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Abstract

Network coding is one of the most promising techniques to increase the reliability and reduce
the energy consumption for wireless sensor networks (WSNSs). However, most of the previous
works mainly focus on the network coding for multicast or unicast in WSNSs, in spite of the
fact that the converge-cast is the most common communication style in WSNs. In this paper,
we investigate, for the first time as far as we know, the feasibility of acquiring network coding
benefits in converge-cast, and we present that with the ubiquitous convergent structures
self-organized during converge-casting in the network, the reliability benefits can be obtained
by applying linear network coding. We theoretically derive the network coding benefits
obtained in a general convergent structure, and simulations are conducted to validate our
theoretical analysis. The results reveal that the network coding can improve the network
reliability considerably, and hence reduce number of retransmissions and improve
energy-efficiency.
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1. Introduction

Explosive growth in embedded computing and rapid advances in low power wireless

networking technologies are fueling the development of wireless sensor networks (WSNSs).
And WSNs have been attracting a great attention due to their wide range of potential
applications. However, sensor nodes are generally powered by batteries which only provide a
limited amount of power, and it is often difficult and costly to recharge or replace the batteries.
Moreover, the lossy wireless links which often lead to packet delivery failures further
accelerate the energy consumption due to frequent retransmissions, as we all known that data
transmission dominates the energy consumption in wireless sensor networks. Therefore,
reliability and energy-efficiency are essential for wireless sensor networks.

Network coding is a technique that can increase network throughput and reduce energy
consumption by combining data from different input links in an intermediate node [1, 2].
Many applications have incorporated this idea since its initial proposal by Ahlswede [1].
Network coding is particularly well-suited for wireless networks due to the broadcast nature of
their communications [3, 4]. It is precisely because of so many advantages of wireless network
coding, that the applications of network coding in WSNs are intensively studied in recent
years [5-12].

However, by reviewing the related literatures, we have found that the issue of network
coding in wireless converge-cast still remains open. The consideration on network coding in
converge-cast is stimulated by the special way of how a WSN typically works. Environmental
data generated by the sensor nodes scattered in the monitoring regions are gathered towards
the sink node hop by hop, as shown in Fig. 1. Since the network engages to collect data from
the sensor nodes for most of the time, the most common communication style in WSNs should
be converge-cast. However, to the best of our knowledge, few works have been done on it. To
this end, we investigate how the network coding benefits the wireless sensor networks during
converge-casting, and how to obtain the network coding benefits as many as possible in this

paper.

A Sink Nodes
O Sensor Node
Fig. 1. Converge-cast in wireless sensor networks

The main contributes of our work are summarized as follows:

1) In this paper, we investigate, for the first time as far as we know, the feasibility of
acquiring network coding benefits in converge-cast. We reveal that with the ubiquitous
convergent structures self-organized during converge-casting in the network, the
reliability benefits can be obtained by applying linear network coding.

2) We define the typical convergent structures where to perform network coding. And on
the basis of that, we also derive the theoretical expressions to calculate the reliability
benefits in a general convergent structure.
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3) We perform different simulations to evaluate the network coding benefits. The results
show that network coding is able to bring about reliability benefits. And with network
coding, converge-cast in WSN costs much fewer retransmissions and can reduce
energy consumption considerably.

The rest of this paper is organized as follows. In Section I1, we discuss related work. Section
Il investigates the feasibility of acquiring network coding benefits in converge-cast. The
suitable network coding style and the source of network coding benefits in converge-cast are
discussed. In Section 1V, the linear network coding model is proposed. And also in this section,
the amount of reliability benefits is derived. The numerical and simulation results are
presented in Section V. Further discussion is presented in Section VI, followed by Section VII
giving the conclusions.

2. Related Work

The famous work in [1] introduced the concept of network coding with the objective of
improving the throughput of a multicast traffic flow in a wired network. Instead of only
forwarding the incoming packets, the essence of network coding is a paradigm shift to allow
coding. Thus, network coding can achieve the maximum information flow of a multicast
network. Koetter [13] and Li. [14] studied the Linear Network Coding (LNC), and they proved
that a linear combination of packets can also achieve the maximum throughput of the multicast
network. And subsequently in [15], Ho. et al extended the LNC and proposed the novel idea of
Random Linear Network Coding (RLNC). They showed that with the coefficients randomly
taken from a sufficient large finite field I*;, the probability that all the receivers can decode the
source processes is considerably high.

Due to the broadcast nature of wireless media, network coding was introduced to wireless
network naturally. Katti et al. proposed COPE, which is a network coding aware unicast
routing for wireless mesh networks [3]. It is the first work on the system architecture for
wireless network coding, and is also the first deployment of network coding in a wireless
network. And Chachulski et al. proposed a MAC-independent LNC-based opportunistic
routing called MORE (MAC-independent Opportunistic Routing & Encoding) [4]. COPE and
MORE are prominent representatives of two different types of network coding schemes
respectively, i.e. inter-flow network coding (Inter-NC) and intra-flow network coding
(Intra-NC) [16]. For Inter-NC, coding is done over packets from different flows and towards
different next-hop nodes [3, 17, 18]. And Intra-NC schemes typically combine multiple
packets heading to the same destination into a single coded-packet which should be decoded at
that common destination [4, 19].

Wireless network coding is able to introduce benefits on throughput, reliability, and
energy-efficiency [16], which greatly inspires the researches on applying network coding into
WSNSs. These works mainly involve network coding aided multi-cast and unicast [5-12], and
the specific applications include online reprogramming and data dissemination [5-8],
distributed data storage and acquisition [9, 10], and reliable data transmission [11, 12], etc.
However, work on network-coding-aided converge-cast can seldom be found, although
converge-cast is the most common communication style in WSNs. Current converge-cast in
WSNs typically employs an inverted multicast tree [20-22], and packets are still simply
forwarded to the parents without encoding.
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3. Feasibility of Acquiring Network Coding Benefits in Converge-cast

In this section, we discuss about the feasibility of acquiring network coding benefits in
converge-cast, that is, which kind of benefits can be produced in converge-cast.

3.1. Inter-flow Network Coding

In inter-flow network coding, the router, in which the packets from different flows are
combined (coded), broadcasts the newly generated packet to different neighbors in a single
transmission. Inter-flow network coding can help improve throughput because coding allows
the routers to compress the transmitted information given what is known at various nodes.
Consider the example in Fig. 2(a), where node A and B attempt to exchange a pair of packets.
The limited transmission range prevents them from communicating directly and thus they
have to turn to node C for forwarding. In the traditional store-and-forward scheme, four
transmissions are required. While in case of network coding, node A and B could transmit their
respective packets to node C, which XORs (exclusive-ORs) the two packets and broadcasts
the coded packet. Thus, node A can recover node B's packet by reXORing with its own packet,
and so does node B. In this case, the exchange completes only within three transmissions.
Hence, the network throughput is improved.

5
@ OO x
0, O)

(a) Traditional scheme needs (b) Inter-flow network coding
four transmissions scheme only needs three trans-
missions

Fig. 2. A simple example of how network coding can improve throughput

Let O(C, f) denote the set of nodes who can overhear the flow f and are known by node C.
And D(C. f1 denotes the set of all downstream nodes of node C on flow f. Generally,
supposing the flow f intersects with f, at node C, C is a coding node if and only if both the
following conditions are satisfied:

{ Ad, € O(C, f)n D(C, f.) (1)
Ads € O(C, fL) N D(C, f)

where d; and d, are two nodes in the network. However, as shown in Fig. 1, so long as different
flows arrive at the same node in case of converge-cast, their following paths come to the same.
Therefore, neither of these two conditions in (1) can be satisfied. In other words, inter-flow
network coding cannot benefit converge-cast unfortunately.

3.2. Intra-flow Network Coding

Intra-flow network coding allows the intermediate nodes to combine the packets heading to
the same destination. The encode operation is merely a simple random linear combination of G
original packets as
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G

Xi = giM; )
=1

where M; (i = 1, 2, ... ,G) are the original packets, ¢i are the coefficients randomly selected
from a g-order Galois field GI'(¢), and X is the coded packet. The destination node can
recover all the original packets if it has received no less than G linear independent encoded
packets of M; [2].

In the presence of intra-flow network coding, each received packet contains some
information about all the original packets. No packet is specific for both the sender and the
receiver, and no specific packet is indispensable. As a result, unlike the traditional automatic
repeat request (ARQ), where the sender needs to know exactly which packets the destination
misses so that it can retransmit them, the sender does not need to learn which particular
packets the destination misses, and it only needs to get an ACK from the destination once it
has received enough packets to decode and recover all the original packets. By this way,
intra-flow network coding is able to dramatically reduce the bandwidth consumed by those
feedbacks.

We are delighted to discover that network coding in converge-cast shares certain
characteristics with intra-flow schemes. Specifically, in intra-flow network coding, all the
coded packets should finally be decoded in the same specific node. And similarly, packets sent
by various nodes during converge-casting are tend to be joined up with each other in certain
intermediate nodes or the sink node, as shown in Fig. 1. That means those converging nodes
have the opportunities to recover all the original packets if those packets have been coded
elsewhere. Hence, in converge-cast, benefits can be obtained by exploiting the ubiquitous
convergent structures self-organized during converge-casting in the network.

3.3. The Source of Benefits

Before discussing about the source of network coding benefits in converge-cast, we first
introduce some terminologies which will be used throughout the paper.

Definition 1: The converge-tree T is a directed tree which is a collection of nodes connected
to the sink and paths from those nodes to the sink in the network. The T is organized by
non-network-coding data collection protocols, such as Collection Tree Protocol (CTP) [20].
The root of T is just the sink node.

Fig. 1 shows a converge-tree.

Definition 2: An n-order converge-structure C38,, is a three-layer subtree of the T
composed of n leaves S; (i=1, 2, ..., n), ninterior nodes C; (i=1, 2, ..., n), and a root D, as
shown in Fig. 3 (a). A €S, possesses the following characteristics:

1) There is a one-to-one correspondence between the set of leaves and the set of interior
nodes. Assume that S; is the only child of C;.

2) Ci(i=1,2,...,n)can overhear the communications of S;; and S;.;. While C; and C,
can only overhear the communications of S, and S, respectively.

3) A complete process of linear network coding can be performed in the CS,,. The leaves
are source nodes, the interior nodes are encoders and routers, and the root is the
decoder. And the C'$, is the most basic one to perform network coding, as shown in
Fig. 3(b).



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 7, NO. 5, May. 2013 1185
Copyright © 2013 KSII

(@) CSy () C$2

Fig. 3. Converge-structures. The nodes and solid lines with arrows form a subtree of converge-tree. The
dashed lines represent the overhearing links.

During converge-casting in WSNs, the probability of forming C$,, is considerably high,
especially for low order CS$,,. And the computational complexity of performing network
coding in C3,, is low. A encoder only need to combine no more than three original packets.

Next, we explain how the network coding benefits converge-cast. Consider the simple
example illustrated in Fig. 4 (). Itis a C32. The packets x; and x, are to be joined up with each
other in D. However, the link from S, to C, (£Lg,.¢,) fails. Evidently, in case of
non-network-coding schemes, at least one retransmission is required to ensure the success of
packet delivery. But it is different if the idea of network coding is employed. Since C; can
overhear x,, it would combine x; and x, by means of XOR or linear network coding [2] (in fact,
XOR is a special kind of linear network coding scheme with GIF{2)). Assume the coded
packet is {; & 24). And likewise, C, can overhear x; and just only forward it to D for it only
get one packet. Finally, D is able to recover x, by reXOR the coded packet with X3, as shown in
Fig. 4 (b). Hence, network coding in converge-cast is able to reduce the probability of
retransmission. That is the benefit!

Fig. 4. The reliability benefits introduced by employing network coding in converge-structure.

4. Quantitative Analysis of Network Coding Benefits in Converge-cast

In this section, we study how many benefits can be obtained by applying network coding to
converge-cast in WSNs. We first introduce the typical network coding model, and then we
derive the theoretical benefits introduced by network coding.

4.1. The Network Coding Model

A (CS,.can be represented by a matrix defined as:

Definition 3: A n-order converge-matrix M,, is mapped from C$3,,. The element of M,,,
denoted asc;j(i,j =1, 2, ..., n), represents the coefficient of the original packet sent by S; when
performing linear network coding in C;. The coefficients are chosen over all elements of a
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Galois Field G (g). My, (i, j) = 0 if the corresponding L, ¢, fails. And if all the links work,
the M,,, which is called as the perfect M,,, should be:

ci,1 c2 0 - 0 0 0
2.1 C‘2=2 (’,‘2’3 e 0 0 0

0 €32 €33 - 0 0 0

0 0 0 o Cp—2n—2 Cp—2n—1 0

0 0 0 Ch—1n—-2 Cn—1n—-1 Cn—1n

0 0 0 et 0 Cn.’n—] Cn,n

The rank of M, is denoted as R(M,,).

Hence, let X,, = (1, x2,...,x,)T be the vector of original packets. The vector of coded
packets, which is denoted as Y,, = (y1.42,....yn) ", can be calculated as Y,, = M,, - X,,.
And D is able to recover all the original packets with X,, = M, ! - Y,,. Obviously, this
equation has a unique solution if and only if R(M,,) = n.

Taking into consideration the limited computing capacity of a sensor node, it is reasonable
to assign predetermined values to these coefficients. Since a coded packet includes no more
than three original ones, for example, GI"(2*) is adopted. Hence, the coefficients should be
chosen from (0, 1, a, a®) where « is the primitive element of GI"(2%). And the binary and
decimal notations are (000, 001, 010, 011) and (0, 1, 2, 3) respectively as follows.

a o 0 -~ 0 0 0 230 -~ 000
1 a & -« 0 0 0 1 23 -« 000
0 1 a --- 0 0 0 012 -~ 000
M,=|: : = . 1 1 = _decimal nofation_ | A ()
0 0 0 a o 0 000 30
0 0 0 1 a o 000 1 3
0 0 0 0 1 « 000 01 2

It is simple to prove that the perfect R(M,,) = n.

4.2. Quantitative Analysis

Theorem 1: For a feasible converge-cast in a CS,, with lossy links and a network coding in
which the coefficients are determined by the corresponding M,,, assuming that all the links
share the same delivery ratio r, the probability p, that the decoder D can recover all the original
packets can be calculated as:
» _{ (2 —r?) itn=2 ()
" Pn1(r+72 =)+ (ppo — puszr)r*(l—7) ifn>=3
Particularly, po £ 1and p; = 2.
Proof: First, p, can be calculated easily with the exhaust algorithm.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 7, NO. 5, May. 2013 1187
Copyright © 2013 KSII

P = {Ml R @ - )+ ] P2 =2 - ) ©)

Then we calculate p,(n = 3). D can recover all the n original packets if and only if
R(M,,) = n and all the links from the encoders to the decoder are successful. In other words,
prn = p[R(M,,)]r"™ where p[IR(M,,)] is the probability of R(M,,) = n. According to the total
probability formula, we have:

PIR(M,)] = (p), + p}.) (6)
pn p[R(My,1)] - p[R(My,) | R(M;—1)] (7
pp = p[R(M,,_1)] - p[R(M,,) | R(M,,_1)] (8)

where p[R(M,)] = p[R(M,) < n].
In case that M,, ; is a full-rank matrix, M,, is also full rank if either of the following
conditions is satisfied:
1) Lg, o, works. Or
2) Ls,c, fails, but both £g, |, and Lg, ¢, , are successful. Moreover, M,,
must be a full-rank matrix.
Hence, we have

= p[R(Mn—l)} 'p[]R(Mn) | R(Mn—l)]

— R(My 1)) + pR(My 1)R(M, )} (1 1) ©
And because
PIR(M;—1)R(My—2)] = p[R(Ma-1)(2 — R(M,—2))] (10)
= p[R(M,,_1)] = p[R(M,,-1)R(M,, _5)]
therefore
ph = pRM, )] (r + 1% = %) = pR(M, 1) - R(M,,—2)]r?(1 — 1) (11)

Moreover, M,, must be a singular matrix if R(M,_1) <n —2. Assuming that
R(M,,—1) < n — 1, M,, is full rank if both of the following conditions are satisfied:

1) M,,_» is afull-rank matrix. And

2) Both £, ., and are successful.
Therefore, we have

p2 = p[R(M,,_1)] - p[R(M,,) | R(M,, )]

= p[R(M;,)R(M;,—1)]| = p[R(M;,—4 )]R(Mn_‘z)]rz (12)

By utilizing (12), it can be inferred that

pR(M,_1)R(M,,_2)] = p[R(M,,_2)R(M,,_3)]r* (13)
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Substitute (11), (12) and (13) into (9), we have

pn = p[R(M,—1)](r + 1% — %) + p[R(M,,_1) R(M,,_2)]r’

o p[R(Mn—Q)R(Mn—g)]?'zl(l - T') (14)

Because
p[@R(Mn,QH = p[R(My—2)] — p[R(Myp—1)R(My—2)] (15)
p{R{Mn—Q)R(Mn—fiH = pDR(Mn—S)] - p[]R(Mﬂ_Q)]R(Mn__g)] (16)

And according to (9), we have
PIR(M;—1)R(Myi—2)] = p[R(M—2)]r + p[R(Mp—2) RMM,—3)]r*(1 = 7)) (17)
Substitute (15), (16) and (17) into (14), and simplify it, we have

PIR(M,)] =p[R(M,,—1)](r + 2 = %)
FpIR(M,)}r?(1 ) — p[R(M,5)lr(1 — 1) o
That is:
o= Pt (r + 12 =)+ (puoa — pasr®)rt(1 = 7) (19)
The theorem is proved.

The probability that all the packets are successfully received by D without network coding,
denoted as p!, can be calculated as

P, =" (20)
And the reliability benefit B introduced by network coding in C$,, is

Pn — P,
i

Pn

B= (21)

4.3. Numerical Results

Fig. 5 presents the comparisons between p, and p!, in CS$,(n = 2,3,4). p, and p/, are
calculated from (19) and (20) accordingly, and they can be interpreted as packet collection
rates with and without network coding. The link delivery ratio r is taken from 0 to 1. It can be
observed in Fig. 5 that in case of employing network coding, the packet collection rates always
surpass those of non-network-coding schemes under various link delivery ratios. Network
coding improves the reliabilities dramatically. Fig. 6 illustrates the reliability benefits (B)
introduced by network coding in CS,,(n = 2,3,4,5,6). We can see that the benefits are
proportional to the orders of converge structures for a given link delivery ratio, and meanwhile,
are inversely proportional to the link delivery ratio for a given converge structure, which can
be deduced from (21).
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Fig. 5. Numerical results for p,, and p!, in C$,(n = 2, 3,4).

1200

1000

800

600

400

200

-
L

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Delivery ratio (r) of each link

Fig. 6. Reliability benefits of employing network coding in CS,,(n = 2, ...,6)

5. Simulation Results

1189

We have implemented the network-coding-aided converge-cast in a C$, on Network
Simulator 11 (NS2). The topologies are shown in Fig. 7. To ensure that the decoder is reachable
for all coders, the distances between adjacent coders or source nodes in €3, are closer than
those in CS, and CS3. Since our primary objective is to evaluate network coding benefits, we
simply assign the converge-tree manually as shown in Fig. 3 (b). The coefficients of the coded
packets are predetermined according to (3). Each source node generates CBR packets destined
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to D. And the packet size is defined as 1000 bits. All the converge-cast schemes in our
simulations are based on a simple Time Division Multiple Access (TDMA) Medium Access
Control (MAC) protocol. For simplicity, TDMA schedules with global time synchronization
are employed. In detail, the first n slots of a TDMA frame are allocated to the source nodes, the
next n slots are allocated to the coders, and the last slot is assigned for the decoder. And in the
simulations, no mobility is assumed.

(a) (b) ©
Fig. 7. network topologies for simulations, (a) for C%s, (b) for C%3, (c) for C3,,

The objective of the first set of simulations is to validate Theorem 1. The experiment is very
simple: Each source node simply sends out 100 CBR packets; and the coders mix what they
have received and forward them to the decoder. No ACK mechanism is applied, that is, a
sender does not care about whether the packet is successfully received by the destination or not.
Altogether 900 experiments are done to count the packet collection rates with and without
network coding under different link delivery ratios. Moreover, the theoretical results are
obtained according to (19) and (20). The comparisons between the theoretical and simulation
results are shown in Fig. 8, where we can find that the theoretical and simulational results are
almost perfectly matched, thus verifying our analysis.

1 | I I 1
—8— (CS2, with NC, simulational

B3+ CS2, without NC, simulational
08 =g = CS2, with NC, theoretical
—=— (CS3, with NC, simulational

& 0.6 ceeeyees CS3, without NC, simulational
i — 3 = (CS3, with NC, theoretical

g —e— CS4, with NC, simulational

% 0.4 -0 CS4, without NC, simulational

- © = (CS84, with NC, theoretical

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Delivery ratios (r)
Fig. 8. Packet collection rates of CS$,,(n = 2, 3, 4) under different delivery ratios
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Considering that, in practical WSNs, ACK mechanism and retransmissions should be
employed to ensure the packet delivery, another set of simulations are conducted. In this set of
simulations, link-level ACK mechanism is adopted. A total of 100 CBR packets are sent out,
and the numbers of transmissions of the source nodes are recorded when all the packets are
successfully collected by the destination. Altogether 100 simulations are performed for each
link delivery ratio and the average values are adopted.

Fig. 9 shows the average numbers of transmissions per packet of the source nodes under
various link delivery ratios with and without network coding. It can be observed that, firstly,
much fewer transmissions are required if network coding is applied in all scenarios. The
numbers of transmissions are reduced by 47.6%, 52.8% and 55.4% respectively in €32, CS;
and C%4 as r = 0.1, and the gains monotonously drop to about 10% as r = (0.9. Secondly,
numbers of transmissions required in 'S,, CS5 and €S, are totally identical without network
coding, while are different if network coding is employed, that is, the higher the converge
structure’s order is, the fewer transmissions are required. The reason is that the source nodes
locate at the edge of a €S, such as S; and S; in 34, can take advantage of only one
overhearing link, while the others can exploit two. Hence, there are more average overhearing
links available for per source node in a higher-order converge structure, which can bring about
more reliability benefits and reduce more transmissions.

P I I - 06
3 —e—CS2, with NC
g 10 '\ - m = CS2, without NC || 0:3
2 |\ —e—CS3, with NC
2 81 _ - 0.4
5 \ - m - CS3, without NC ) \‘%
26 1Y —e—CS4, with NC | -Eo,g
é & l\ — @ - CS4, without NC
g 4 ~ 0.2 T —e—Cs2
é , - _ of || —*=Cs3
2 ——CS4
0 0 [ |
01 02 03 04 05 06 07 08 09 0.1 02 03 04 05 06 07 0.8 09
Delivery ratios (r) Delivery ratios (r)
(a) (b)

Fig. 9. (a) The average numbers of transmissions of the source nodes under different link delivery ratios.
(b) The gains of network coding on number of transmissions under different link delivery ratios.

Fig. 10 (a) illustrates the performance on end-to-end delay in the three scenarios described
above for various link delivery ratios. First, we can find out that the end-to-end delay in a
high-order converge structures is longer than that in a low-order one. And as it is expected, the
delay is inversely proportion to link delivery ratio. Fig. 10 (b) shows the results of dl,¢/dlnone-nc,
where dl. and dlnonenc are the average end-to-end delays of the CBR packets with and without
network coding. Clearly, in case of poor wireless link quality, network coding is able to reduce
the delay by means of its reliability benefits. In these cases, retransmission is the chief reason
of the delay. However, when the link quality gets better, i.e., the delivery ratio is higher than
6x10™, none-network-coding schemes outperform network-coding ones. The reason is that,
with the delivery ratio improves, the delay caused by retransmissions decreases rapidly and
tends to play a minor role of the total delay. And meanwhile the inevitable waiting period,



1192

Zeng et al.: Classification of Traffic Flows into QoS Classes by Clustering

which is introduced by the decoder for collecting enough coded packets to recover the original
ones, significantly increases the end-to-end delay, just as Voigt et al have also argued in

[2

End-to-end delay (seconds)

3].
1.4 ——TT— 1.15
i —e— CS2, with NC
1.2 — m = CS2, without NC | =
Al ——CS3, with NC | 1.05
\ — @ - CS3, without NC 3
0.8 Ty , - T
—— CS4, with NC =
0.6 — ® - CS4, without NC 2095
S
0.4 - 0.9 ——CS2 |
——CS3
0.2 0.85 -
——CS4
0 0.8 L]
0.1 02 03 04 05 0.6 0.7 08 09 0.1 02 03 04 05 06 0.7 0.8 09

Delivery ratios (r)

(a)

Delivery ratios ()
(b)

Fig. 10. (a) The end-to-end delay of the CBR packets with and without network coding under different
delivery ratios. (b) The ratio of the average end-to-end delay of the CBR packets with and without
network coding under different link delivery ratios.

We further study the performance on energy saving via this set of simulations. The detailed
parameters for energy model and propagation model are listed in Table 1 and Table 2. These
parameters ensure that each node’s signal is able to effectively cover a sphere with the radius
of 250 meters. And at the edge of the sphere, the received power will be equal to RXThresh_,
meaning that any packet will be discarded if the receiver is outside this area.

Table 1. Simulation parameters for energy model

Parameters Value Description
Pt_Consumer 0.386 (W) Transmitting power consumption
Pr_Consumer 0.3682 (W) Receiving power consumption
P_ldle 0.3442 (W) Idle listening power consumption
P_Sleep 0.00005 (W) Sleeping power consumption
P_transition 0.05 (W) State transition power consumption
P_Init 1000 (J) Initial energy level
Table 2. Simulation parameters for propagation model
Parameters Value Description
propType TwoRayGround | Propagation model. The TwoRagGroud model considers
both the direct path and a ground reflection path.
RXThresh_is the reception threshold. If the received signal
RXThresh_ 5.00256x10™°(W) | strength is greater than this threshold, the packet can be
successfully received.
CSThresh_is the carrier sensing threshold. If the received
CSThresh_ 2.13551x 10 (W) signal strength is greater than CSThresh_, the packet

transmission can be sensed. However, the packet cannot be
decoded unless signal strength is greater than RXThresh .
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Fig. 11 shows the average energy consumed by the source nodes for transmitting and by the
coders for receiving respectively under different link delivery ratios. In fact, Fig. 11 (a) and (b)
are completely compatible with Fig. 9, for the transmitting energy consumption is determined
by the total number of transmissions if the transmitting power and the length of the CBR
packets are given. And by Fig. 11 (c) and (d), firstly, one can see that the energy consumed by
the coders for receiving is much more than that consumed by the sources for transmitting. The
reason is that the coders spend lots of energy overhearing data from other nodes. Secondly,
due to the reliability benefits introduced by network coding, the network-coding-aided scheme
saves considerable amount of energy spent by receiving and overhearing. However, as the
delivery ratio becomes high, the superiority is not so obvious anymore. And we also observe
that the gains of different converge structures are almost the same. It is because that all the
coders behave in the same way and produce almost the same benefits.

1.8 I 0.6
16 X —e—CS2, with NC [ o
=14 A - @ - CS2, without NC [ | ’
g 5 LA ——CS3, with NC | | 0
= | \; - @ - CS3.withoutNC | |
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Fig. 11. (a) The average energy consumed by the source nodes for transmitting one packet under
different link delivery ratios; (b) The gains of network coding on energy consumed by the source nodes
for transmitting one packet under different link delivery ratios; (¢) The average amount of energy
consumed by the coders for receiving under different link delivery ratios. (d) The gains of network
coding on energy consumed by the coders for receiving under different link delivery ratios.



1194 Zeng et al.: Classification of Traffic Flows into QoS Classes by Clustering

6. Discussion

6.1. Prerequisites of Obtaining Network Coding Benefits

It can be found that: Firstly, without overhearing, none of C; (i =1, 2, ..., n) can receive any
packet sent by source node other than its own child, which makes network coding impossible.
The existence of overhearing can be interpreted as the introduction of redundant links, which
is certainly capable of improving transmission reliability. Secondly, if all the links were
completely reliable, no retransmission would be needed, and the network coding would not
introduce any benefit at all. Therefore, both the feasibility of overhearing and the unreliability
of links are the prerequisites to obtain the benefits of network coding in C3.,.

6.2. The need of Network Coding

There may be a puzzle about the necessity of network coding in a CS,,. For example, as shown
in Fig. 4 (b), instead of sending the coded packet (::; < z2), C, only need to forward X, to D,
which can also achieve the aim. Moreover, there would be overhead on combining x; and x,.
But the question is how C; could learn about which packet to forward. In this case, information
exchange between C; and C, is indispensable for them to coordinate the forwarding. And
what's more, ina C%,,, a C; (i =1, 2, ..., n) has to negotiate with up to five adjacent interior
nodes about the right packet to forward, which introduces much more overhead and latency
than network coding.

6.3. How to Explore More Coding Opportunities

As mentioned above, there may be plenty of CS$,, formed during converge-casting. Some of
them could be overlapped to explore more network coding opportunities, as shown in Fig. 8. A
node may act as a source node in a C$,,, and meanwhile, it is the decoder or one of the encoder
in another CS,,.

Fig. 8. The overlapped 5,,. Each ellipse contains a C5,,.

7. Conclusion

In this paper, we have investigated the feasibility of acquiring network coding benefits in
converge-cast, and we have demonstrated that with the ubiquitous convergent structures
self-organized during converge-casting in the network, the reliability benefits can be obtained
by applying linear network coding. We have theoretically derived the network coding benefits
obtained in a general convergent structure, and simulations have been conducted to validate
our theoretical analysis. The results reveal that the network coding can improve the network
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reliability considerably, and hence reduce number of retransmissions and improve
energy-efficiency.
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