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Abstract. We propose an entirely new approach to understanding com-
plex networks; called “dynamic network motifs (DNMs).” We define
DNMs as statistically significant local evolutionary patterns of a net-
work. We find such DNMs in the networks of two web services, Yahoo
Answers and Flickr, and discuss the social dynamics of these services as
indicated by their DNMs.
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1 Introduction

Many studies in the fields of engineering and science have tackled complex net-
work analysis. In recent years, improvements in computational power have ad-
vanced the field of network mining, i.e. identifying all subgraphs in a given
network [6,7].

Network motif (NM) analysis is one of the subgraph mining methods pro-
posed by Milo et al. [4,5]. Motifs are small (usually from three to seven nodes in
size) connected subgraphs that appear in the given network at higher frequency
than in the equivalent (in terms of the number of nodes and edges) random
networks. NM analysis is attracting a lot of attention because it enables a fuller
understanding of complex networks in terms of their local structure.

A recent extension to data mining attempted to cover the evolution of sub-
graphs [2]. In [2], since the statistical significance of the evolution of subgraphs
is not still defined, no discussion was given on what evolution of subgraphs is
important for a given network.

To achieve this target, we propose a method, called dynamic network motif
(DNM) analysis, that can analyze the evolution of subgraphs statistically. We
define DNMs as statistically significant local evolutionary patterns of a network.

In this paper, we apply our method to networks based on datasets of two actual
web services, Yahoo Answers1 and Flickr2. The DNMs found in the network from
Yahoo Answers are distinct from the DNMs found in the network from Flickr:
This is due to the difference in communication properties, which influences the
evolution of the network. We consider that the networks of Yahoo Answers and
Flickr are evolving under the pressures of expertise and politeness, respectively.
1 http://answers.yahoo.com
2 http://www.flickr.com
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2 Conventional Method: Network Motifs

Before introducing our method, we review network motifs (NMs), which are the
basis of our method. NMs are defined to be statistically significant patterns of
local structures in real networks. They are being studied by many researchers,
including Milo et al. [5].

Milo et al. started with network G = 〈V , E〉 where the interaction between
nodes is represented by directed edges. The types of n-node subgraphs, which
are defined to be subgraphs that have n nodes, are connected, and are not
isomorphic to one another, were introduced. For example, there are 13 types
of 3-node subgraphs as shown in Figure 1, and 199 types of 4-node subgraphs.
The network is scanned for all possible n-node subgraphs (in many studies,
3 ≤ n ≤ 7), and the number of occurrences of each type is recorded. To focus
on those that are likely to be important, the real network is compared to K
equivalent randomized networks. NMs are defined to be the type that recur
in the real network with significantly higher frequency than in the equivalent
networks.

1 2 3 4 5 6

7 8 9 10 11 12 13

Fig. 1. All 13 types of triads

Furthermore, to compare the local structures of networks from different fields,
Milo et al. [4] introduced the concept of the significance profile (SP) of a network.
Here, mi and m̂ik denote the number of occurrences of type i in the real network
and in the kth equivalent randomized network, respectively. First, the Z-score
of the occurrences of type i is computed as:

zi =
mi − μi

σi
, (1)

where μi = 1
K

∑K
k=1 m̂ik and σ2

i = 1
K

∑K
k=1(m̂ik − μi)2. The SPs are computed

by normalizing the vector of Z-score z = {zi}i to length 1.

3 Proposed Method: Dynamic Network Motifs

We propose a method to analyze evolution of n node subgraphs (this paper
mainly addresses the case of n = 3). We define dynamic network motifs (DNMs)
as statistically significant evolutionary patterns of local structures in given
networks.
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Fig. 2. All 24 evolutionary types of triads
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Fig. 3. Edge 〈1, 8〉 yields three triad-
evolution

Suppose we have network G = 〈V , E〉 where each edge e = 〈u, v〉 ∈ E
represents an interaction from u to v that took place at a particular time, t(e).
Though potentially there are multiple interactions from u to v, we record only
the oldest one. For two times t0 < t1, let G0 = 〈V , E0〉 and G1 = 〈V , E1〉
denote the subgraph of G consisting of all edges with a time-stamp before t0
and t1, respectively.

In this paper, we regard each single interaction that took place between t0
and t1, i.e. e ∈ E1 − E0, as evolution of network G0. The evolutionary type of
a n node subgraph is determined by the type of the subgraph in G0 and the
evolution e ∈ E1−E0. The number of evolutionary types increases with subgraph
size. For example, three node subgraphs offer 24 possible evolutionary types and
four node subgraphs offer more than 200 evolutionary types. Let J denote the
number of evolutionary types. Figure 2 shows all 24 evolutionary types of three
node subgraphs, where black and red dashed lines indicate existing edges in E0

and new edges in E1 − E0, respectively.
We scan G0 and E1 −E0 for all possible evolution of n node subgraphs, and

record the number of occurrence of each evolutionary type. In general, a single
new edge is related to multiple subgraphs. In the case of Figure 3, for example,
pair 〈1, 8〉 yields three triad-evolution. Focusing on the three triads of 〈1, 7, 8〉,
〈1, 11, 8〉, and 〈1, 13, 8〉, the pairs are related to evolutionary types 4, 4, and 2,
respectively.

The number of occurrences of evolutionary type j in E1 − E0 of G0 is given
by:

dj =
∑

〈u,v〉∈E1−E0

xuvj , (2)

where xuvj represents the number of occurrences of evolutionary type j related
to new edge 〈u, v〉 (e.g., xuvj = 2 where u = 1, v = 8, and j = 4 in the case
of Figure 3). Similar in NM analysis, to compute the statistical significance of
evolutionary type j, we compare E1 − E0 to the equivalent randomized sets of
edges Êk in terms of the number of occurrences of each evolutionary type in
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Table 1. Number of nodes, two times t0 and t1, and number of edges of social networks

|V | t0 |E0| t1 |E1|
Yahoo Answers 5,835 2010/07/21 18,796 2010/07/22 37,320
Flickr 7,776 2010/06/15 82,868 2010/06/18 173,344

G0. The randomized sets of edges are generated in a way similar to randomized
networks in NM analysis.

The statistical significance of evolutionary type j is given by:

ζj =
dj − νj

τj
, (3)

where d̂jk represents the number of occurrences of evolutionary type j for Êk,
νj = 1

K

∑K
k=1 d̂jk, and τ2

j = 1
K

∑K
k=1(d̂jk − νj)2. The SPs of evolutionary types

are computed by normalizing the vector of Z scores ζ = {ζj}J
j=1 as in NM

analysis.

4 Experiments

4.1 Datasets

We exploited two social media sources, Yahoo Answers and Flickr, to gather the
experimental data. Our Yahoo Answers data set is based on a snapshot crawled
in the period of July 20th, 2010 to July 22nd, 2010, and our Flickr data set is
based on a snapshot crawled using Flickr API3 in the period of June 12th, 2010
to June 18th, 2010.

We extract a dense part from each graph as experimental data using parameter
κ (set to three in each case). Dense is defined as occurring when all nodes have
at least κ edges in each graph by Liben-Nowell et al. [3]. Table 1 lists details of
social networks.

4.2 NM and DNM Analyses

In this paper, we focus on three node subgraphs. The analysis about subgraphs
that have more than three nodes is future work.

NM analysis allows us to clarify the properties of interactions among nodes
in terms of local structures in networks. Figure 4 displays network motif profiles
of the Yahoo Answers network and the Flickr network.

From this figure, we can see that both media have strongly defined cliques
(see triad 13 in the figure) compared to random networks. This triad, which
represents the case that three people collaborate with each other, is a typical
motif of social networks [4]. As well, we can see that only Yahoo Answers has

3 http://www.flickr.com/services/api
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Fig. 4. Network motif profiles for social networks
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Fig. 5. Dynamic network motif profiles for social networks

a high number of feed forward loops (see triad 5 in the figure). This result
matches that shown by Adamic et al. [1]. This motif indicates the expertise of
Yahoo Answers users; people with high levels of expertise are willing to help
people of all levels, whereas people of lower expertise help only those with even
less expertise. On the other hand, only the Flickr network has the motif of two
mutual dyads (see triad 8 in the figure). This motif indicates existence of core
users who communicate mutually with the two other people in the triad.

DNM analysis enables us to discover the hidden properties of interaction
among nodes in terms of the evolutionary patterns of substructures in networks.
Figure 5 shows the dynamic network motif profiles of the Yahoo Answers network
and the Flickr network.

First, we focus on common DNMs for both networks. From this figure, we
can see that triad evolutionary type 18 is a common DNM for both networks,
which is an intuitive result. This DNM is created by a user who wants to be
invited into a community sending messages to one member after another. Note
that neither triad evolutionary type 23 nor type 24 are DNM for both networks;
therefore, interestingly, such users cannot necessarily become a member of the
community.
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Furthermore, we focus on the DNMs unique to each network. We can see that
triad evolutionary type 2 is a DNM for the Yahoo Answers network whereas
type 4 is not. This indicates that people with high levels of expertise help others
faster than people of lower expertise. As well, we can see that type 1 is a DNM
for the Flickr network whereas neither type 3 nor type 11 is. This DNM indicates
that core users tend to send comments to others before they receive comments.
This implies that core users are well-mannered in that they reply to others’
comments.

5 Conclusion

We proposed an entirely novel notion to analyze complex networks more deeply,
we call it dynamic network motifs (DNMs). We defined DNMs as statistically
significant local evolutionary patterns of a network. We applied our method to
real networks from two web services, Yahoo Answers and Flickr, found DNMs
in the networks, and analyzed the interaction properties of the two web services
based on the DNMs.

In future work, we will conduct further experiments. First, we hope to confirm
the efficiency of DNMs in the case of more than three node subgraphs. Second,
we intend to use datasets gathered from social network services (SNS) such as
Facebook4.
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