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Abstract-Both opportunistic routing and inter-flow network 
coding are useful mechanisms for improving the performance 
of wireless networks. Both of them exploit the broadcast nature 
of the wireless medium and the spatial diversity of multi-hop 
wireless networks. In this paper, we aim at incorporating inter
flow network coding into opportunistic routing for further im
proving the performance of wireless mesh networks (WMNs). The 
main issue in designing such a scheme is candidate set selection 
and prioritization based on a proper metric for opportunistic 
routing. To this end, in this paper, we first present a new metric 
to determine the prioritization of the forwarders in the set of 
candidates and then design an Inter-flow Network Coding-based 
Opportunistic Routing (INC OR) scheme using the defined metric. 
Our proposed INCOR scheme can integrate the characteristics of 
inter-flow network coding and opportunistic routing effectively to 
make full use of the broadcast nature of the wireless medium. We 
carry out extensive simulations to evaluate the effectiveness of the 
INCOR method. Our data shows that INCOR outperforms both 
opportunistic routing and inter-flow network coding schemes. 

I. INTRODUCTION 

Wireless mesh networks (WMNs) have become very pop
ular as they have been considered as a promising solution 
for providing high-speed broadband wireless Internet access 
to users. To improve the performance in WMNs, there has 
been growing attention regarding the broadcast nature of the 
wireless medium. With the benefit of this feature, opportunistic 
routing [1] was introduced to mitigate the impact of the 
unreliable wireless links. In traditional routing practices, the 
route from a source to a destination is determined in advance 
by a routing protocol whereas in opportunistic routing, a set 
of next-hop forwarding candidates is selected on-the-f1y. From 
this set, one node is selected as a real relay node based on 
some prioritization rules. Consequently, opportunistic routing 
has the potential for achieving a significant performance gain 
over traditional routing, especially in the low-quality wireless 
network environment. 

Inter-flow network coding [2], [3] has also been used to 
improve the performance in WMNs. When multiple flows 
cross at a node, inter-flow network coding allows data packets 
received from different flows to be mixed at the intersection 
node for further transmission. In this way, a single transmission 
can piggyback several different information flows to different 
receivers. As a result, inter-flow network coding can perform 
better than traditional routing in terms of throughput in high
quality wireless networks. 

Although both opportunistic routing and inter-flow network 
coding approach the similar goal of improving the performance 
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of WMNs by exploiting the broadcast nature of wireless links, 
their applicable environment is different as mentioned. To be 
specific, opportunistic routing is more valuable in low-quality 
wireless environments than high-quality environments because 
it improves the chance for a packet to be delivered towards 
the destination by leveraging a large number of potential 
forwarders. On the other hand, inter-flow network coding per
forms effectively in networks with error-free channels become 
there are additional coding opportunities at the intersection 
node under such circumstances. Hence, one research problem 
is raised: how can we combine opportunistic routing and 
inter-flow network coding, ensuring that the integrated scheme 
performs better than the individual ones? 

In this paper, we devise a novel Inter-flow Network Coding
based Opportunistic Routing (INCOR) scheme to further re
duce the number of transmitted packets and to improve the 
performance of WMNs. The key idea of integrating these two 
schemes is to fully use coding opportunities by introducing 
multiple potential coding nodes and selecting the best node to 
be the real coding node. Then, the main challenge is how to 
determine the candidate sets for each node and prioritize them. 

The main contributions of this paper are as follows: 

• We present a new metric called Coding-based Ex
pected Transmission Count (CETX) to determine the 
priority of the forwarders in a set of candidates. 
The CETX metric precisely computes the expected 
transmission count required to deliver one packet 
to a destination when inter-flow network coding is 
incorporated. 

• We design a novel INCOR protocol based on the 
CETX metric. Our proposed INCOR method effec
tively integrates the characteristics of inter-flow net
work coding and opportunistic routing to fully utilize 
the broadcast nature of the wireless medium. The 
INCOR scheme mainly consists of the following three 
components: (i) candidate selection and prioritization 
that selects and prioritizes the candidate set of every 
node to the destination; (ii) opportunistic encoding 
and forwarding that makes effective rules for nodes 
encoding and forwarding packets to their downstream 
nodes; and (iii) opportunistic listening that aims at 
finding coding opportunities for nodes. 

• We perform simulations to show the effectiveness of 
INCOR. The data shows that INCOR outperforms 
both opportunistic routing and inter-flow network cod
ing schemes. On average, INCOR achieves a perfor-
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mance gain of 1.123 and 1.168 better than inter-flow 
network coding and opportunistic routing in terms of 
the transmission count of reliable delivering a packet 
from source to destination, respectively. 

The rest of the paper is organized as follows. In Section II, 
we introduce existing research efforts relevant to our research. 
In Section III, we present our proposed INCOR scheme in 
detail. In Section IV, we show a performance evaluation of 
INCOR through simulations using different topologies. Finally, 
we conclude the paper in Section V. 

II. RELATED WORK 

In this section, we conduct a literature review of existing 
research efforts that are related to network coding and oppor
tunistic routing. For opportunistic routing, there have been a 
number of research efforts. For example, Biswas and Morris 
in [1] proposed a new opportunistic routing protocol, called 
ExOR, for wireless networks. MAC-independent Opportunistic 
Routing and Encoding Protocol (MORE) [4] is an enhance
ment of ExOR. By incorporating intra-flow random linear 
network coding and opportunistic routing, MORE does not 
need a highly structured MAC scheduler and can run directly 
on top of 802.11, achieving a better throughput than ExOR. 

Inter-flow network coding was initially implemented in 
the COPE protocol [3]. By identifying coding opportunities 
and then forwarding multiple packets in a single transmission, 
COPE leads to larger bandwidth savings than traditional rout
ing schemes. DCAR [5] adopts a more generalized coding 
scheme by eliminating the two-hop limitation in COPE. As 
a result, it can identify more coding opportunities to improve 
performance. I2NC [6] is another enhancement on COPE. By 
introducing redundancy through intra-flow network coding, 
I2NC is resilient to packet loss and it does not need to rely on 
the exact knowledge of the states of the nodes' neighbors. 

To further improve the performance of WMNs, there have 
been some research efforts on integrating inter-flow network 
coding and opportunistic routing [7]-[10]. For example, XCOR 
[7] is a protocol which integrates both opportunistic routing 
and inter-flow network coding. Nonetheless, only two simple 
topologies were considered in the evaluation of XCOR. CAOR 
[8] is a protocol that takes advantage of both intra-flow
based opportunistic routing and inter-flow network coding 
for lossy wireless networks. CAOR aims at integrating inter
flow network coding into the MORE protocol by focusing 
on creating linear combinations of packet sets rather than 
employing candidate set selection and prioritization. CORE 
[9] is a protocol that allows the next-hop node with the 
most coding gain to continue forwarding packets through 
opportunistic forwarding and attempts to maximize the number 
of packets which can be carried in a single transmission 
through localized network coding. Nonetheless, the forwarder 
set selection and prioritization as well as coding opportunity 
computation remain as open problems. In [10], using dynamic 
programming techniques, the authors proposed an optimal 
forwarding scheme to minimize the expected transmission 
count of bidirectional flows for opportunistic network coding. 
Nonetheless, the network model used is simple and consists of 
only two nodes that transmit packets to each other and some 
common neighbor nodes of the two transmitting nodes. 

3667 

Note that one of the key issues of opportunistic routing 
is candidate set selection and prioritization based on proper 
metrics for specific scenarios [11], [12]. For example, the 
authors of [12] developed the EATT metric and designed the 
corresponding candidate set selection algorithm for multirate 
any path routing. In addition, some other problems of oppor
tunistic routing have been addressed in a similar way, including 
energy efficiency [13], congestion control [14], etc. Nonethe
less, little work has been conducted to effectively incorporate 
inter-flow network coding into opportunistic routing. To fulfill 
this gap, in this paper, we design an inter-flow network coding
based opportunistic routing scheme by using the coding-based 
expected transmission count. 

III. INCOR: INTER-FLOW NETWORK CODING BASED 
OPPORTUNISTIC ROUTING 

In this section, we first present the system model and the 
design rationale of INCOR. Afterwards, we present the key 
metrics and the detailed design of INCOR. 

A. System Model 

In our study, we consider a wireless mesh backbone net
work, consisting of multiple mesh routers. The network can be 
modeled as a graph G(V, E), where V is the set of nodes and 
E is the set of links in the network. Each node i in the network 
can transmit packets to its neigh bor nodes j E N ( i) with a 
certain probability. The data transmission can be overheard 
by neighboring nodes. Denote Pi,j as the probability that the 
packet transmitted by node i is successfully received by node j, 
which is also defined as the link delivery probability from node 
i to j. Without loss of generality, similar to the existing work 
found in [10], we also assume that the links are symmetrical 
in both directions (i.e. Pi,j = pj,i)' 

We define the potential downstream nodes to receive and 
relay the packet transmitted by node i as the set of forwarding 
candidates of node i, denoted as Fi. Note that Fi is a nonempty 
set, which consists of neighboring nodes selected to forward 
the packet opportunistically according to a specific selection 
strategy. Meanwhile, Fi is an ordered set, where the order 
of the candidates corresponds to the candidate priority in 
forwarding the packet. Hence, under the assumption that the 
link delivery probability is independent, the probability that a 
packet transmitted from node i is successfully received by at 
least one node in Fi is 1 - TIjE.FJl -Pi,j). 

B. Design Rationale 

Our INCOR is a inter-flow network coding-based oppor
tunistic routing scheme that aims to improve the performance 
in WMNs. It effectively combines opportunistic routing and 
inter-flow network coding to make full use of the broadcast 
nature of the wireless medium. With network coding, when a 
coding opportunity arises, two or more packets can be trans
mitted in a single transmission. In addition, with opportunistic 
forwarding, other low-quality links rather than the best link 
can be used to deliver packets. As a result, the total packet 
transmission count can be reduced, leading to a significant 
performance gain in terms of throughput. 

To illustrate the basic idea of INC OR, we will first intro
duce an example to motivate our study. Consider the scenario 



IEEE ICC 2015 - Mobile and Wireless Networking Symposium 

in Fig. 1, where nodes A and B need to exchange a pair 
of packets Pa and Pb to each other. Because A and B are 
out of each other's transmission range, several relay nodes 
are responsible for forwarding these packets. In traditional 
routing, nodes A and B first select the best relay node, using 
a predetermined metric such as ETX [15], and then retransmit 
the packet until an ACK is returned. In opportunistic routing, 
nodes A and B continuously retransmit the packets until one 
copy is received by any one of the relay nodes. Then, the 
relay node that receives the packet takes the responsibility of 
transmitting the packet to the destination. 

Similar to traditional routing, in inter-flow network coding, 
after nodes A and B choose the same relay node as the best 
forwarder in advance, the relay node can simply transmit the 
bitwise XOR of packets Pab = Pa EB Pb and node Bean 
decode Pa by performing the bitwise XOR of Pab and Pb, 
which is Pa = Pab EB Pb. Note that node A can decode Pb 
in a similar fashion. Nonetheless, if either packet Pa or Pb 
is lost during transmission due to an unreliable wireless link, 
the coding opportunity is wasted. Utilizing this fact, INCOR 
employs a different method from network coding and selects 
relay nodes on-the-f1y rather than in a pre-determined manner. 
As long as there exists a relay node that successfully receives 
both Pa and Pb, it will be selected as the forwarder. In this 
way, the broadcast nature of wireless communication can be 
fully utilized. 

The essential issue of opportunIstic routing is how to 
choose the selection metric and how to determine and prioritize 
the forwarding candidates using the selected metric [11]. For 
example, in ExOR [1], the candidate priority is simply selected 
based on the cost of delivering a packet from each node to the 
destination. In EAX [16], the candidate priority is based on 
the expected any-path transmissions, which further captures 
the characteristics of opportunistic routing. In this paper, by 
considering that inter-flow network coding can reduce the 
transmission cost much further if multiple information flows 
cross at some nodes, we define and analyze the metric of 
Coding-based Expected Transmission Count (CETX) under 
opportunistic routing. 

C. Coding-based Expected Transmission Count 
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Fig. 1. A simplified network topology of bidirectional communication 

We define the CETX to be the expected number of 
transmissions of a packet from a node to the destination 
through a set of candidates when inter-flow network coding 
is incorporated. We will begin with a simplified case and then 
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extend it to a generic case. Consider the topology shown in 
Fig. 1 and that node A and node B transmit a stream of 
packets to each other. Because A and B are out of each other's 
transmission range, several relay nodes (say the number of 
relay nodes is N) are responsible for forwarding the packets. 
For relay node i, denote Pi,A and Pi,B as the link delivery 
probability of node i to nodes A and B, respectively. Assume 
that the sets of forwarding candidates of nodes A and B are 
:FA = {rAl'rA2,· .. ,rAN} and:FB = {rBl'rB2,· .. ,rBN}' 
with priorities r Al > r A2 > ... > rAN and r BI > r B2 > 
. .. > rBN' respectively. Then, we can derive the expected 
transmission count of node A delivering one packet to node 
B (denoted as C A) as follows: 

(1) 

where dA,FA is the expected transmission count from node A 
to its candidate set :FA and C FA is the expected transmission 
count from the candidate set to node B. 

and 

Similar to computing EAX [16], we have 

1 dA,FA = 

1 TI (1 ) , 
- iEFA -Pi,A 

L�l Pj,A TIt:i (1 -Pk,A)Cj 
1 - TIiEFA (1 -Pi,A) 

(2) 

(3) 

Note that Equation (3) is the conditional probability that 
any candidate relays the packet only if any other candidates 
with a higher priority does not receive the packet, given that 
at least one of the candidates receives the packet. 

and 

Then, C A and C B can be derived as follows: 

C A = 
1 + L�l Pj,A TIt:i (1 -Pk,A)Cj 

, 1 - TIiEFA (1 -Pi,A) 

CB = 
1 + L�lPj,B TIt:i(1-Pk,B)Cj. 

1- TIiEFB(I-Pi,B) 

(4) 

(5) 

When inter-flow network coding is introduced, the expected 
number of transmission for nodes A and B for exchanging 
a pair of packets can be further reduced. Assume that a 
coding opportunity arises at node i. That is to say, node 
i receives packets from both nodes A and B. Then, the 

1-(1- . 
1

)(1_ . ) transmissions at node i can be reduced Pt,A Pl,B 
because only if neither of nodes A or B receives the coding 
packet, the number of retransmissions at node i is the same 
as in the traditional routing case. In addition, similar to 
opportunistic routing, the event that node i becomes a coding 
relay node occurs with the conditional probability that the 
other candidates with a higher priority do not receive both 
packets (i.e., TI;=l (1 - Pj,APj,B) given that at least one of 
the candidates receives both the packets (i.e., [1 - TIiEFA (1 -
Pi,A)][I-TIiEFB (I-Pi,B)]). Hence, the reduced total number 
of transmission b.AB can be derived as follows: 

A Li l-(l-Pi,; )(l-Pi,B )Pi,APi,B TI;=l (1 -Pj,APj,B) 
DAB = . 

[1 - TIiEFA (1 -pi,A)][I - TIiEF B (1 -Pi,B)] 
(6) 
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Thus, in the simplified case where there is an intersection 
between the candidate set of nodes A and B, the CETX of 
nodes A and B when exchanging packets to each other can 
be expressed as XAB = CA + CB - [..AB. In addition, as 
we assume that the links in the network are symmetrical, the 
approximate CETX of node A transmitting packets to node B 
can be expressed as XA,B = X�B . 

In a generalized case where the candidate set of two 
transmitting nodes S and D has no intersection, given the 
candidate set of each node, the CETX of node S when 
transmitting packets to node D can be derived in a similar 
way as Equation (3), which is given by 

X _ 1 + ��I Pj,S IT�:i (1 - Pk,S )Xi,D 
S,D - 1 - ITiEFs (1 -pi,A) , 

where M is the number of candidate sets of S. 

(7) 

When the intersection of the candidate sets of the nodes 
does not exist or a coding opportunity does not exist, the XOR
ed packets cannot be decoded and our INCOR becomes the 
opportunistic routing described in EAX [16]. Further, note that 
when there is only one candidate set for all nodes along a 
path, INCOR translates to the COPE [3] protocol. If coding is 
not allowed, INCOR can be viewed as traditional routing in a 
wireless network. 

D. The Design of [NCOR 

In the following, we present the detailed design of the 
INCOR protocol. Because the prerequisite for computing the 
CETX is to determine the candidate sets of the nodes and their 
corresponding prioritization, we first present the candidates se
lection and prioritization algorithm. Then, in order to code the 
appropriate packets together in the presence of opportunistic 
forwarding, we introduce our opportunistic encoding and for
warding mechanism. Finally, to identify coding opportunities, 
we present an opportunistic listening mechanism. 

1) Candidates Selection and Prioritization: Based on the 
CETX metric, INCOR selects and prioritizes the candidate sets 
for each node. The general idea of INCOR is that for node i, 
adding the nearer neighbor nodes and their candidate sets (in 
term of CETX) to the candidate sets of node i can reduce the 
CETX of i. In addition, the candidate set with a lower CETX 
will be given a high priority in relaying packets. To achieve 
this, we develop the candidate set selection and prioritization 
algorithm in INCOR by using an algorithm similar to Dijkstra's 
algorithm. Algorithm 1 shows the detailed procedure. 

In Algorithm 1, two data structures S and Q are main
tained. S is the set of nodes whose final CETX to the desti
nation node has been determined. The algorithm repeatedly 
selects the node j, j E V - S with the minimum CETX 
and adds j to S (line 13). Here, Q, which is a min-priority 
queue of nodes keyed by their CETX values, is maintained by 
using three priority-queue operations: INSERT (inserts element 
to the set), EXTRACT-MIN (returns the element with the 
minimum key), and DECREASE-KEY (decreases the value of 
an element to a new value). Lines 1-6 initialize all the Xi, Fi 
values, Line 7 initializes the data structure S to an empty set, 
and Lines 8-10 initializes the priority-queue Q to contain all 
the nodes in V. Each time through the while loop of lines 11-
25, lines 12-13 extract the node j with the minimum X from 
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Algorithm 1 Candidates selection and prioritization algorithm 
1: for each node i in V do 
2: Xi <-- 00; 
3: Fi <-- 0; 
4: end for 
5: Xd <-- 0; 
6: Fd <-- 0; 
7: S <-- 0; 
8: for each node i in V do 
9: INSERT( Q, i); 

10: end for 
I I: while Q i= 0 do 
12: j <-- EXTRACT-MIN(Q); 
13: S = S u {j}; 
14: for each edge (i,j) in E do 
15: if i E S then 
16: Fi = Fi U {j} U (Fj n N(i)); 
17: I> N(i) returns the neighbor nodes of node i; 
18: prioritize the candidates in Fi based on X value; 
19: calculate Xi with Equation 7; 
20: end if 
21: end for 
22: for each node i in V do 
23: DECREASE-KEY (Q,i,Xi); 
24: end for 
25: end while 
26: return Xi,Fi 

Q and add it to S. Then, the for loop of lines 14-21 finds the 
upstream neigh bor nodes of j, adds j and its candidates set to 
the candidate set of the neighboring nodes, and calculates the 
corresponding X value. The time complexity of Algorithm 1 
is the same as that of Dijkstra's algorithm, which can achieve 
a running time of O(V 19 V + E) if Q is implemented with a 
Fibonacci heap. 

2) Opportunistic Encoding and Forwarding: Opportunistic 
packet forwarding in INCOR is different from the classical 
opportunistic routing protocol because of the existence of inter
flow network coding. When making a decision on choosing 
the appropriate packets to be coded with native packet P and 
candidate set C, the node will choose the next k packets from 
the output queue and check: (i) whether the previous hop of 
these packets is in C. and (ii) if the candidate set of the k 
packets contains at least one node that stores a copy of packet P based on the received reception reports. If these conditions 
hold, the node chooses the top packet to code with packet P. 

Fig. 2 is an example to illustrate the opportunistic for
warding and listening in INCOR. Node C in Fig. 2(a) has 
three packets to deliver, where the previous hop and candidate 
set is shown in Fig. 2(b). The packets that are stored in the 
neighboring nodes of C are shown in Fig. 2(a). Node E 
overhears the transmission of packet PI from D to C, meaning 
that packet PI is also in E's packet pool. When making the 
decision on choosing the packet to be coded with P, node 
C checks the previous hop and the candidate set of PI and P2. As packet PI'S candidate set does not contain a node that 
stores P, if P and PI are XOR-ed, the coded packet cannot be 
decoded by A. If P and P2 are coded, it satisfies the coding 
condition and P2 can be decoded by any of the candidates in 
this scenario. 

On the sending side, when a node has a chance to transmit 
a packet, it first decides whether the packet can be encoded 
and which packets can be used in encoding. If the packets 
cannot be encoded, the node sends out the packet, including 



IEEE ICC 2015 - Mobile and Wireless Networking Symposium 

1 em l D 
A's packet pool 0 D's packet pool 0 

[K][]]�I C's output queue 

CD 1 CfJ I 
B's packet pool CD 

(a) 

Previous hop 
Packets in C's 
output queue 

Candidate set 

B -----7 [EJ -----7 D,E 

D -----7 [KJ -----7 A 

E -----7 [K] -----7 A,B 

(b) 

Fig. 2. An Example of [NCOR: node C in (a) has three packets to deliver, 
where the previous hop and candidate set is shown in (b) and the packets 
stored in the neighboring nodes of C are shown in (a) 

its forwarding candidates with the priority order. Otherwise, 
the node raises the priority of the candidate nodes, which are 
the potential next hops of the XOR-ed packets and then sends 
out the packet with the candidates list and nexthops list. On 
the receiving side, if a native packet is received, the node first 
checks whether it is in the candidates list. If so, it waits for 
a certain amount of time determined by its priority for an 
ACK, which is sent from another higher priority node. Once a 
timer expires, meaning that no other higher priority nodes have 
received the packet, it will forward the packet to its candidate 
set and send out an ACK. On the other hand, if the packet 
is encoded and the node is in the nexthop list, the node will 
decode the packet, send an ACK to the sending node, and 
continue forwarding the decoded packet. 

3) Opportunistic Listening: Opportunistic listening in the 
INCOR protocol is similar to the COPE protocol. That is, all 
the nodes in the network overhear the packet transmissions 
to neighboring nodes and store the overheard packets for a 
limited period of time. In addition, the nodes in the network 
shall broadcast reception reports to its neighbors to inform 
them of packets being stored. Reception reports are transmitted 
in the data packets sent by the node. If a node has no data 
packet to transmit in a time period, it will also periodically 
send reception reports. Nonetheless, to ensure the ability to be 
decoded, coding decisions are made strictly based on reception 
reports rather than additional intelligent guessing techniques 
used in COPE. 

IV. PERFORMANCE EVALUATION 

In this section, we evaluate the performance of INCOR 
using two topologies. The first topology is a 5 x 5 grid topology 
network. Here, we take the link quality as the variable to 
investigate its effect. The second topology is a real-world link
level measurement of Roofnet [17], which is an experimental 
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802.11b/g wireless mesh network developed by MIT, and 
consists of 35 nodes. In our simulation, the data rate is 2Mbps. 

�6 �7 �8 �9 
Link Quality in Grid Topology 

Fig. 3. The transmission count of [NCOR, COPE, and EAX in different grid 
topologies 

In the simulation for the grid topology network, we first 
randomly choose a pair of nodes. We then apply the candidate 
selection and prioritization algorithm to obtain the candidates 
for each node. Subsequently, we generate a series of random 
numbers, which are uniformly distributed in an interval of [0, 1 ]  
for each transmission. If  the random number of  a transmission 
is smaller than the link quality, the transmission is successful. 
Based on the random numbers, we can obtain the transmission 
count of packets exchanged between the two nodes. Each 
simulation is repeated 1000 times and the results are averaged 
as illustrated below. 

Fig. 3 shows the relationship between the average trans
mission count and link quality for INCOR, COPE, and EAX. 
As we can see, when the link qualities in the network are 
low, opportunistic routing performs better than network cod
ing. When the link qualities approach 1, the performance 
of network coding is higher. This result matches with the 
theoretical analysis shown in Section III. Furthermore, in all 
the conditions, INCOR always achieves a better performance 
gain than the other two schemes. 

0.9 
0.8 

50.7 
� 06 
LL 

.� 0.5 
1ii 
� 04 
::J () 0.3 

0.2 
0.1 

0 0 2 4 6 8  
Transmission Count 

10 12 

Fig. 4. CDF of transmission count of [NCOR, COPE, and EAX 

The procedure for simulating the ROOFNET topology 
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network is similar with that of the grid network. Fig. 4 
shows the Cumulative Distribution Function (CDF) of the 
transmission count of exchanging a pair of packets of INCOR, 
COPE, and EAX, measured over 1000 different runs. The 
source nodes and destination nodes in each run are randomly 
selected. The maximum number of candidate sets is 3. As 
we can see, INCOR consistently performs better than COPE 
and EAX. The average value of expected transmission count 
over 1000 runs for these three methods is 4.0835, 4.5838 and 
4.7694, respectively. This indicates that INCOR achieves an 
average performance gain of 1.123 and 1.168 better than COPE 
and EAX, respectively. In addition, the maximum gain is 1.719 
and 1.983 better than COPE and EAX, respectively. 

5 .2 1-�----'-----'----;:=;==:;:;:;::;! 

c: 
o 'gj 4 . 4  
E 
"' � 4 .2 
t= 

4 
3 .8 
3 .6 '----�---�--�---�------' 1 2 3 4 5 6 

Maximum Number of Candidates 

Fig. 5. The transmission count of INCOR, COPE, and EAX with different 
maximum numbers of candidates 

Fig. 5 shows the relationship between the average transmis
sion count and maximum number of candidates for INCOR, 
COPE, and EAX. As we can see, the average transmission 
count declines as the maximum number of candidates increases 
for INCOR and EAX. Nonetheless, it changes little for COPE 
as there is no candidate selection in the COPE protocol. Recall 
that when the maximum number of candidates is 1, INCOR 
becomes COPE, leading to the same performance in this case. 
We observe that if the maximum number of candidates is no 
bigger than 5, COPE outperforms EAX. 

V. FINAL REMARKS 

In this paper, we proposed a novel INCOR protocol that 
integrates the characteristics of inter-flow network coding and 
opportunistic routing. In INCOR, we analyzed the coding
based expected transmission count based on the probabilities of 
link delivery, the sets of forwarding candidates, and the priority 
of nodes. We also developed an algorithm for candidate 
selections and prioritization along with opportunistic encoding 
and forwarding. Through a performance evaluation, our data 
shows that INCOR outperforms inter-flow network coding and 
opportunistic routing. 
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