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Abstract

Network alignment has brought significant advances to our understanding of complex networks,
e.g., the World Wide Web, biological networks, and social networks. Triangles comprised of three nodes
are the simplest subnet in the directed network. The topological distribution of triangles is an important
indicator of understanding the dynamics and function of directed networks. In this paper, we present a
novel alignment algorithm for direct networks only based on topology structure, which can be used for any
two networks. The transcriptional regulatory networks (TRNs) of E Coli and S Crevisiae are used to
evaluate the algorithm. Experimental results demonstrate that the algorithm proposed is efficient for
aligning directed networks.
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1. Introduction

Recently many complex systems in nature and society have been represented as
networks to understand structure, dynamic, robust, and evolution [1-3]. A network is consisted
of nodes and links. Nodes of the network represent the elements of the complex system and
two nodes are connected by a link if they are somehow related [4]. Network alignment is the
problem of finding a good mapping between nodes of a pair of different networks with
similarities between the structure or topology of them. It has an enormous impact on our
understanding of networks [5-11]. Despite the researches in this field grow rapidly, network
alignment is still in its infancy. Thus, much research is needed to formally define the problem of
network alignment, develop algorithms to solve it accurately, and design applications of network
alignment to produce meaningful results. When we know a lot about some of the nodes in one
network and almost nothing about their topologically similar nodes in the other network
alignments of networks can be specialized knowledge about one may tell us something new
about the other.

The majority of methods for network alignment have focused on local network
alignments, targeting only pairwise alignments [5, 6, 12]. Local network alignments typically
match a small subnetwork from one network to one subnetworks in another network. So far,
many algorithms for local alignment have been developed. Kelley et al. search for high-scoring
pathway alignments between pairs of node interaction paths in two different networks [13].
Koyuturk et al. develop a framework for comprehensive alignment of two networks, which is
inspired by models that focus on understanding the evolution of protein interactions [14]. Berg
and Lassig develop an evolutionary grounded method for the cross-species analysis of
interaction networks by alignment [15]. Different from the above algorithm that primary purpose
to detect conserved subnetworks, the global network alignment provides a unique, one-to-one
mapping for every node in one network to exactly one node in the other network. Singh et al.
use spectral graph theory to compute scores of aligning pairs of nodes from different networks
[16]. Flannick et al. has been extended to allow global network alignment based on a learning
algorithm. Liao et al. relies on the notion of node-specificrankings and uses a method similar to
PageRank-Nibble algorithm in order to improve upon existing global alignment results [17].
Kuchaiev et al. [18] and Milenkovic et al. [19] propose a network alignment algorithm with the
cost function based solely and explicitly on a strong, theoretically grounded, direct measure of
network topological similarity.
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Nearly all of these methods intended for the analysis of undirected network data.
However, many of the networks that we would like to study are directed including the World
Wide Web, food webs, many biological networks, and even some social networks. The
commonest algorithm for directed networks has been simply to ignore the link directions and
apply algorithms designed for undirected networks. It is clear that we are throwing away a good
deal of information about our network’s structure information.In this paper, we present a novel
algorithm that is only based on direct measures of network topological similarity. On account of
our methods only use network topological information, they can align any two networks.
Network alignment provides a fithess between two networks, but it is not obvious how to
measure the “goodness” of an inexact fit. To address this problem we use a measure LC [18] to
assess the alignment quality.

We apply our algorithm to TRNs and show that they produce by far the most complete
topological alignments of TRNs to date. Our alignment of the gene-gene interaction networks of
two famous model organisms, E. coli and S. cerevisiae. The consequence shows that our
method works effectively in alignment for directed networks.

2. Research Method
2.1. Triangle Vertexes Weightiness

In general, the simple building blocks of complex networks are a small structure of
several nodes called motif [20]. Network motifs are small subgraphs that can be found in a
network statistically significantly more often than in randomized networks. Among the possible
motifs, the simplest one is the triangle which represents the basic unit of transitivity and
redundancy in a graph, see Figure 1.
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Figure 1. List of all 13 types of triangles

As shown in Figure 1, there are 13 triangle cases at most, including 39 vertexes, in an
arbitrary directed network. We compare all three vertexes one another for each triangle T; and
merge the code of vertexes had the same place. Then, there are 30 special vertexes for
triangles, encoded from 1 to 30 in Figure 1. We assign different weights w; to different vertexes
i, because some complex triangles contain the simple triangles, such as triangle 11 contain 1.
We assign higher weights to the vertexes whose are not affected by other vertexes, and lower
weights to depend on other vertexes. The w; is calculated using a function as follows:

e ®
max(TC,)

where TC; means the number of vertexes affected by vertex i. We consider that each vertex
affects itself. For instance, for vertexes 1, TC,=2, since it affects vertexes 25 and itself; similarly,
TCs = 3, since vertex 6 affected vertexes 17, 20 and itself. The weights of 30 vertexes as shown
in Table 1.
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Table 1. The weights of 30 vertexes
Vertex Weight Vertex Weight Vertex Weight Vertex Weight Vertex Weight Vertex Weight
No.1 0.5 No.6 0.75 No.11 1 No.16 0.25 No.21 0.25 No.26 0.25

No.2 0.5 No.7 1 No.12 1 No.17 0.25 No.22 0.25 No.27 0.25
No.3 0.75 No.8 0.75 No.13 1 No.18 0.25 No.23 0.25 No.28 0.25
No.4 0.75 No.9 1 No.14 1 No.19 0.25 No.24 0.25 No.29 0.25

No.5 0.75 No.10 0.75 No.15 0.75 No.20 0.25 No.25 0:25 No.30 0.25

2.2. Triangle Degree

The number of triangles that the node touches is the triangle degree of it. For a node u,
as shown Figure 2, the triangle degree values of the 30 vertexes of node u, are presented in the
Table 2.

Figure 2. An illustration of a small network containing node u. The values of the 30 vertexes of
the triangle degree are shown in Table 2

Table 2. Values of the 30 vertexes of the triangle degree of node u in Figure 2
Vertex Degree Vertex Degree Vertex Degree Vertex Degree Vertex Degree Vertex Degree

No.1 0 No.6 3 No.11 0 No.16 0 No.21 0 No.26 1
No.2 2 No.7 1 No.12 2 No.17 0 No.22 0 No.27 0
No.3 0 No.8 2 No.13 0 No.18 0 No.23 0 No.28 1
No.4 3 No.9 1 No.14 1 No.19 0 No.24 0 No.29 0
No.5 0 No.10 3 No.15 0 No.20 0 No.25 0 No0.30 0

2.3. Nodes Similarity

The nodes similarity, based on the frequencies of the appearance of all 13 triangles,
measure the degree of approximation of a pair of nodes originating in different networks. For a
pair of nodes u in network G and v in network H, the nodes similarity of vertex i between them
Di(u,v) is defined as:

V.

ui i

D, (u,v) =1-w, x -
deg(u) deg(v)

(2)

where deg(u) means the degree of a node u in network G; u; is the number of vertex i touched
by node u in G and v; is the number of vertex i touched by node v in H. Because of higher
degree nodes with similar provide a tighter constraint than correspondingly similar low degree
nodes. We define the nodes similarity S(u,v) between nodes u and v as:

S(u,v):¥ 3)

2o W

2.4. Alignment Algorithm

The alignment algorithm aligns a pair of different networks based on the nodes similarity
measure. The processes aligning two networks G(U,E) and H(V,F) are described in the
following steps:

A topology-based algorithm for directed network alignment (Fu Liu)
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Stage 1: compute the nodes similarity between each node u in G and each node v in H.

Stage 2: choose the initial pair of nodes u and v that has the maximum similarity.

Stage 3: take the two sets of nodes Pg and Py rounded u and v that the shortest path
from u to p less than one third of diameter of network G and H, respectively, and greedily aligns
the two sets by finding node pairs (u,v):u€ Pg, vE Py with maximum nodes similarity.

Stage 4: when all around the seed have been aligned, some nodes in both networks
may remain unaligned. So, repeats the same method on a pair of networks and searches for the
new seed again.

Stage 5: stop the calculate process when each node from G is aligned to exactly one
node in H.

2.5. Measures of the Alignment Quality

The alignment algorithm produces global alignments to find the best way to fit network
G(U,E) into H(V,F), if the number of nodes in G less than H. In order to evaluate the alignment
quality of a fit, a new measure called “link correctness” (LC) has been introduced. The LC could
be to assess the number of aligned links—that is, the percentage of links in G that are aligned to
links in H. The LC is defined as:

|{f(E)eF}+{d(E)eF}|

LC =
E]

(4)

where f(E) means the link alignment produced by alignment algorithm; d(E) means the direction
of links produced by alignment algorithm. High LC means that networks G and H share similar
topologies. In particular, if LC=100%, then the second network, H, contains a subnet isomorphic
to G.

3. Results and Analysis
3.1. Evaluation of Alignment Algorithm

The TRN of Escherichia coli is one of the most elaborate reconstructions currently
available. In order to evaluate our method, we used the evaluation algorithm performed by
literature [18, 21] with the TRN of E. coli. We build the TRN of E. coli that were organized in
RegulonDB [22]. The resulting TRN involving 1680 nodes and 4150 interactions, some main
parameters are listed in Table 3. A TRN model represents the molecular regulation process by
which genes regulate transcription of other genes.

Table 3. Statistics of the transcriptional regulatory networks of E. Coli and S. Cerevisiae

Network name Regulatory genes Regulated genes Links
E. coli 186 1574 4150
S. cerevisiae 157 4284 12853

Imitation the assess method in literature [18]. Four expand networks obtained by
random remove the nodes from the network; random remove the links from the network;
random add the links to the network; and random transform the direction of links in the network.
For each of the expand network, we calculate the LC with four percentages of change: 5%,
10%, 15% and 20%. Due to randomness, we run each experiment 30 times and average results
over the 30 runs. The results as shown in Figure 2. With these experiments, we demonstrate
that alignment algorithm is capable of producing high-quality alignments with LC of about 90%.
This indicates that our algorithm is capable of discovering alignments with high LC if used for
the high topological similarity networks.

3.2. Pairwise Alignment of S. Cerevisiae and E. Coli TRNs

We align the TRN of Escherichia coli to the TRN of S. cerevisiae reconstituted with
genes interact dates in the YEASTRACT database [23], some main parameters of the TRN of
S. cerevisiae are listed in Table 3. Each gene within TRNs of S. cerevisiae and E. coli was
annotated with its corresponding functional class according to Monica Riley's MultiFun system
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[24], available via the GeneProtEC database [25]. To measure the effectiveness of the
alignment algorithm, we performed a functional concordance(FC) analysis for genes. Compared
the functional classes of each pair of nodes which aligned by our algorithm and test the
proportion of pairs which on the same functional class. FC was defined as:

Fc-PS, 1 s Psc 3
Pa Np“ Pac

where Ps is the number of aligned gene pairs which on the same functional class; Pa is the
number of all aligned genepairs; Psc is the number of the same functional classes contained by
a gene pair; Pac is the number of all functional contained by a gene pair; Np is total of aligned
gene pairs. As shown in Figure 4, the FC of regulatory genes is calculated in three functional
hierarchies. There are 8 modules in root level, 39 modules in middle level and 78 modules in the
third level. We find that our algorithm aligns network regions of Escherichia Coli and S.
Cerevisiae in which a large percentage of genes perform the same biological function in both
species. The result indicates that our algorithm is effective for discovering alignments with
similar function.

RL AL TD RN RL AL TD RN RL AL TD RN RL AL TD
5% 10% 15% 20%

Figure 3. The LC of four expand networks with four percentages of change. RN: random remove
the nodes; RL: random remove the links; AL: random add the links; TD: random transform the
direction of links

08

Figure 4. The functional concordance of aligned genes between Escherichia coli and S.
cerevisiae TRN viaing our alignment algorithm. RL is the root level; ML is the middle level and
TL is the third level

We extracted five functional modules from S. Cerevisiae and E. Coli TRN in accordance
with the second level of the MultiFun hierarchy, respectively, as shown in Table 4.
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Table 4. Statistics of five functional modules

No Biological function E. coli nodes E. coli links S. cerevisiae nodes S. cerevisiae links

Ci1 Carbohydrates utilization 1408 3675 4156 10235

c2 Fatty acids utilization 1102 2891 3067 8892

C3 Amino acids utilization 1302 3399 3895 9963

Cc4 Amines utilization 847 2098 2569 7208

c5 Macromolecule 1218 3255 3577 9631
degradation

The LC of five functional modules calculated by our algorithm shown in Figure 5. The
efficiency of align in functional subnets is better than in whole network.

Figure 5. The LC of five functional modules. C1, C2, C3, C4, C5 are shown in Table 4; AN is the
LC between two globe networks

4. Conclusion

In summary, we have proved that it is possible to extract function information from
network topology. We introduce a new global network alignment algorithm that is based only on
network topology structure. Our algorithm can be applied to any network type not just biological
networks. We apply our method to align E. coli TRN and noising E. coli TRN. Experiment results
demonstrate that alignment algorithm can produce high quality alignments. Additionally, we
apply our method to align TRN of S. Cerevisiae and E. Coli. The results demonstrate that it
produces topologically statistically significant alignments in which many aligned genes perform
the same function. Network alignment has applications across an enormous span of domains,
from social networks to software call graphs. In the many domains, the mass of currently
available network data will only continue to increase and we believe that high-quality topological
alignments can yield new and pivotal insights into function and evolution.
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