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Abstract—Opportunistic routing [1], [2] was shown to improve goes in rounds. Forwarders transmit in order, and only one
the network throughput greatly. The core idea is to allow any forwarder is allowed to transmit at any given time. The asher
node in the forwarder list, which overhears the transmission jistan the transmissions to learn which packets were owaeche
and is closer to the destination to participate in forwarding the by each node. In contrast to EXOR's hiahly structured sched-
packet. The nodes inforwarder list is prioritized and the lower y : ghly .
priority forwarder will discard the packet if the packet has been uler, MORE addresses the above challenge with randomness
forwarded by a higher priority forwarder. One open problem and is MAC-independent Opportunistic Routing and Encoding
is how to select and prioritize forwarder list efficiently. In the  MORE randomly mixes packets before forwarding them. This
paper, we investigate how to select and prioritize forwardelist  oqy reg that routers that hear the same transmission do not

to minimize energy consumptions. We study the case where the .
transmission power of each node is fixed (known ason-adjustable forward the same packet. Indeed, the probability that such

transmission model) as well as the case where each node is ablerandomly coded packets are the same is proven to be expo-
to adjust its transmission power for each transmission (knwn nentially low. As a result, MORE does not need a special
as adjustable transmission model). Energy optimum algorithms to  scheduler; it runs directly on top &02.11.

select and prioritize forwarder list in both cases are presated and There is an open problem in the opportunistic routing

analyzed. Worth to mention that, our methods do not assume an _— . )
geometrical properties or energy models, they apply to pratical design: how to select the appropriate forwarder list sueth th

and dynamic wireless networks. In addition, we conducted the expected energy cost is minimized? In this paper, we
extensive simulations in TOSSIM to study the performance of investigate this problem and propose obnergy Efficient

the proposed routing protocol by comparing it with EXOR [1].  Opportunistic Routing (EEOR)rotocol for wireless networks
through rigorous theory analysis as well as extensive simul
tions. We study the case where the transmission power of each
Routing protocols have been studied extensively in wigelesode is fixed (known ason-adjustable transmission moylel
networks. In general, design of those protocols are guiged as well as the case where each node can adjust its transmissio
two essential requirements: minimize energy cost and magiewer for each transmission (known adjustable transmis-
mize network throughput. The traditional routing protecsi  sion modél. Optimum algorithms to select and prioritize
wired networks choose the best sequence of nodes betweswarder list in both cases are presented and analyzedhWor
the source and destination, and forward each packet throughmention that, our analysis do not assume any geometrical
that sequence until next routing update period. In the paptpperties or energy models, and apply to dynamic multi-
the majority routing protocols in multi-hop wireless netk® hop wireless networks. We conducted extensive simulafions
have typically followed this convention, including thosellth TOSSIM to study the performance of the proposed protocol
path routing protocols. However, this convention did néeta by comparing it with EXOR [1]. It shows that both energy
advantages of the broadcast nature of wireless commumicatiefficiency and network performance is higher than ExOR.
a node’s transmission can be heard by any node within itsThe rest of the paper is organized as follows. In Section
transmission range. In addition, the lossy and dynamiclesse 1l we explain how to calculate the expected energy cost
links make traditional routing protocol unsuitable as wiedl., using EEOR and present the algorithm to select energy cost
in multihop wireless networks, various factors, like faglin optimum forwarder list. In Section Ill, we present our syste
interference, multi-path effects, and collisions, cangenarily design details of our implementation in TinyOS. We report ou
lead to heavy packet losses [9] in the pre-selegtead path, simulation results in Section IV. We review previous works
even not mentioning whether that link is actually good or.nobn some related energy efficient and opportunistic routing
In contrast, opportunistic routing, like ExOR [1] and MORBprotocols in Section V and conclude in Section VI.
[2], allows any node (in the forwarder list) that overhedrs t
transmission and is closer to the destination to partieipat
forwarding the packet. The routing path is selected oppistu A- Network Model
tically based on the current link quality situations. Hoeev  We consider a wireless ad hoc (or mesh) network and
opportunistic routing introduces a difficult challenge het assume that all wireless nodes have distinctive identfties
same time: multiple nodes may hear a broadcasted packet[1,n]) and each wireless nodehas a maximum transmis-
and unnecessarily forward the same packet. EXOR deals wstbn powerl¥. In some cases, we assume that each node can
this issue by tying the MAC to the routing, imposing a stricadjust its transmission power to any value betweemnd V.
scheduler on routers’ access to the medium. The schedulet w denote such adjusted transmission power. The multihop
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wireless network is then modeled by a communication grajpiigher priority to forward the packet. Then one or more nodes
G = (V,E), whereV is a set ofn = |V| wireless nodes and in the forwarder list, which received the packet succefsful

E is a set of directed links. Each directed liftk v) has a non- will opportunistically act as the new source node(s) andeou
negativeweight denoted byw(u,v), which is the minimum the packet to the target node. This is implemented by sending
transmission power required by nodeto send a packet to ACK messages in different priorities among the nodes in the
nodev. Our methods work with any weight assignment, ifiorwarder list which receive the packet correctly. Detéiés
other words, the weights assigned to the communicatiors linkeen described in section Ill. In this paper, we continue to
could be derived from any power attenuation model. use the concept and main idea Edrwarder List and will

The number of neighboring nodes of a nodechanges propose the different strategy to constru&irwarder List
with the power consumed at nodewhen sending a packet.more efficiently and usefully in order to minimize total egyer
Let NV, (u) denote the neighboring nodes of a nadevhen consumption of wireless networks.
nodew transmits with the powew. For simplicity, when the  Let C,(Fwd) denote the expected cost needed by an
subscriptw is not mentioned, we mean that the node is usirgpportunistic routing to send a packet from nodeo the
its maximum poweri.e, N(u) = Ny (u). Also each link target node when the forwarder list Bwd. For simplicity,
(u,v) has anerror probability, denoted bye(u,v), which we useC, to denote the expected cost of nodéf there are
is the probability that a transmission over lifk, v) is not no confusions. Initially the expected cost of targetisnd
successful. In other words, node must consume at leastthe costs of other nodes ase. Using the similar mechanism
w(u,v) power to have a chance df — e(u,v) to transmit of distance vector routing, the calculations will be catrie
a packet to node. No transmission is possible otherwise. out periodically and every node updates its expected cost

To see how we take advantage of wireless multicast aalRd forwarder list periodically. Since nodes may or may not
vantage (WMA), consider the contrived scenario in Figure have the ability to adjust their transmission power, here we
The error probability from the source to each nageis e consider both assumptions and provide algorithms to select
and the error probability from each nodgto the target node the forwarder list for both cases.
is 0. Traditional routing would route all the data through the
same node during a routing-update period, so the packet BasNon-Adjustable Transmission Power
to be sent;- times before being received by the intended |n this section, we consider the non-adjustable transorissi
nodewv;. However, by taking advantage of WMA property, thegower model, where each node, sayuses a fixed transmis-
packet has to be sent onjy!- times. The difference is more sion power. Note that in this model the weight of the link
noticeable where is close tol andn is a big number. In connecting the node to its neighbors does not matter. One
other words, the advantage of using WMA property is mofi@ay think that the best forwarder list in this case\igu), but,
noticeable in dense graphs with high error probabilities.  surprisingly, it is not always true. At the end of this sentio
we will show an example, based on the Figure 1, such that
the best forwarder list only contains part of nodesNiiu).

Now we study how to calculate the expected cost for each
node and how to find the forwarder list. Consider a nade
and its neighboring nodes. We find the expected cost of node
and the forwarder list of node based on the expected cost of
the neighbors which are already assigned an expected nost. |
other words, here we want to choose a subset of neighboring

@ (b) nodesN (u) as forwarder list of node such that the expected
Fig. 1. (a) Wireless Multicast Advantage, (b) Calculatihg expected cost. cost of sending a packet for nodeo the target is minimized.
Given a set of nodeS, let S* denote the sorted list & based

The basic idea of opportunistic routing is to take advantag® their expected cost in increasing order. Eetd(u) denote
of WMA property during packet forwarding. Consider thathe forwarder list of node. To find the expected cost at node
a source node and a target node that are far apart, whgrgue first sort the forwarder lisiwd* () in increasing order
the packet from the source node to a target node must dfethe expected cost,e., Fwd*(u) = {v1, va, ooy U] Fwd ()| }
routed through a multi-hop path. Traditionally, the packgiherei < j = Cy, < C,,. Let a denote the probability
will be routed through a predefined multi-hop path during @hat a packet sent by nodeis not received by any node in
routing-updated period, and the packet sent at each stepyd*(u). Clearly,
the source node is intended for only one node, in other words,
unicast transmission for each step. It makes sense in wired
networks as nodes are connected through dedicated wires, a= Cuv; @)
however, it did not take the wireless multicast advantage. A =1
proposed in EXOR [1], the source node selects a subset of itdet p denote the probability that a packet sent by nods
neighboring nodes as a forwarder list. The forwarder list igceived by at least one node twd*(u). Thenp =1 — a.
prioritized by the source node to indicate which nodes hatet C*(Fwd*) denote the expected energy that nadmust
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consume to send a packet to at least one node in the forwarder Proof: We prove this theorem by contradictions. As-
list Fwd*. C*(Fwd*) can be calculated as follows: sume that the optimum forwarder list, saypt, has the
N . w lowest expected cost and is not a prefix &f*(u) =
C, (Fwd*) = —

u P {v1,v2,-- ,vn=(u)}. Then there must be two nodes
Uk, Vk+1 € N*(u) such thatv, ¢ Opt and vy, € Opt.

When at least one of the nodes in the forwarder list h : , e "
received the packet, we need to calculate the expected Cos§umevk s the f|rst node satlsf!es cond|t|ons. above.when
' &' check nodes irOpt* (sorted list of Opt by increasing

for one of nodes in the forwarder list to forward the packet. . o
Here we assume that only one node from the forwarder “occder) one by one. We will show that, i, is added to
y 5pt, the expected cost decreases, (&,(Opt™) < C,(Opt),

will forward the packet. Although this assumption is very 4 henceOpt cannot be the optimum forwarder list. Here
optimistic but, as we will explain later, in most cases it i%) '

- OptT = Opt | J{vk}.

e, IS, e Gxamine a vy 10 compute an upper boud, sy

A, of the expected cost for the node g&tt* as follows. If
could forward :Ehe data packet. odevy 1 receives the packet and nodgdoesn'’t, then node

Let Cf(Fwd*) denote the expected total cost for node(s;} f .

. x+1 forwards the packet with cost,, . ,. If both v, and
|fn FW% tol_relgy the packet tohthe ;arge_t when’(!js fcurren(; vy, receive the packet, then nodg forwards the packet with
”c;:wiszerdLstzlstd. A?syme that t eTErlormzbe b'|(')rW?hr tercosthk. In other word_s, node;, forwards_ data _only if both_

w {v1, 02, U] Fwd - e probability tha nodewv, andu;,; receive the packet. It is obvious that this
nodevl_ forwards the packet i$ N e(u, v1) in which case t_he change increases the expected cost of ngdessuming same
cost WI.||. be C,,, then nodev, WI|.| forward the packet W|th forwarder listOpt+. In other words A > C, (Opt+).
probability e(u, v;)- (1 —e(u, v2)) in which case the cost will .y, “ e compared and C,(Opt). Let us consider the
be C,,. Basically nodev; for.war.ds_ the packe_t if it receives expected cost to forward the packet by one of the nodes in
the packet anq noo_lag-,o <)<t did not receive the packet the forwarder list. The only time that the cost is differest i
correctly and in this case it will cost’,,. So we can sum when nodev, and nodeuv;,. both receive the packet and
these costs as follows: no nodew;,i < k receives the packet. In the calculation of

[Fwd™ i1 A, the cost isC,, ; while in the calculation ofC, (Opt), the

f= Z H uv; (1 = €uv;) - O, ()  cost isCy, ., sincev, ¢ Opt. According to the assumption,
=1 j=1 Cy, < Cy, .1, henceA < C,(Opt).

Since 8 is computed under condition that a forwarder node Consequently, we have',(Opt™) < A < C,(Opt). That
got the packet, then we have is to say,Opt can not be the optimum forwarder list, if it is

3 not a prefix of N*(u). This completes the proof. [ ]
ClH(Fwd*) = E 4) We further study the properties of forwarder list, by in-
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troducing two more theorems. The first theorem, Theorem
After C"(Fwd*) and C/(Fwd") are calculated for a given 2, shows that if a node, whose expected cost is less than
forwarder list,C,, (Fwd™) is computed as follows: the expected cost of a prefix forwarder list, is added to the
. . : y forwarder list, then the expected cost of the newly created

Cu(Fwd") = O} (Fwd®) + Cf (Fwd") ) forwarder list will decrease but it will still be greater ththe

So far we introduced a method to calculate the expected ce¥pected cost of the newly added node. The second theorem,
for a given node and a given forwarder list. But we did notheorem 3, shows the opposite: if a node, whose expected
discuss how to choose the forwarder list. Consider theré: argost is greater than the expected cost of a prefix forwarder
nodes inN (u) for which an expected cost is already assigneﬂ$t, is added to the forwarder list, then the expected cést o
then there areg2* — 1) choices to select the forwarder listthe newly created forwarder list will increase.

Finding the expected cost pertaining to each forwardeiidist Theorem 2:Consider a nodeu, a prefix forwarder list
not practical. Here we study the properties of the forward&wd”, and a nodey, € N(u) \ Fwd". If C,, < C\(Fwd"),
list and the expected cost first and then we explain how #@enC,, < Cy(Fwd" [ J{v}) < Cu(Fwd")

efficiently choose the optimal forwarder list. Proof: Assume node: uses energy to send the packet.

To simplify our arguments, let us introduce a propertfor simplicity lete = ey,,, C1 = C,(Fwd"), and Cy =
known asprefix A set X is called a prefix of an ordered Cu(Fwd" U{vx}). Using Equations (1), (3), and (5) we have
setY if X are the set of firsk elements ofY. So each {(1 Q) Ci=w+p
setY has (Y| + 1) prefixes. Now consider node and its (6)
neighboring nodesV(u). Sort the nodes inV(u) based on (L—a-e) Cr=w+f+a(l —e)Cy,
their expected cost, and git*(u) = {v1,va, ..., v () } SUCh  Subtract and reorder, we haye—«-e)-Co = (1 —a)-C1 +
that|N(u)| > i > j > 0= C,, > C,,. First we show that a(1 —e)C,,. We know thatC,, < C1,s0(1—a-e)-Cs <
the optimum forwarder list of node is a prefix of N*(u). (I1—-a) -Cy+a(l —e)Ch, thus,Cy < Ch.

Theorem 1:The optimum forwarder list of node must be Now we show that”,, < Cs,. In Equation (6), we replace
a prefix of N*(u). (w + B) in the second equation witf(1 — «) - C1) from the



first equation_ Then we ha\(a — - 8) -Cy = (1 — a) -Ch+ be ’w+(1—€1)-01+€1(1—62)-02+€162(1—63)'03’ which is equal to
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a(1—e)C,,. We know thatC, < Cy, thus,(1—a-e)-Co > 18 > 2.5 So the optimum forwarder list ivi,v.} and

(1-a)-Cy, +a(l —e)C,,. This implies thatC, > C,,. B the expected cost at nodeis 2.5. This would serve as a
Theorem 2 proves that the expected cost of each nodegisod example that an optimum forwarder list is not necelgsari

higher than the expected cost of every node in its forward&f(«), as mentioned in the beginning of this section.

list. This property enables us to take a greedy approach inFigure 2 illustrates another example of the optimum for-

routing, which will be discussed later. warder list calculations. The graph hashodes and the link
Theorem 3:Consider a nodeu, a prefix forwarder list weights and error probabilities are shown. The forwardeoif

Fwd", and a nodey, € N(u) \ Fwd". If C,, > C,(Fwd"), each node and also expected cost of each node is shown in the

thenC, (Fwd" U{vx}) > Cu(Fwd"). figure (the expected cost is rounded by two decimal places).
Proof: The proof is similar to that of Theorem 2. InNote that not all the neighbor nodes are used in forwarder
Equation (6), we subtract and reorder to get-a-e)-C2 =  lists; the vertical link shown by a dashed line is an example.
(1 —-a)-Cy +a(l —e)C,,. We know thatC,, > Ci, thus,
(I—a-e)-Cy > (1—a)-C1+a(l —e)Cy. This implies that 5 w201 et
Cy > (1. |
Having these three properties, the forwarder list for a : :
wireless node can be selected easily. The following Albanit SOV o Target
1 finds the optimum forwarder list and calculates the expukcte / P

©=249  w=02,e=03  c=143

cost for a wireless nodes. First it calculatesN*(u) and

then adds nodes itV (u) to the forwarder list as long as theFig. 2. An example for non-adjustable transmission powsecdhe solid

expected cost ofi is decreasing. Just before the cost Stangrect link means the destination node of this link is selddnto the forwarder
. . . ) ., [list of the other.

to increase, it terminates. Clearly, knows whether it will

increase or decrease its expected cost before it adds aoeigh

node to its forwarder list due to Theorem 2. Note that based

on the theorems aforementioned, it is clear that Algorithm & Adiustable Transmission Power

finds the optimum forwarder list for each wireless nade  |n the power non-adjustable case ( Section 11-B ), the power
Basically Algorithm 1 can be used to find the forwarder lishat a nodey consumes is fixed and therefoM&(u) is fixed

and compute the expected cost for a wireless node under {§6. In this section we consider the case where a node can
non-adjustable transmission power model. adjust its power to any value € [0,1V]. Note that for a
given forwarder list, if we decrease to the weight of the
Algorithm 1 ExpectedCostFixedPower, N (u), Cy, Fwd) farthest link inFwd(u) thenC” (see Equation 2) may decrease

Input : the expected cost of all its neighboring nodes while C/ (see Equation 4) will remain the same, so using
Output: the costC, and forwarder lisfFwd. adjustable transmission ranges will give us some marginal
1. SetC, = oo, Fwd = . improvement. As another example consider Figure 3. Assume
2: Sort the neighboring node¥™ (u) = {v1, v, ..., V|n(u)| } node w consumes powet, has the e_xpe(_:ted coéf_ﬂ, and
based on their expected cost. W > w(u,v) > w. As can pe seen in Figure 3, if node
3 for (i=1;i <|N(u);i=i+1) do consumes powety, nodev will not receive packets sent by
4 if (C,>C,,) then nodew. Should we increase the transmission power of node
5: SetFwd = Fwd |Jv; andC, = C,,(Fwd) u to include nodev in its transmission power? I, > C,,

based on Theorem 3, adding nadwill increase the expected
) ) ) cost at nodeu even if no more additional power is needed.
Consider a network example |I_Iustrated by _Flgure 1(bhut if ¢, < C,, it is a trade-off. Adding node in one hand
Assume node: consumes one unit of energy (.. = 1) jncreases the powet” that nodeu must consume and in the
to send a packet and;(u) = {vi, vz, v3}. For simplicity  other hand decrease®/, this may or may not decrease the
let e; denotee(u,v;) and ¢; denote the expected cost a%xpected cost at node
node v;. The forwarder list and the expected cost of node
v will be calculated as follows. First we add nodeg to
the forwarder list. The expected cosFwd(u) = {v1})
will be %jﬁ’cl = 3. Next, the expected cost of node
ve IS 1.5 and based on Theorem 2 adding nodeto the
forwarder list will decrease the expected cost of nad&hen
add v, and the current expected coftwd(u) = {v1,v2})
becomes“”r(l’el)1'?;:2(1’82)'C2 = 2.5. In turn, we check
nodev; with expected cos8, based on Theorem 3 adding () (b)
node vs will increase the expected cost at node For Fig. 3. (a) Calculating the expected cost in adjustablestrassion power
example, the expected cosFwd(u) = {vi,vs,v3}) will ~model; (b) The case where more than one node forwards theepack
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To find the expected cost in adjustable transmission power Proof: We prove this by induction. At the beginning there
model, we sort the nodes iN(u) based on the weight of theis only one node inSs, so S, is loop-free. Now consider
link that connects that node te. Then we keep increasingthat afterk steps,S, is still loop-free and afk + 1) step
the power at node such that the number of nodes vy, (v) nodew is added taS». Since at every step each node chooses
increases by one at each step. Then for eacland each its forwarder list from the nodes i3, there is no link in
N, (u), using the Algorithm 1, we calculate the expected co&xpected Cost Graph to node so adding node: will not

and pick the one that induces the minimum cost. generate any loop. This completes the proof. [ |
Theorem 5:Algorithm 3 assigns the optimum expected cost
Algorithm 2 ExpectedCostAdjustPower, C,,, Fwd) to each node.
1: SetC, = oo, Fwd = () Proof: We prove this theorem by induction. Algorithm 3
2: Sort nodes inN (u) based onweight adds a node t8- at each step. We show that the expected cost
3 Let N(u) = {v1, 02, s VN (u)| assigned to the newly added node is opti.mur_n. We_start with
4:for (i=1;i <|N(u);i=i+1) do the target node that has expected dosthich is obviously
5. Setw = w(u,v;) optimum. Now consider that aftér steps, the expected cost
6: Run ExpectedCostFixedPower N,,(u), Cr, CFwd) for every node inS, has been calculated and (@t+ 1) step
7. if C, > Cr then nodew is added taS,. Based on the algorithm, nodeselects
8 SetC, = Cr andFwd = CFwd. its forwarder list from the nodes i, only. It suffices to show

that nodeu will never choose a node i in its forwarder
list. Based on Theorem 2, the expected cost of the node that is
D. The Main Algorithm added to seb, is greater than the expected cost of any node

So far we have learned how to build the forwarder list for ajfiat iS in:S2. SinceC, has the smallest expected cost among
individual node based on the expected costs already assight® nodes inSy, the expected cost of the nodesSn will be
to neighboring nodes. Now we provide an algorithm that suild@Ways greater thari’, and hence those nodes will never be
the forwarder list for each node in the graph. in the forwarder list of node:. This finishes the proof. ®
Basically we calculate aexpected cosfor each nodeu IIl. SYSTEM DESIGN

to send a packet to the target nodeLet C, ; denote this

expected cost. Assume that the cost for a node to send a packé’i' this_sec_tion, we present our design details of our EEOR
to itself to be zero (i.e.(;; = 0). Given a setV’ of nodes protocol in TinyOS-based wireless sensor network systdma. T

a source nods, and a target nodg the following algorithm Qesign faces several key challenges. Firstly, all nodeste

computes the expected energy cost needed to relay a pad] tge sarrr:e forwarder list must aﬁrehe on nEXt opﬁ_rartljer,\,
from any node to the target nodeising opportunistic routing. 22Sed on the priorities coming with the packet, which one(s)
will finally act as the relay node(s) in order to save energy an

increase the throughput. Since agreement involves communi
cation and thus increases the overhead of the wireless retwo

we must guarantee the increased overhead will not overwhelm
the performance gain. Secondly, the EEOR protocol should

Algorithm 3 Expected Cost by Opportunistic Routing

Input: target node, source nodes, powerw(u,v) and link
reliability for each linkuw.

1 SetS =V —{t}, S» = {t} and be able to handle the network traffic efficientiye., be able
Vu eV, setCy, = oo, let ¢y =0 to handle with congestion, to avoid bottleneck in order to
2: Yu € N(t) run Algorithm 1 or 2 to compute”, . decrease packet loss ratio and save the energy cost at tiee sam
3: repeat _ o time. To solve this issue, we need to consider many aspects.
4: Letw be the node i, that has the minimum cost. ko example, the ongoing traffic flows from all source nodes
5 LetSi =51 —{v} andS; = Sy U {“}-_ should not exceed the capacity bound of the wireless network
6: For eachu € N(v) N Sz, run Algorithm 1 or 2 t0 |, other words, all source nodes need to have the ability to
computeC,. adjust their network flows according to the current network
7 until s € Sy situation such that the ongoing flows in the wireless network

are stable. For example, a source node could push more flow to
Algorithm 3 works as follows. First the set of nod&s the network if the latter does not reach its capacity; otlezw
is divides into two setsS; and .Ss. Initially set S; = V — a node should decrease its flow. Thirdly, a single packetdcoul
{t} and S; = {t}. Then we find the node irb; that has arrive at the destination through multiple paths, thus lve®
the least expected cost to send a packet to the targetiodmore wireless nodes, consumes more energy and increases
We remove that node froniy \ S and add it to SetS. The the traffic burden of wireless networks. Thus, it is necessar
algorithm continues till the source nodeis in the setS,. to introduce penalty to EEOR if a node is too selfish such
Let Expected Cost Grapkenote the directed subgraph thathat it chooses too many nodes as potential forwarders. For
includes a directed edgev from the original communication example, when a wireless node finds the packets from its
graph ifv is in the forwarder list ofu. neighbor contains too much nodes in the forwarder list, it
Theorem 4:Expected Cost Graph is loop-free. could increase its expected cost to quit the forwarder list



next time or drop this packet. Fourthly, the broadcast matuflgorithm 4 EEOR Packet Handling Protocol

of wireless communication not just add the complexity dhput: Receiving a packet p

interferences, but also add benefits by enabling snooping ar if p is a data packethen

overhearing. A node can utilize overheard messages toeedug: if this is the first time for to receivep then

control overhead like ACK messages. Actually, to utilizesd 3 if u.id == p.des then
shooped information to avoid duplication is one importants: broadcast(ACK (p)); pktList(p).status = PD;
strategy in our design and simulation results indicate thiat save data packet;
strategy can improve the system performance well. Algorith s: if u.id == p.sdr) then
4 presents the strategy of packet handling of our EEOR: Drop(p); pktList(p).status = PD;
protocol in details. In the algorithm, we ug&b, PF, PEand 7 if u is in the forwarder list ofp then
PO to denote the corresponding operations of a wireless nodg broadcast(ACK (p)); putPacketInBuf fer(p);
u after it receives a packet. PD meansu droppedp, PF and pkt List(p).status = PF;
meansu is forwarding or will forwardp, PE meansu has o else
forwardedp, andPO meansu is the source node qf. 10: pktList(p).status = PD;
Table | lists the data structures used in algorithm 4. Warth t11:  else
mention thatu. fwdList(p) in the table has the same meaning2: if pktList(p).status == PD then
as Fwd(u) used before, and emphasizes the forwarder list is: Drop(p);
constructed for packet. 14: it (pktList(p).status == PO) V
TABLE | (pktList(p).status == PE) then
DATA STRUCTURES 15: Drop(p); pktList(p).status = PD;
16: if pktList(p).status == PF then
u.id the unique identity o’f v_virele_ss node 17: if p.sdr.pri > u(p).pri then
ot ey g T Droplo)s pheList(p).status = PD;
ACK (p) ACK message corresponding to 19 else
w.fwdList(p) | forwarder list thatu constructs forp 20: Drop(p);
u(p).pri priority of  to forwardp, this is indicated 21: else
u.pktList() gattl:’]ke;tf(lji;v?;ud,evrvriliscthclfc:::g!gs?n;grmation 22 if p is ACK(q) then
of all data packetsu received during al 23 if (¢ ¢ u.pktList)\/(u.pktList(q).status == PD)
period of time then
24: Drop(p);
The example shown in the following Fig. 4 can be considzs: else
ered as a snapshot of a part of a wireless network gives 2 if (u.id == q.sdr)\/((p.sdr)(q).pri > u(q).pri)
a simple case which can help us to understand and illustrate then
Algorithm 4. In Fig, 4, node:; could receive the same packet,27: u.pckList(q).status = PD; Drop(q);
28: else
v g 29: Update information based on beacon message
N/?
/ N has highest priority) only once if4, us5, us agree on which
h one of them will forwardp. If they cannot agree with each
u " other due to ACK loss or nodes cannot receive signal from

uy OF us (showed in this case); will receive p again from
ug and from eithenu, or us, or all of them due to ACK loss.
Fig. 4. A simple example in which node; could receive same packet By using Algorithm 4, clearly, some of transmission could be

(p) for many times. Here, node; € wus2.fwdList(p) (| ur. fwdList(p), . . -
uz € ws.fwdList(p) and all three nodess,us and ug is belong to avoided. For example, ifi; receive thep from u; whenu,

ua. fwdList. The bidirectional arrows of a link means two end points oforwardedp to ug4, us, ug, wr Will never forwardp to u;. Or,
the link are neighbors of each other. if w4(p).pri > us(p).pri, us will forward p to next hop first,
us Will not forward p again if it receivegp again fromu, even
sayp for many times. For instance, after node broadcasts if the AC K (p) sent byu, is lost. In addition, our simulation
p to uy andug, if us(p).pri = ui(p).pri, us will broadcast resylts show this packet handling mechanism can mitigate th

ug again. In addition, ifu; hasp (maybe due to multiple

paths),u; will send p to u; sooner or later becausg is in IV. PERFORMANCEEVALUATIONS

the forwarder list ofu;. Moreover, afteru; becomes a new To illustrate the feasibility and performance of our proto-
source ofp and forwardsp to w4, us, ug, if uy is fortunate col. We implemented both EEOR and ExOR on TOSSIM,
enough,u; could receivep from one of{u4.us,us} (the one Tiny0S2.0.2. on Ubuntu7.0.4. and conducted extensive tests



based on different network environment. We implement ExOR
following the descriptions in [1]. To compare two protocols
fairly, we use same max forwarder list size for both and let
batch size in EXOR equal tb. We compared our simulation
results with ExOR [1] for unicast case with respect to energy
consumption, packet loss ratio, end-to-end delay and packe
duplication ratio, etc. The experimental results showed tife
performance of our protocol is better than ExOR. In addijtion

ing
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the simulation also examines some of the individual desigh a L
implementation decisions in our energy efficient oppostioi

routing protocol, explores the consistency of our algonigh
performance and identified areas for improvement.
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Fig. 6. Total receiving count for all nodes

A. Network Description the constraint of penalty. However, in EEOR, when a naede
We randomly deployl00 wireless nodes with transmissionchooses forwarder list for a packet, it will not only consile
range50 feet in a300 x 300 feet? square region. The nodethe expected cost of sorted neighbors, but also considers th
software uses default CSMA MAC protocol in TinyOS. increment cost to add a node to the forwarder list such that
We randomly pick 18 pairs of wireless node aswu will stop to add a new neighbor to the forwarder list if

source/destination pairs and for each source/destingizan doing so will lead the expected costwincreasing. Second, a
nodesu and v, u will generate a new packet per secondyireless node:'s expected cost (ETX in EXOR) only depends
and send tov. Notice, the speed of generating new packe&n the neighbor which has smallest ETX value. However, the
could change when the source node finds congestion in gpected cost of a wireless nodein EEOR is determined
network. We call the number of sending packetslat size both by the current selected forwarder list and by link error
Considering the limited storage capacity of wireless seng@tes between and nodes in the forwarder list, which is more
nodes, we set the buffer size 56 bytes. After the buffer of a reasonable. These two differences aforementioned between
node is full, it will either drop new packet or replace old kaic EEOR and EXOR make the average forwarder list size of the
with new one according to different priorities of packets. former is smaller than latter's in most of cases, thus EEOR
_ involves fewer intermediate nodes. In addition, we alsdistl
B. Performance Comparison and compared the total transmission times and receivingstim

We compared our protocol with EXOR with respect to thir each source/destination pair separately for both EEQR a
total energy consumption, packet loss rate, end-to-enalydeExXOR. Let us take node pa#i0 — 10 as an example. Here,
and packet duplication ratio. Due to different motes hawbe hop number of the shortest path between néfemnd10
different energy consumption parameters, we first consileris 5. When we let source nod#® send up to500 packets to
and compared several operations of nodes which consutaget node0, the total receiving times of all nodes (involved
most of a node’s energy, like sending and receiving. TheJ-igin the transmissions between péir— 10) is 23080 by ExOR
and 6 show the count of transmission and receiving (inclydimnd is20914 by EEOR separately. And the total transmission
receiving, snooping, intercepting) of all wireless nodathw times for pair90 — 10 is 9396 by ExOR and8357 by EEOR
EEOR and ExOR respectively. separately.

Next, we measure the total energy consumption for both
protocols based on the energy consumption parameters of
| ] Tmote Skysensor node. For example, the energy consump-
tion for one time transmission and receiving for Tmote
= Sky sensor node i87.4mA and 19.7mA respectively. The
] Fig. 7 illustrates the total energy consumption for EEOR,

g ] AdjustablePower-EEOR and ExOR three protocols when we
g let the data size of each source node change f20m to
" ] 500 given a fixed randomly topology and randomly chosen
18 source/destination pairs. As we can see, the total energy
consumption for each protocol is increased with the data siz
of each source node. And for each case, the performance of
our protocols is better than EXOR's.

As we can see from the figures, both transmission andTo compare the packet loss rate, we set the data size of each
receiving count of EXOR are larger than EEOR’s. This isource node equal @00 and compared8 source/destination
because of the following reasons. First, for a naden pairs one by one for both protocols. The comparison ressllts i
EXOR, it will always choose more neighbors (all neighborshown in Fig. 8. As we can see, the average packet loss rate
sorted by ETX [16]) into forwarder list for a packet undeof each pair increases as the hop count increases between a
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Fig. 5. Total transmission count for all nodes.
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' we considered both the expected cost of a neighbor node
and the link error rate betweenandv, in other words, we
] combined both the distance and reliability of the link bedwe
| u andwv, this will lead u to choosing further nodes with good
link quality to the forwarder list.
o2t 1 The last property we compared our protocol with EXOR
|m ﬂﬂﬂﬂhﬂﬂ is the packet duplication ratio. Here the main reason for us
e &&..0&”’:?:)’ f Hﬂ‘*‘ to test packet duplication ratio is because both EEOR and
B ExOR are multi-path routing protocols such that in most of
Fig. 8. Packet loss ratio. cases they cannot avoid the fact that same packets will be
relayed to the destination node through multiple pathss thu
increases the overhead of wireless networks. Thus, maiki-p
source and a destination node. In addition, in most cases, fioperty for unicast on the one hand decrease the packet loss
packet loss rate of EEOR is less than EXOR’s. ratio and energy consumption to some extent, on the other
The next comparison property is the end-to-end delay. Wiend increase the overhead of the whole network. Fortunatel
still let each source node send up 360 packets towards through our simulation results, the overhead increased by
its destination. We measure both average and max end-to-emdti-path property is not much. The reason is because for
delay time for each source/destination pair. Here, the itiefin both protocols, a forwarder list for each node constraings t
of end-to-end delay of a packet is the time duration fromrea in which a packet can travel in the network, and at most
a source node sent the packet to a destination received tiizes, these multiple paths will converge to some node(s) or
packet. The average delay of each pair is illustrated in9Figat least cross with each other. The result of duplicatiorkgiac
and the maximum delay for each pair is described in Fig. 1@tio is shown in Fig.11. Here, the definition of repeat tirises
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Fig. 9. Average delay for each pair. Fig. 11. Packet duplication count.

As we can see, the end-to-end delay of EEOR is shorter thée average times that a wireless node is required to forward
EXOR’s. This is mainly because in EXOR, a wireless nade how many duplicated packets for each source/destination pa
sorts the neighbors nodes only by ETX when it chooses the
forwarder list for a packet,e., the relatively further neighbors
will be chosen if they have smaller ETX. However, the further A number of energy efficient routing protocols [4], [10],
distance betweem andwu increases the unreliability of used[11] have been proposed recently combining with a variety
links as well, thus decrease the probabilitywofo transmit techniques (dynamic transmission power adjustment, adap-
packets tov successfully. In EEOR, for a wireless node tive sleeping, topology control, multi-path routing, ditenal

V. PREVIOUSWORKS



antennas, etc). Many existing power-aware routing prdsoc@f packets in order to reduce the communication cost of
often assumed that the wireless links of a wireless netwoagreement. The source node includes in each packet a list
are reliable and then try to theoretically prove perforneanof candidate forwarders prioritized kglosenesgo the desti-
guarantees [5], [12], [13]. Srinivas and Modiano [11] in¥es nation. Receiving nodes buffer successfully received gtck
gate the problem of minimum energy node/link disjoint pathend await the end of the batch. The highest priority forwarde
routing in multi-hop wireless networks. Clearly, such soles then broadcasts the packets in its buffer, including itsycop
result in increased energy consumption, compared with th&the “batch map” in each packet. The remaining forwarders
minimum energy single path. More importantly, they do ndhen transmit in order, but only send packets which were not
consider link error rates. Those simplified network modgbee acknowledged in the batch maps of higher priority nodes. The
to understand the fundamental theory limits, however, it ferwarders continue to cycle through the priority list Uitiie
clearly too optimistic in practice: the wireless commutimas destination has 90% of the packets. The remaining packets
are unreliable and often unpredictable. are transferred with traditional routing. In contrast, &ROR

A number of protocols have been proposed recently pyotocol uses energy cost to rank forwarders and we are able
remedy or even utilize the unreliability of the wirelessichaels to prove that the expected cost for routing a packets by all
such as using multi-path routing [7], [8], building reliabl possible nodes is minimized. MORE [2] presents a MAC-
backbone [13], [6], and using energy efficient reliable mogit independent opportunistic routing protocol. MORE randpoml
structure [3], [15]. In [3], Dong and Banerjee addressed tmixes packets before forwarding them. This randomness en-
problem of energy-efficient reliable wireless communimati sures that routers that hear the same transmission do not
in the presence of unreliable or lossy wireless link layers forward the same packets. Thus, MORE needs no special
multi-hop wireless networks. The main focus of the paper s&heduler to coordinate routers and can run directly on fop o
on single path routing. They first presented two centraliz&d2.11. Experimental results from 20-node wireless testbed
algorithms, BAMER and GAMER, that optimally solve theshow that MORE’s median unicast throughpuis’% higher
minimum energy reliable communication problem in present¢iegan ExOR, and the gains rise48% over EXOR when there is
of unreliable links. Subsequently they presented a digiith a chance of spatial reuse. For multicast, MORE's gains asz@e
algorithm, DAMER, that approximates the performance afith the number of destinations, and & — 200% greater
the centralized algorithm and leads to significant perfarcea than ExXOR.
improvement over existing single-path or multi-path based
techniques. Banerjee and Misra [15] explored the effect of
lossy links on energy efficient routing and solved the proble In the paper, we investigated how to select and prioritize
of finding the minimum energy paths in the hop-by-hofprwarder list to minimize energy consumptions for unicast
retransmission model. Leb and p denote the transmissionWe study both cases that the transmission power of each node
power and the error rate of a hop-by-hop retransmission link fixed or changeable. The algorithms to select and przeriti
respectively. They proposed the link cost to &, which forwarder list in both cases are presented and analyzedhWor
is actually the expected energy consumption of deliveriig mention that, our methods do not assume any geometrical
a packet over that link. For the hop-by-hop retransmissigtoperties or energy models. We conducted extensive sim-
model, it is then straightforward to use a traditional sksirt ulations in TOSSIM to study the performance of proposed
path algorithm (e.g. Dijkstra’s algorithm) to compute minialgorithms by comparing it with ExOR [1].
mum energy paths. [17] studied power assignment problemSeveral problems can be the possible future directions. For
for wireless networks with unreliable links in order to savénstance, how to select optimum forwarder list for multicas
energy.lt assigns transmission power to each node based @nd broadcast; and, how to combine opportunistic routirig wi
given topology and link error rates for all links such thag thnetwork coding and link layer error corrections [14] to irope
total energy consumption is minimized; throughput and reduce retransmissions.

However, these methods all follow a conventional design
principle in network layer of wired networks: after the best
path(s) between a source and destination is calculated, &j] Sanjit Biswas and Robert Morris. Exor: opportunistic Ithbop routing

. . for wireless networks. IACM SIGCOMM pages 133-144, 2005.
data flows from source to destination follow the selecteqlz] Szymon Chachulski, Michael Jennings, Sachin Katti, Bida Katabi.
path(s) until the path is updated after certain routing t9da  Trading structure for randomness in wireless opportunisiuting. In
period. EXOR [1] challenges this conventional design ppilec ACM SIGCOMM 2007. . . .
. . [3& Ql_Jn_feng Dong, Suman Banerjee;, M|cah_ Adler,_ and A_rcharerl
in network Iayer. ExOR broadcasts each packet, choosmg Minimum energy reliable paths using unreliable wirelesgdi InACM
receiver to forward onlhafter learning the set of nodes which MobiHog pages 449-459, 2005.
actually received the packet. Delaying forwarding decisio [4] Robin Kravets and P. Krishnan. Power management teclesicfor

. . . . mobile communication. IIACM MobiCom 1998.
until after reception allows ExOR to try multiple long butli@ 5} xjang-vang Li, Wen-Zhan Song, and Weizhao Wang. A unifiedrgy-
lossy links concurrently, resulting in high expected pesy efficient topology for unicast and broadcast. AGM MobiCom pages
per transmission. The key challenge in realizing ExOR is tg_ 1-15, 2005. _
ensure that only the best receiver of each packet forwar(@ Manki Min, Feng Wang, Ding-zhu Du, and Panos M. Pardalos.

s ; - ) reliable virtual backbone scheme in mobile ad-hoc netwotkslEEE
it, in order to avoid duplication. EXOR operates on batches MASS 2004.

VI. CONCLUSION AND FUTURE WORK
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