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Abstract—In this paper, we present a new routing paradigm that higher transmission rates have a shorter radio rartgehw
that generalizes opportunistic routing in wireless mesh nivorks.  reduces network density and connectivity. As the bit rate in
In multirate anypath routing, each node uses both a set of nex creases, links becomes lossier and the network eventuetty g

hops and a selected transmission rate to reach a destination di ted. Theref . der t t Vi
Using this rate, a packet is broadcast to the nodes in the set Isconnected. erefore, in order to guarantee connggtivi

and one of them forwards the packet on to the destination. To Single-rate anypath routing must be limited to low rates.
date, there is no theory capable of jointly optimizing both he In multirate anypath routingthese problems do not exist;

set of next hops and the transmission rate used by each node.nhowever, we face additional challenges. First, we must find
We bridge this gap by introducing a polynomial-time algorithm ot only the forwarding set, but also the transmission rate

to this problem and provide the proof of its optimality. The - S . S
proposed algorithm runs in the same running time as regular at each hop that jointly minimizes its cost to a destination.

shortest-path algorithms and is therefore suitable for depoyment ~ Secondly, loss probabilities usually increase with highems-
in link-state routing protocols. We conducted experimentsin a mission rates, so a higher bit rate does not always improve
802.11b test.bed network, and our results show that mU|t.il’& throughput. Finally, higher rates have a shorter radio @ang
anypath routing performs on average 80% and up to0 6.4 times 5, therefore we have a different connectivity graph foheac
better than anypath routing with a fixed rate of 11 Mbps. If the . . . .
rate is fixed at 1 Mbps instead, performance improves by up to _rate. Lower rat_es have more nelghbor§ ava_llablg for intusi
one order of magnitude. in the forwarding set (i.e., more spatial diversity) andsles
hops between nodes. Higher rates have less spatial dyversit
|. INTRODUCTION and longer routes. Finding the optimal operation point is th
- ; : ; . tradeoff is the focus of this paper.
The high loss rate and dynamic quality of links make routm[é We thus address the problem of finding both a forwarding

in wireless mesh networks extremely challenging [1], [2]. e
Anypath routing has been recently proposed as a way et and a transmission rate for every node, such that thalbver
ost of every node to a particular destination is minimized.

circumvent these shortcomings by using multiple next ho ) :
for each destination [4]-[7]. Each packet is broadcast to e call this tr-\es.hort_est multirate anypath problerfio our
forwarding set composed of several neighbors, and the pal(ﬁg?wledge, trlns ',S‘hSt'”_ anh opf_en prolb'?m ][4]',[5]’ [8] and we
must be retransmitted only if none of the neighbors in t evl\(/avg ourda gorit mI'St € |Irs_t SO uflon_ gr it he sh

set receive it. Therefore, while the link to a given neighbor N Introduce a polynomial-time algorithm to t e shortest
is down or performing poorly, another nearby neighbor m ultirate gnypath prqblem Ef‘.nd present a.proof of its opih;nal
receive the packet and forward it on. This is in contrast ur solution generghzes p|jkstra’s "?"go“thm for t.he riralte
single-path routing where only one neighbor is assigned adgypath case and is appllcablg to I.|nk—state routing pni_iaoc .
the next hop for each destination. In this case, if the link he would expect that the running time of such an algorithm is
this neighbor is not performing well, a packet may be lo enger than a shortest-path algorithm. However, we show tha
even though other neighbors may ha{ve overheard it it has thesamerunning time as the corresponding shortest-

Existing work on anypath routing has focused on wirele@f‘th algorithm, being suitable for implementation at cotre

networks that use a single transmission rate. This approa%reless. routers. We also mtroduc_e a noyel routing me‘“"?t
albeit straightforward, presents two major drawbacksstFirgener"’Illzes the expected transmission time (ETT) metjic [9

using a single rate over the entire network underutiIizégrlzmutlaIrate a}nypath routlnlg. i ducted . ¢

available bandwidth resources. Some links may perform well or 18e pe;r o;rggnlcfbevg ula |on£ Wﬁ)cgn fuc eb e(;‘(fe(;”f?” s
at a higher rate, while others may only work at a lower ratd! @n ‘e-node ) wireless testbed of embedded Linux
Secondly and most importantly, the network may becongéawces: Our r.esults reveal_thgt the network becomes discon
disconnected at a higher bit rate. We provide experimenﬂlﬁc_ted if we fix t_he transmission rate at 2, 5.5, or 11 Mpbs.

measurements from a 802.11b testbed which show that tﬁiémgle—rate routing scheme therefore performs poorhia t

phenomenon is not uncommon in practice. The key problemcigse’ since 1 Mbps is the only rate at which the network iy full
connected. We show that multirate anypath routing improves

1We use the term anypath rather than opportunistic routiimg.esoppor- the end-to-end e>§pected transmlssmp time by 80% on aver?-ge
tunistic routing is an overloaded term also used for opmistic contacts [3]. and by up to 6.4 times compared to single-rate anypath r@utin



at 11 Mbps, while still maintaining network connectivityhd leaving each node. We define this union of paths between
performance is even higher over the single-rate case at EMbfwo nodes as aanypath In the figure, the anypath shown in
with an average gain of a factor of 5.4 and a maximum gabold is composed by the union of 11 different paths between
of a factor of 11.3. a sources and a destination/. Depending on the choice

The remainder of paper is organized as follows. Sectiondf each forwarding set, different paths are included in or
reviews the basic concepts of anypath routing and our n&tweaxcluded from the anypath. At every hop, only a single node
model. In Section lll, we introduce multirate anypath ragti of the set forwards the packet on. Consequently, every packe
and the proposed routing metric. Section IV presents tfftom s traverses only one of the available paths to readive
multirate anypath algorithm and proves its optimality. Seshow a path possibly taken by a packet using a dashed line.
tion V reveals our experimental results, showing the benefit Succeeding packets, however, may take completely differen
multirate over single-rate anypath routing. Section Visergs paths; hence the name anypath. The path taken is determined
the related work in anypath routing. Finally, conclusiome aon-the-fly, depending on which nodes of the forwarding sets
presented in Section VII. successfully receive the packet at each hop.

Il. ANYPATH ROUTING
In this section we review the theory of anypath routing

introduced by Zhongt al. [6] and Dubois-Ferrieret al. [7]. === .
The main contributions of the paper are presented later in //'O Q \Al
Sections Il and IV. O\Q/

A. Overview

In classic wireless network routing, each node forwards a
packet to a single next hop. As a result, if the transmission gigure 1.  An anypath connecting nodesand d is shown in bold arrows.
that next hop fails, the node needs to retransmit the pagket e The anypath is composed of the union of 11 paths between thenbdes.

very packet sent from traverses one of these paths to redglsuch as the
though other nelghbors may have overheard it. In contrast ﬁath shown with a dashed line. Different packets may travdifferent paths,

anypath routing, each node broadcasts a packehutiiple depending on which nodes receive the forwarded packet &t leag; hence
next hops simultaneously. Therefore, if the transmissioone the name anypath.

neighbor fails, an alternative neighbor who received thekpa
can forward it on. We define this set of multiple next hop
as theforwarding setand we usually use/ to represent it
throughout the paper. A different forwarding set is used to In order to support the point-to-multipoint links used in
reach each destination, in the same way a distinct next hogrypath routing, we model the wireless mesh network as a
used for each destination in classic routing. hypergraph. A hypergrapfi = (V, £) is composed of a sét

When a packet is broadcast to the forwarding set, more th@hvertices or nodes and a sgtof hyperedges or hyperlinks.
one node may receive the same packet. To avoid unnecesgafjyperlink is an ordered paifi, /), wherei € V' is a node
duplicate forwarding, only one of these nodes should fodwagnd J is a nonempty subset of composed of neighbors
the packet on. For this purpose, each node in the set hasfa. For each hyperlink(i,J) € &, we have a delivery
priority in relaying the received packet. A node only fordsr probability p;; and a distancel; ;. If the set.J has a single
a packet if all higher priority nodes in the set failed to do s@lementj, then we just usg instead of.J in our notation. In
Higher priorities are assigned to nodes with shorter digtan this casep;; andd;; denote the link delivery probability and
to the destination. As a result, if the node with the shortegistance, respectively.
distance in the forwarding set successfully received tiogta ~ The hyperlink delivery probabilityp;; is defined as the
it forwards the packet to the destination while others suprobability that a packet transmitted froiis successfully
press their transmission. Otherwise, the node with thergskcaeceived by at least one of the nodes/inOne would expect
shortest distance forwards the packet, and so on. A reliathat the receipt of a packet at each neighbor is correlated du
anycast scheme [10] is necessary to enforce this relayigriorto noise and interference. However, we conducted expetanen
We talk more about this in Section II-B. The source keepghich suggest that the loss of a packet at different recgiver
rebroadcasting the packet until someone in the forwardig ©ccur independently in practice, which is also consisteittt w
receives it or a threshold is reached. Once a neighbor inethe gther studies [11], [12]. We show these results in Section V.
receives the packet, this neighbor repeats the same praceddith the assumption of independent lossges, is
until the packet is delivered to the destination.

Since we now use a set of next hops to forward packets, pig=1- H (1= pij) - 1)
every two nodes will be connected through a mesh composed ied
of the union of multiple paths. Figure 1 depicts this scemari Previously proposed MAC protocols have been designed to
where each node uses a set of neighbors to forward packgtgrantee the relay priority among the nodes in the forwardi
The forwarding sets are defined by the multiple bold arroveet [5], [10], [13]. Such protocols can use different sig&e

§_ System Model and Assumptions



for this purpose, such as time-slotted access, prioritcedt  The distance via/ in Figure 2(a) is calculated as
tention and frame overhearing. Reliable anycast is an ectiv
area of research [10] and we assume that such mechanism %
in place to make sure that the relaying priority is respected = 1 (1/4)3 + (3/4)(1/5)3
The details of the MAC, however, are abstracted from the 1-(1-1/41-1/5  1-(1-1/4)(1-1/5)
routing layer. Practical routing protocols only incorpera =25+3.0=5.5. (4)

the delivery probabilities into the routing metric in ord®r one would expect that adding an extra node to the forwarding
abstract from the MAC details [9], [14] and we take th@et js always beneficial because it increases the number of
same approach. The only MAC aspect that is important is tRgssible paths a packet can take. However, this is not always
effectiveness of the relaying node selection. As long as tfge, as shown in Figure 2(b). The anypath distance via
relaying node is actually the one with the shortest distaace j7 _ 7 {j}is D; = diy + Dy = 1.8 + 4.6 = 6.4. On

the destination, there should be no significant impact on the hand, using/’ instead ofJ reduces the hyperlink cost,

=diy+Dy

routing performance. that is,d; ;» < d,;;. On the other hand, the extra node increases
the remaining anypath cost, that i3,;» > D. If the increase
C. Anypath Cost Dj — Dy is higher than the decreade; — d,,;, adding this

extra node is not worthy since the total cost to reach the

We are interested in calculating the anypath cost fromgstination increases. The intuition here is that when node
nodei to a given destination via a forwarding sét The s the only one inJ’ that received the packet, it is cheaper to
anypath costD; is defined asD; = d;; + D,, which is retransmit the packet to one of the two nodes/iand take a
composed of the hyperlink cost;; from i to J and the shorter path from there than to take the long path via node
remaining-anypath codb; from J to the destination.

The hyperlink costl;; depends on the routing metric used.
Most previous works on anypath routing have adopted the
expected number of anypath transmissions (EATX) as the i
routing metric [4], [6], [7]. The EATX is a generalization
of the unidirectional ETX metric [14], which is defined as
d;; = 1/p;;. The distancel;; for ETX represents the expected
number of transmissions necessary for a packet sernttby

be successfully received by For EATX, the distancel;;
fFigure 2. An anypath cost calculation example. The weightasth link is

IS deflned_ asl;y = 1/piy, which is the average number o the expected number of transmissions (ETX), which is therse of the link
transmissions necessary for at least one nodetim correctly  delivery probability. The anypath cost in (a) is lower thae tost in (b).

receive the transmitted packet.
The remaining-anypath cosP; is intuitively defined as  Once the cost of an anypath is defined, it is of interest to
a weighted averageof the distances of the nodes in thdind the anypath with the lowest cost to the destination, that

forwarding set as is, the shortest anypath. This is called thleortest-anypath
problem[7]. Interestingly enough, the shortest anypath will
Dy = ijpj, with ij =1, (2) always have an equal or lower cost than the shortest single
jeJ jeJ path. This is a direct consequence of the definition of an

anypath as a set of paths. Among all possible anypaths betwee
where the weightw; in (2) is the probability of nodej two nodes, we also have the anypath composed only of the
being the relaying node. For example, l&t= {1,2,...,n} path with the shortest ETX. Therefore, if we are to choose
with distancesD; < D, < ... < D,. We refer to the the shortest anypath among all these possibilities, we know
probability p;; simply by p; for convenience. Nodg will  for sure that its cost can never be higher than the cost of the
be the relaying node only when it receives the packet agHortest single path.
none of the nodes closer to the destination receives it, twhic
happens with probability; (1 — p;_1)(1 — p;_s) ... (1 — p1). I11. M ULTIRATE ANYPATH ROUTING
The weightw; is then defined as Previous work on anypath routing focused on a single
bit rate [4]-[7]. Such an assumption, however, considgrabl

j-1 underutilizes available bandwidth resources. Some hiyyerl
D H (1 —pr) may be able to sustain a higher transmission rate, whilesthe
w; = k=1 7 (3) may only work at a lower rate. To date, the problem of how
1— H (1-pj)) to select the transmission rate for anypath routing is still
jeJ open [8], [15]. We provide a solution to this problem and
incorporate the multirate capability inherent in IEEE 802.
with the denominator being the normalizing constant. networks into anypath routing. In this case, besides satpct

As an example, consider the network depicted in Figure &.set of next hops to forward packets, a node must also select



one among multiple transmission rates. For each destmatiasually decreases for higher rates. This behavior imposes a
a node then keeps both a forwarding set and a transmissitadeoff; a higher bit rate decreases the time of a singlkgiac
rate used to reach this set. As a result, every two nodeansmission (i.e.;s/r decreases), but it usually increases
will be connected through a mesh composed of the union thie number of transmissions required for a packet to be
multiple paths, with each node transmitting at a selectésl rasuccessfully received (i. el,/p/} increases).

Figure 3 depicts the scenario where nodes use a selected bithe remaining-anypath Coﬂ(r) now also depends on the
rate to forward packets to a set of neighbors. We define thignsmission rate, since the dehvery probabilities cleafay
union of paths between two nodes, with each node using&ch rate. Since both the hyperlink distance and the rengaini
potentially different bit rate as anultirate anypath In the anypath cost depend on the bit rate, nadeas a different
figure, assume that a packet is sent frenio d over the anypath costD( ) _ d(r) + D(r) for each forwarding seff
multirate anypath. Only one of the available paths is trs&®r 5,4 for each transm|SS|on rartee R. The remaining-anypath
depending on which nodes successfully receive the packekggtD(r) for a rater € R is defined as

each hop. We show a path possibly taken by the packet using 7

a dashed line. We use different dash lengths to represent the D) — Zw('T)D" with Zw(r) -1, (6)
different transmission rates used by each node. A shorsdr da J 7 /

represents a shorter time to send a packet, hence a higher

transmission rate. Succeeding packets may take completglyere the Welghtw(r) in (6) is the probablhty of nodej
different paths with other transmission rates along its.way being the relaying node anfd; = min GRD( is the shortest

distance from nodg to the destlnauon among all rates. We

Q/O refer to the prObabIhtW)l;) simply by pj ) for convenience.

/ J-‘/"O-—:;O The weightwy) is then defined as

\ —_ 2d j—1
04 o070 S (0
O\‘Q/ i :1_1-”1_ 4] 0

JjeJ JjeJ

Figure 3. A multirate anypath connecting nodeand d is shown in bold et

arrows. Every packet sent from traverses a path to reaeh such as the . .
path shown with dashed lines. Different dash lengths reptethe different We address the pmblem of flndlng both the forwardlng

bit rates used by each node, with a shorter dash for highes.rat set and the transmission rate that minimize the overall cost
to reach a particular destination. We call this thleortest
In order to support multirate, we must extend the systemultirate anypath problemwhich generalizes the shortest-
model in Section II-B. LetR be the set of available bit ratesanypath problem [7] for the multirate scenario. Interegitin
that nodes can use to transmit their packets. For each Imylperkthe shortest multirate anypath will always have equal orelow
(i,J) € £ we now have a delivery probablhtyw and a costthan the shortest single path. Among all possible rateti
dlstancedz(r) associated with each transmission rate R. anypaths between two nodes, we also have the single path with
In real wireless networks, we usually have different deljive the shortest ETT. As a result, the cost of the shortest ratdtir
probabilities and distances for each transmission ratéghwhanypath can never be higher than the cost of the shortest path
justifies this model extension. Likewise, due to the same argument, the shortest multirate
The EATX metric described in Section II-C was originallyanypath will also have equal or lower cost than any shortest
designed considering that nodes transmit at a single kit radnypath using a single transmission rate.
To account for multiple bit rates, we introduce the expected
anypath transmissmn time (EATT) metric. For EATT, the V. FINDING THE SHORTESTMULTIRATE ANYPATH

hyperlink d|stancei ' for each rater € R s defined as In this section we introduce the proposed shortest-anypath

" — 1 S () algorithms. In Section IV-A, we present the Shortest Anfipat

57}) T First (SAF) algorithm used in a single-rate network with the

EATX metric. A similar single-rate algorithm along with the
wherep|’) is the hyperlink delivery probability defined in (1),same optimization was also proposed by Chachulski [4]. We,
s is the maX|mum packet size, andis the bit rate. The however, derived this algorithm independently and later in
dlstancedu is basically the time it takes to transmit a packesection IV-B we introduce a generalization of this algarith
of size s at a blt rater over a lossy hyperlink with delivery for multiple rates. Surprisingly, the Shortest Multirateypath
probablhtyp . The EATT metric is a generalization of theFirst (SMAF) algorithm has thesame running time as a
expected transm|SS|on time (ETT) metric [9] commonly useshortest single-path algorithm for multirate. We only shbe
in single-path wireless routing. Note that for each bit rateroof of optimality of the SMAF algorithm, since by definitio
r € R, we have a different delivery probabllltg/ which this implies the optimality of the SAF algorithm.
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Figure 4. Execution of the Shortest Anypath First (SAF) gt from every node tal. The weight of each link is the expected number of transwissi
(ETX), which is the inverse of the link delivery probabilitfa) The situation just after the initialization. (b)—(hhf situation after each successive iteration
of the algorithm. Part (h) shows the situation after the taxle is settled.

A. The Single-Rate Case from Q. Let this node bej. At this point, j is settled and
inserted into.S, since the shortest anypath frofnto the

We now present the Shortest Anypath First algor'thrgﬁstination is now known. For each incoming edgg) < E,

used in the simpler single-rate scenario. Given a gra . : . ;
G — (V,E), the algorithm calculates the shortest anypatrgve check if the distanc®; is larger than the distanc®;. If

from all nodes to a destinatios For every node € V we that is the case, then nodds added to the forwarding séf;

keep an estimat®;, which is an upper-bound on the distancgnd, the distance); is updated.. ,
Figure 4 shows the execution of Shortest Anypath First

of the shortest anypath fromto d. In addition, we also keep lorith 19 the EATX o Wi in Fi 4 h
a forwarding setF; for every node, which stores the set oft gorithm using the metric. We see in Figure 4(a) the

nodes used as the next hops to redckinally, we keep two graph right after the initialization. Figures 4(b)—4(h)osh
data structures, namely and Q. The S set stores the set of each iteration of the algorithm. At each step, the valuedimsi

nodes for which we already have a shortest anypath defin@d.nc_)de," presents the distapcé)i from that node to the
We store each nodec V — S for which we still do not have destinationd and the arrows in boldface present the shortest

a shortest anvpath in a priorit ek keyed by theirD; anypath tal. Nodes with two circles are the settled nodes'in
VP ! priority quedg key y ! The graph in Figure 4(h) shows the result of SAF algorithm

values. _ _
right after settling the last node.

SHORTESFANYPATH-FIRST(G, d) The running time of the Shortest Anypath First algorithm

1 for each nodeiin V depends on how®) is implemented. Assuming that we have

2 doD; — oo a Fibonacci heap, the cost of each of thd EXTRACT-MIN

3 F — 0 operations in line 8 take8(log V'), with a total ofO(V log V)

4 Dy —0 aggregated time. The running time to calculate béth and

5 S Dj; in line 13 depends on the size df however, if we store

6 Q—V additional state, it can be reduced to a constant time, as we

7 while Q £ 0 show in the next paragraph. Tar loop of lines 10-13 takes

) do j — EXTRACT-MIN(Q) O(E) ag_gregf_;\ted time and as a reSL_J|t the total complexi_ty of

9 S — Su{j} the a_l_lgorlthm |Q(X_/ log V4 FE), which is the same complexity
10 for each incoming edge(i,j) in E of Dijkstra’s algorithm.
11 do J — F, U {j} To reduce the running time of the calculation of the node
12 if D; > D; distanceD; in line 13 toO(1), we keep two additional state
13 then D; < d;; + D, variables for each nodg namely«; andg;. In «;, we store
14 F,—J ‘

j—1
Lines 1-3 initialize the state variablé% and F; and line 4 a1+ Z piD;j H (1=p), ®

. . . i€ F; k=1
sets to zero the distance from nodeto itself. Lines 5—-6 7€

initialize the.S' and @ data structures. Initially, we do not haveand in 3; we store

the shortest anypath from any node, Sas initially empty

and thus(@ contains all the vertices in the graph. As in the B — H (1—p;). (9)
shortest-path algorithm, the Shortest Anypath First atgor

is composed ofV| rounds, dictated by the number of elements
initially in Q. At each round, the ETRACT-MIN procedure Suppose now that we must update the forwardingfgeto
extracts the node with the minimum distance to the destinatiinclude a new node, that is,F; — F;U{n}. First, we update

JEF;



the state variables; andj3; to rater € R if the distancd)gr) is larger than the distande; of
the node just settled. If that is the case, then npideadded to
the forwarding sef"” of that specific rate and distané”’
i = Bi (1 = pn), (10) s updated accordingly. If the new distanbér) is shorter than
and finally we updateéD; with the node distanc®;, we update the node distanég as well
as the forwarding sef; and transmission ratg; to reflect the
(11) new minimum.
The running time of the Shortest Multirate Anypath First
. algorithm also depends on the implementation (f The
B. The Multirate Case initialization in lines 1-10 take®(V R) time. Assuming that
We now generalize the SAF algorithm to support multiplge have a Fibonacci heap, thexERACT-MIN operations
transmission rates, introducing the Shortest Multiratggsth iy line 12 take a total ofO(V log V) aggregated time. We
First (SMAF) algorithm. For each)nodﬁe € V, We NOW assyme that the distance calculation dff’ and DY in
keep a different distance estimaf" for every rater € R. jine 18 is optimized to take a constant time, as shown in
The estimateD,” is an upper-bound on the distance of thgection IV-A. As a result, théor loop in lines 15-23 takes
shortest anypath froni to d using transmission rate. In  O(ER) aggregated time. The total running time is therefore
addition, we also keep its corresponding forwardingEﬁ, O(VlegV + (E + V)R), which isO(V1ogV + ER) if all
which stores the set of next hops used foto reachd nodes are able to reach the destination. This is the same
using r. We useD; and F; without the indicated rates to running time of the shortest single-path algorithm for riplgt
store the minimum distance estimate among all rates andrif8es. Compared to the SAF algorithm, the SMAF algorithm
corresponding forwarding set, respectively. We also keepaflows nodes to take advantage of their multiple transmissi
transmission ratd; for every node, which stores the optimakates at the cost of just a small increase in the running time.

Q; «— o + ﬁ’L ann

Q5

D; .
T1-5

rate used to reacth. In order to prove the optimality of the algorithm, we first
introduce five lemmas that show a few properties of multirate
SHORTESFMULTIRATE-ANYPATH-FIRST(G, d) anypath routing. We usé”) as the distance of the shortest
1 for each node:in V multirate anypath from a nodeto the destinationi, wheni
2 do D00 transmits at a fixed rate € R. LikeWise,ngZ(-T) represents the
3 =0 corresponding forwarding set used in this multirate arlypat
4 T <= NIL _ We used; without the indicated rate to represent the distance
S for eacrl) rater in R of the shortest multirate anypath froirto d via the optimal
6 do D; N forwarding setp; and optimal transmission ratec R. That s,
7 FY e §; = min.crd”, p = argmin 6", and¢; = ¢!, We
8 Dg+<0 useD; as the distance of a particular multirate anypath fiom
9 S0 to d, but not necessarily the shortest one. The proof for each
10 Q=V of these lemmas is available in Appendix A.
11 while Q@ # 0 Lemma 1: For a fixed transmission rate, 1é2; be the
12 do j — EXTRACT-MIN(Q) distance of a node via forwarding set/ and let D! be the
13 S Su {j_} ) . distance via forwarding sel’ = Ju{n}, whereD,, > D; for
14 for each incoming edge(i, j) in E every nodej € J. We haveD! < D; if and only if D; > D,,.
15 do for each ra}'g?r in B We use Lemma 1 for the comparisons in line 12 of the
16 do _J‘_(gi U{s} SAF algorithm and in line 17 of the SMAF algorithm. By this
17 it D;7 > Dj lemma, if the distancé®; via J is larger than the distande,,
18 then D — d}) + DY of a neighbor node:, with D,, > D, for all j € J, then the
19 Fi(r) —J distanceD; via J' = JU{n} is always smaller tha®,. That
20 if D; > Dg’”) is, it is always beneficial to include nodein the forwarding
21 then D; — DZ@ set in order to obtain a shorter distance to the destination.
22 F— F7) Lemma 2: The shortest distanég of a node: is always
23 T 7 ' larger than or equal to the shortest distané&gof any nodej

in the optimal forwarding sep;. That is, we haveé; > ¢; for

The key idea of the SMAF algorithm is that each nodall J € ;.
i € V has an independent distance estimiafé) for each rate ~ Lemma 2 guarantees that if a nodeises another nodg
r € R and we keep the minimum of these estimates as theits optimal forwarding set;, then distancej; can never
node distanceD;. At each round of thavhile loop, the node be smaller thar;. This is equivalent to the restriction that
with the minimum distance frong) is settled. Let this node all weights in the graph must be nonnegative in Dijkstra’s
be j. For each incoming edgg, j) € E, we check for every algorithm.



Lemma 3: For any transmission rate, if a nodeuses a as shown in Figure 5. Let the sétbe composed of nodes in
noden in its optimal forwarding set; andé;, = é,,, we can V — S that have an outgoing link to a node $h Likewise, let
safely remove: from ¢; without changing;. The link(i,n) the setK be composed of nodes ifi that have an incoming

is said to be “redundant” link from a node inV — S.
By Lemma 3, if the distance§ = §,, of two nodesi andn

are the same, then the distangevia forwarding setg; is V-S JQ QK S

the same as the distance via forwarding éet- {n}. That ()14 )X

is, the distance of nodédoes not change if it uses in its s / I < \ d

forwarding set or not. OWQ A*’Q e )
Lemma 4: If the shortest distances from the neighbors of \ e i

a nodei to a given destination aré; < §, < ... < §,, O/"O

theno!” is always of the formp\”) = {1,2,...,k}, for some B,

ke {17 2, n} Figure 5. The shortest multirate anypathfrom s to d. Set.S must be

According to Lemma 4, the best forwarding 3@5{) for nonempty before node is inserted into it, since it must contain at least
transmission rate € R is a subset of neighbors with the!Ve consider a cuy’ — 5, 5) of a, such that we have € V' — S andd € S.
. . . . . Nodess andd are distinct but we may have no hyperlinks betweesnd .J,

shortest distances to the destination. That is, given a $gh that/ = {s}, and also betweeik andd, such thati’ = {d}.

of neighbors with distances; < 462 < ... < §,, the

. (r) R .
best forwarding set;” when using rater € R is always Without loss of generality, assume that nade J has the

one Off{l}’ {1’2}'.{1’2’3}""’{1’2""’”}'_AS a result, shortest distance td among all nodes iV — S. That is,
forwarding sets with gaps between the neighbors, such 8

) . : :

. . i < 0; forall j € V —S. We claim that every edge leaving
{2,3.} or {174},.can never )_/leld the shortest distance to the 4. & ot necessarily cross the ofit — S, 5). Thus, for
destination. This property is the key factor that allows

u(i/ery edge(i, j) leaving nodei, we must havej € S. To

to reduce the complexity of the proposed algorithms fro'ﬁlrove this claim, let us assume that nadeas an edgéi, j)
exponential to polynomial time. Fot neighbors, we do not to another nodé €V — 5. By Lemma 2, we know th’at in

have to test every one of tt# — 1 possible forwarding sets. this case we must havk > §.. However, since we assumed
Instead, we only need to check at masforwarding sets. . | 14ei has the shortest Jdistance lh’— S, thens; < §;
Len(1Tr;1a 5: For a given transmission rate € R, assume ;4 gych an edge could only existdif = §;. By Lemma 3,
that ¢;"" = {1,2,...,n} with distances); < d2 <... < dn. e know that ifd; = 6, then the link(i, j) is redundant and
If D} is the distance from nodeusing transmission rate via \ye can safely remove it from the multirate anypath without
forwarding set{1,2,...,j}, for 1 < j <n, then we always changing its distance. As a result, for every edgej) we
haveD} > D} > ... > D} =¢4;". must havej € S. Figure 5 shows this situation where node
Lemma 5 explains another important property necessary tﬂﬁly has links to nodes i5.
the SMAF algorithm to converge. Assuming now that the best oggitionally, we claim that the nodes i were settled in
forwarding setp{” for transmission rate € R is defined as ascending order of distance. That i) if< 6), then nodej was
¢\ = {1,2,...,n} with distances); < §; < ... < d,, the settled before nodé. Since node has the shortest distance
distanceD; monotonically decreases as we use each of tied among all nodes ifv — S, settlings beforei implies thats

forwarding sets{1}, {1,2},{1,2,3},...,{1,2,...,j}. is settled “out of order.” For the purpose of contradictiler s
We now present the proof of optimality of the algorithm. be the first node settled out of order. This is an assumption
Theorem 1: Optimality of the algorithm. which is independent from the initial assumption that £ J..

LetG = (V, E) be a weighted, directed, graph and tebe We now claim thatD; = §; at the times is inserted intaS.
the destination. After running the Shortest Multirate Aailyp To prove this claim, notice thak’ C S. Sinces is the first
First algorithm onG, we haveD, = ¢; for all nodesi € V.  node for whichD, # §, when it is added taS, then we
Proof: This proof is similar to the proof of Dijkstra’s must haveD, = d, for everyk € K. Let ¢; C K be the
algorithm [16]. We show that for each nodec V, we have forwarding set used in the shortest multirate anypath fiom
D, = 6, at the times is added toS. to d using the optimal transmission ragte= R. By Lemma 4,
For the purpose of contradiction, let be the first node ¢; is composed of the neighborsofvith the shortest distances
added toS for which D, # 6,. We must haves # d because 10 d. Assume thaty; = {1,2,...,j} with §; < dy < ... < 9;.
d is the first node added t6 and D, = §; = 0 at that Sinces is the first out-of-order node, we know that the nodes
time. Just before adding to S, we also have thaf is not in.S were settled in order. Therefore, notlwas settled before
empty, sinces # d and .S must contain at least. We assume node2, which was settled before node and so on. At the
that there must be a multirate anypath frerto d, otherwise time nodel is settled, the forwarding sé " is initialized to
Dy = §s = oo, which contradicts our initial assumption thatFi(”) = {1}. When node is settled, there is no need to check
D, # 05. If there is at least one multirate anypath, there the forwarding sef{2}. By Lemma 4, this forwarding set is
a shortest multirate anypath from s to d. Let us consider a never optimal so we just check the ddt 2}. By Lemma 5,
cut(V —S,5) of «, such that we have € V — S andd € S, using {1,2} always provides a shorter distance than using
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Figure 6. (a) The location of the nodes in the testbed, aedrig an approximate 2x9 grid. (b) The delivery probabditief the testbed links for each
transmission rate. The data points for each curve are placedier from largest to smallest (i.e., in rank order). As thte increases, less links are available
and thus path diversity decreases.

just{1}. The forwarding set is then updatedﬂ’d”) ={1,2}. Networked Sensing (CENS) at UCLA. The nodes are located
The same procedure is repeated for each settled node, @ntilivan approximate 2x9 grid and roughly ten meters apart from
finally haveﬂ(p) =¢; ={1,2,...,5}. At this time, we also each other. Figure 6(a) depicts the location of the nodelsan t
haveDl(p) = &;, which triggers the updat®; = D§P> — ¢, testbed. Each node is equipped with a 3-dB omni-directional
F = Fi(p) = ¢;, andT; = p. OnceD; is equal to the shortest rubber duck antenna for the wireless communication. Inrorde
distances;, it does not change anymore and we have= J; to emulate a wireless mesh network with multiple hops, we
at the times is inserted intoS. use a 30-dB SA3-XX attenuator between the wireless interfac
We can now prove the theorem with two contradiction@nd its antenna. The attenuator weakens the signal durtihg bo
Since nodei occurs after nodes in the shortest multirate the transmission and the reception of a frame, emulating a
anypath tod, by Lemma 2 we have; < 4,. In addition, large distance between nodes. For 11 Mbps, we have paths of
we must also havé, < D, becauseD, is never smaller Up to 8 hops between each pair of nodes, with 3.1 hops on
than 8,. Since bothi and s are inV — S and nodes was average. For 1 Mbps, we have a longer transmission range,
chosen as the one with the minimum distance fré@mthen which reduces the maximum path length to 3 hops, with an
we must haveD, < D; andd; < 6, < D, < D;. From average of 1.5 hops between each pair of nodes.
our previous claim, we know thab; = ¢§; and therefore = We use the testbed to measure the delivery probability of
D; =4; < s < D, < D,, from which we have each link at different transmission rates. For that purpeaeh
node broadcasts one thousand 1500-byte packets and later on
D;=0; =0, = Ds. (12) e collect the number of received packets at neighbor nodes.
As a results is not settled out of order singehas the shortest We repeat this process for 1, 2, 5.5, and 11 Mbps to have
distance inV — S andé, = §;. From this we conclude that @ link estimate for each transmission rate. We use the Click
the nodes inS are settled in ascending order of distancd00lkit [18] and a modified version of the MORE software
Additionally, we also haveD, = §, at the times is added Package [15] for the data collection. Our implementation is

to S, which contradicts our initial choice of. We conclude capable of sending and receiving raw 802.11 frames by using
therefore that for each nodec V we haveD, = §, at the the wireless network interface in monitor mode. We modified

time s is added toS. m the HostAP Prism driver [19] for Linux in order to allow
not only 802.11 frame overhearing but also frame injection
V. EXPERIMENTAL RESULTS while in monitor mode. In addition, we extended the HostAP

We evaluated the proposed multirate algorithm using Skiver to enable it to control the transmission rate of gach
18-node 802.11b indoor testbed. Each node is a Stargif#-11 frame sent. The Click toolkit tags each frame with a
microserver [17] equipped with an Intel 400-MHz XSca@elected transr_mssmn rate and this mformat_l(_)n is thesquhs
PXA255 processor, 64 MB of SDRAM, 32 MB of F|ash,along to the driver. For each frame, our modification reads th
and an SMC EliteConnect SMC2532W-B PCMCIA 802.11formation tagged by Click and notifies the wireless irdegf
wireless network card using the Prism2 chipset. This casd H{Mmware about the specified transmission rate.

a maximum transmission power of 200 mW and it defaults to a Figure 6(b) shows the distribution of the delivery probipil
proprietary power control algorithm. The nodes of the tedtb of each link in the testbed at different 802.11b transmissio
are distributed over the ceiling of the Center for Embeddedtes. Every node pair contributes with two links in the d¢wap



one for each direction. Links of each rate are placed in orderThe shortest multirate anypathlways has an equal or
from largest to smallest (i.e., in rank order). The points dbwer cost than the shortest single-rate anypath. Otherwis
each curve are sorted separately and, therefore, the gelivwe would have a contradiction since we can find another
probabilities of a given x-value are not necessarily frora thmultirate anypath (i.e., the single-rate anypath) with artr
same link. In wireless mesh networks, higher transmissialistance to the destination. It is important, however, targifly
rates usually have shorter radio ranges and therefore a loliew much better multirate anypath routing is over singke-ra
network density. We can see this behavior in Figure 6(kgnypath. For this purpose, we calculate the gain of mudtirat
As the transmission rate increases, we can see that we hawver single-rate anypath. We define the gain of a given pair of
less links available and therefore less path diversity betw nodes as the ratio between the single-rate anypath distantte
nodes. For instance, as shown by the dashed horizontal littes multirate anypath distance between these two nodes. Thi
the number of links with a delivery probability higher tharmetric reflects how many times the end-to-end transmission
50% is 151 at 1 Mbps, 109 at 2 Mbps, 95 at 5.5 Mbps, anine is larger when using single-rate as opposed to mudtirat
only 47 at 11 Mbps. With less paths available at higher ratemypath routing.

we have an interesting tradeoff for multirate anypath ramti  Figure 8(a) shows the distribution of this gain for everyrpai
With a lower transmission rate, we have more path diversitf nodes in the network. Each curve represents the gain over
and a shorter number of hops to traverse, but also a lovgiigle-rate anypath routing at a fixed rate. We see that the
throughput. On the other hand, a higher rate results in eehiglend-to-end transmission time with multirate anypath roti
throughput, but also in less path diversity and a larger rermblis at least 50% and up to 11.3 times shorter than with single-
of hops. Our algorithm explores this tradeoff and selects thate anypath routing at 1 Mbps, with an average gain of 5.4.
optimal transmission rate and forwarding set for every nod¢or higher rates, we also see an interesting behavior aepict

Fig. 7 shows the results of an experiment we conducted ky the vertical lines. These lines indicate that severalenod
test the independence of receivers. In our experiment, @ ndirs have annfinite gain The infinite gain occurs because
broadcasts 500,000 data frames at 11 Mbps to four neighb#1@se nodes can not talk to each other at that particular rate
and each frame has 1500 bytes. The x-axis represents thelgg to the poor link quality; the network therefore becomes
possible set of receivers for the frame (i.e., set 0 cornegpo disconnected. We have 17 (5.6%) node pairs that can not reqch
to the frame being lost by all neighbors and set 15 corresporffich other at both 2 and 5.5 Mbps and 33 (10.8%) node pairs
to every neighbor correctly receiving the frame). The yRut of reach_at 11 Mbps. For the network to be connected, we
axis represents the probability of each set. The “observegust then either use a lower rate (e.g., 1 Mbps) for the whole
histogram is directly derived from the data. The “indepenttie N€twork at the cost of a lower throughput or use multirate
histogram is derived by assuming that the loss probabitity 81yPath routing. For 2 Mbps, if we remove the node pairs
each receiver is independent of each other, so it is catmlavith infinite gains, we have a gain of at least 91% and up
simply by multiplying the respective probabilities of eacfi© 5.6, with an average of 3.2. For 5.5 Mbps, we have a gain
individual receiver. We can see that both functions aretpret/P t© 2.0, with an average of 22%. Finally, for 11 Mbps, we
close indicating that the delivery probabilities of eacbeiger have a gain up to 6.4, with an average of 80%.
are loosely correlated. This experiment was repeated farot Figure 8(b) shows the reason why multirate always performs
nodes in the testbed and a similar behavior was observed. dgfter than single-rate anypath routing. In this graph, s

result are also consistent with other studies [11], [12]. the distribution of the optimal transmission rates sekbdig
each node to reach every other node. We can see that the

optimal transmission rates are not concentrated at a siatfe

0.3 but rather distributed among over several possibilities.have
—— Observed 10.8% of node pairs using 1 Mbps, 41% using 5.5 Mbps, and
0.25 || erztd Independent 47% using 11 Mbps as the optimal rate. Interestingly enough,
no node pair selected 2 Mbps as the optimal rate since it was
.02 more beneficial to use another rate instead. If these rates we
= concentrated at a particular rate, then multirate and sirgte
g 015 anypath routing would have the same cost. This assumption,
= 01 however, does not hold in practice and therefore multirate
' anypath routing always has a higher performance, sometimes
0.05 manyfold higher as shown in Figure 8(a), than single-rate
anypath routing.
Simss

0 2 4 6 8 10 12

) 16 VI. RELATED WORK
Set of receivers

Figure 7. (a) Distribution of frame receptions at four néigts. For four | Most of the_ Work in anypath rouFlng focuses on us.lng a
neighbors, we have! = 16 subsets and each one represents a different setngle transmission rate. The following works are all ségl
of neighbors who correctly received the frame. rate anypath routing schemes.
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Figure 8. Results of the SMAF algorithm for the wirelesstiedt (a) Gain of multirate over single-rate anypath routfgr each node pair, we indicate in
the y-axis how many times multirate anypath routing is bdttan single-rate anypath. (b) Histogram of the transmissate chosen by each node. Optimal
transmission rates are not concentrated at any particatar indicating that a single-rate algorithm can not penfas well as a multirate algorithm.

Zorzi and Rao [13] use a combination of opportunistic angh opportunistic routing protocol for wireless mesh neksor
geographic routing in a wireless sensor network. The asth@&xOR follows the same guidelines of single-rate anypath
assume that sensor nodes are aware of their locations and tbuting explained in Section 1l. Basically, a node forwards
information is used for routing. The forwarding set of a givea batch of packets and each neighbor in the forwarding set
node is composed of the neighbors which are physically closeaits its turn to transmit the received packets. The authors
to the destination. Packets are broadcast and neighbaong inimplement a MAC scheduling scheme to enforce the relay
set forward the packet respecting the relay priority ex@ei priority in the forwarding set. As a result, a node only forda
in Section Il. As an advantage, this routing procedure do¢s m packet if all higher priority nodes failed to do so. The
need any sort of route dissemination over the network. Usiagthors show that opportunistic routing increases thrpugh
just the physical distance as the routing metric, howeves mby a factor of two to four compared to single-path routingr Ou
not be the best approach since it does not take link quality irresults go beyond and show that an even better performance
account. We introduce the EATT routing metric that takes noain be achieved with multirate anypath routing. Additignal
only the link quality but also the multiple transmissionemt in our design, each packet is routed independently without
into account during route calculation. storing any per-batch state at intermediate routers.

Ye et al. [20] present another single-rate opportunistic Chachulskiet al. [15] introduce MORE, a routing protocol
routing protocol for sensor networks. The key idea is thaheawhich uses both opportunistic routing and network coding to
packet carries a credit which is initially set by the sournd a increase the network end-to-end throughput. Upon the pecei
is reduced as the packet traverses the network. Each narle afsa new packet, a node encodes it with previously received
maintains a cost for forwarding a packet from itself to thpackets and then broadcasts the coded packet. Results show
destination and nodes closer to the destination have smatleat MORE allows a higher throughput than ExOR and single-
costs. Packets are sent in broadcast and a neighbor npd#h routing. Network coding, however, requires routers to
forwards a received packet only if the credit in the packstore previous packets in order to code them with future
is high enough. Just before forwarding the packet, its tiedi packets, adding significant storage and processing ovéitbea
reduced according to the node cost; therefore, more cradits the forwarding process. Furthermore, the authors only focu
consumed as the packet moves away from the shortest path.opportunistic routing with a single transmission rater O
A mesh around the shortest path is then created on-the-fly fesults indicate that performance could be further impdove
each packet. Yuaet al. [21] use a similar idea for wirelesswith multirate anypath routing. An analysis of multirateyan
mesh networks. Although packet delivery is improved, thisath routing and network coding is also an open problem and
routing scheme increases overhead since it is based omnainteresting topic for future work.

controlled flooding mechanism. Therefore, robustness some geagiges using a single bit rate, the above-mentioned sgstem
at the cost of duplicate packets. In our proposal, a packgt, do not have a systematic approach for the selecting
is forwarded by a single neighbor in the forwarding set andle forwarding set for a given destination. The selection is
a MAC mechanism, such as the one proposed by Jain anmonly based on the heuristic that if a neighbor has a
Das [10], is in place to guarantee that no duplicate packei$ajler ETX distance to the destination, then it should be in
occur in the network. the forwarding set. However, the ETX is a single-path metric
Biswas and Morris [5] designed and implemented ExORNd do not represent correctly the node’s true distance when



using anypath routing. Zhorgt al. [6] was the first to propose may not work at the selected rate; (2) multirate outperforms
the expected anypath number of transmissions (EATX) metiid-Mbps anypath routing by 80% on average and up to a factor
described in Section II, which was also used in [4], [7]of 6.4 while still maintaining full connectivity; (3) mulate
The authors propose an algorithm for forwarding set salactialso outperforms 1-Mbps anypath routing by a factor of 5.4
in [22], but this algorithm may not reach an optimal solutioon average and up to a factor of 11.3; (4) the distribution
depending on the order that neighbors are tested. of the optimal transmission rates are not concentratedyat an
Dubois-Ferriereet al. [7] introduced a shortest anypathparticular rate, corroborating the assumption that hyplesl
algorithm capable of finding optimal forwarding sets. Tha single-rate anypath routing usually do not transmit &irth
authors generalize the well-known Bellman-Ford algorifom optimal rates.
anypath routing and prove its optimality. Performancest@st
a wireless sensor network show that anypath routing signif- _ ) ) o
icantly reduces the required number of transmissions from al Nis work was done in part while the first author was visit-
node to the sink. Chachulski [4] presents a generalization if9 the Ecole Polytechnique Fédérale de Lausanne (ER.).
Dijkstra’s algorithm for anypath routing that is very sianil would like to thank Henri Dubois-Ferriere and Martin Velite
to the one we independently derived in Section IV-A, pJer hosting the first author at EPFL and introducing anypath
the author does not provide any proof of optimality. Both diouting to him. We thank Deborah Estrin for her help and
these algorithms, however, are designed for networks usin@llscussmns over the years and for the CENS testbed. We also
single transmission rate. Instead, our algorithm in SediwB  thank Eddie Kohler, Fan Ye, and Lixia Zhang for insightful
generalizes anypath routing for multiple rates, givingemthe COmments on an early draft. We are grateful to Martin Lukac
ability to choose both the best rate and the best forwardif@f his help with the testbed. This work was supported by the
set to a particular destination. We also provide the proof §kS. National Science Foundation under Grants NBD-0721963

optimality for our algorithm. As a result, the optimality ofand CCF-0120778. Any opinions, findings, and conclusions or
the single-rate algorithm in [4] is also proved since thisis "@commendations expressed in this material are those of the
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particular case of our algorithm. authors and do not necessarily reflect the views of the Naition

More recently, multiple transmission rates have been agcience Foundation.

dressed in opportunistic routing. Radunoetal.[23] presents
an optimization framework to derive routing, schedulingda
rate adaptation schemes. Zemg al. [8] presents a linear-
programming formulation to optimize the end-to-end thitoug
put of opportunistic routing, considering multiple ratesda 2l
transmission conflict graphs. However, in both cases thb-pro

lem being solved is NP-hard. Heuristics are then applied to
find a solution, which is not necessarily optimal. .

(1]

VII. CONCLUSIONS

In this paper we introduced multirate anypath routing, a new
routing paradigm for wireless mesh networks. We provide&l]
a solution to integrating opportunistic routing and muéip
transmission rates. The available rate diversity imposesral
new challenges to routing, since radio range and delivaylg-pr
abilities change with the transmission rate. Given a ndtworie]
topology and a destination, we want to find both a forwarding
set and a transmission rate for every node, such that their
distance to the destination is minimized. We pose this ag]
the shortest multirate anypath problerinding the rate and
forwarding set that jointly optimize the distance fromaedd g
a given destination is considered an open problem. To sglve |
we introduced the EATT routing metric as well as the Shortest
Multirate Anypath First (SMAF) algorithm and presented ag]
proof of its optimality. Our algorithm has the same compexi
as Dijkstra’s algorithm for multirate single-path routjrizping
easy to implement in link-state routing protocols.

We conducted experiments in a 18-node 802.11b testbed to
evaluate the performance of multirate over single-rateatty (111
routing. Our main findings are: (1) when the network uses a
single bit rate, it may become disconnected since some links

(5]

[10]
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APPENDIXA
PROOFS OF THELEMMAS

Lemma 1: For a fixed transmission rate, |&; be the
distance of a node via forwarding setJ and let D; be the
distance via forwarding sel’ = Ju{n}, whereD,, > D, for
every nodegj € J. We haveD, < D, if and only if D; > D,,.

Proof: Assume thatD; < Dy, < ...< D,,_1 < D,, and
J=1{1,2,...,n—1}. Let D; = d;; + D; be the distance
from nodei using the forwarding sef. From (2) and (3), the
remaining-anypath codb; is defined as

n—1 j—1
> D [T =m0
D, = j=1 k=1
1-J[a-p)

jeJ

Let D = d;;» + D, be this distance vid’ = JU{n}, where

(13)

n 7j—1
> piD; [T —pr)
j=1 k=1

g =

(14)

1- I -p)

jeJ

If we define the probabilitiep; andp;  as

ps=1-JJ0-p)

We now show that ifD; > D,,, thenD. < D, as follows

D; > D,
(1-2) 0> (1-22),
pr P
1- n
(1 -2 > (dig+Dy) > ﬂDn
by D
1— n
dis+ Dy > P (g + Dy L2y
by D
12 psDy+ (1 —ps)ppDyp
dig+Dy>~—d;; +
v == - )
dij+ Dy >diy+ Dy
D; > Dj. (17)

To show that ifD; < D, thenD,; > D,, we just take (17)
in the reverse order. Consequently[i > D,,, it is better to
use the forwarding sef’ = J U {n} instead of.J, since the
distanceD; via J' is always shorter tha®; via J. [ |

Lemma 2: The shortest distanég of a node: is always
larger than or equal to the shortest distanégof any nodej
in the optimal forwarding sep;. That is, we haveé; > §; for
all j € ¢;.

Proof: Let ¢, = {1,2,...,n} with §; < § < ... <4,
and letD; > §; be the distance via the suboptimal forwarding
setJ = {1,2,...,n — 1} with the same transmission rate.
From Lemma 1, we know that if; < D;, thenD; > 4,.
From this, we show thaif; > §,, as follows (assumd’ = ¢;)

(2)m (2)s
by pJ
<pJ > (dis+Dy) > (p,] > On
pJy by
1 - n
bJ diJ + PJ DJ Z 5n - ( pJ)p 5n
by pJy by
D 1-— nOn
pJ diy + psDy+(1—ps)p >,
by by
dij + Dy > 6y
0; > Op. (18)

Since §,, is the largest distance in the optimal forwarding
set ¢;, then we know that ity; > J,, we must havey; > J;
for all j € ¢,. ]

Lemma 3: For any transmission rate, if a nodeuses a
noden in its optimal forwarding sety; and §; = 4,,, we can
safely remover from ¢; without changing;. The link (i, n)
is said to be “redundant”



Proof: By Lemma 2, we know thaf; > §;, forall j € ¢;. a shorter distance than the forwarding det {k}.
Sinced; = 4,,, we also know that,, is the largest distance Inductive step. Let the forwarding setg and.J’ be now
in the forwarding set. Let; = {1,2,...,n} with distances redefined for the inductive step ds= {j,j+1,...,k—1,k}
5 <62 <...<4d, and letD; = d;; + D; be the distance andJ’ = {j — 1} U J. Let D; = d,; + D; be the distance of
from node; via forwarding set/ = {1,2,...,n—1}. We now node: via forwarding set/ and letD} = d,;» + D be the
show that ifé; = §;, thenD; = §; as follows distance of nodeé via forwarding set/’. From (16), we can
consider the forwarding sef as an “aggregated node” with
0i = 0n delivery probabilityp; and distanceD ;. We then writeD ;.
diyy + Dy =0y in terms of D as
pJDJ + (1 _pJ)pn(Sn

di/ :577. y — D‘_ +1_ ) — D
J+ —(=p)1—pn) DJ,:PJ 1Dj-1+ (1 —pj-1)ps g 23)
1—(1=pj—1)(1-ps)
pJ (L—ps)pn _ o . .
dijr + oy Dy =dn— Tén By our definition of the remaining cost in (2)); is a
D P ’ weighted average oD;, D41, ..., Dy_1, Dg, which are all
diyr + Dy Dy = Dy on larger thanD;_,. We can see that i23) we are moving

Dy some weight fromD; to D;_,. SinceD;_; < D;, we have

p_Jd“/ + Dy =0n Dy < Dj. For the EATX and EATT metric, we also have

dij+ Dy =6, thatd;;» < d;; for J C J’'. Consequently, we have the same
L result of (22).

Di = on. (19) We know that the seff’ = {j —1,5,5 +1,...,k —1,k}
SinceD; = ¢, the forwarding se¥ is also optimal and yields is always better thad = {j,7 +1,...,k —1,k}. Combining
the same distance as. We say the link(i,n) is “redundant” the results from the basis and the inductive steps, we cdaclu
since it does not help to reduce the distance any furth@. that ¢§.T) is always of the formégr) ={1,2,...,k}, for some

Lemma 4: If the shortest distances from the neighbors /8f€ {1,2,...,n}. u

a nodei to a given destination aré; < dy < ... < 4y, Lemma 5: For a given transmission ratec R, assume that
then¢!"” is always of the form!” = {1,2,...,k}, for some (") = {1,2,...,n} with distances’; < 05 < ... < d,. If
ke{l,2,....,n}. D! is the distance from nodeusing transmission rate via
Proof: We prove this lemma by reverse induction. In théorwarding set{1,2,...,5}, for 1 < j < n, then we always
basis step, we show that the forwarding §et-1, k} provides haveD} > D? > ... > DI = 5

3

a shorter distance thafk}. In the inductive step, we prove Proof: We want to prove that the forwarding sét= {1}

that the forwarding sefj —1,j,j +1,...,k — 1,k} always yijelds a larger distance thaH = {1,2}, which yields a larger

provides a shorter distance than j +1,...,k — 1, k}. distance than/” = {1,2,3} and so on until we get to the
Basis. Let k& be the node in;sg” with the longest distance forwarding Se*@(f) ={1,2,...,n}. Thus far, we have

to the destination and leb; = d;; + D be the distance of ‘

nodei to the destination via forwarding set= {k} with P (Z) 5, (2) 5 «© Dr (i) prt, (24)

P =

Dj = Dg. (20) where(a) and (c) hold by definition,(b) holds by Lemma 2,
In addition, letD} = d;; + D be the distance of nodevia and(d) holds becausegr) ={1,2,...,n} yields the shortest
forwarding setJ’ = {k — 1, k}, where distance to the destination at rate
We now extend this result further for other forwarding sets.
_ Pe1 Doy 4 (1= pe-)prDs We first claim that
Dy = . (21)
1= (1 =pe—1)(1 = pr) (@) ORI
We can see in21) that D, is a weighted average between On—2 < dn—1 <0n < 0; = D <D™ < D%, (25)
Dj-1 and Dy, with the weights summing to one. Comparingyhere (4) holds by definition andb) holds because of the
with (20), we can see that i(21) we are moving some weight following argument. By definition, we have = D? < D?‘Q,

from Dy, 10 Dy.—y. Since D1 < Dy, we haveDy < Dj.  ginceD" is the shortest distance to the destination. From (24),
For the EATX and EATT metric, we also have th&l < d;; e then have thad,_; < D"2. Finally, if §,_; < D2

for J C J'. As a result, we have then D1 < D"~2 by Lemma 1.
diy + Dy <dis+ Dy The same argument can be made recursively until we get
D} < D;. (22) 61 <...<0,-1<0,<6;=DF <D ' <...<D} (26)

Therefore, the forwarding set = {k—1, k} always provides from which we knowD} > D? > ... > D" must be true.m



