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Abstract—Unlike traditional wireless routing protocols which  refer to these ETX based opportunistic routing protocols co
use a single fixed path,opportunistic routing explicitly takes |ectively asETX-OR ETX-OR ranks the potential forwarders

advantage of the broadcast nature of wireless communicatics using their minimum path ETX namely, the sum of the

by using a set of forwarders toopportunistically perform packet . . , . .
forwarding. A key issue in the design of opportunistic routing constituent link ETX's along the _bes_t path” (in terms of
protocols is the forwarder list selection problem. In this paper Path ETX) from a node to the destination. We see that ETX-

we establish a general theory for analyzing the forwarder Bt OR in fact utilizes a metric defined on single fixed path
selection problem, and develop an optimal solution, theninimum  for forwarder list selection and ordering, thereby igngrthe
transmission selection (MTS) algorithm, which minimizes the ey effect of opportunistic routing. As first pointed out[8],
_expectgd_number of transmissions and it can be mcorpprated [16] (and shown via an explicit example in this paper), such
into existing opportunistic routing protocols to select opimal : ' e A
forwarder lists. Our theory and algorithm can also be generdized @ forwarder list selection method is in genesab-optimal

to optimize other routing objectives such as minimizing theex- This paper is devoted to addressing the fundamental prob-
pected transmission time or energy consumption in opportuistic  |em of forwarder list selectionin opportunistic routing. We
routing. Through extensive simulations, we demonstrate tat in establish a generadvent-based analytical methodologyr

more than 90% cases the MTS algorithm outperforms the ETX tudvi the f der list selecti bl d d |
forwarder selection scheme used in existing opportunisticouting studying the forwarder list seiection probiem, an evelop

protocols such as ExOR and MORE. an optimal solution which minimizes the expected number
Index Terms—Forwarder list, Wireless routing, Opportunistic ~ of transmissions under an ideal setting—the perfect ACK
routing, Dynamic programming assumption (see section Il). In section Il we develop the

general theory and present an optimal solution, referred to
as theminimum transmission selection (MT&gorithm, for
The opportunistic routingparadigm (see, e.g., [3], [S]) hassolving the forwarder list selection problem. Given a gen-
opened a new avenue for designing routing protocols in mulgiral topology, the MTS algorithm selects and computes the
hop wireless networks. Unlike traditional routing wiredesoptimal forwarder listfor any node to a given destination
protocols such as DSR, AODV [8], [14] which rely on a&hat minimizes the total expected number of transmissions,
(pre-selected) singléixed path for delivering packets from ausing a dynamic programming formulation. In section IV
source to a destination, opportunistic routing explictdkes we discuss how to relax the perfect ACK assumption by
advantage of the broadcast nature of wireless communisatigroposing two heuristics to address the unreliable, asymtne
to allow multiple (pre-selected) forwardersdpportunistically link qualities, thereby dealing with the effect of imperfec
deliver packets from a source to a destination. The pathAZKs. In section V, we compare the performances of the MTS
packet takes depends on which forwarders happen to receiygorithm and ETX based forwarder list selection scheme in
it, and is thus non-deterministic. As a result, opportuaistExOR and MORE using extensive simulations. The paper is
routing can better cope with tHessy, unreliableandvarying concluded in section VI.
link qualities that are typical of wireless networks. Related Work. EXOR [3] is perhaps one of the first fully
While the basic idea of opportunistic routing is fairlyimplemented, practical opportunistic routing protocots f
straightforward, the forwarder list selection problem f& t wireless mesh networks, where the notion of a (prioritiZed)
key issue in designing an opportunistic routing protocol. lwarder list is used for specifying and coordinating intediaée
order to fully realize the benefits of opportunistic routingforwarders. MORE [4] introduces a linear network coding
a list of forwarders must be judiciously selected, and thes@rategy to utilize spatial reuse in opportunistic routiagd
forwarders musto-ordinatetheir packet forwarding—either achieve higher throughput than ExOR. MIXIT [9] improves
explicitly or implicitly—in order to successfully and effently  the throughput further by using network coding at the praisic
deliver packets from the source to the destination. layer. CodeOR [12] also extends MORE by allowing multiple
Most of existing studies [3], [4], [9], [12], [13] on oppor-coded batches to be transmitted at the same time. The authors
tunistic routing useETX as routing metric to select forwarderin [15] employ an optimization framework to perform rate
list or assume the optimal forwarder list is pre-selecte@. Wontrol and enable MORE to attain better performance. All

_ _ _ _ _ _ of the above routing schemes either select the forwarder
This work is supported in part by the National Science Fotiadagrants list b d h g h) ETX h
CNS-0626812, CNS-06268, CRI 0709048 and University of Mauta DTC /ISt based on the minimum (path) » Or assume that an

DTI grant. optimal forwarder list is giverm priori. There are a number of
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other studies and protocols with various opportunistidirau
flavors. Due to space limitation, we do not discuss them here.
Zhong et al. [16] introduces a new routing metric, EAX
(expected anycast transmission), and propo$ewistic al-
gorithm for computing a set of candidate forwarders. Irespir

by [16], Dubois-Ferriereet al. [6] introduces the notion of Fa 1 A e showing that ETX based f der listatga sch
anycast link cost (ALC) associated with a set of forwarderé',%ub'_opt?megémpe showing fha ased fonwarder fisteiwa scheme

?nd uses this _notélon _t% de?ne ad(sorlrjewha; abtgruse?‘ COfbsen in the forwarder list; arg) ordering rule forwarders
unction associated with a forwarder list (referred as “Opge grgered by their path ETX values to the destination, erher

portunistic route”). Based on this COSt_ fgnctior_n th? amhoa forwarder with smaller path ETX value has higher priority.
propose the LCOR (least-cost opportunistic routing) athor, 1, gho\y that the forwarder list selected based on these two

which essentially enumerates all the possible neighberaul oo aresub-optimal we consider a simple example shown in

comblnat_lor_ws (n a recursive manner) to com_pute the _b%b.l, where node is the sourced is the destination, and the
opportunistic route with the least cost. Due to its potdiytia number on each link indicates its (symmetric) packet defive

exponential time complexity, heuristic policies have to bﬁrobability. Computing the path ETX using the best path, we
incorporated in LCOR. Concurrent to our work, [10] refinegee that the path ETX for node (to d) is 1/0.8 = 1.25, for

the least cost function used in [6], and develops a similﬂ[)dev1 it is 1/0.45 = 2.22, and for the source nodeit is
Dijkstra-like algorithm to find the least cost (interpretas 1/05 = 2. Hence the forwarder list selected by ETX-OR is
some sort of “hyperlink distance”) opportun_ist_ic route. “}s,vQ,d}. However, it is not hard to argue that the forwarder
both [6] and [10], the cost of an opportunistic route (Ofig ¢, 4, dl is in fact a better choice, as it is likely to
forwarder list) is given as definition the physical meaning o q,ce the total number of transmissions to deliver packets
of which is not entirely clear. Hence the optimality of thefrom s to d. This is because that, has two opportunistic
algorithms is established with respect to such an (ab$traﬁ5ths v, — d andv; — vs — d, which together yield a

cost funct?on. Due to this reason, neither paper addr_em*_’sﬁigher packet probability than using either path alone. The

impact of imperfectACKs on the forwarder list selection in expected number of transmissions fram to d using both

opportunistic routing. ) i paths is roughlyl.742, which is far smaller than the path ETX
In contrast, we formulate the forwarder list selection proky v (2.22) and is also smaller than the path ETX of2)

lem with the_explicitgoal of mir_limizing the expected numbferThesub-optimalityof the ETX forwarder list selection scheme

of transmissions. Under the (ideal) perfect ACK assumptioflas in that it uses theingle pathETX metric for selecting

we derive a routing metric (cost function) associated Wi%rwarders, and thus fails to account for tepportunistic

a forwarder list, which is precisely the expected numb?]rature of packet forwarding

of transmissions when the given forwarder list is used for In analyzing the forwarder list selection problem in this

:)hpp;)rtunlsgc GOl:ttIEgt and_ thus Otlrjlr (:pttlrlnal alg(t)rghm;ge paper, we therefore employ thexpected number of trans-
€ forwarder fist that minimizes the total expected nunwer missions(excluding duplicate transmissions due to unreliable

Fransmissions. Our method_olggy and algoritr_\m can be g.bner&/erhearing) as the key metric to compare forwarder listd, a
ized to account for and optimize other (physically meanitgf

" ¢ biecti h red t L taddress the two basic questiof)swhich forwarders to select
routing costs or ObJectives Such as expected ransmissien L, i) how to order the forwarders selectedTo simplify
or expected energy consumption.

our analysis and separate the effect of duplicate trangmiss
Il. BACKGROUND AND PROBLEM SETTING due to unreliable overhearing, we introduce and consider an
ideal settingwith the perfect ACKassumption, namely, we

- - ) assume that lower priority nodes can always overhear the
warder listis used for opportunistic packet forwarding, and thﬁansmissions of higher priority nodes, thus there will e n

same (batch mode-based, round-by-round, prioritizeutket unnecessary duplicate transmissions. Under this assompti

forwarding mechanismare employed, which is described ., - .
below. Let(s, tp, i 1.1y, d} be an (ordered) forwarderln this paper we develop a general methodology for analyzing

. ; i LN the forwarder list selection problem, and develop a dynamic
list, wheres is the sourced is the destination, andy,. .. u,, P P y

ogramming algorithm for finding theptimal forwarder list

: . r
gre adseto:rr]z (-|nFermed|-ate) fc_)rvy?rdefrs. Tf;eﬂn?dgs ﬁtr_ergdengﬂwich minimizes the expected number of transmissions for
ased on their increasing priorities from 'ett 1o nght. reyl -, packet to traverse opportunistically from a source to a

tf:fogtest;r:la:jtl?grf 0<dd ha; ihe h'g_hﬁzts %zlor:g)f trri](()ariltovﬁ/setr destination. We will relax this perfect ACK assumption icse
priority, S U< J S m U gher prionity tion IV by introducing two mechanisms to handle unreliable

uj. (If m = 0, no intermediate forwarder is used.) : . i
. X . and asymmetric packet delivery probabilities.
We will show that the forwarder list selection scheme usedq y P yp

in ETX-OR is sub-optimalthrough a simple example. Recall

that ETX-OR uses the following two rules to select and order
forwardersa) candidate set selection ruleode with a smaller  In this section, we study the forwarder list selection prob-
path ETX value (to the destination) than the source will bem. Under the perfect ACK assumption, we establish a

As in ETX-OR, we assume that global prioritized for-

Ill. FORWARDERLIST SELECTION: GENERAL THEORY



general theory for solving the general forwarder list stbec Proof: The theorem follows easily by using the following
problem in designing opportunistic routing protocol. event-based analysis. We u§& := u,, V---Vu; Vdto
We'll present the MTS algorithm for finding theptimal denote the event that whentransmits the packet, either the
forwarder list which provably minimizes the expected numbelestination nodel or (at least) one of then intermediate
of transmissions needed to transmit a packet from the soufoewarders receives it, whereas we @&(:= i, A- - -Ati; Ad)
to the destination (under the perfect ACK assumption). We denote the complement of this event, namely, when
start by establishing a recurrent formula for computing theansmits the packet, neither the destination nddsor any
expected number of transmissions for a given forwarder lisbf the m intermediate forwarders receives it, FoK k£ < m,

k, 2k i
A. Expected No. of Transmissions for a Given Forwarder Lils(?t £ . den_ote the event that Whesntrans_m|_ts t_he packe_t,
uj receives it but none of the higher priority intermediate

Consider a general topology,where we have a sosir@ed forwarder,u;, 1 < j < k, nord, receives it, and&®#*|£™) is
a destinationd, andn intermediate nodes that are arbitrarilhis event conditioned ofi™ occurring. Note thatg® %+ |gm),
connected among themselves (and witandd).We usez to  — 1 . m, plus the eventd|€™) (i.e., the conditional event

denote the packet probability from the source nedéectly to ¢ the destination nodé receives the packet), are mutually
the destination nodé, z; the packet probability from nodeto  exclusive events, and provide a partition of the ev@it In

the (intermediate) node, y; the packet probability from node gther words,> 1", Pr(EFAk|E™) + Pr(d|E™) = Pr(E™).

v; to noded, andh;; the packet probability delivery probability | et N7, ... denote the expected number of transmissions that
from nodewv; to nodev;, where0 < z <1, 0 < 2; < 1, the source node has to perform until€™ occurs, i.e., at

0 <y; <land0 < hy <17 Given a total ofn intermediate |east one of the nodes ifun, . .., u1, d} receives the packet.

nodes, we have a total of, ;5 possible forwarder Given these notations and recall the definitionf, ..., .4,

lists (including {S,d}—the the default forwarder listvithout we have the f0||owing recurrent formula f(j‘v's_’um’ :

using any intermediate noyleOf these) " #’Z), forwarder

lists, which one is the best and under what condition? ldstea

of directly answering this question, we start by estabtighi e Pt

a recurrent formula for computing the expected number of 2

transmissions for givenforwarder list. Note that if (d|€™) occurs, then no additional transmis-
For m = 1,...,n, let u,,...,u; denote an arbitrary sions are needed. The above recurrent formula states that

(ordered) list ofm intermediates nodes taken from the setof the expected number of transmissions using the forwarder

intermediate node$vy, va, ..., vn}. Then{s, um,...,u1,d} list {s, uny,...,u,d} is the sum of the expected number of

is a possible forwarder list. We would like to derive aransmissions by the source nadantil £™ occurs, and given

formula to compute the expected number of transmissiotie event, forl < k < m, if u; receives it but none of the

to reach destination/ using this particular forwarder list. higher priority forwardersind nordoes the destination node

We denote this number b¥ .,,,,....«,,a- More generally, for receive it, the expected number of transmissiaNs, . ., 4

k= 1,...,m, we useN,, ., a to denote the expectedfrom the intermediate forwarden, to reachd using the

number of transmissions to reach destinatiavhen the packet forwarder list{us, ..., u;,d}. Clearly, Ny_em = 1/Pr(E€™)

has reached nodey, but notu;, j = 1,...,k—1. In other andPr(é™)=1-T[,_,(1 —a)(1—2). Fork=1,...,m,

words, Ny, ... ;.4 1S the expected number of transmissions tpp(ghthigm) = g, Hf;ll(l—a:j)(l—z)/Pr(E’”). Plugging

reach destinatiod if u, is the source node afdy, . .., u1,d}  these formulas into eq.(2) yields eq.(1). ™

is the forwarder list. Given these notations, we have the

following recurrent formula for computingVs ... ..., .a- B. Minimum Transmissions Selection Scheme

THEOREM 1 (Recurrent Formula for Expected Number Ve are now in a position to present thignimum Transmis-

of Transmissions). Consider a general topology with in- SiONS Selection(MTS3Igorithm, which computes the optimal

termediate nodes. Fol < m < n, let {s,u uy,dy forwarder list that minimizes the expected number of trans-
. — — 1 b msy ) )

be an arbitrary forwarder list withn (ordered) intermediate MiSSions. In fact, given a general topology and the destina-
forwarders,u; € {v1,...,v,}. Then using this forwarder list, tion d, the MTS algorithm computes the optimal forwarder

the expected number of transmissions for transmitting &egiaciSts from all sourcesto d, using adynamic proqramming
currently at the source nodeto reach the destination node formulation somewhat analogous to the Dijkstra’s alganith
is given by the following recurrent formula (under the petfe (Which computes the shortest pafism a given source to all

ACK assumption): destinationj . o
Given a general wireless topology, initially 1& be the

k—1 . L

N I e ;5 (1 —25)(1 = 2)Nu, ..uid set of all nodes except for a given destination nadérhe
Stim,-u1,d = =TI, (1 —ag)(1 - 2) "MTS algorithm for computing the optimal forwarder list from

(1) any source node € S to d is described in pseudo-code in

. _ _ Alg. 1. At each iteration of the algorithm, for any node
Note that some of these packet delivery probabilities carDbehich . d ds the (b f der list f d

means that the source and destination can be multi-hops &weay each 'n_ S, FL [U] records the ( eSt) orwarder list from to

other. discovered so far, and/?[v] denotes the expected number of




transmissions using the (currently best) forwarderfigt?[v].
During the initialization stage (steps 1-6), for eache S,
clearly FLv] := {v,d} is the currently best forwarder list
for v, and N[v] = 1/Pr(v — d) if the packet delivery
probability Pr(v — d) is non-zero.

At each subsequent iteration whifeis not empty (steps 9-
13), we pick the node € S such that := argmin,csN?[v]
(step 9), i.e.,u is the node inS with the smallest expected
number of transmissiond’?[u], and remove it fromS (step
10). It can be argued (see the next paragraph) that|u]
contains the optimal forwarder list far with the minimum
N4u] (among all possible forwarder lists far to d), and it
is therefore removed frons for further consideration in the

future iterations. Given this, we now consider any neighb&t —

nodev of « that is still in S (step 11). Ifv is a neighbor
of u, we mergethe current best forwarder ligf L%[v] with
that of u, FL%[u], to obtain a new forwarder list for (step
12). Themerge operation combines and orders the nodes
FL%v] and FLu] (except forv andd) based on the order
at which these nodes are removed from theS&ethe earlier
a nodew in FL%u] or FL?[v] is removed fromS, the higher
the priority of w will be (clearly d has the highest priority,
andv the lowest), and the newergedforwarder list L% [v]
is thus of the form{v, u,...,d}.

We then updateV?[v] with the expected number of trans-

missions using this new merged forwarder IBL?[v], com-
puted via Eq.(1) (step 13). This procedure continues uingl t
optimal forwarder list is computed for all nodes (i.e., Ui
is empty).

AIgorithm 1 The MTS algorithm for computing the optimal forwarder listsall
sourcesv’s to the destinationi. (S is the set of all nodes excep)

1: /Nnitialization:
2: for each vertexv in S do

3: if P.(v— d) > 0 then

4: Nev] :=1/P,.(v — d);FL%v] := {v,d}

5. else

6: Nev] := 0o;FL[v] := ¢

7: INterations:

8: while S is not emptydo

9:  w:= node inS with smallestN <[] (i.e.,u := argmin,csN¢[w])
10:  removeu from S
11: for each neighbow of u andwv is in S do
12: FLd[v] = merge(FLd[ 1, FL%[v])
13: N[v] := NFLd (whereNFLd[ . is computed using eq.(1))
14: RETURN FL“[] ande[]

represents the per-transmission energy consumption a nod
1 when transmitting the packet(as defined in [2]). Given a
forwarder listF' = {s, um,...,u1,d}, we can then associate
a cost functionCr with the forwarder list. Using the same
analysis methodology, we can establish a recursive formaula
compute this cost function analogous to Theorem 1 as follows

m k—1
Gt D1 Tk Hj:l (1 =2;)(1 = 2)Cup,..urd
1=Tho (1 =2 (1 = 2)
3)
Using the above formula as the cost function in Algorithm 1,
we can compute the optimal forwarder that optimizes differe

routing objectives such as the expected transmission tiite (
s/r;) and expected energy consumption (with= e;).
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Fig. 2. Batch mode reduces the éfig. 3.  Effect of two-way link

fect of imperfect ACKs with MTSformula 4 (batch sizé = 100 and
scheme. Sack = 10).

So far we have developed an optimal forwarder selec-
tion algorithm that minimizes the expected total number of
transmissions under the perfect ACK assumption. In pragctic
due to unreliable transmissions (e.g., dueagymmetric link
qualitieg, there will be likelyimperfectACKs. Such imperfect
ACKs would lead to later forwarders no hearing the trans-
missions of the previous forwarders (or source), resulimg
(un-necessaryduplicate transmission§o minimize imperfect
ACKs due to unreliable transmissions and asymmetric link
qualities, we adopt two heuristic mechanisnbstch mode
andtwo-way link quality formulabriefly described below. We
provide simulation results to show that these two mechagism
together can indeed approximate the perfect ACK assumption
fairly well in most scenarios.

Batch Mode. We adopt the batch mode data forwarding mech-
anism and its associatgq@umulative) bitmap ACKscheme.

The optimality of the MTS algorithm can be established bysing the batch mode, packets are grouped in a batch of
induction and proof-by-contradiction. Due to space litiita, certain size (e.gh = 100 packets), and each packet carries a
we omit the formal proof here, which can be found in [11]batch id and packet id (its relative position in the batchd an
Extensions. For simplicity of exposition, in this paper wea batch map where theith entry of the map contains the id
have usedninimizing the expected number of transmissiass of highest priority node (the destination or a forwardeisdzh
the cost function (or routing metric) in selecting the oglm on their relative order in the forwarder list) that has reedi
forwarder list. In fact we can easily account for other rogti packet: in the batch; originally it contains the id of the source.
objectives such as the expected transmission time or eeghedtVhen a forwarder broadcasts the packets of a batch it has
energy consumption by introducing @ode-specific) per- received, each of them carries the same batch map. Hence
transmission cost; at each nodei. For example, define upon receiving only one of these packets, a later forwarder
¢i = s/r;, wherer; is the transmission rate of nodeand (in the forwarder list) will know the status of the packets
s is the packet size, thary represents the transmission timehat have been received by previous forwarders (includieg t
of the packet at node. Likewise, definec; = e¢;, thenc¢; destination) and update its batch map accordingly (plezfse r



to [3] for details). As a result, the batch mode enhances tfilehe same observation also holds when ETX forwarder list

probability of overhearing among the forwarders and reducselection algorithm is used.) Hence with a relative largelba

unnecessary duplicate transmissions. size (e.g., 100 packets) and the two-way link quality foraul
To show the efficacy of batch mode, especially, the effeate can reasonably approximate the perfect ACK assumption

of batch size on reducing unnecessary transmissions, Figar®l perform forwarder list selection accordingly.

compares the expected total number of transmissions under

perfect ACK(i.e., assuming all nodes can hear each other’s V. PERFORMANCEEVALUATION AND COMPARISON

transmissions perfectly) (shown as tigeal no. of Txin the , i ) )

figure) with the (average) number of transmissions actuaIIyWe conduct extenswe_ simulationsiirs2 [7],t0 eyaluate the

required with unreliable and asymmetric links using batdierformances when using our MTS algorithm in ExOR [3]

mode of varying size. Here the simulations are conductdgd MORE [4]. The simulation results reported here are

using the MIT Roofnet dataset (see Section V for morgAsed on the MIT Roofnet topology and dataset [1]. There

details regarding the simulation settings). For each sourd’® 38 nodes i,n the Roofng? topology, and the link qua”ty
destination pair, the (optimal) forwarder list is computesihg (or packet delivery probability) between any two nodes is

the MTS algorithm, and thaveragenumber of transmissions derived from the Roofnet data. The simulation parametes ar

is computed ovei00 simulation runs with different random Iist_ed _in Tablel. There are a total afl06 source-dest_inat_ion
seeds. The x-axis is the source-destination pair id orders in the Roofnet topology. For each source-destingion
based on itsdeal number of transmissionsand the y-axis is shorthand, src-dst) pair, we rao 5|mulat|on§ with .dlfferent
the average or expected of transmissions. From the figure [@@dom seeds, and the averages of th#seimulation runs
see that as we increase the batch size, the average numb& gfePorted in the discussion below. _

actual transmissions (which include duplicate transroiss) We now use different forwarder list selection schemes, MTS
decreases, and approaches to the ideal number of transnsissfd ETX, in EXOR and compare the performances for each
with perfect ACK Similar improvements can be observed als8/¢-dst pair, in terms of both the (averaggjtual number
when we choose forwarder lists using ETX. of transmissions (including duphcgtes), as shown in Fig.4
Two-way Link Quality Formula. To deal specifically with @nd the throughput (or goodput, i.e., the number of bytes
asymmetrical link qualities and discourage the use of link&nsmitted from the source to the destination per unit time
with drastic different packet delivery probabilities afpits two Measured in KB/sec), as shown in Fig.5. In the figures, each
directions, we introduce the following two-way link quglit dOt corresponds to one src-dst pair, where its coordipatg)
formula to re-define the packet delivery probability fromeonf€Present the results under original ETX based ExOR (ETX-

node to another and use it in the computation of expectEfOR) and MTS-EXOR, respectively. We see that overall the
number of transmissions (e.g., as in Eq.(1)): forwarder lists selected by MTS outperform those by ETX:

en 92.05% src-dst pairs have fewer number of transmissions

pi; = pij[l — (1 —pji)% ] (4) under MTS than under ETX scheme, afd.89% src-dst
whereSACK is a parameter that depends on the batch size.pairs have larger throughputs under MTS than under ETX.
this paper, for batch size b=100, we gg#CK .— GACK _ There are a small number of pairs for which MTS-ExOR
0.1b = 10 for all links?. This formula takes into account theProduces poorer performances than ETX-ExOR. Detailed anal
link qualities of both directions as well as the effect ofdpat YSis shows that this is mostly due to the effect of imperfect
mode based cumulative ACKs. Comparing two links, one linrRCKs, causing unnecessary duplicate transmissions. Todur
with the forward link qualityp, is 90% and backward link analyze and compare the performances of MTS-ExOR and
quality po1 is 5%, and other link withpis = p3; = 50%. ETX-EXOR, the performance gains are computed using the
Using the two-way link formula, we havg|, = 36.11% < following formulas: Gr. = (Tzprx — Toyrs)/Trerx
Pls = 49.95% (using SACK = 10). In other words, in order aNdGripur = (Thputyrs — Thputprx)/Thput prx.From
to reduce unnecessary duplicate transmissions due to AEK.6, we see that MTS can reduce the number of transmis-
losses, it would be better for node 1 to use node 3 as a highéns by up ta73%, where the upper bouRaf the reduction
priority forwarder than node 2. Fig.3 shows the effect ohgsi i 100%, and increase the throughput by up2@3%.
the two-way link quality formula which discourages the u$e o
bad asymmetric links with our MTS algorithm in ExXOR, and
as a result, further the number of unnecessary retrangmsssi

TABLE |
SIMULATION PARAMETERS

Parameters Values
2Note that the packets within a batch received by a ngdéas an Batch Size &SACK 100 & 10
intermediate forwarder) will differ, depending on the sersdand rounds of Bandwidth LMbps
transmissions. Hence in general it will be difficult to pesty setSACK . To Forwarder list selection schemes MTS, ETX
. . CK . J . Routing protocol ExOR, MORE
be fairly conservative, we chooﬁg = 0.1b in our study. Alternatively Topology Roofnet
_for a fixed source-d_estination pair and batph size, we coaftact exper- Transmission protocol UDP
iments and use _estlmated_avera_ge ACK size based on measisetneset Period of simulation 150s for each simulation
S;‘;CK for each link. Our simulation study in fact shows that withatizely Dataflow time 120s for each simulation|

large batch size, say, b=100, varyil‘jg;CK does not significantly affect the  3The upper bound of no. of transmissions gain can be easiljrgot the
ordering and selection of forwarder lists in most scenarios definition of G,
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When using MTS (instead of ETX) in MORE to select[2]
forwarder lists, we obtain similar results. Figs.7, 8 andhévs
that93.18% src-dst pairs have fewer number of transmissionsg;
and91.35% src-dst pairs have larger throughput under MTS-
MORE than under ETX-MORE. From Fig.9, we see that MT
can reduce the number of transmissions by u@2&, and
increase the throughput by up 3@2% over ETX in MORE.
The reason why MTS-MORE achieves better performancl
than MTS-EXOR is that MORE uses random network codingsg,
instead of the strict scheduling and ACK mechanisms in
EXOR, to avoid duplicate transmissions. Hence MORE is more,
likely to approach the perfect ACK assumption. As a result,
MTS-MORE attains better performance gain than MTS-ExOR8]

V1. CONCLUSION

Throughputs Fig. 8.

S
(4]

In this paper we established a general theory for analyf-}]
ing the forwarder list selection problem, and developed an
optimal forwarder selection algorithm—tignimum transmis- [10]
sion selection (MTS3lgorithm—which minimizes the expected
number of transmissions under the perfect ACK assumptigin]
We showed how this assumption can be relaxed in practice
to account for unreliable and asymmetric link qualitiesr Oy, ,
theory and algorithm can also be generalized to other rout-
ing objectives such as minimizing the expected transmissio
time or energy consumption in opportunistic routing. Ttglou (13
extensive simulations using the MIT Roofnet dataset, we
demonstrated that in more than 90% cases the MTS algorithiri
outperforms the forwarder selection scheme used in ETX
based opportunistic routing protocols such ExXOR and MOREs5)
with performance gains up to 82% in terms of the number of
transmissions, and up to 322% in terms of throughput.
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