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Abstract recent advance [7] that exploits the broadcast nature of the

Routing protocols in multi-hop networks are typicallyvireless medium. Network coding, on its own, can im-
based on finding low cost paths by modeling the coBtove the link layer efficiency. The gain of this technique,
of a path as thesum of the cost®n the constituting however, critically depends on the traffic pattern in the
links. However, the insufficiency of this approach beetwork, hence the routing decisions. To maximize the
comes more apparent as new lower layer technologies Beaiefit of network coding, ideally we should use routes
incorporated. For instance, to maximize the benefit #fat create more mixing opportunities. In these scenar-
multiple radios, ideally we should use routes that contas, the conventional routing framework does not perform
low interference among the constituting links. Similarly{Ve” because therein the links are examined in isolation of
to maximize the benefit of network coding, we shoul@ach other. To fully leverage the lower layer advances, we
ideally use routes that create more coding opportuniti@ed advanced routing techniques that can properly model
Both of these are difficult to accomplish within the conthe inherent interdependencies of the links and then iden-
ventional routing framework because therein the links afi#/ good routes.
examined in isolation of each other, whereas the nature oRelated Work: For multi-radio systems, some
the problem involves interdependencies among the linkgtogress has been made in selecting interference aware

This paper aims at revealing a unifying framework foioutes. Draves et al. [4] proposed the WCETT metric,
routing in the presence of inherent link interdependewhich penalizes a path that uses the same channel multi-
cies, which we call “context-based routing”. Through thple times, thus modeling link interference to some extent.
case studies of two concrete application scenarios, ngpwever, WCETT assumes that all links on a route that
work coding—aware routing and self-interference awause the same channel interfere, which does not incorpo-
routing in multi-radio systems, we highlight the commorate the phenomenon of spatial reuse and may miss high-
key pillars for context-based routing and their interplay: throughput routes that reuse channels carefully at links
context-based path metric and a route selection methedfficiently apart (see Figure 4). Moreover, [4] uses Dijk-
We implement context-based routing protocols in Wirstra’s shortest path algorithm. Although Dijkstra’s algo-
dows XP and Linux and evaluate them in detail. Exithm is optimal for the conventional path metric, i.e. a
periments conducted at 2 testbeds demonstrate significgum of link costs, it is not optimal for WCETT. Another
throughput gains. proposal for interference aware routing is [15, 16]. They

proposed the MIC metric and showed how to find the opti-
1 Introduction mal route qnd_er this met_ric in poly_nomial time_. H_owever,

to ensure finding the optimal path in polynomial time, the
Routing in wireless mesh networks is a well studied probmetric is forced with some constraints (decomposability,
lem. A common practice is to model the cost of xed memory) that may not match well with the nature
path as the sum of the costs on the constituting linkst the underlying link interdependencies. This can cause
where the link cost reflects the link quality e.g., the pejssyes in modeling the costs of routes (see Figure 5), and
hop round-trip time (RTT) [1], the expected transmiss a result, the path found can be inefficient.
sion count (ETX) [3], and the expected transmission time yjatwork coding—aware routing has been studied in

(ETT) [5]). Routing then aims at finding the path offer;; o 13 from theoretical perspectives. These papers pre-
ing the lowest total cost. However, the inadequacy of thig yteq theoretical, flow-based formulations for computing
widely used approach becomes evidentas new lower layjgr throughput with network coding and network coding—
technologies appear. _ _ _ aware routing, assuming centralized control in routing
For example, a promising technique for improving thgny scheduling. To characterize the gain of network cod-
capacity of wireless mesh networks is to use multiple rgyq these theoretical studies showed that it is necessary t

dios'. With multiple radios, more concurrent Communicasy amine two consecutive hops jointly, because of the link
tions can be packed in spectrum, space and time. To Miterdependency.

imize the benefit of multiple radios, ideally we should use Overview: These previous studies have offered valu-

routes that contain low inte_rfe_rence among the COnStit'étE)Ie insight in dealing with link interdependencies. In
ing links. Another example is link layer network coding, his paper, we aim at revealing a unifying framework for

1Several vendors already provide 6 radio routers [2,9]. routing in the presence of inherent link interdependen-




cies, which we call “context-based routing”. We proceed X1 @X
by studying two concrete application scenarios: network Xy Xy /Y,\

coding—aware routing, and self-interference aware rout-®;z®_‘x_zb@ O©——@——®
ing. Through these case studies, we highlight the common (@) (b)

key pillars for context-based routing and their interplay,

and provide a more systematic treatment of these pillars. Figure 1:Network coding example.

In particular, we show how to overcome the shortcomings
of the aforementioned approaches for self-interferenggine-art approaches for wireless network coding.
aware routing in multi-radio systems and also apply the
techniques more generally to other scenarios. ] )

The first pillar is the concept aontext-based link met-2 ~ Context-Based Routing Metrics
rics, which can model the interactions among differerthe common defining feature of context-based metrics is
links in a route. A context-based link metric examines thtaat the cost of a link is context-dependent (dependent
cost of each link based on what links are used prior to the what links are already part of the route). To make
current link. Having such context allows us to evaluatkings concrete, we consider two specific systems: multi-
the ‘goodness’ of routes by considering the impact of thadio multi-channel networks and single-radio networks
links on each other. More specifically, the conditional linkquipped with network coding and show how context-
costs allow us to conveniently characterize effects such Based metrics can better match the nature of the problems.
(i) the self-interference caused by other links of the same
f!ow, and (i) the reduction of chanpel resource consumg-q ERC: Context-based metric for exploit-
tion due to the use of network coding. . .

The second pillar is an optimized route selection mod- ing network coding

ule, which can search for good paths under a contex- network coding a node is allowed to generate out-
based link metric. The interdependencies among the linkst data by mixing (i.e., computing certain functions of)
in a context-based link metric make it challenging t@s received data. The broadcast property of the wireless
search for a good path. To make things worse, sometingggdium renders network coding particularly useful. Con-
the context-based link metric is by nature globally cosider nodes, v», v on a line, as illustrated in Figure 1.
pled, meaning that the cost of a link can depend on as &lippose);, wants to send packat; to v; via v, andvs
as the first link. We propose a general context-based patints to send packet, to v, viav,. A conventional solu-
pruning method (CPP). To model the context of a partigbn would require 4 transmissions in the air (Figure 1(a));
path while avoiding the exponential growth in the numbefsing network coding, this can be done using 3 transmis-
of partial paths, CPP maintains a set of paths that reagbns (Figure 1(b)) [14]. It is not hard to generalize Fig-
each node, corresponding to differéatal contextsEach yre 1 to a chain of nodes. For packet exchanges between
local context can be viewed as a concise summary of g wireless nodes along a line, the consumed channel
dominating history of all the partial paths that end witfesource could potentially be halved.
that local context, based on the observation that older hisKatti et al. [7] recently presented a framework for net-
tory usually has less impact on the future. The best paglark coding in wireless networks. in which each node
under each local context is maintained and considered fgfpops on the medium and buffers packets it heard. A
ther for possible expansion into ant path. node also informs its neighbors which packets it has over-
The essence of the proposed routing solution (CRPIggard. This allows nodes to know roughly what pack-
Context Routing Protocol) lies in (i) properly modeling:ts are available at each neighbor (i.e., “who has what?").
the link interdependencies (via the context-based metrichowing “who has what” in the neighborhood, a node ex-
and (ii) handling the ensuing algorithmic challenges iamines its pending outgoing packets and decides how to
route optimization (via CPP). The use of local contexterm output mixture packets, with the objective of most
in pruning is synergistic with the use of contexts in cosffficiently utilizing the medium. These prior studies re-
modeling. Together they present a general context-basedt in a link layer enhancement scheme in the network-
routing paradigm, which is applicable in scenarios wheligg stack. The network coding engine sits above the MAC
modeling link-interdependencies is critical. layer (e.g., 802.11) and below the network layer. Given
We have implemented CRP on Windows XP and Linuxhe routing decisions, the network coding engine tries to
We have also tested our system through Qualnet simuldentify mixing opportunities. The gain of this technique,
tions and on two different testbeds. Our evaluations shdwwever, critically depends on the traffic pattern in the
that it provides TCP throughput gains up to 130% and aetwork. This motivates the following question: Can we
average around 50% over state-of-the-art approachesrake intelligent routing decisions that maximize the ben-
multi-radio networks and gains of up to 70% over statefits offered by the network coding engine?
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We now describe how to define a conditional link met-
ric to model the resource saving due to network coding.
With network coding, several packets may share a ride
i in the air. Naturally, the passengers can share the air-
i fare. In effect, each participating source packet is get-
ting a discount. Such a discount, however, cannot be
accurately modeled by an unconditional metric such as

|

Wy =y, ETX, because the applicability of the discount depends
Figure 2:An example mesh network. There are 9 mesh acce®8 the previous hop of the packet. We propose a condi-
points andv; is a gateway to the wired network. tional link metric called theexpected resource consump-

tion (ERC), which models the cost saving due to network

A natural thought is to modify the link metrics to takecoding. Consider a packet sent in the air. If it is a mixture
into account the effect of the network coding engine i#f k source packets, then each ingredient source packet is
reducing the transmissions over the air. This, howevéparged; the resource consumed by the packet transmis-
is not straightforward. Consider the example setting #ion. The resource consumed by the transmission could
lustrated in Figure 2. There are two long-term flows iRe measured in terms of, e.g., air time, or consumed en-
the networkys — v, — v; andv; — v4 — vy, We €rgy.
want to find a good routing path fronmy to vg. Due
to the existence of the network coding engine, the route

U1 — U2 = U3 — Vg — g IS @ good solution because ey ration of Expected Resource Consumption
packets belonging to this new flow can be mixed with th(%RC) We now explain how to concretely compute the
packets belonging to the opposite flaw — v> — v1,  gRc."Each node maintains\ r el nf oTabl e. Each
res_ultmg in improved resource efficiency. To encouraggyy of the table contains the measured statistics about a
using such a route, can lird — s announce a lower \yire. A wire is a virtual link that connects an incoming
cost? There are some issues in doing so, becguse a paﬁﬁtoutgoing link from a node (connected the past and
from vy that traverses, — v3 may not share aride with 3t ture hop), e.g.¢;; — ;. which crosses the current
packet fromu; that traverses, — v, although a packet 46, The packets forwarded by the current node can
from o, that traverses; — vs can. , , be classified into categories associated with the wires. A

Thlus, in the presence of the network coding engine, %icket that is received along, and sent along; . falls
sessing the c_hannel resource m_curred t_)y a packet trafg; the category; ; — ej,k’;- For each wire cétegory,
mission requires some context information about wheg, cqjiect the total number of packets sent and the total
the packet arrives from. For example, we can say thalsoyrce consumed in a sliding time window. The total
given the current traffic condition, the cost for sending,qoyrce consumption is obtained by adding the resource
a packet fromo, to vs that previously arrives fromn,  consumption for each sent packet. A simple charging
is smaller. The key observation here is the need 0 d8pqel is used in our current implementation. For exam-
fine link cost based on some context information. Speche’ if a source packet across wirg; — ¢; . is sent in
ically, for this application, we model the cost of a patl} mixture of 3 packets, we set the resource consumption
P =wo — v — ... — v asthe sum of the conditionalyf this source packet ay'3 of the ETX of linke; .. (We
costs on the links: could also use ETT [5] in lieu of ETX.) '

~ To implement the sliding window computation effi-
ciently, we quantize the time axis into discrete slots of
equal length. We use a sliding window of slots. For
each wire, we maintain a circular buffer 8f bins; at any

Herecost(b — c|la — b) denotes the cost of sending; o :
a packet fromb to ¢, conditioned on that the packet ar%'me’ one of the_N b'r.ls IS gcnve. At the start of each s]ot_,
e shift the active bin pointer once and clear the statistics

rived froma. The central issue is to properly define the' . . . . ;
¢ property In the new active bin. Each time a packet is transmitted

link costs and compute them. Let us begin by review- the air we undate the statistics in the current active bin
ing a conventional (unconditional) link metric. A populaaccordi'n’ \IN \;Jvz US&Y — 10 s:otls elach of Il:zn h.5s Ve bl
link quality metric in the literature is the expected trans- gy o ' giros.

mission count (ETX) [3]. This metric estimates the num- To evaluate the conditional link metric for a certain
ber of transmissions, including retransmissions, needleditire e; ; — e, , we first obtain the ERC for each slot,

cost(P) écost(vo — v1) + COSt(vy — valvg — v1) + ..
+ cost(vg—1 — vk |vg—2 — Vk—1). (1)

send a unicast packet across a link. The ETX metric issayn, as: erc,, := Jee0UeS0numes (e sentin siot Then
characterization of the amount of resource consumed bwea compute the ERC for the wire as the weighted average

packet transmission. of the ERCs for the slots:



N—1 . _
1 11—« weighted sum of two terms:
ERC := Zanercn; an = oVt n<1—aN)' (2)

n=0

SIM(P) = (1-70) Z ETT(ex) + ﬁm}iix ESI(ex|Pr—1),

Here the parameter is the forgetting factor for old ob- r

servations. Older observations receive lower weights. \¥hereey is thek-th edge along the path.

the simulations, we use = 0.8. The first term is the sum of the expected transmission
The above measurement method generates an estinffé along the route. The ETT [4] metric aims at esti-

of the current ERC which is the ERC seen by a flowmMating the average transmission time for sending a unit

whose packets are currently being mixed. In addition &nount of data. It is defined a€ETT 2 PliSizeETX

the current ERC, we collect another statistic called thery [3] is computed aETX £ 1/(1 — p), wherep is

marginal ERG which is the ERC meant for a flow thaty,g prohapility that a single packet transmission over link
has not been actively using the. wire. If the e_>f|st|ng flowsis not successtul.
already use up most of the mixing opportunities, then the
marginal ERC will not have a high discount. Both the cuES! of theBottleneck Link  The second termis the esti-
rent ERC and the marginal ERC are reported. To compux@ted service interval (ESI) at the bottleneck link, which
the marginal ERC, a simple rule is applied in our currergflects how fast the route can send packets in the absence
implementation. Specifically, for a wire; — ;i in a of contending traffic. Note that theax operation is used
given time slot, we examine the number of unmixed pacRkere instead of the sum operation. This can be explained
etsy in the reverse wirey; — e;;. If y > 25, then we by a pipeline analogy. In a pipeline system consisting of
set the marginal ERC as 0.75 of the ETX (25% discounggveral processing stages, the long term throughput is de-
otherwise, we set the marginal ERC as the ETX (no ditermined by that of the bottleneck stage, rather than the
count). average throughput of the stages. Sending packets along
a wireless route is similar. The long term throughput of a
Dealing with oscillation ERC takes the traffic load intoflow is determined by that of the bottleneck link.
account. Could this cause oscillation in the routing de- The ESI of a link is defined as:
cisions? The advertised discounts have restrictions and A
hence only a few qualifying flows may find them attrac- ESI(er|Pr—1) = ETT(ex) + _ij’“ETT(ej)' ®)
tive. Since the discounts benefit all the flows whose pack- i<k
ets are being mixed, there is incentive for flows to route Here p;;, is a binary number that reflects whether
a certain cooperative manner that are mutually beneficiahd e, interfere. Characterizing the interference rela-
Presumably, if the flows try such a mutually beneficial attons among the links is itself a research challenge. For
rangement for some time, they will confirm the discountastance, one method is to make use of actual interfer-
and tend to stay in the arrangement. To prevent potemce measurement; see, e.g., Padhye et al. [11] and the
tial route oscillations, we require each flow to stay for aeferences therein. Consider two linkd, — B and
leastThog duration after each route change, whékgy C — D, using the same channel. As suggested in [11],
is a random variable. The randomization of the mandfmr 802.11 networks, the primary forms of interference are
tory route holding timeT},q 4 is used to avoid flows from four cases: (i’ can sensel’s transmission via physical
changing routes at the same time. In addition, after tbevirtual carrier sensing, and hence refrains from access-
mandatory route holding duration, the node switches tarag the medium, (ii)A can sens&’s transmission, (iii)
new route only if the new route offers a noticeably smalléransmissions off andC collide in D, (iv) transmissions
total cost. of A andC collide in B. Based on this, we adopt a sim-

In summary, using context conveniently represengdified approach in the experiments of this paper. We treat
paths that benefit from network coding. We now shofthe two links as interfering i has a link toC' or D with
another example of a context-based metric for networksfficiently good quality, o' has a link toA or B with
with multiple-radios. sufficiently good quality.

The ESI expression (3) leaves out the interference
2.2 SIM: Context-based metric for exploit- caused by other contending traffic. This is a simplifica-
ing multipleradios tion in modeling. The ESI expression (3) considers the
self-interference from the previous hops of the route, by
Consider a multi-hop wireless network equipped witadding up the expected transmission times of the previous
multiple radios. Similar to [4], we assume each radiinks. The intuition is that the packets at the link needs to
is tuned to a fixed channel for an extended duration;share the channel with the interfering links on the route.
route specifies the interfaces to be traversed. We defin@ae might ask why we do not add the ETTs from the sub-
context-based SIM (self-interference aware) metric, asaquent links on the path, even though both previous and



subsequent links can create interference. The following & l
theorem provides an answer. es l

€3 l

& | l l

Theorem 1 (Interpretation of Bottleneck ESI)
Assuming ideal scheduling, sufficiently long flow, o | ‘
absence of contending traffic, and an ideal binary inter-

: ! — max ESI(e;|Pr—1) =  Time

ference model dictated by a conflict graph, the end-to-eEdg e 3 An interf 3 f iy s, A

throuahput oft ES| " Vis achievable. igure 3:An interference-free scheduling of links. Assume
ghp / maxy, ESI(ex|Pr-1) interferes withey—1,e—2, ex+1, ex+2. A shaded region for a

link e, indicates thaty, is using the medium.

Proof: Under the assumptions in the claim, finding
the optimal end-to-end throughput essentially amounts to @%@@@@@@
finding an optimal interference-free scheduling of the uses (@)
of the constituting links. If we can schedule each link to
transfer B bits in T' seconds, then the throughpByT MMM
can be achieved. It is well known that this problem can Secondary Interference  primary Interference
be viewed as a continuous version of the graph coloring (b)
problem on the conflict graph.

In greedy coloring algorithms, nodes in a graph are vis- W@W
ited one by one. Each node tries to reuse some existing
colors if possible. If not, the node selects a new color. (©

Wllth thdls. rzocedu;e, Itl IS easr)]/ toezee that;he graph can Ij—;‘laure 4: (a) Chain topology. Each node has 3 radios on
coloredinA(U) +1 colors, where\(U) is the maximum orthogonal channels 1,2,3. (b) Route selected by using the

degree of a vertex. Notice that the greedy coloring algg;ceTT metric. (c) Route selected by using the SIM metric.
rithm always look at the already colored nodes, but not

future nodes. Hence in fact the upper-bound can be tigf€!ateéd Work: Comparison with Other Metrics  The
ened to one plus the maximum number of already-colorEHmeneCk ESI models self-interference. The p_reV|oust
neighbors for the nodes. We now apply a greedy-coloriﬂbtmduced metrics, WCETT and MIC, also consider self_-
like algorithm for scheduling the links on a route. Thi#terference. We now compare the proposed SIM metric
is illustrated in Figure 3 for a path with 6 links. We visitVith WCETT and MIC. _
the links on the route sequentially, from the first hop to The WCETT metric proposed by Draves et al. [4] is
the last hop. For each link;, find one or more inter- defined as:

vals with a total length oETT(ex). Similar to greedy A _
coloring, when assigning the intervals to a link, we only\/NCETT(P) =1-6) Z ETT(ex) + 5~ Channel Xi»

need to examine the previous links, but not future links. A reP
With this greedy scheduling process, we can finish the as- X, = Z ETT(ex). (4)
signment in a total duration ahax; ESl(ej|Pr—1). If ey, is on channej

we repeat this scheduling pattern for a sufficiently lon
time, then we can deliver one packet end to end
ery maxy ESl(ex|Pr—1) (sec). Hence the throughput i
achievable.

ere e, denotes thé-th hop on the pattP andg is a
Jveighting factor between 0 and 1. The WCETT metric is
a weighted sum of two terms. The first term is the sum
of the ETT along the path. The second term aims at cap-
turing the effect of self-interference. A path that uses a

The above theorem shows that the bottleneck ESI ceertain channel multiple times will be penalized.
responds to a theoretically achievable throughput. Con-Although WCETT considers self-interference, it has
versely, if a link e, interferes with a setF of previ- some drawbacks. Consider the following example. Fig-
ous links, then typically links inF U {e;} would be ure 4(a) shows a chain topology, where each node has
expected to mutually interfere (hence forming a cliquéree radios tuned to orthogonal channels 1,2,3. We as-
in the conflict graph). If that indeed is the cas&ume two links within 2 hops interfere with each other if
then we cannot deliver more than one packet end tifey are assigned the same channel. We further assume
end everymax; ESl(ex|Pr_1) (sec). This argumentall links have similar quality. An ideal route in this setin
shows that the maximum throughput is roughly around then a route that alternates among the three channels,
maxy ESl(ex|Pr_1). such as the one illustrated by Figure 4(c), because it can

Note that can be applied essentially with no change tompletely avoid self-interference. Figure 4(b) shows a
other multi-radio network architectures such as in [8]. possible solution returned by WCETT. This route suffers



from primary interference as well as secondary interfer-
ence. This can be explained by the way WCETT models
self-interference. From (4), it is seen that WCETT views
a path as a set of links. In this example, it tries to maxi-
mize channel diversity by balancing the number of chan-
nels used on the path. Thus the path in Figure 4(b) and the
path in Figure 4(c) appear equally good under WCETT.Figure 5: Under the MIC metric, it is possible that the route
In essence, WCETT takes a pessimistic interferende— B — D — B — C has a lower cost than the route
model that all links on the same channel in the route ift — B — C. Edges are labeled with the channels.
terfere with each other. Indeed, if we use this interferenases the maximum ESI. The use of the maximum opera-
model, then SIM reduces to WCETT. The proposed SINbn can better reflect the fact that the throughput is deter-
metric models self-interference can differentiate défgr mined by the bottleneck link.
ordering of the links in the path and find the optimal path
for this example. The benefit is that SIM potentially al3 Context-Based Path Pruning
lows better channel reuse. . .
Another self-interference aware metric is the metric Jin€ Previous section showed two concrete examples of
interference and channel-switching (MIC), proposed BPW context helps in making routing metrics more pow-

Yang et al. [15, 16]. The MIC metric is defined as: erful. In addition to defining a good context-based path

metric, another challenge is to find the optimal (or near-

MIC(P) 2, Z IRU(ex) + Z csc,, (5) optimal) route under the path metric. A context based
oep Nodac P routing protocol needs both a context-based metric and a

A way to find good paths under such metrics. In this sec-
IRU(ex) = ETT(ex) X Nk, (6) tion, we develop such a path finding method called CPP
A {wl if previous hop is on a different chanpéfontext-based Path Pruning) that can find paths under
CSC; = any generic context-based metric. As a starting point,
we first consider a link state routing framework. In link
0 <wy <ws. (7) state routing, each router measures the cost to each of

its neighbors, constructs a packet including these mea-

Hereo, > Q'S aweighting factqrto balance .the wo ter",135urements, sends it to all other routers, and computes the
In (6), Ni IS the numper of nelghbor§ that interferes W'tghortest paths locally. Hence for link state routing, what i
the transmission of link. The IRU (interference-aware, oo e is a centralized algorithm for computing the short-

resource usage) term aims at reflecting the inter-flow iBg4 haths. The CPP method will be explained as a central-

terference. A link that interferes with more neighbors Wi‘Eed algorithm. But we note that it can also be applied

be penalized. The CSC (channel-switching cost) aims;atsome other distributed settings, such as distance vec-

reflecting the self-interference, since it penalizes consg,, protocols and on-demand route discovery; these ex-

utive uses of the same chqnnel. ) tensions are omitted in the interest of space.
The total CSC term (7) in the MIC metric models the Let us begin by reviewing the (simpler) problem of

self-interference by considering the immedi_ate prewo'ﬁﬁding the optimal path under a decomposable path met-
hop._ As an extension, th_e authors also cpn5|dered the fi€; where each link has a nonnegative cost and the cost
tension of the MIC metric to model self-mter.fer(.en(.:e f_o5f a path is the sum of the costs of the constituting links.
more than one hops [16]_' Howe.ver, a potent.|al l_'m'tat'c,)‘?his problem is well understood. For example, the classi-
with th_e MIC_: metric and its multi-hop extension is that ital shortest path algorithm by Dijkstra can be applied to
hgs a fixed limited memory span. Consider the examplegq the optimal path with complexi(|V|2), where|V/|
Figure 5. Suppose the links between nodesdb have  yogtes the number of nodes in the network. Dijkstra’s al-
very low costs. Under the MIC metric, it is possible thaéorithm maintains upper-bound labglg) on the lengths

the routed — B — D — B — C has a lower oSt than ot yinimym-costs—v paths for allo € V. The label of

the routed — B — C. Since the path is selected bya o node is eitheemporaryor permanentthroughput
optimizing the metric, itis unclear whether the MIC melg,o oyocution of the algorithm. At each iteration, a tem-

ric can rule out the possibility of selecting a pathologiczblOrary label with least total cost is made permanent and

path, which has §e|f-interference that are not modeledijp, remaining temporary labels are updated. Specifically,
the MIC expression.

if v* has the minimum total cost among the temporary

Compareq With the MIC metrilc, the SIM .metric Cor‘Sidﬁodes, then we update the cost of every other temporary
ers the possible interference with all previous hops. T Sdew as:

avoids the pathological case as shown in Figure 5. In ad- ) . .
dition, whereas the link CSCs are summed up in (5), SIM f(w) == min {f(w), f(v") + c(v*w)} . (8)

wy Otherwise



B _ o ~ Algorithm 1 A Context-based Path Pruning Method
Dijkstra’s algorithm operates on an optimality prinCi="INPUT: A function that can evaluate the cost of a path.

ple: The shortest path fromto ¢ via v is the shortest path T := {s}; /* The set of temporary paths. */
from s to v concatenated with the shortest path fromo £ := 0;/* The set of permanent paths. */
t. Thus, each node only needs to remember the cost of th&™° ” 7 p do

: ! y_ . o choose the patf?* from 7" with the minimum cost;
bests—v path. Such optimality principle no longer holds 7 .— 7 — p*: p .= p + p*:
for a metric such as SIM, ERC or WCETT; instead, an for each valid extension gP*, sayP = P* + e, do

ath’?; may have a larger cost than ath ¢ := Local Cont ext (P);
s=u P P y g &R p Py if T"U P contains a patt® with local contextc then

but may eventually lead to a lower cost toward the final replaceQ by P if it has a lower cost thafP:
destination node. ese

We propose a context-based path pruning (CPP) tech- T :=T+P;
nique, as a heuristic method for optimizing a context- eng}ir'f

based metric. To model the potential impact of past hopsnd while
on future hops, we maintainsetof paths that reach each OUTPUT: For each node, find the best local context (v) resulting
nodev, instead of a single—v path with minimum cost in minimum cost. For each contextof each nodev, store the best
A natu,ral question is: How many paths should we storé a ink reaching it with minimum cost. To recover a route franio s,
: ack-track frome* (v) along the best links towarsl
each node as we search for a goeed path? Storing all (v) along
paths would apparently result in an exponential complex- o o o
ity. To keep the complexity manageable, we must con- 1 ' Q
strain the amount of memory at each node. Our key obser- QVG e
vationis that the effe_ct of Self-lnterference_ has a loealiz Figure 6:An example graph. There are three orthogonal chan-
n_aturg. Normally,_ given what happened_ in th(_e near Pagls, CH1, CH2, CH3, from top to bottom. The edges are la-
(i.e., first few previous hops), the older history is unlikelygjed with their ETT.

to have a significant impact on the future. This observa-

) . : .. for each local context applicable tov and intercon-
tion motivates us to organize the memory at each node : . - L

X nect the vertices according to original connectivity. De-
according to severdbcal contexts Each local context

nate such &ontext-expanded gragly G.. We can inter-

can be viewed as a concise summary of the dominatln’get Algorithm 1 as applving a revised version of the Di-
history of all the partial paths that end with that local con> g PPIyINg

text, based on the observation that older history usu tystras_algonthmto the expano!e(_j graph. More specif-
) ) ; ally, since here the path metric is not decomposable, the
has less impact on the future. During the execution of the

proposed algorithm, each node stores the best path uré st update step (8) needs to be revised. Instead of using

r .
each possible local context. The best paths stored are ¢ ji nodev* first reconstructs the current best path from

Pk H *
sidered further for potential expansion into.a# path.  the source, say ~ v*. Then each neighbor nodeof v

Degrees of freedom exist in defining the local contexti§. updated using the following path-based update rule:

For example, we can define the local context of a path f(w) := min {f(w),cost (S Dot w) }7 (9)

as the sequence of links in the ldshops. As another

example, we can define the local context of a path as tm’]ereoost(-? returns the path metric.

sequence of channels taken by the links in thellasips. ~ We now illustrate this context-expanded graph using

These would both serve as reasonable summaries of #imeexample shown in Figure 6 for multi-radio networks.

past that would impact the future. Here there are there orthogonal links frointo B, two
Algorithm 1 shows a Dijkstra-style instantiation of thdinks from B to C, and one link fromB to C. The

CPP method. We maintain a $&bf temporary paths and ETT metrics for the links are shown on the links. Con-

a setP of permanent paths. In each step, we choose tpider 3 = 0.5 and the simplified interference model

temporary path with minimum cost. Such a path, 8y mentioned in Section 2. In this example, Dijkstra’s al-

is made permanent. Then we consider the possible wggsithm using the path-based update rule (9) will re-

of extendingP* toward ans—t path. For each extensionjurn 4 <™ g %2 o M b with a total cost of

P = P* +e, we determine its local context and search fqy 5 « (1.041.1+1.0)+0.5%max{1.04+1.0,1.1} = 2.55.

a path with the same local contextThand P. If a path  Figure 7 shows the expanded graph for the case the lo-

with the same local context already exists, then such el contexts are defined by the previous hop’s channel ID.

isting path is compared witR and the winner is retained. Taking the original nodé as an example, there are three

If a path with the same local context does not exist, theiddes inG.., which are associated with three channels to

P is added tdl'. reachB. To connect Algorithm 1 with running Dijkstra’s
There is an alternative way to understand the CR#jorithm using the path-based update rule (9) over the

method. For each physical nodeintroduce one vertex expanded graph, we can view each node as storing the




=5 Related Work: Comparison with the Route Selection
° Method in [15, 16] Yang et al. [15, 16] proposed a
method for finding the optimal route under the MIC met-
Figure 7:Expanded graph when the local contexts are definé§ (5) and its multi-hop generalization in polynomial time
by the previous hop’s channel IX [i] corresponds to the local complexity. The method hinges upon the fact that the
context where the incoming link is on chanrel path metric is decomposable into a sum of link costs,
where the cost of a link depends only a fixed number of

A [ B[1] | Leru Lo | previous hops; in other words, the path metric is addi-
L B[-2] | Let2l] LOC2] | tive and has a fixed memory span. In [15, 16], a virtual
—gll—j]- ‘—E['l—i]-: graph is constructed, by introducing virtual vertices and
= ] =To1] edg_es to represent d|ffer<_ant states;_each edge has an as-
=571 (i3] e sociated cost. Then finding an optimal route under the
I Tt o2 | decomposable, finite-memory metric in the original prob-
B122] | 22 :_D@]_j lem becomes the problem of finding an optimal path in
C[23 [orz31] the virtual graph under a memoryless metric, where the
[(BE1] [C[21]] D[31] ] cost of a path is simply the sum of the costs of the consti-
[BeE2] C[32] D[32] tuting edges. Therefore, for the additive path metric with
[B33]] LcI33] IBEEN a fixed memory span, the optimal solution can be found

Figure 8: The expanded graph for the case the local conte}& polynomial time.

are defined by the previous two hops’ channel IDs. Hgféj] In comparison, the CPP method is applicable for all
corresponds to the context where this node is reached vik a [path metrics, not only when the path metric is decompos-
in channel:, followed by a link in channej. X [—j] refers to able and has finite-memory. When the path metric is de-
the local context where this node is directed reached fram thomposable and has finite-memory, CPP also finds the op-
source via a link in channel timal answer. When the path metric is not decomposable,
. . . PP can still be used, as a heuristic method. This comes
optimal path reach it from th(.a source; the Op“”?a' PAHm the fact that CPP operates by always examining the
can be obtained by backtracking along the best links thﬁrtial—paths froms and applying the path metric to eval-
reach each node. cH2 . cuy Uate their costs, which is apparent from Algorithm 1, as
In this case, the optimal route foundds = B == \el| as the path-based update rule in (9). Observe also
c &t D, with a total cost 00.5 % (1.0 + 1.0 4+ 1.0) + that the edges in Figures 7 and 8 do not have associated
0.5 * max{1.0 + 1.0, 1.0} = 2.5. costs, in contrast to the virtual graph in [15,16]. Although

If the local contexts are defined by the previous tv\me local context used in CPP Only has limited information
hops’ channel IDs, then the resumng expanded graﬁhout the path hiStory, the path metric has the information

would be the one shown in Figure 8(c). This will yield th&f the complete path and can properly take into account
CH3 ,, CH2 ., CH1 any local or global link interdependency. This mix of “lo-

optimal routeA — B — C' == D, with a total cost g ) . : L :
cal” memory and “global” path evaluation metric is a dis-

of 0.5%(1.1+1.1+1.0)4+0.5 1.1,1.1,1.0} = 2.1. 7 .
*(, +11+1.0)+ i fkméx{ 1.1, 1.0} ) tinct feature of the CPP method, rendering it generally
Handling the ERC metric is simpler for CPP since ER(C“I

simple has one-hop of memory. Thus the local context Igpllcable and efficient.

simply defined as the previous hop on which the packet , ) . .

arrived instead of specifying the channel. This shows thgPmplexity As we mentioned e_arller!_AIgovthm 1can
CPP is a generic technique which can be used for maif essentially viewed as applying Dijkstra’s algorithm

context-based metrics by defining the local contexts in ath the path-based update rule (9) over the expanded
cordance with the definition of the metric being used. 9raPh.  Note though that in Algorithm 1, the involved
vertices and links are constructed on the fly, without ex-

plicitly maintaining the expanded graph. Due to the con-
Optimality If the path metric indeed has a fixed memnrection between Algorithm 1 and Dijkstra’s algorithm,
ory span (sayi, hops) such as in ERC, then CPP with theve can easily conclude that the time complexity of the
local context defined by thehop links is guaranteed toAlgorithm 1 is O(C?), whereC is the total number of
find the optimal solution (because no pruning step is subeal contexts at all nodes. If we define the local con-
optimal). In our case, the SIM path metric has a memotgxt of a path as the sequence of channels taken by the
span that could potentially involve the entire path historlinks in the lasti hops, thenC is upper-bounded by
Even if the path metric has a longer memory span than th€ + K2 +. ..+ K') x|V (G)|, whereK is the number of
length of the local contexts, the CPP method can still lIshannels in the system afdG) is the set of nodes in the
applied as an effective heuristic method. original network. For practical purposes, we specifically



propose to usé = 2; see Figure 6 for an example defi- a Laptop Router

2 Diink AWG132 + 1

nition of the local contexts. This would lead to a specific | moéisy Rovter
complexity of:O (((K + K?) . |V|)2). ~

4 Performance

This section documents our experience with the Context
Routing Protocol using simulations and a real deploy-
ment. CRP was implemented both for WindowsXP as
well as for Linux.

4.1 Evaluation Methodology
Simulation Setup : We implemented CRP in QualNet  §
3.9.5, awidely used simulator for wireless networks. CRP
was implemented with support for multiple interfaces,
ETX and packet pair probing for ETT calculations, peri-
odic dissemination of link metrics, the WCETT, SIMand
ERC metrics and the CPP route selection method. The
simulations use the 802.11a MAC and a two-ray fading iz
signal propagation model. All radios operate at a nomi- *,
nal physical layer rate of 54 Mbps and support autorate. .,
We use both UDP and TCP flows in the evaluation. The : 2N Y <
simulations use 2-hop context length for SIM and 1-hop = ZEe. e V.
cont_ext length for ERC. We al_so imp_Iemented a complgte Figure 10: The topology of the wireless testbed B.
version of COPE network coding [7]in QualNet as a shim
|ayer based on the protoco| description. AWG132 80211a/b/g CardS. The dl’ivel’ Conﬁgurations
Testbed Setup We implemented CRP in Windowsare modified to allow multiple cards from the same vendor
XP and Linux and tested it on two separate wirele$d CO-exist in a machine. The radios on each node have
testbeds. CRP for Windows was implemented by exterf#€ir own SSID and are statically assigned the 802.11a
ing the MR-LQSR protocol [5] implementation as a loadféquencies 5180, 5240 and 5300 GHz. Thus, the 42 ra-
able Windows driver that sits at layer 2.5. CRP apped#s form three 14-node networks each with its own fre-
like a single virtual network adapter to applications b§uency and SSID glued together through the CRP virtual
hiding the multiple physical interfaces bound to it. Thigdapter. Each radio works in ad-hoc mode and performs
allows unmodified applications to run over CRP. Roufutorate selection. The OS on each machine implements
ing operates using 48 bit virtual Ethernet addresses BfP-SACK. Finally, the nodes are static and use stati-
the MCL adapter in each node. This choice for our CR§Ily assigned private IPv4 addresses. The results are ex-
implementation allows a direct and fair comparison witRected to not be significantly affected by external inter-
the WCETT metric since it is based on the same unddgrence since no other 802.11a network was in the area.
lying codebase. The CRP code uses 2-hop channel Network B is located across 3 academic building at Pur-
as context. CRP for Linux was implemented by exten§u€ University and is shown in Figure 10. The machines
ing the SrcRR routing protocol from the RoofNet projec@!® small form fgctor HP de_sktops each with an Atheros
We also used the publicly available COPE implement802-11a/b/g radio and run Linux.
tion from the authors of the protocol to implement net-
work coding. This implementation was available only foq.2  Simulation Results

Linux. We first demonstrate the performance of CRP in a con-
The CRP protocol was deployed on two testbeds: (1)#olled and configurable simulator setting.

14 node wireless testbed running Windows XP (testbed

A), and (2) A 20 node wireless testbed running Marh-
drake Linux (testbed B). Network A is located on a floor’
of an office building in Redmond and is illustrated ifThe first scenario demonstrates how CRP can exploit fre-
Figure 9. 10 of the nodes are small form factor HRuency reuse opportunities in a correct way. We consider
desktops each with 3 DLink AWG132 802.11a/b/g USBE chain of 10 nodes separated by 300m, each with 3 radios
cards while 4 nodes are Toshiba tablet PCs with one Net: 3 orthogonal channels. The transmission power used
gear WAG511 802.11a/b/g PCMCIA card and 2 DLinkauses interference to nodes even two hops away which

2.1 CRPinaFrequency Reuse Scenario
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T e e Figure 12:Performance under heterogeneous nodes.
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Figure 11:Performance under frequency reuse. o M M

is typical in real networks. Figure 11 shows the route 5 60

selected by using WCETT (on top) and CRP (below).
Notice the route selected by WCETT: while it maxi-
mizes channel diversity, i.e. each channel is used e
actly equally (3 times), it cannot optimize the ordering o
the channel use (as explained in Section 2.2) while CF
chooses the optimal route. How does this route selec- Figure 13:Performance in a large network.
tion impact performance? Figure 11 also shows the UDP
and TCP throughput achieved using ETT, WCETT ari#ilize the available bandwidth.
CRP on this chain topology. The results show that CRP
route selection has a significant impact on performange 3 CRPin a Large Network
improving UDP throughput by 166% over WCETT and
over 1000% compared to ETT. For TCP, CRP improvd¥e now evaluate CRP in a large network of 50 static
the throughput by around 44% and 91% with respect f@des randomly placed in a 2000 m x 2000 m area. We
WCETT and ETT respectively. Thus, CRP is able to séelected 20 random non-overlapping source destination
lect a path with high raw capacity. However, the gains ap&irs in the network and initiated a TCP connection be-
reduced due to TCP’s known inability to reach the avaitween each pair for 60 seconds (so as to observe steady
able bandwidth effectively in multi-hop wireless networkstate behavior). Each node had 3 radios on orthogonal
(which is also amplified by the long chain). An interestchannels.
ing aspect to note here is that CRP can choose this routd he results in Figure 13 shows the percentage increase
even by running normal Dijkstra but using the SIM mein TCP throughput of CRP over WCETT. We find that
ric, i.e. the benefit comes from the context in the metrié. paths have 20% or more gain in TCP throughput with
However, the next section shows when SIM by itself is nghte gains being as high as 90% in some cases. Typically
enough and demonstrates the usefulness of context-bagbenever the performance of CRP and WCETT are equal,
path selection. it is for two reasons: (1) The path is 3 hops or shorter in
length. Since WCETT assigns channels in equal propor-
tions, it always chooses a route similar to CRP (each link
has a different channel), (2) Although rare, sometimes

In this scenario, we consider a simple 3 node topology wéen the path is longer than 3 hops, by random chance
shown in Figure 12. Node A and B have 2 radios tuned toe WCETT ordering of channels turns out to be optimal.
channel 1 and 2 while node C has one radio tuned to chan-

nel 1. Even in such a simple topology, WCETT ar_1d ETA>4 CRPin Network Coding Scenarios

are unable to choose the good route which can simply be

decided by observation. This is because of the ‘forgetfie now evaluate CRP for a single-radio network with net-
ness’ of Dijkstra. Once the route to B is decided, therewgork coding in QualNet. Consider the network shown in
no context with which to select the next hop accuratellyigure 2 with an existing flows ~~ v,. After 3 seconds,
Thus, both ETT and WCETT in MR-LQSR choose the; initiates a flow tovyg. There are many possible routes
path with both hops on channel 1 while CRP chooses ttimt this flow can take, but only one;(—vs —v3—vg —wg)
path with channels 1 and 2. Figure 12 shows that the CRRPoptimal in terms of the resource consumption. CRP
route improves the TCP throughput by 108% and UDgauses the flow; ~ vg to choose the mutually beneficial
throughput by 102% over both WCETT and ETT. Noteoutev; —vy —wv3—vg—v9 and this route is chosen 100% of
that the performance improvement is similar for TCP artte time, resulting in maximized mixing. Intuitively, the
UDP since in a two-hop scenario, TCP is better able &xisting flowwvs ~~ v, creates a discount in terms of the

40

227|:|=.|] H m [ 0m HDD

1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20

% TCP Throughput Increase

-20

Routes

4.2.2 CRPin aHeterogeneousNode Scenario

10



[ Scenario| Mixed (CRP+COPE)[ Mixed (LQSR+COPE)]

S1 20,366 1,593
S2 39,576 24,197

1000 4
O Dijkstra
mCRP

400 -

800

600

Table 1:Gain from CRP+COPE compared to LQSR+COPE.
200 -

Route compuation time
(msec)

8000 @ 63000 o
2 7000 ] 8 % 53000 - 1 2 3 4 5 6
g gggg 1 ‘é\»\\'\ g 43000 7 /L Number of interfaces per node
2 5500 ~ ~ § 33000 ././_ — _ . . .
R 5 23000 - Figure 15:Microbenchmark: route computation time.
£ gggg: 1t8§§+cop5 g 13000 4 +LQSR+COPE‘
3000 | BCRRICOPE | 2 5500 | S CRPCOPE ) are observed in two cases for multi-radio networks: (1)
= . .
&S FF SO When frequency reuse is possible, and (2) When there are
Offered traffc load (Kbps) Offered traffic load (Kbps) heterogeneous nodes in the network, i.e. not all nodes
Figure 14: Throughput comparison and transmissions savdipve the same number of interfaces. While these scenar-

with CRP+COPE, LQSR+COPE and LQSR. ios are common and important to address (typical wire-
less networks are bound to have some frequency reuse

conditional ERC metric in the opposite direction, whicﬁppomm't"_':‘S a_nd networks may hav_e all different typgs
attractsy; to choose route; — vy — vs —vg —vg. ONCe the of nodes with different number of radios and characteris-

flows start in both directions, they stay together and mﬂ?s) our testbed evalua!tlon in the next_ section provides
because both see discounts. As shown in Table 1, Cﬁﬁ'ght !nto other scenarios where CRP is helpful. In SYs-
increases the number of mixed packets in this scenario {ps with networ.k cc_)dlng, CRP performance exempllfles
12x in comparison to LQSR+COPE that network coding itself cannot provide the best achiev-

We continue with the 9-node grid network scenario arﬁple performance "’?”d a protocol such as CRP can help
evaluate the performance with three flows: v}~ vy, hetwork coding achieve better performance.
(2) v1 ~ wg, and (3)vs ~» vy. Each flow begins ran-
domly between 50-60 seconds into the simulation. We3 Testbed Evaluation
evaluate the performance of LQSR, LQSR+COPE ante now document our experience with the performance
CRP+COPE for this scenario for different input loadf CRP in a real wireless network deployment. We first
The results are depicted in Figure 14. Itis observed thgdrform a series of microbenchmarks to see its perfor-
LQSR cannot sustain the throughput imposed by the imance in known settings and then evaluate its perfor-
put flows to the network as the load increases. CRP pfaance as a running system.
vides throughput gains compared to LQSR (up to 47%)
and LQSR+COPE (up to 15%). This is because not onjy. . .
does CRP allow SL(JbFs)equent flows to mix with existiné;'s'1 Computational Complexity
flows, it explicitly tries to maximize mixing. In contrast,CRP improves Dijkstra route selection at the expense of
without CRP, flows mix essentially by chance. In the exnore computation and complexity. While the complexity
ample, the flow 1-2-3-6-9 is mixed with 9-6-3-2-1 withis not a hurdle (the protocol is already implemented), it
CRP, due to the mutually beneficial discounts enjoyed iy important to find the computational complexity to as-
both flows. certain the protocols applicability to real mesh networks

Figure 14 also gives the amount @fsourcesaved by which may have embedded devices with slow processors.
using CRP. CRP consistently provides reduction of packetwe configured our CRP implementation’s graph cache
transmissions of over 10,000 packets across a wide varigfiyh a graph topology of 100 nodes (taken from a typical
of traffic demands. Another observation from Figure 1deighborhood layout) and varied the number of interfaces
is that the saved transmissions reduce as network lqgt node. We then evaluated the time taken by CRP ver-
increases. This is counter-intuitive since more packetgs Dijkstra in computing the shortest paths to all nodes
should indicate more mixing opportunities. However, this the network. We find that our implementation, while
occurs because of ttmaptureeffect in the 802.11 MAC significantly more computationally expensive than Dijk-
layer which is amplified at high loads. Due to this, paclstra, can find routes in the extreme case of 100 node net-
ets from only one node (the capturing node) fill queu&gorks with 6 radios each in 900 ms. The current MCL
for large durations of time without allowing other traffiamplementation infact calls Dijkstra only once per sec-
to come in. This reduces mixing opportunities at higbnd, caching routes in between. However in our current
load. This problem can potentially be addressed througstbed with 14 nodes each with 42 radios, the computa-
a better MAC layer design that avoids capture. tion is performed in around 10-20 ms. Thus, even if we

Thus, the simulation results show that gains from CRBe embedded mesh routers whose CPU speeds are 5-6
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12 13 14 11 9 WCETT chose channel 1 on both links due to the the

use of Dijkstra and ETT also chose this route because
the ETT of channel 2 on node 8 was around 1ms higher

WCETT 1-2-3-2 than channel 1. However, CRP is able to identify the cor-

CRP 1-2-3-1 rect route and chooses a route with channel 2 and chan-
TCP Throughput | ETT | WCETT | CRP nel 1. This allows CRP to have a TCP throughput 31%
(Kbps) 784|167 | 2342 higher than both WCETT and ETT. Note that the gain is

lower than that observed in simulation because some co-

Figure 16:Microbenchmark: frequency reuse. . Lo
channelinterference can limit gains. From measurements,

8 > 7 we know such interference exists despite our attempts to
WCETT 1-1 .
CRP 51 m place the cards at some distance from each other on each
machine.
TCP Throughput | ETT | WCETT CRP
(Kbps) 8504 | 8490 | 11135

Figure 17:Microbenchmark: heterogeneous nodes.
4.3.4 Large Homogeneous Node Scenario
times slower than our testbed nodes, we expect to typi-

cally find routes under 100 ms. Additionally, one coulgye now evaluate the gain from CRP in a running network
proactively find such routes in the background to hide thigpology. Each testbed node in this scenario has 3 radios.

delay as well. We performed multiple 1-minute TCP transfers between
node 1 and all the other testbed nodes with WCETT and
4.3.2 Frequency Reuse Scenario CRP. The % throughput gain of CRP over WCETT ob-

served from node 1 to the other nodes (numbered on the
We now evaluate the real performance gains from go@dhxis) is shown in Figures 18.

choice of routes in our testbed. Note that unlike the s'm'The results show that CRP can improve WCETT

ulator which does not simulate co-channel interferénc?hroughput in 7 out of 13 paths by upto 100% and more
this gives us a better idea of the potential performan&ean 30% on most paths. Some of the results are expected
benefits. ’

. while some are non-intuitive. Among the expected re-
We selected one of the 4 hops routes in our testbed Blts are: (1) The paths to nodes 3, 6, 4 andlHave no
tween nodes 12 and 9 and performed multiple 1-minu : e

TCP transfers taking the median performance. The ro fin since they are less than 4 hops in length and WCETT

and channels chosen by WCETT and CRP are shownt n assign costs correctly if the number of hops are less

Figure 16. WCETT reuses channel 2 on the last li an the number of radios per node. (2) Nodes 5 and 7

119 essentially because the channel 2 radio on node (r)iiC:eb(:zt\tlg 3;;;: E[)Or(;l:é?/? dzn;;?]e SIM metric can now
had a lower ETT. Thus, WCETT took a local view not re- '

alizing this link would cause secondary interference with Among the unexpected results are: (1) Paths to nodes
link 13—14. However, CRP chose the interface on chafi-and 9 have gain despite their being 3 hops away. We
nel 1 on the last link which although locally had a highdPund this was caused by ETT variation among the inter-
ETT, did not cause self-interference. Thus this route gigces of node 6 which rendered 2 interfaces almost use-
a higher SIM score and was selected by CRP providini@is due to high ETTs and effectively caused a bottleneck
performance gain of 60% and close to 200% with respd&k which required careful route selection. Thus, ran-
to WCETT and ETT respectively. This example clearl90m variations in link quality can create channel bottle-

shows how using context benefit translates into real wofk§Ccks requiring the careful route selection of CRP even
gain. on short-hop paths. (2) Routes to node 10 have low gain

despite reuse opportunities since the link performance is
constrained by the weak link-810. However, going to
nodes 12 and 13 through 10 gives gain since the through-

We next consider the simple topology of 3 to see hoRHt is now constrained_ more by Qrdering of channel_s se-
much gain a CRP provides over a WCETT route in tHgct€d than the weak link. (3) Finally, although 14 is 4
real world. As shown in Figure 17, we configured node ROPS away, there is no gain because WCETT chooses the
and 5 with two interfaces on channel 1 and 2 while no@90d route selected by CRP purely by chance.

7 had one interface on channel 1.

4.3.3 Heterogeneous Node Scenario

2QualNet physical layer code is binary only so we could nonhgea SNode 4 can be reached with 2 hops due to it being in an open area
it to simulate co-channel interference and the waveguide effect of hallways.
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| Scenarios [ UDP Gain | TCP Gain |
130 4

8 110 - 223,322 1.66x 1.29x
S 901 18—5,5-18 1.53x 1.24x
5 704 117, 7—11 1.78x 1.31x
5 504 3713, 255 1.71x 1.24x
H | |
TR Sl e S ———— Table 2:Median throughput gain from CRP+COPE compared
& 30 to LQSR+COPE for both UDP and TCP. For each scenario we
Routes initiated the flows 15 times.
Figure 18: Testbed macrobenchmark: Basic scenario. TCP
throughput gain on paths from node 1 to all other nodes. 2 did not have ETT fluctuations so no gain was observed
L 1301 compared to the homogeneous scenario. In addition, the
g 1:2 ] route to node 6, despite an interface bottleneck, was cho-
< 20 sen correctly by WCETT purely by chance.
%g 50 - We performed experiments from other nodes and
E jg ] sources and observed a similar overall trend: around half
5 1o i ——. S of the paths had gain and t_he maximum gain observ_ed was
& 304 152%. We chose to explain the result in more detail from
Routes a single vantage point due to lack of space.

Figure 19: Macrobenchmark: heterogeneous node scenario.

TCP throughput gain on paths from node 1 to all other nodes. . .
gnputd P 4.3.6 Network Coding Scenario

435 LargeHeterogeneousNode Scenario ) ) ] ]
We now perform experiments with our Linux CRP imple-

We also evaluated the gain in a heterogeneous netwatkntation on top of COPE in testbed B. We take multi-
scenario where all nodes do not have the same numpkr examples of the Alice-and-Bob topologies from our
of interfaces. We configure nodes 6, 10 and 11 to hatestbed and demonstrate how much gain is provided by
one interface disabled. The percentage throughput gaimple using SrcRR+COPE versus using CRP+COPE.
observed from node 1 to the other nodes (numbered Dhis testbed has only one radio on each node we sim-
the x-axis) is shown in Figure 19. ply use the ERC metric in CRP. Table 2 shows the gains
The results again show that CRP can provide gain athieved using CRP for different topologies tested in the
the presence of heterogeneous nodes. However, the gagtbed. The left hand column lists the two flows initiated
from CRP in this scenario can both increase or decreasehe network in each case and the node numbers refer to
due to separate reasons. It can increase compared toRigeire 10.
homogeneous scenario due to the increased importance dfhe table shows significant gains from CRP+COPE
careful path selection. However, it can also reduce comver SrcRR+COPE in the range of X 7#or UDP and
pared to the homogeneous scenario since we reducedit®yx for TCP. In the first scenario, SrcRR chooses the
network capacity by reducing the number of radios and soutes 22-13-3 and 3-5-22 which does not provide gain
some paths may not support high throughput or may rfeém network coding while causing interference among
have the degree of freedom to provide an interference-fitee two flows. CRP entices flow 3-22 onto the same route
channel ordering any longer. We can see examples of bdtfe to the ERC discounts and allows network coding to
these effects. As an example of the first case, the routestgur at node 13 for the duration of the transfer. In the
nodes 5 and 8 went through node 6 with an interface casecond scenario under SrcRR, flow 18-5 uses the route
straint and the routes to nodes 10, 11 and 14 are affec18328-5 while flow 5-18 uses the low quality direct route
by interface constraints at nodes 10 and 11 resulting in &18. CRP advertises discounts on the 28-18 link for traf-
increased gain compared to the homogeneous scendiiofrom 5 and this causes the two flows to mix at node
However, since the route to nodes 7 and 9 did not ug8 resulting in gain. In the third scenario, SrcRR choose
node 6 this time, they both reduced to a 3 hop route ati routes 11-5-3-7 and 7-16-13-11/7-16-5-11 for the two
there was no gain as in the homogeneous scenario. Adlaws resulting in no coding of packets while CRP brings
example of the second case, there is small or reduced ghia two flows onto a mutually beneficial route traversing
for routes to nodes 12 and 13 since these routes contailes 5 and 3 in both directions. Finally in the fourth
two nodes with interface constraints making it impossibkrenario, CRP allows nodes 37 and 2 to choose 11 as a
to find a non-interfering channel ordering. next hop once ERC discounts become visible. Node 5
Finally, some nodes closeby are not affected by nodasd 13 can overhear the packets from 37 and 2 respec-
with fewer radios and there is no difference in perfotively giving rise to network coding gain. Without CRP
mance (e.g. nodes 2, 3, 4). During this experiment notte two flows tend to take the routes 37-11-5 and 2-14-22
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resulting in no coding gain. Thus, we can see the benefitgtric and the CPP method jointly offer an effective so-
that CRP provides to the COPE system in allows the néttion for network coding—aware routing. The SIM met-
work coding engine more opportunities to code packets and the CPP method jointly offer an effective solution
Note that if a lot of flows are present in the network (sudior self-interference aware routing, which can find good
as the scenarios evaluated in [7]) the benefits from CRéutes when frequency reuse is possible, heterogeneous
would be less significant since a large number of packedes exist in the network or transient bottlenecks occur
ets present in the network can provide enough coding @pd hence is an efficient general purpose routing proto-
portunities without intelligent route selection. Howevecol for multi-radio meshes. The effectiveness of our ap-
CRP can provide COPE with coding opportunities evgroach is demonstrated through both simulations and a

in more sparse or lightly loaded networks.

deployed implementation. These two case studies can in

Note that we currently do not aim at solving the loathct be viewed in a common framework for context-based
balanced routing problem in handling multiple flows. Weouting, which could be a generally applicable technique
believe a better practical strategy is for link traffic toesff whenever link interdependencies exist and potentially has
the link metric and then use a method, such as CRP,fusther applications.

find a route. Thus CRP should potentially be useful f
load-balanced routing proposals.

(1]
5 Other Usesfor Context-Based Routing

Multi-radio coding networks: It is possible to combine [g]
multiple context-based metrics to model multiple phe-
nomena. As an example, we are exploring route selec-
tion in a wireless network with multiple radios as well[4]
as network coding. However there are other orthogonal
challenges since multiple radios remove broadcast oppqg;
tunities through channel assignment while network cod-
ing requires broadcast. In addition, the coding algorithmk]
in COPE may need modifications. Thus these networks
will require CRP as well as new channel assignment a
coding algorithms.

Multicast : While this paper applied context-baseds]
routing to multi-radio unicast, another interesting prob-
lem we are exploring is whether context can be used t[g]
optimize multicast trees in multi-radio networks. 10

Optical Networks : The problem of choosing light-
paths in an WDM optical network has some synergy with
a wireless network equipped with multiple radios. Sonié!
costlier devices can also perform wavelength conversion.
Thus, the cost of choosing an outgoing wavelength cap;
depend on context, i.e. the incoming wavelength and the
cost of conversion. Itis interesting to see whether context
based path selection can potentially be applied in sucd!
networks.

(14]

6 Conclusion

In this paper, we investigatedontext-based routing [15]
through the case studies of network coding—aware rog)
ing and self-interference aware routing in multi-radio-sys
tems. We proposed two specific context-based path met-
rics for the two application scenarios and provided the-
oretical justifications. We propose a context-based path
selection method, CPP, which serves as an efficient route
selection method under context-based metrics. The ERC

14
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