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Abstract. Network coding can effectively improve the transmission efficiency
of the network, but compared with the traditional forwarding nodes, the par-
ticipation of network encoding nodes will bring resource consumption. In this
paper, we propose an improved algorithm of the max-flow based on the shortest
path, which combines the concept of path capacity summation to achieve the
maximum flow of the network, and the shortest path guarantees the minimal
number of encoding nodes. The simulation results based on random network
show that this algorithm can effectively reduce the encoding nodes and the
consumption of network resources on the basis of realizing the maximum flow
of the network.
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1 Introduction

The traditional network intermediate node has long played a role of routing forwarding
until 2000 Ahlswede et al. [1] proposed the concept of network coding to break the
limitations of the understanding of intermediate nodes. Intermediate nodes not only
play the role of storage and forwarding, but also can encoded the information, so that
the multicast network can achieve the maximum transmission traffic thus increasing the
transmission rate.

But the encoding nodes are brought to the resource consumption, affecting the
transmission efficiency. So, in case of maximum throughput (maximum flow), the
fewer encoding are, the less resource consumption is. In the traditional network coding
algorithm, encoding nodes are the intermediate nodes whose number of input links is
larger than the number of output links in the work, however, in the guarantee of the
maximum flow is not all such intermediate nodes need to be encoded, so there is a lot
of unnecessary resource consumption. Therefore, how to ensure that maximum flow on
the basis of the minimal coding node become a hot issue.

In graph theory, there are many algorithms for calculating the maximum flow of the
network, which can be applied to the network coding to achieve maximum throughput.
In recent years, more and more scholars have studied this aspect in more depth. Liu
et al. [2] combined Dijkstra routing [3] and generic linear network coding [4] to reduce
the complexity of network coding algorithm, and explained the possibility of applying
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the knowledge of graph theory to network coding. Tao et al. [5] proposed a minimal
cost network coding algorithm based on critical link, and the Dinic algorithm [6] in
graph theory is applied to search of the augmented path. In [7], the Floyd algorithm [8]
is applied to the path cluster search process of the polynomial time algorithm [9]. And
Zhu et al. [10] proposed an algorithm to reduce the number of coding nodes on the
basis of Ford-Fulkerson algorithm [11]—the maximum flow algorithm of graph theory
with the new understanding of reused links and super critical nodes.

In this paper, we proposed a shortest path maximum flow network coding algorithm
based on the capacity summation. When the max-flow is achieved, the number of
encoding nodes can be minimized because the shortest path makes the minimal passing
intermediate nodes and the selection principle of coding nodes is improved.

The rest of this paper is organized as follows. We will review some related
knowledge in Sect. 2 and give our algorithm steps in Sect. 3. In Sect. 4, we will
present an example to compare this improved algorithm with the Ford-Fulkerson
algorithm. In Sect. 5, simulation results will be given and we can know the advantage
of the improved algorithm in reducing encoding nodes. At last, Sect. 6 serves as
conclusions.

2 Related Works

In a network N ¼ ðV ; L;CÞ [12], V represents the set of nodes, including the source
node set S, the sink node set T , and the intermediate node set W ; L represents the set of
links between nodes and C represents the capacity set. For link l 2 L, f ðlÞ is called the
flow on the link l. If l ¼ ðvi; vjÞ, f lð Þ can also be recorded as fij. And for v 2 V ,
f þ vð Þ ¼ P

vi¼v fij is the output flow of node V , f� vð Þ ¼ P
vj¼v fij is the input flow of

node V :

2.1 The Shortest Path

The shortest path in the graph theory is the shortest path between two mutually distinct
nodes,where each link has a corresponding length. In this paper, in order to simplify the
calculation, the length of each link will be united, so the shortest path from source to
sink is to find a path with the minimal links in all possible cases, and thus the number
of passing node is the minimal.

2.2 Capacity Summation

For a network, the links between each node have the corresponding capacity. If there is
no link between two nodes, then there is no capacity and the capacity value is 0: The
sum of all links’ capacity on a path is added to obtain capacity summation.
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2.3 Feasible Flow

If flow f satisfies:

0� f lð Þ�C lð Þ; 8l 2 L ð1Þ
f þ vð Þ ¼ f� vð Þ; 8v 2 Vfs; tg ð2Þ

such a f is called a feasible flow and f always exists.

2.4 Encoding Node

The encoding node will only appear in the intermediate nodes, and the encoding node
of previous algorithm judges that such a node may be an encoding node when the
number of input links is greater than the number of output links– num�ðvÞ[ numþ ðvÞ.
But in this paper, in addition to this encoding node conditions, we also consider that
transmission information on the input link is different from that on the output link; and
for each v 2 V ;

Pn
i¼1 fi [

Pn
i¼1 ci,

Pn
i¼1 fi represents the total flow of all input links,

and
Pn

i¼1 ci represents the total capacity of output links.

3 Algorithm Process

We propose an improved algorithm based on some of the above concepts to achieve the
maximum flow of the network, and the following are the implementation steps of the
algorithm:

(1) Generate a more regular network structure (single source network) by making
some changes to the random network topology [13], where the source node is
denoted as S, the sink node is denoted as Tnðn ¼ 1; 2; 3. . .Þ, and the intermediate
node is denoted as Viði ¼ 1; 2; 3. . .Þ.

(2) Initialization: Suppose that the capacity of each link in the network is Cij [ 0 (if
there is no link between two nodes, then Cij ¼ 0), and the value of the feasible
flow fij is initialized to be 0.

(3) Augmented process: The source node S is sent to the adjacent node information,
and then find the shortest path for augmentation from the source node S to the sink
nodes Tn.If there are multiple paths of the same length, then find the path of the
maximum capacity summation for augmentation (If all the capacity summation is
the same, then choose one to augment arbitrarily). If there is such an augmenting
path, then go to (4), otherwise re-enter (3) until finding such an augmenting path.

(4) Adjustment Process: The augmenting flow e ¼ min vi;vj2Vð Þ Cij
� �

. If the link is the

forward link, then the residual flow value of the link minus e. If the link is the
backward link, then the residual flow value of the link plus e. If a link has reached
saturation after the flow adjustment, the link is not considered in the following
augmenting path search.

(5) After the end of the flow adjustment, and then re-enter (3) to search for the next
augmenting path.
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(6) The above process is iterated until all the augmenting paths in the network are
found to reach the maximum flow, and the information of the input edge and the
output edge of each intermediate nodes is recorded, and then the encoding node is
judged according to the definition of the encoding node.

The complexity of the algorithm is analyzed as follows:
Assume that the number of vertices is m and the number of links is k in the network

graph. When searching for an augmenting path, since the number of vertices of the
network is m, the number of links included in the augmented path found by the
algorithm is at most m. So from the source node to the sink node, it takes at most m
steps. And because the number of links is k, searching for an augmentation path takes
at most k times, so the complexity of finding an augmenting path is Oðk � mÞ. Then in
the process of modifying the flow for the augmenting link that is sought, the traffic on
each edge needs to be modified and this complexity is OðmÞ. So the complexity of this
algorithm is Oðk � m2Þ.

4 Example Analysis

Suppose there is such a network, the source node is denoted as S and the sink node is
denoted as T , and the intermediate node is denoted as 1; 2; 3; 4; 5; 6. The connection
between nodes represents a link, and the number on the link represents capacity. The
network topology is shown in Fig. 1.

Fig. 1. Network topology
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The implemental of the shortest path maximum flow algorithm based on the
capacity summation in the network is as follows:

Find the shortest path from source node to the sink node, respectively
S ! 1 ! 4 ! T , S ! 2 ! 4 ! T , S ! 2 ! 5 ! T , S ! 2 ! 6 ! T ,
S ! 3 ! 6 ! T , where the path of the maximum capacity summation is
S ! 3 ! 6 ! T , so this path is augmenting path and the augmenting flow e1 ¼ 2. For
the saturated link, will not be considered in the next augmenting path search. So, we
can get all of the following augmentation processes, as shown in the Table 1.

Finally, all the maximum flow paths from the source node to the sink node are
obtained. The maximum flow fmax ¼ e1 þ e2 þ e3 þ e4 þ e5 þ e6 ¼ 2þ 4þ 2þ
2þ 1þ 2 ¼ 13.

So, for a multi sink multicast network, we can extend to find out all the maximum
flow paths from the source node S to the sink nodes Tnðn ¼ 1; 2; 3. . .Þ. And the
encoding nodes in all the maximum flow paths can be found according to the definition
of the encoding node.

If we do not use the improved shortest path maximum flow algorithm but use the
traditional maximum flow algorithm—Ford-Fulkerson. Ford-Fulkerson algorithm is an
important max-flow algorithm in the graph theory and achieves the max-flow of the
network through the residual network. And then we can know the augmenting process
of this network is shown in Table 2.

Table 1. Augmengting process of the improved algorithm

Serial number Augmenting path Augmenting flow

2 S ! 1 ! 4 ! T e2 ¼ 4
3 S ! 2 ! 6 ! T e3 ¼ 2
4 S ! 2 ! 5 ! T e4 ¼ 2
5 S ! 1 ! 2 ! 5 ! T e5 ¼ 1
6 S ! 3 ! 2 ! 4 ! 5 ! 6 ! T e6 ¼ 2

Table 2. Augmengting process of Ford-Fulkerson algorithm

Serial number Augmenting path Augmenting flow

1 S ! 1 ! 2 ! 4 ! 5 ! 6 ! T r1 ¼ 1
2 S ! 1 ! 4 ! 5 ! 6 ! T r2 ¼ 1
3 S ! 1 ! 4 ! T r3 ¼ 3
4 S ! 2 ! 4 ! T r4 ¼ 1
5 S ! 2 ! 6 ! 5 ! T r5 ¼ 2
6 S ! 2 ! 5 ! T r6 ¼ 1
7 S ! 3 ! 2 ! 5 ! 6 ! T r7 ¼ 2
8 S ! 3 ! 6 ! T r8 ¼ 1
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The max-flow fmax ¼ r1 þ r2 þ r3 þ r4 þ r5 þ r6 þ r7 þ r8 ¼ 1þ 1þ 3þ 1þ
2þ 1þ 2þ 2 ¼ 13.

Although the Ford-Fulkerson algorithm can achieve the maximum flow, the
number of augmenting path is larger than the number of augmenting path of the
shortest path maximum flow algorithm based on the capacity summation. And with the
increase of nodes, the advantages of improved algorithm are more obvious. This is
because the Ford-Fulkerson algorithm is not targeted to find nodes when looking for
augmenting path and needs to continue to contiguous nodes labeled, so there is
redundancy and blindness. The improved algorithm is based on the principle of the
shortest path—passing the least nodes—and the maximum capacity summation to
select the augmenting path, so that redundancy can be reduced, and because the number
of passing intermediate nodes is minimal, then the corresponding number of inter-
mediate nodes that can become the encoding node will be reduced.

5 Simulation Results

In this paper, the adopted simulation tool is MATLAB 2015a, the first set of experi-
ments is to verify the relationship between the number of augmenting paths and the
number of nodes of the improved algorithm and the Ford-Fulkerson algorithm in the
same case, as shown in Fig. 2. We can see that in the case of fewer nodes, the path
exists in the network is limited, so the difference between the two algorithms is not

Fig. 2. The relation between the number of nodes and the number of augmenting paths
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significant. However, as the number of nodes increases, the number of augmenting path
of two algorithms is increased. But the curve of the improved algorithm is slower than
that of the Ford-Fulkerson algorithm, which indicates that the larger the network size is,
the more available paths are. The improved algorithm reduces redundancy so that
maximum flow can be achieved with fewer augmenting paths.

In the second experiment, the relationship between the number of encoding nodes
and the number of nodes is simulated, as shown in Fig. 3. Though the re-definition of
encoding nodes, it can be seen that under the same conditions (the same network
topology and the same capacity value on the link), the number of encoding nodes of the
improved algorithm is smaller than the traditional network encoding nodes. And with
the increase of the network size (the number of network nodes), this advantage is more
prominent. Firstly, this is because that the shortest path means the minimal number of
passing nodes, and then the definition of encoding nodes is stricter so that some
unnecessary encoding nodes can be reduced.

6 Conclusion

This paper aims to solve the problem of reducing the number of unnecessary encoding
nodes in the network coding process, so we propose the shortest path maximum flow
algorithm based on the capacity summation. Not only can achieve the maximum
network flow makes the maximum throughput, but also reduces the amount of

Fig. 3. The relationship between the number of nodes and the number of coded nodes
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computation for encoding nodes of the network. Compared with the traditional algo-
rithm, it has more advantages in reducing the encoding nodes, reducing the overhead of
nodes, and making network coding more practical.
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