments. First we generate a network raaliz
@) SP-AF\; ) ] ) tion, and compute all least-cost anypath routes in it. Then,

randomly remove a number of links in this network. Links
are independently removed with probabiljty, and we then
Fig. 13. Comparison of SP-AR and LCAR routes in a simulated network.  CoUnt the numbeN; of routes that are disconnected in the new
(Example discussed in Section VII-A). The source is in thetddio left corner  topology. A single link cut is sufficient to disconnect an SP
e syttt e o s W Lo, [0UTE: for LCAR or SP-AR routes disconnectedness means hat
distance metric takes into account the true cost of anycasiafding, and so the route has no possible trajectory to reach the destmatio
allows to use more candidate relays at each node. As a réseiltost of the ~ We plot the empirical CDF ofV, in Figure 12(c). As ex-
LCAR route is lower. pected, LCAR routes have fewer disconnections than SP. More
interesting however is that LCAR routes are also signifigant
less prone to disconnection than SP-AR routes. For example,
by single-path distance, and in Figure 12(a) plot the aweradpe probability thalessthan 10% of routes are disconnected
LCAR and SP-AR costs as a function of this shortest singledth LCAR is over0.95, while it is only 0.65 with SP-AR.
path distance. The cost of the SP-AR routes is approximatdliis is a direct consequence of LCAR’s larger CRS sets as
40% higher than that of LCAR routes. Furthermore, the gaghown in Figure 12(b). Note that robustness is a multi-istet
widens for diminishing duty-cyclg, due to the relative cost of property, and a complete investigation should also exathiee
a retransmission becoming smaller t3s, decreases relative cost of routes computed with a@pproximate(or noisy) view
to t,.,. Therefore, the minimization in (VI1.2) can use loweof network topology, as is often the case in wireless netaiork
values of\ ast,. is increased. Note that LCAR route costd he intuition is that the integrative nature of the LCAR cost
are (roughly) a constant factor of single-path costs; th&t canetric provides routes that are more stable to such noisytsnp
reduction of LCAR routes increases witiensityrather than than SP or SP-AR; measurements confirming this intuition are

diameter given in [1].
One way to characterize an anypath route is to consider the
number of candidate relays that nodes in this route have. Do VIII. RELATION TO EXISTING WORK

LCAR routes have more candidate relays than SP-AR routes?2.ink-layer anycasting has been previously proposed and
Or is the lower cost of LCAR due to the choice of CRS beinmotivated in various forms [3] [8]. These works focus on
informed by the more suitable ALC metric, but with similamechanism# implement anycast forwarding at the link layer,
CRS sizes? To answer this question, we definatlegage out- and assume that the network layer maintains a list of passibl
degreeas the empirical average ¢f(i)| for nodes at a given relay candidates (e.g., by a multi-path routing protodud is
shortest-path distance to the destination, and plot it gufé provided to the link layer. These works do not propose specifi
12(b), averaged ovell0000 network realizations. This showsstrategies for the selection of these candidates by théngput
that LCAR routes are able to use more candidate relays thamtocol, and the LCAR algorithm could be used to feed these
SP-AR routes; nodes in LCAR routes have abbuoandidates, link layers with relay candidates.

in comparison with2 for SP-AR routes. An example using a Jain and Das [6] go a step further by integrating an anycast
simulated network oR0 nodes is given in Figure 13. extension of the 802.11 link layer with the multi-path AODV
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(AOMDV) [13] routing protocol. They observe the sameroblem. Although they give distributed algorithms to cartg

tradeoff as [8] between number of candidates and path lengtie Markov policy itself, the forwarding decisions undeisth

Motivated by an empirical evaluation, they modify AOMDVpolicy are functions of the global state. This would incur a

to allow the use of paths up timehop longer than the shortestsignificant control overhead in a protocol implementatilm.

path. contrast, LCOR only requires local coordination for foriveg
Note that the original design goal of most multipath routindecisions once the CRSs have been computed.

protocols is to improve load-balancing, redundancy oofasf Finally, the work of Zhonget al. and Chachulski [25] are

by providing multiple route choices. This is in contrasttwit most closely related to this paper. Zhoeigal. [26] study the

LCAR (and opportunistic routing in general) which providespecific case of ETX-based transmission, and come up with

multiple relay candidates specifically to take advantage ekpression similar to the RPC used in this paper. They also

anycast forwarding. One example of such multipath routing propose an algorithm for selecting and prioritizing camadtkd

a wireless network is the work of Srinivas and Modiano [14}elays. This algorithm is specific to the ETX case, and is not

who propose an algorithm that finds minimum-enekghnk-  proven to be optimal. Chachulski [25] also provides an algo-

or node-disjoint between two nodes. For link-disjoint gath rithm (based on Dijkstra’s algorithm) to compute candidate

node can have multiple outgoing edges, and their scheme takeday sets. Like Zhong's, the algorithm is specific to ETX-

into account the energy savings that are realized in this cdmsed transmission, and the author does not provide a proof

thanks to the broadcast nature of the wireless medium. In thieoptimality.

context of wired networks, one example of multipath routing

is the work of Zaumen and Garcia-Luna-Aceves [15]. This IX. CONCLUSION

work defines a routing algorithm that computes the multipath This paper introduces an alaorithm to compute least-cost
containing all paths from the source to the destination that pap 9 P

are guaranteed to be loop-free at every instant. The demltl_anypath routes in mult hop wireless networks. The teotiq

. i o . is general and the associated framework can accommodate

of anypath route in Section IV is similar to theirs, but our . .

; S a number of different network and cost models. We believe
notion of least-costanypath routes is different, because o

cost model is designed to reflect the use of anycast for d:lrt:hat LCAR can be useful not only as an algorithmic building
g y ar lock for implementing anypath routing protocols, but asa

C)_r!e approach to candidate selec_tlon 's 1o use geograp&)rlgtocol modelling framework to investigate design questi
positions [16], and select as candidate relays those nodes S .

o uch as the tradeoff between simplifying link-layer anycas
that are closer to the destination than the current nodes Thi o . . . "
T . coordination mechanisms and having higher routing costs.
approach is simple and trivially guarantees loop-freedom:
However, one challenge inherent in a geographic approach
is avoiding dead-ends. Another is that radio propagation is

highly irregular at local scales, and so making progress M Proof of Proposition 1
physical distance does not guarantee making progress in thesa) 7 the least-cost anypath route from nodleto the
actual network topology. _ __destination. We have therefof&st(7) = Dj. SinceT is the
Our work is not the first to consider anypath routing ifast-cost anypath fror to the destination, we cannot have
the context of low-rate wireless sensor networks. Parkelr ap)s - Dy, or otherwiseR;, would be a shorter anypath than
Langendoen evaluated Guesswork, a protocol similar to Ex@an now remains to be shown that we cannot haje< D
in simulation using existing low-power link protocols [Il] \ve now proceed by contradiction and assume fhat< D
[18]. They do not modify these link protocols however t0 Raturn now to the least-cost anypath roRethat Ry, is
specifically take advantage of anycast forwarding. a sub-anypath of. ID; < Dy, then any packets arriving at
More recently, the use of opportunistic routing with multiy; from the source of rout& toward the destination can be
rate transmission has been studied. Radunetial. [19] fonyarded usingZ. This results in a new route that we call
introduce an optimization framework that is used jointly foR*’ going between the same source and the destination as
rate adaptation, scheduling, and routing. Zeng et al- [2Q ;e R. To complete the proof we observe tifat has lower

investigate opportunistic routing with multiple rates aatte g thanR, contradicting our initial assumption th& was
into accounr transmission conflicts. In both cases, thelpnob a least-cost anypath route.

is NP-hard, and heuristic are used to find a solution. Laufer

et al. [21] build upon the same work as does this paper []é N

[2], and propose a generalization of Dijkstra’s algorithan f B- Proof of Proposition 2

multi-rate opportunistic routing. The intersection of wetk By contradiction. Assume that the least-cost anypath

coding and opportunistic routing is another promising area route R between two nodes is not acyclic. It therefore

investigation; recent work in this area includes [22], [23] contains at least one cycle. Let us consider one cycle
Lott and Teneketzis independently propose opportunistia;, ns,ns,...nx—1,n1), with nodes having destination dis-

forwarding in [24]. They formulate the routing problem undetances(D:, D2, Ds, ... Dx_1, D1). Since this is a cycle, one

the assumption that the the global state is known, which @$ two cases must be true: eithér, = Dy = D3 = ... =

the set of nodes in the network that have received the pack&t ,, or there are two consecutive nodgs;j) in the cycle

so far. The optimal Markov policy can be computed throughith D; < D;.

dynamic programming, exploiting the special structurehaf t We consider each of these two cases individually.
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e Case 1: Dy = Dy = D3 = ... = Di_1. No cycle isno possible candidate relay set amaisgieighbors that has

can contain the destination, since the destination has adower cost to reach the destination witd {) trajectory:
successor. Therefore any cycle in an anypath route cannot
be closed in other words there must be at least one
node in (ni,n2,n3,...n5_1,n1) With a successor that

is notin the cycle. Let us call this node;; n; has one
successon; 1 in the cycle, and a set of other successors
K (with |K| > 1). (In the terminology used previously
this amounts to saying that(n,) = {n;11} U K). Now, calling 5"*! the least-cost< & + 1) anypath route length
if we consider the definition (Definition 4) of a physicakrom ; to 1, these two cases thus give:

cost model, and sef = K andJ' = {n;y1} UK, we - ) . -

see that we can remove_; from noden;’s successors S; = min {OOSt(Ri ), COSt(Ri+ )}

(i.e., setJ(i) = K) and reduce the codd;. . h . h

Case 2:D; < Dj for two consecutive node§, j) in - mm{Di NG (i + R“]}

COSt(R?Jrl) = diJ(i) + RiJ(i)

jmin [di + Rjj]

— h+1
— DL,

the cycle. Since anycast link costs are positive, node — min {D’-‘ Dh“}
must have another successor(s) in additiony t@r else il B
we would haveD; = di{j} —l—Ri{j} = di{j} +D; > Dj). =D;",

Again, considering the definition (Definition 4) of aj.4 <op"+! is the least-cost anypath distance fréro 1.

phg/sicadl bCOSt model fShOWS dthf'j‘t thed.((:joﬁt;- C?n be " The second part of the proposition follows simply from the
reduced by removing from node:'s candidate relay Set. gt part and the fact that in a network with/| nodes, the

Returning to our least-cost anypath rolelet us construct |ongest possible path has at masf| — 1 hops.

the anypathR’ by applying either of the two modifications

above to every cycle ifR. Calling Dj, the distance from node
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