Figure 9: The topology of the wireless testbed A.

and 1-hop context length for ERC. We also implemented
a complete version of COPE network coding [6] in Qual-
Net as a shim layer based on the protocol description.

Testbed Setup We implemented CRP on Windows
XP and Linux and tested it on two separate wireless
testbeds. CRP for Windows was implemented by ex-
tending the MR-LQSR protocol [4] implementation as
a loadable Windows driver that sits at layer 2.5. CRP
appears like a single virtual network adapter to applica-
tions by hiding the multiple physical interfaces bound to
it. This allows unmodified applications to run over CRP.
Routing operates using 48 bit virtual Ethernet addresses
of the MCL adapter in each node. This choice for our
CRP implementation allows a direct and fair comparison
with the WCETT metric since it is based on the same un-
derlying codebase. The CRP code uses 2-hop channel ids
as context. CRP on Linux was implemented by extend-
ing the SrcRR routing protocol from the RoofNet project.
We also used the publicly available COPE implementa-
tion from the authors of the protocol to implement net-
work coding. This implementation was available only
for Linux. CRP disseminates link metric information pe-
riodically similar to MR-LQSR. For multi-radio routing,
CRP introduces no additional control overhead in link-
state packets. The only cost is the additional memory re-
quired for computation of routes which is not significant
even for large networks with lot of radios. For network-
coding aware routing, CRP piggybacks additional infor-
mation on link-state updates (i.e. the conditional met-
rics). This results in slightly larger update packets when
network coding opportunities are available.

The CRP protocol was deployed on two testbeds: (1)
A 14 node wireless testbed running Windows XP (net-
work A), and (2) A 20 node wireless testbed running
Mandrake Linux (network B). Network A is located on
a floor of an office building in Redmond and is illus-
trated in Figure 9. 10 of the nodes are small form factor
HP desktops each with 3 DLink AWG132 802.11a/b/g
USB cards while 4 nodes are Toshiba tablet PCs with
one Netgear WAGS511 802.11a/b/g PCMCIA card and 2
DLink AWG132 802.11a/b/g cards. The driver config-
urations are modified to allow multiple cards from the
same vendor to co-exist in a machine. The radios on each
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Figure 10: The topology of the wireless testbed B.

node have their own SSID and are statically assigned the
802.11a frequencies 5180, 5240 and 5300 GHz. Thus,
the 42 radios form three 14-node networks each with its
own frequency and SSID glued together through the CRP
virtual adapter. Each radio works in ad-hoc mode and
performs autorate selection. The OS on each machine
implements TCP-SACK. Finally, the nodes are static and
use statically assigned private IPv4 addresses. The re-
sults are expected to not be significantly affected by ex-
ternal interference since no other 802.11a network was in
the area. Network B is located across 3 academic build-
ing at Purdue University and is shown in Figure 10. The
machines are small form factor HP desktops each with
an Atheros 802.11a/b/g radio and run Linux.

4.2 Simulation Results
We first demonstrate the performance of CRP in a con-
trolled and configurable simulator setting.

4.2.1 CRPin a Frequency Reuse Scenario

The first scenario demonstrates how CRP can exploit fre-
quency reuse opportunities in a correct way. We consider
a chain of 10 nodes separated by 300m, each with 3 ra-
dios on 3 orthogonal channels. The transmission power
used causes interference to nodes even two hops away
which is typical in real networks. Figure 11 shows the
routes selected by using WCETT (on top) and CRP (be-
low).

Notice the route selected by WCETT: while it max-
imizes channel diversity, i.e., each channel is used ex-
actly equally (3 times), it cannot optimize the ordering of
the channel use (as explained in Section 2.2) while CRP
chooses the optimal route. How does this route selec-
tion impact performance? Figure 11 also shows the UDP
and TCP throughput achieved using ETT, WCETT and
CRP on this chain topology. The results show that CRP
route selection has a significant impact on performance
improving UDP throughput by 166% over WCETT and
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Figure 11: Performance under frequency reuse.
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Figure 12: Performance under heterogeneous nodes.

over 1000% compared to ETT. For TCP, CRP improves
the throughput by around 44% and 91% with respect
to WCETT and ETT, respectively. Thus, CRP is able
to select a path with high raw capacity. However, the
gains are reduced due to TCP’s known inability to reach
the available bandwidth effectively in multi-hop wireless
networks (which is also amplified by the long chain). An
interesting aspect to note here is that the benefit comes
from using the SIM metric and either CPP or Dijkstra’s
algorithm would choose the correct route. However, the
next section shows when SIM by itself is not enough and
demonstrates the usefulness of context-based path selec-
tion.

4.2.2 CRP in a Heterogeneous Node Scenario

In this scenario, we consider a simple 3 node topology as
shown in Figure 12. Node A and B have 2 radios tuned
to channel 1 and 2 while node C has one radio tuned
to channel 1. Even in such a simple topology, WCETT
and ETT are unable to choose the good route which can
simply be decided by observation. This is because of
the ‘forgetfulness’ of Dijkstra. Once the route to B is
decided simply based on the lowest metric to get to B,
it cannot be changed. Thus, both ETT and WCETT in
MR-LQSR choose the path with both hops on channel 1
while CRP chooses the path with channels 1 and 2 since
CRP does not finalize the interface used to reach B right
away. Figure 12 shows that the CRP route improves the
TCP throughput by 108% and UDP throughput by 102%
over both WCETT and ETT. Note that the performance
improvement is similar for TCP and UDP since in a two-
hop scenario, TCP is better able to utilize the available
bandwidth.
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Figure 13: Performance in a large network.

4.2.3 CRPin a Large Network

We now evaluate CRP in a large network of 50 static
nodes randomly placed in a 2000 m x 2000 m area. We
selected 20 random non-overlapping source destination
pairs in the network and initiated a TCP connection be-
tween each pair for 60 seconds (so as to observe steady
state behavior). Each node had 3 radios on orthogonal
channels.

The results in Figure 13 shows the percentage increase
in TCP throughput of CRP over WCETT. We find that 7
paths have 20% or more gain in TCP throughput with
the gains being as high as 90% in some cases. Typ-
ically whenever the performance of CRP and WCETT
are equal, it is for two reasons: (1) The path is 3 hops
or shorter in length. Since WCETT assigns channels in
equal proportions, it always chooses a route similar to
CRP (each link has a different channel), (2) Although
rare, sometimes when the path is longer than 3 hops, by
random chance the WCETT ordering of channels turns
out to be optimal.

4.2.4 CRP in Network Coding Scenarios

We now evaluate CRP for a single-radio network with
network coding in QualNet. Consider the network shown
in Figure 2 with an existing flow vg ~» wv7. After
3 seconds, v; initiates a flow to vg. There are many
possible routes that this flow can take, but only one
(v1 —v2 —v3 —vg —Vg) is optimal in terms of the resource
consumption. CRP causes the flow v; ~» wvg to choose
the mutually beneficial route v; — vy — v3 — vg — vy,
resulting in maximized mixing. Intuitively, the existing
flow vz ~~ vy creates a discount in terms of the con-
ditional ERC metric in the opposite direction, which at-
tracts v to choose route v; — vy — v3 — Vg — V9. Once the
flows start in both directions, they stay together and mix
because both see discounts. As shown in Table 1, CRP
increases the number of mixed packets in this scenario
by 12x in comparison to LQSR+COPE.

We continue with the 9-node grid network scenario
and evaluate the performance with three flows: (1)vg ~~
v1, (2) v1 ~> vg, and (3) vs ~~» v;. Each flow begins ran-
domly between 50-60 seconds into the simulation. We
evaluate the performance of LQSR, LQSR+COPE and
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[ Scenario | Mixed (CRP+COPE) | Mixed (LQSR+COPE) |

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

Table 1: Gain from CRP+COPE compared to LQSR+COPE.
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Figure 14: Throughput comparison and transmissions saved
with CRP+COPE, LQSR+COPE and LQSR.

CRP+COPE for this scenario for different input loads.
The results are depicted in Figure 14. CRP provides
throughput gains compared to LQSR (up to 47%) and
LQSR+COPE (up to 15%). Without CRP, flows mix es-
sentially by chance. In the example, the flow 1-2-3-6-9
is mixed with 9-6-3-2-1 with CRP, due to the mutually
beneficial discounts enjoyed by both flows.

Figure 14 also gives the amount of resource saved
by using CRP. CRP consistently provides reduction of
packet transmissions of over 10,000 packets across a
wide variety of traffic demands. Another observation
from Figure 14 is that the saved transmissions reduce
as the network load increases. This is counter-intuitive
since more packets should indicate more mixing oppor-
tunities. However, this occurs because of the capture ef-
fect in the 802.11 MAC layer which is amplified at high
loads. Due to this, packets from only one node (the cap-
turing node) fill queues for large durations of time with-
out allowing other traffic. This reduces mixing oppor-
tunities at high load. This problem can potentially be
addressed through a better MAC layer design that avoids
capture.

Thus, the simulation results for multi-radio networks
show that gains from CRP are observed in two cases: (1)
When frequency reuse is possible, and (2) When there
are heterogeneous nodes in the network, i.e. not all nodes
have the same number of interfaces. While these scenar-
ios are common and important to address (typical wire-
less networks are bound to have some frequency reuse
opportunities and networks may have all different types
of nodes with different number of radios and characteris-
tics), our testbed evaluation in the next section provides
insight into other scenarios where CRP is helpful. In
systems with network coding, CRP performance exem-
plifies that network coding itself cannot provide the best
achievable performance and a protocol such as CRP can
help network coding achieve better performance.

800 || D Dikstra
mCRP

Route compuation time
(msec]

WSJJI

Number of interfaces per node
Figure 15: Microbenchmark: route computation time.

4.3 Testbed Evaluation

We now document our experience with the performance
of CRP in a real wireless network deployment. We first
perform a series of microbenchmarks to see its perfor-
mance in known settings and then evaluate its perfor-
mance as a running system.

4.3.1 Computational Complexity

CRP improves Dijkstra route selection at the expense of
more computation and complexity. While the complexity
is not a hurdle (the protocol is already implemented), it
is important to find the computational complexity to as-
certain the protocols applicability to real mesh networks
which may have embedded devices with slow processors.

We configured our CRP implementation’s graph cache
with a graph topology of 100 nodes (taken from a typi-
cal neighborhood layout) and varied the number of in-
terfaces per node. We then evaluated the time taken by
CRP versus Dijkstra in computing the shortest paths to
all nodes in the network. We find that our implementa-
tion, while significantly more computationally expensive
than Dijkstra, can find routes in the extreme case of 100
node networks with 6 radios each in 900 ms. The cur-
rent MCL implementation in fact calls Dijkstra’s algo-
rithm only once per second, caching routes in between.
However in our current testbed with 14 nodes each with
42 radios, the computation is performed in around 10-20
ms. Thus, even if we use embedded mesh routers whose
CPU speeds are 5-6 times slower than our testbed nodes,
we expect to typically find routes under 100 ms. Ad-
ditionally, one could proactively find such routes in the
background to hide this delay as well.

4.3.2 Frequency Reuse Scenario

We now evaluate the real performance gains from good
choice of routes in our testbed. Note that unlike the simu-
lator which does not simulate adj-channel interference’,
this gives us a better idea of the potential performance
benefits.

We selected one of the 4 hops routes in testbed A be-

tween nodes 12 and 9 and performed multiple 1-minute

5QualNet physical layer code is binary only so we could not change
it to simulate adj-channel interference
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Figure 16: Microbenchmark: frequency reuse.
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Figure 17: Microbenchmark: heterogeneous nodes.

TCP transfers taking the median performance. The route
and channels chosen by WCETT and CRP are shown in
Figure 16. WCETT reuses channel 2 on the last link
11—09 essentially because the channel 2 radio on node 11
had a lower ETT. Thus, WCETT took a local view not re-
alizing this link would cause secondary interference with
link 13—14. However, CRP chose the interface on chan-
nel 1 on the last link which although locally had a higher
ETT, did not cause self-interference. Thus this route got
a higher SIM score and was selected by CRP providing
a performance gain of 60% and close to 200% with re-
spect to WCETT and ETT respectively. This example
clearly shows how using context benefit translates into
real world gain.

4.3.3 Heterogeneous Node Scenario

We next consider the simple topology of 3 to see how
much gain a CRP provides over a WCETT route in the
real world. As shown in Figure 17, we configured node 8
and 5 with two interfaces on channel 1 and 2 while node
7 had one interface on channel 1.

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
than channel 1. However, CRP is able to identify the cor-
rect route and chooses a route with channel 2 and chan-
nel 1. This allows CRP to have a TCP throughput 31%
higher than both WCETT and ETT. Note that the gain
is lower than that observed in simulation because some
adj-channel interference can limit gains. From measure-
ments, we know such interference exists despite our at-
tempts to place the cards at some distance from each
other on each machine.

4.3.4 Large Node Scenario

We now evaluate the gain from CRP in a running network
topology. Each testbed node in this scenario has 3 radios.

130
110 A
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70 4
50 -
30 1
10 4
-10
.30 -

% TCP Throughput Increase

Routes

Figure 18: Testbed macrobenchmark: Basic scenario. TCP
throughput gain on paths from node 1 to all other nodes.

We performed multiple 1-minute TCP transfers between
node 1 and all the other testbed nodes with WCETT and
CRP. The % throughput gain of CRP over WCETT ob-
served from node 1 to the other nodes (numbered on the
x-axis) is shown in Figures 18.

The results show that CRP can improve WCETT
throughput in 7 out of 13 paths by up to 100% and more
than 30% on most paths. Some of the results are expected
while some are non-intuitive. Among the expected re-
sults are: (1) The paths to nodes 3, 6, 4 and 116 have no
gain since they are less than 4 hops in length and WCETT
can assign costs correctly if the number of hops are less
than the number of radios per node. (2) Nodes 5 and 7
are reached via 4-hop routes and the SIM metric can now
choose a better path to provide gain.

Among the unexpected results are: (1) Paths to nodes
8 and 9 have gain despite their being 3 hops away. We
found this was caused by ETT variation among the in-
terfaces of node 6 which rendered 2 interfaces almost
useless due to high ETTs and effectively caused a bot-
tleneck link which required careful route selection. CRP
identified and used the good interface on node 6 and thus
performed better. (2) Routes to node 10 have low gain
despite reuse opportunities since the link performance is
constrained by the weak link 8—10. However, going to
nodes 12 and 13 through 10 gives gain since the through-
put is now constrained more by ordering of channels se-
lected than the weak link. (3) Finally, although 14 is 4
hops away, there is no gain because WCETT chooses the
good route selected by CRP purely by chance.

We also evaluated the gain in a heterogeneous network
scenario where all nodes do not have the same number
of interfaces. In these experiments, gains of up to 152%
were observed.

4.3.5 Network Coding Scenario

We now perform experiments with our Linux CRP im-
plementation on top of COPE in testbed B. We take mul-
tiple examples of the Alice-and-Bob topologies from our
testbed and demonstrate how much gain is provided by

%Node 4 can be reached with 2 hops due to it being in an open area
and the waveguide effect of hallways.
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Scenarios

| UDP Gain | TCP Gain |

22—3,3—-22 1.66% 1.29%
18—5,5—18 1.53% 1.24x
11-7,7—11 1.78x 1.31x
37—13,2—-5 1.71x 1.24x

Table 2: Median throughput gain from CRP+COPE compared
to LQSR+COPE for both UDP and TCP. For each scenario we
initiated the flows 15 times.

simply using SrcRR+COPE versus using CRP+COPE.
This testbed has only one radio on each node. We use
the ERC metric in CRP. Table 2 shows the gains achieved
using CRP for different topologies tested in the testbed.
The left hand column lists the two flows initiated in the
network in each case and the node numbers refer to Fig-
ure 10.

The table shows significant gains from CRP+COPE
over StcRR+COPE in the range of 1.7x for UDP and
1.27x for TCP. In the first scenario, SrcRR chooses the
routes 22-13-3 and 3-5-22 which does not provide gain
from network coding while causing interference among
the two flows. CRP entices flow 3-22 onto the same
route due to the ERC discounts and allows network cod-
ing to occur at node 13 for the duration of the transfer.
In the second scenario under SrcRR, flow 18-5 uses the
route 18-28-5 while flow 5-18 uses the low quality di-
rect route 5-18. CRP advertises discounts on the 28-18
link for traffic from 5 and this causes the two flows to
mix at node 28 resulting in gain. In the third scenario,
SrcRR choose the routes 11-5-3-7 and 7-16-13-11/7-16-
5-11 for the two flows resulting in no coding of packets
while CRP brings the two flows onto a mutually bene-
ficial route traversing nodes 5 and 3 in both directions.
Finally in the fourth scenario, CRP allows nodes 37 and
2 to choose 11 as a next hop once ERC discounts be-
come visible. Node 5 and 13 can overhear the packets
from 37 and 2 respectively giving rise to network coding
gain. Without CRP the two flows tend to take the routes
37-11-5 and 2-14-22 resulting in no coding gain. Thus,
we can see the benefits that CRP provides to the COPE
system allows the network coding engine more oppor-
tunities to code packets. Note that if a lot of flows are
present in the network (such as the scenarios evaluated
in [6]), the benefits from CRP would be less significant
since a large number of packets present in the network
can provide enough coding opportunities without intelli-
gent route selection. However, CRP can provide COPE
with coding opportunities even in more sparse or lightly
loaded networks.

Note that we currently do not aim at solving the load
balanced routing problem in handling multiple flows. We
believe a better practical strategy is for link traffic to af-
fect the link metric and then use a method, such as CRP,
to find a route. Thus CRP should potentially be useful

for load-balanced routing proposals.

5 Conclusion

In this paper, we investigated context-based routing, a
general route selection framework that models link in-
terdependencies and selects good routes, through the
case studies of network coding—aware routing and self-
interference aware routing in multi-radio systems. The
effectiveness of our approach is demonstrated through
both simulations and a deployed implementation. In the
future, we plan to investigate other potential applications
for CRP by studying further scenarios where link inter-
dependencies exists such as multi-radio networks with
network coding or lightpath selection in WDM optical
networks.
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