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Abstract

Networked data involve complex information from multifaceted channels, including
topology structures, node content, and/or node labels etc., where structure and content
are often correlated but are not always consistent. A typical scenario is the citation
relationships in scholarly publications where a paper is cited by others not because
they have the same content, but because they share one or multiple subject matters.
To date, while many network embedding methods exist to take the node content into
consideration, they all consider node content as simple flat word/attribute set and
nodes sharing connections are assumed to have dependency with respect to all words
or attributes. In this paper, we argue that considering topic-level semantic interactions
between nodes is crucial to learn discriminative node embedding vectors. In order
to model pairwise topic relevance between linked text nodes, we propose topical
network embedding, where interactions between nodes are built on the shared latent
topics. Accordingly, we propose a unified optimization framework to simultaneously
learn topic and node representations from the network text contents and structures,
respectively. Meanwhile, the structure modeling takes the learned topic representations
as conditional context under the principle that two nodes can infer each other contingent
on the shared latent topics. Experiments on three real-world datasets demonstrate
that our approach can learn significantly better network representations, i.e., 4.1%
improvement over the state-of-the-art methods in terms of Micro-F1 on Cora dataset.
(The source code of the proposed method is available through the github link: https://
github.com/codeshareabc/TopicalNE.)
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1 Introduction

Networked data commonly exist in all aspects of social, economic, industrial, and
personal life, such as citation networks (Le and Lauw 2014), social networks (Oro
et al. 2018), and invocation networks of web application programming interfaces
(Dojchinovski and Vitvar 2018). Analyzing these networked data can help gain insights
from many perspectives (Verma and Bharadwaj 2017; Wang et al. 2018), such as
social behaviors, community structures, and information diffusion patterns. Recently,
network embedding, also known as network representation learning (Zhang et al.
2018), has been proposed to represent each node as a low-dimensional vector by
preserving rich network structures and side information (Huang et al. 2017), allowing
network analytic tasks such as node classification and link prediction benefit from the
learned continuous feature vectors.

To date, intensive studies have been carried out on learning meaningful and dis-
tinguishing network representations. Early works mainly focus on structure-based
methods, where nodes with similar topological structures are mapped to be close in
the latent space. Representative methods include DeepWalk (Perozzi et al. 2014), LINE
(Tang et al. 2015) and Node2vec (Grover and Leskovec 2016) that consider either the
direct neighborhood relationships or the high-order node proximity in a network. In
real world, networks associated with substantial text content are ubiquitous. For exam-
ples, Wikipedia articles connect each other to form a hyperlink network and research
papers quote each other to form a citation network. Numerous research studies have
shown that preserving content information can significantly improve the embedding
performance (Pan et al. 2016; Yang et al. 2015) because nodes sharing similar con-
tent often have a higher chance of sharing a linkage or a connection. However, when
leveraging node content for embedding learning, existing methods typically take node
content as a flat word set or an attribute set and directly incorporate node content set for
representation learning. Such designs have been severely challenged by the following
realities.

— Rich node content Many networks have rich node content, such as user profiles or
research papers, where each node will have a high dimensional content informa-
tion. This results in significant difficulty in measuring content similarity between
nodes.

— Sparse connections While each node often has rich content, its connections to
others are often sparse. On one hand, most nodes in the network only have a handful
of connections. On the other hand, for any two connected nodes, their connection
is usually summarized as a single edge (possibly with some weight values). As a
result, it is difficult to attribute which aspect of the node content triggers the node
interactions.

— Context representation In a network setting, each node and its connections form
a small neighborhood which is triggered by certain context. To capture and model
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Fig. 1 a Traditional content-assisted network embedding, where the text in each node are treated as a
flat word set and nodes with a link are assumed to have dependency w.r.t. all their node contents. Such a
paradigm results in ambiguity or distortion of the node relationships, because a node may exhibit different
aspects when interacting with different neighborhood nodes. b Presents our proposed approach, where each
node contains multiple topics derived from the textual content, and links between nodes are attributed to
the corresponding shared semantic topics

context information, existing methods often rely on random walks to explore node
and its neighbors as a whole. This does not allow explicit representation of the
context of each node, and therefore cannot explain why node pair (A,B) is con-
nected and what are the contextual difference between two connections (A,B)
versus (A,C).

In summary, network node contents are often rich and informative, but knowledge-
fragmented. Simple text information preserving, like most existing methods do, would
cause the node representation to be semantically ambiguous and less distinguishing.
Indeed, studies (Le and Lauw 2014; Shi et al. 2018b) have shown that text or document
can be represented by a collection of latent topics, representing different knowledge
aspects of the content and further explaining how documents are related/similar for
one or several shared latent topics (Le and Lauw 2014). Analogously, interactions
between nodes in networks might be resulted by different topics included in the node
contents. In other words, interactions between neighborhood nodes can be attributed
to their shared latent topics.

The above observations motivated our research to model semantic relevance
between linked nodes for topical network embedding (TNE). The main difference
between TNE and traditional content-assisted embedding is summarized in Fig. 1,
where each node is described by a collection of latent topics instead of treating text
in the node as a flat word set. Therefore, link relationships between nodes are built on
shared topics that are fine-grained in interpreting and measuring node affinities.

The main contribution of the paper, compared to existing work in the filed, is
threefold:
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1. We propose to use topic model to allow node content being summarized as
multi-aspect semantics, and further model node connections though their semantic
interactions. As a result, our method advances the existing research which aligns
node connections at word/attribute level to the alignment at the node semantic
level.

2. We propose a deep learning model to simultaneously learn node and topic rep-
resentations, where the mutually related structure and content can enhance each
other in a unified optimization framework.

3. Our model allows explicit context characterization for individual node. As aresult,
it can not only explain why several nodes are connected to form a neighborhood,
but also explain the difference between two connections in a network.

Our experiments and validations show that the topic-aware node relation modeling
can achieve significant performance gain compared to state-of-the-art baselines. In
addition, our method delivers a transparent and interpretable way to explain interac-
tions between nodes in a network.

2 Problem definition and preliminary

This section first formulates the problem of topical network embedding (TNE), fol-
lowed by a brief description of the LDA and DeepWalk models, which are preliminary
materials for the studied topic-aware network representation learning problem. For
easy retrieval, the commonly used symbols are summarized in Table 1.

2.1 Formulation of TNE

Let an information network be represented as G = (V,E,C), where V =
{vi}i=1,..|v| is aset of unique nodes (|-| denotes the cardinality, number of elements, in
aset);and E = {e; ; }i,j=1,‘..,|V| and . fepresents the setof edges in G. For each node
v;, we use cnt; to denote its node content, which consists of a sequence of attributes
or words cnt; = {w | }j:I,...,\cn Hl- For all nodes in G, their content forms the content
corpus C = {cnt;};—; v To capture semantics of node content, we can learn a set of
topics T from the content corpus C, and for each node v;, we consider its content cnt;
consisting of a set of k topics (multi-faceted semantics) denoted by T; = {t,,},—;.. -
The proposed TNE aims to represent each node v; with a continuous low-dimensional
vector h,, € R! Xd”, i.e., learning a mapping f : G — {hy,};—,.  |v| so that network
structure, content, and topic can be fully preserved, where d,, is the dimension of the
learned node vectors. Specifically, in a topic-aware information network, the relation-
ship between two nodes is built on their shared topics. Therefore, an optimal TNE
model could capture such fine-grained and topic-oriented node relations.

2.2 LDA: latent Dirichlet allocation

LDA is a generative probabilistic model of a corpus. The basic idea is that documents
are represented as random mixtures over a set of latent topics (T), where each topic
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Table 1 Summary of key symbols and notations used in the proposed models

Symbols Description
v, eV The ith node (v;) in the set of network nodes (V')
¢ jEE An edge connecting v; and v, also a member of the network edge set (E)
cnt; The content associated with node v; € V
w; € cntj the jth word/attribute of the node content cnt;
C The content corpus of all nodes. C = {cnt;};—1 v
T The list of all semantic topics learned by LDA
0; The real-value topic distribution for node content cnt;
T; CcT The list of latent topics of node content cnt;
Zjq The shared topics between nodes v; and vj 4, g # 0
k The number of most relevant topics selected for each node content
ty €T The nth latent topic of cnt;
r The length of the truncated random walk
S A collection of node sequences generated by the random walk
s = {vy, ~, v} A random walk node sequence, s € S
dy The node embedding size (the dimension of the node embedding vector)
dr The topic embedding size (the dimension of the topic embedding vector)
h,,j e RIxdv Vector representation of node v;
h;, € RIxdi Vector representation of topic
hy; Vector representation of word w;
The node sliding window size
The word sliding window size
o A parameter balancing topology structure and node content

t; € T is characterized by a distribution over words (Blei et al. 2003). LDA assumes
the following generative process for a document doc;:

1. Choose 6; ~ Dirichlet(o).
2. For each word w; in a given document doc;:

(a) Choose a topic t; ~ Multinomial(0;).
(b) Choose a word w; from p(w;|t;, B), multinomial probability conditioned on
the topic ¢;.

where o and B are hyper-parameters need to be set before the model training. 6;
is the topic distribution of document doc; and can be learned by the Gibbs sampling
process (Griffiths 2002). After the training of LDA model, each document in the corpus
corresponds to a unique topic distribution over all shared topics T = {t,},=1,___|1/-

2.3 DeepWalk

DeepWalk (Perozzi et al. 2014) is proposed to represent network with low-dimensional
vectors by preserving only the neighborhood structures of nodes. It first conducts a
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truncated random walk over the whole network to generate a set of node sequences
that are analogical to natural language sentences. Then, similar to the way of learn-
ing word representations in a sentence based on the word occurrences (Pennington
et al. 2014), DeepWalk learns node representations based on the SkipGram model
(Mikolov et al. 2013) that keeps the affinity of linked nodes by representing nodes that
are useful to predict their surrounding nodes. More formally, given a node sequence
s = {v1, ~», v}, the goal of DeekWalk is to maximize the following log probability:

r

L= logp(vj-a:vjtalvi) =) Yo logp(visglvj) |, (D

j=l1 j=1 | —d=q=d, q#0

where d is the node sliding window size that controls the number of surrounding nodes
need to be predicted by v;. The conditional probability p(v;y4|v;) is given by:

) p— (b))
P (vj+qlvj) = — ;
Zl’:ll exXp (hg] hvi)

@)

in which hfj and h,,, , are inputand output vectors of node v, respectively. DeepWalk
considers the network structure information only, ignoring the rich text content infor-
mation that usually reveal and explain the most direct reasons (e.g., shared semantics)
of nodes linking each other from human’s understanding.

3 TNE: topic network embedding model
3.1 Topic conditioned network embedding

As discussed in the Introduction section, since the node content may simultaneously
exhibits multi-aspect semantics, conventional way of considering the content as a
whole without reaching the topic level would confuse the relationships between nodes.
For instance, a review article may discuss a wide range of latent topics and it connects
to many cited articles of differing topics. In this paper, we abstract different aspects
of each node content as a collection of topics trained based on the LDA model, i.e.,
the topic distribution of node v; can be represented as a length |T| real-value vector
6; = {9{, 95, el eliTl } with each value 91§,n:1,...,|']1‘| indicating the probability that v;
belongs to the corresponding topic #, ,—1,...,T|- However, each node could highlight
only several important topics (e.g., with top probability values) aligned with different
aspects of its content. In the setting of this paper, although the global topic list T =
{tn}n=1,..., 1| 1s shared across all node contents during training of the LDA model, each
node content is finally associated with its top-k (k < |T|) most relevant topics, thus
resulting in different nodes may have different topic lists.

Our idea is that the relationship between each pair of nodes is built on their
shared topics to increase the interpretability of node interactions. For example, for
two linked nodes v and v, assume that their topic lists (e.g., k = 3) are represented
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Fig. 2 The proposed TNE framework for node representation learning. For each node v, the node topic
modeling (right panel) first learns semantic vectors of the top-k topics 71, . . ., 7 based on the node content
cnt j (this learning process also applies to every other nodes v g, . .., Vjyq. efc.). After that, the network
structure modeling (left panel) is used to learn representation of v; j—1, ... v| from the network structure,
where the relationship modeling between each pair of nodes (e.g., v;j and vj4,) is conditioned on the
dynamically aggregated shared topics, i.e., Z; 4. The node topic modeling and network structure modeling
are optimized in a reciprocally enhanced fashion. (Refer to text for details)

as Ty = {1, 13, t4} and Ty = {t1, 14, t7}, respectively. Then, the relationship modeling
between vy and v, will be conditioned on their shared topics {f1, #4}. Accordingly, we
propose a unified optimization framework for this purpose shown in Fig. 2. It involves
two integrate and reciprocally enhanced learning components to learn topic vector
representations and node vector representations, respectively. First, the model (right
panel in Fig. 2) learns the semantic representation for each of the £ most relevant
topics associated with node v; from its node content cnt; (e.g., represented by a col-
lection of attributes or words). Meanwhile, the derived topic vectors are dynamically
aggregated as context (e.g., z; 4) for node relation modeling and representation (left
panel in Fig. 2) learning from the network topology structure, where only the shared
topics are collected for each pair of nodes. These two related learning processes are
described in detail as follows.

3.1.1 Node topic modeling
Each node content cnt; corresponds to a k-length topic list that is selected according

to its topic distribution 6; = {9{, 92j, . HT\} learned by LDA, i.e., ranking 6; and
selecting the corresponding top-k relevant topics to form the final topic list T =
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{ta}y=1,... k- We can conceive that each topic ¢, is a semantic abstraction of all words
from the text contents, where different topics highlight different words. In the right
panel of Fig. 2, we adopt a similar way as the paragraph vector model (Le and Mikolov
2014) to learn the semantic representation of each topic #, from the content of node v ;.
During training, each topic is considered and mapped to a paragraph-level vector and
together with other words in a window to predict the target word. The global learning
objective of the node topic modeling is to maximize the following probability over all
node contents and topics:

k V] lentj]

g:ZZ Z10gp(wi|wi—h,.-.,wi+h,t,,), 3)

n=1 j=1 i=1

where |V | is the total number of unique nodes in the network. |cnt ;| is the total number
of words in the content of node v, and 4 is the size of word sliding window set in the
paragraph vector model. It is worth noting that each topic t, ,—1,... /| may be shared
by many nodes (e.g., t,, is within their top-k-topic lists) at the same time, thus its vector
representation can be collectively learned and trained across all corresponding node
contents. The prediction task in Eq. (3) is typically done via a multi-class classifier
defined by the softmax:

=T
exp (hwihwi>
_T ’
Zlgl exp(h,, hy))

“

log p (Wilwi—p, ..., Wigh, ty) =

. . =T .
where | C| is the total number of words in the whole corpus. h,, and h,,, are respectively

the input and output vectors w.r.t. word w;. hy,, is computed by concatenating vectors
of topic #, ,=1,....x and the averaged vectors of all words in the corresponding window
by:

— 1
by =h, & | - 3w, )
—h<u<h,u#0

where h;, is the vector representation of topic f, and @ is the concatenation operation.
After above learning and optimization processes, we can obtain the semantic repre-
sentations of all associated relevant topics #, ,—1,....x for each node v; ;—1,...|v|. In the
next, the modeling of node relationships will be conditioned on the shared topics in
the form of semantic vectors.

.....

3.1.2 Network structure modeling

Similar to DeepWalk in modeling the network structure, we perform a truncated ran-
dom walk over the whole network to capture the structural relations between nodes,
with each walk rooting at a starting node and each step randomly jumping to one neigh-
borhood node without bias. This process will generate a collection of fixed-length
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node sequences S with the node neighborhood relationships well captured. How-
ever, different from conventional methods such as DeepWalk (Perozzi et al. 2014)
and TriDNR (Pan et al. 2016) that either directly encode the structure-based node
relationships (e.g., nodes with neighborhood relations have similar embeddings) or
coarsely consider content-enhanced node relation modeling (e.g., nodes with neigh-
borhood relations and shared contents have similar embeddings), we propose a more
interpretable way by introducing topics to explain the relationships between nodes
within each random-walk node sequence. In other words, two neighborhood nodes
are mapped to similar representations conditioned on their shared topics. With shared
topics as conditional context, the network structure modeling aims to maximize the
following log-likelihood:

)
Z=3" Y logp(vjiglvy) +logp (vjtglzsg), ©)
Jj=1—-d=<q=<d.q#0

where z; , is the aggregation of all shared topics between nodes v; and v, repre-
sented by:
Zj.q = {tal ta € ’]Tja 1, € Tj+q}v @)

where T; and T; 1, are topic lists associated with node v; and v}, respectively. We
can observe from Eq. (6), compared to Eq. (1) used in DeepWalk, the relationship
modeling between nodes v; and v;, is conditioned on their shared topics z; 4. If no
shared topics (e.g., zj 4 is empty) exist between v; and v 14, our model can still work.
In such case, the left panel in Fig. 2 will degrade to the basic DeepWalk model and
accordingly the optimization target changes from Egs. (1) to (6).

The above two aspects of node topic modeling and network structure modeling
are not learned independently but in a collective and reciprocally enhanced manner.
To combine Egs. (3) and (6), the collective training procedure of the TNE model is
summarized in Algorithm 1, where our model finally seeks to optimize the following
integrate probability:

k V| lentj|
2 = ZZ Z Otlogp(w,-|wi_h, ceey wi+h,l‘n)
n=1 j=1 i=1
4!

+Y°% D (—alogp (visglvj) +alogp (vjiglzjg) . (B)

j=1seS —d<q=<d,q#0

where « is the weight parameter to balance the learning of network structure, text con-
tent and topic information, i.e., with lower value of «, the optimization will emphasize
more on the network structure information than the content/attribute information in
the node representation learning process. In Eq. (8), log p (v itqlz j,q) is computed by:

-T
exp (hz,-,q hv_,.+q)
M T ’
D i=1€Xp (hz_,-,q hUi)

&)

log p (Uj+q |Zj,q) =
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in which h, ;.4 18 the averaged vectors of all shared topics in zj 4:

2j.q
1

h, . (10)

zj. = —
Jj.a |Zj,q| -

3.1.3 Network representation

After above unified learning process, we finally represent each node in the network
by two ways: (1) using the output vector of node v; directly, i.e.,, the hy; optimized
by Eq. (8); or (2) concatenating the vector of node v; with the averaged vector of all
its latent topics in T; by:

T.
1 J

hy, =h,, & T > hy, |- (11)
In

Compared with the first way of representing nodes, the second representation way
of concatenating node and topic vectors emphasizes more on the combined similarities
of network structures and topic-represented contents between nodes.

Algorithm 1 Training TNE

Input: The given information network G = (V, E, C)

Input: The total number of topics | T| trained for corpus C and the number of relevant topics
k selected for each node

QOutput: The node representations {h, : Ji=1,mn V]

1: procedure REPRESENTATIONLEARNING

2:  Train topic distributions {6;};=1,...,|v| over all shared topics T = {t,},=1,... 1| based
on LDA from node contents C

3:  for eachnode v; € V do

4 Rank its topic distribution 6; = {91] s 92] e, GIJTFI] by descent order

5: T; < select top k relevant topics from T according to 6;

6 for each topic 7, € T; do

7 Learn its topic embedding h,, from node content cnt; by Eq. (3)

8 end for

9: end for

10:  for eachnode v; € V do

11: Learn its node embedding h,; by Eq. (6)

12:  end for

13:  Optimize Egs. (3) and (6) by Eq. (8) with mini-batch training
14: end procedure

3.2 Optimization and parameter estimation

The optimization aims to maximize the collective probability in Eq. (8) over all
observed node contents C and node sequences S. In this paper, we adopt the noise
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contrastive estimation (NCE) (Gutmann and Hyvirinen 2010) to optimize and esti-
mate the model parameters. NCE transforms the language model estimation problem
to the problem of estimating the parameters of a probabilistic binary classifier that
uses the same parameters to distinguish samples of the empirical distribution from
samples generated by the noise distribution.

To optimize log p (vj44lv;) in Eq. (8), for each node v; € V together with the
targeting node vy, (e.g., seen as a positive sample) within anode sequence s € S,NCE
first generates f noisy/negative sample nodes {f) i }i=1 ..... 7 from a noise distribution
Q, with the class label y = 1 for positive samples and y = 0 for negative samples.
Then, the goal is to optimize the sample distribution with a model parameterized by
01, where the conditional class distributions are defined as P(vjy4ly = 1,v;) =
Py, (vjiglvj) and P(vjyqly = 0,v;) = Py(vj4q), respectively. Accordingly, the
posterior probabilities of class y associated to the positive and negative samples can
be estimated by:

Py (vj+1lvy)

Py (Vj4qlvj) + fPi(vjgg)’
fPu(Vjtq)

Py (vj4qlv)) + fPa(Vjrg)

P(y =1vjq,vj) = 12)

Py =0[vjiq,vj) = (13)

Finally, the unified classification objective of node structure modeling over all nodes
in V is defined by maximizing the log-likelihood of positive examples belonging to
class y = 1 and noisy samples belonging to y = 0:

4 f ~
Jo, = Z log 01 (VjtqlV;)) +Zlog _ S P (v;) _
j=1 Pel(vj+qlvj)+fpn(vj+q) i1 Pgl(Ui|Uj)+an(Ui)
(14)
Analogically, the optimization of log p (w;|w;_p, - . ., Wit+n, t,) andlog p (v.,'+q |zj,q)

in Eq. (8) takes the similar forms as Eq. (14) and are parameterized by 6, and 63, respec-
tively. Therefore, the federal NCE loss function for optimizing Eq. (8) is represented
by:

J=0—-a)Jy +alsy +alde,, (15)

where all parameters can be jointly learned based on the stochastic gradient descent
algorithm (Bottou 2010). For example, the gradient of Eq. (14) w.r.t. 61 on the positive
sample node v;, together with the generated f negative sample nodes is calculated
by:

G] S Pi(vjtq)

— v, = ~— Py, (Vj14lv))
001" Py (vj4glv) + [P 00T

f -
Py, (vilv)) 0 -
- lo — P, ilvil. 16
E[ & Por Grlog) + kPaony a6y il 1O
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Note that Eq. (16) involves a sum over f noise samples instead of a sum over the
entire |V| nodes, thus making the model training time linear in the number of noise
samples and independent of the network size.

3.3 Methodology discussion

Some methods exist to simultaneously embed network structures and textual contents,
including probabilistic topic model-based techniques such as relational topic model
(RTM) (Chang and Blei 2009) and its extension PLANE (Le and Lauw 2014), and
neural network-based techniques such as TriDNR (Pan et al. 2016). In this section, we
briefly compare and summarize the differences between the proposed TNE approach
and the existing methods.

3.3.1 TNE versus RTM

RTM is a generative probabilistic topic model based on LDA and mainly used for
embedding documents and their links between them. In the RTM, each document is
first generated from topics as in LDA. The links between documents are then modeled
as binary variables, one for each pair of documents. These are distributed according
to a distribution that depends on the topics used to generate each of the constituent
documents. Therefore, the content of the documents are statistically connected to the
link structure between them. However, RTM only models the immediate links between
nodes, which overlooks the valuable information of high-order node relations (e.g.,
nodes can reach each other through their neighbors) (Tang et al. 2015). In addition,
RTM treats each document as a set of semantically equivalent features which are then
used to measure the affinities with different linked documents. In comparison, TNE
is able to capture the high-order node relations based on the random walk process
and models each node content as a set of semantically different topics, where a node
interacts with different neighbors for different shared topics.

3.3.2 TNE versus PLANE

PLANE is a probabilistic topic model built on RTM. PLANE not only learns a topic
distribution for each document but also learns a low-rank representation expressed
as coordinates on a D-dimensional space. However, similar to RTM, PLANE only
preserves the direct document links and assumes that each link is built on the integrate
similarity of document contents.

3.3.3 TNE versus TriDNR

Similar to TNE, TriDNR first adopts random walk to capture the node relationships
over the whole network. Then, it learns node representations from both network struc-
tures and node contents based on a coupled neural network model. It enforces nodes
with neighborhood relations and similar contents to also have close representations.
However, the relationship between each pair of nodes is assumed to have dependency
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Table 2 Dataset characteristics

Items Cora Wiki Citeseer
# Nodes 2708 2405 3312
# Edges 5214 17,981 4732
# Unique words 14,694 4973 3703
# Average words per node 90 647 32
# Categories 7 17 6

with the whole content. Such a paradigm fails to differentiate the discrepancy when
a node interacts with different neighbors. While TNE introduces topics to represent
various aspects demonstrated by each node content, where nodes connect each others
for different factors (e.g., the shared topics).

4 Experiments

This section compares the proposed approach for node representation learning against
various strong baselines over three real-world datasets. First, similar to the literature
(Pan et al. 2016; Perozzi et al. 2014), we evaluate the performance of all methods
by conducting supervised node classification task based on the learned node repre-
sentations. We then visualize the node representations in a 2-dimensional space to
gain a straightforward performance comparison of the proposed approach with other
state-of-the-art methods.

4.1 Datasets

We evaluate our approach by performing multi-class classification task on data col-
lected from three real-word networks described by either rich content (e.g., Wiki
and Cora) or sparse content (e.g., Citeseer). Their characteristics are summarized in
Table 2.

Cora is a citation network dataset that contains 2708 machine learning papers
from 7 research categories. Each paper corresponds to a category label. There are
5214 citation relations between these papers. Each paper is described by its abstract.
There are 14,694 unique words in the vocabulary, and the average number of words
for each node is 90.

Wiki dataset contains 2405 Web pages from 17 categories. Each web page belongs
to a category. There are 17,981 hyperlinks between these Web pages. Each paper is
described by a long text with an average number of words of 647. There are 4973
unique words in the vocabulary.

Citeseer dataset contains 3312 literature from 6 categories, and 4732 links between
them. Each publication is described by a text with an average number of words of 32.
There are 3703 unique words in the vocabulary.
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4.2 Baselines

We choose baseline methods from three categories: (1) methods only preserving the
network structure; (2) methods preserving both the structure and static text content;
and (3) methods simultaneously considering the network structure, content, and latent
topics.

Structure only

— DeepWalk (Perozzi etal. 2014) preserves only the neighborhood relations between
nodes by the truncated random walk, and uses SkipGram model to learn the node
embeddings.

— LINE (Tang et al. 2015) is a structure preserving embedding method, which can
preserve both first-order and second-order node proximity of a large-scale network.

— Node2vec (Grover and Leskovec 2016) adopts a more flexible neighborhood sam-
pling process than DeepWalk, i.e., biased random walk, to better capture the local
structure (the second-order node proximity) and the global structure (the high-
order node proximity).

Both structure and content:

— TriDNR (Pan et al. 2016) is a state-of-the-art method that exploits network struc-
ture, node content and label information for node representation learning.

Structure, content, and latent topics:

— RTM (Chang and Blei 2009) is the relational topic model that captures both text and
network structure to learn the topic distribution representation of each document.

— PLANE (Le and Lauw 2014) extends the relational topic model and performs
the topic-based embedding of document networks by incorporating text, links and
latent topics in a unified model.

— TNE is our approach that introduces topics to supervise the interactions between
nodes. It finally represents nodes without concatenating the topic vectors.

— TNE, is a variant of TNE. The only difference is that we represent nodes by
concatenating the node and topic vectors, which is defined in Eq. (11).

With above comparative baselines, we mainly explore answers to the following
two questions as well as their possible reasons. First, can textual contents help to
enhance the relationship modeling between nodes, especially when the network node
connectivity is sparse. Second, for methods (e.g., TriDNR) that simply model and
preserve contents as a set of plain words or attributes, whether introducing latent
topics to uncover multi-aspect semantics of each node content can further increase the
interpretability of node interactions and improve the network representation learning
performance.

4.3 Experiment settings
We perform the node classification task to evaluate the performance (Jian et al. 2018).

For all baselines, we build a SVM classifier with linear kernel (Abraham et al. 2014)
based on the Scikit-learn tool (sklearn.svm.SVC) on the training data and then predict
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labels for all nodes from the test data, where the ratio (p%) of training data ranges
from 10 to 70%. Similar to the literature (Pan et al. 2016; Perozzi et al. 2014), we
adopt Macro-F1 and Micro-F1 as metrics, which are defined as follows:

L .
-~ 2TP!
Micro-Fl = —¢ Zl_zl ; —, (17
>izi (2TP' + FP' + FN')
1 L 2TP!
Macro-Fl = — : : _ (18)
IL| &~i=1 (2TP' + FP' + FN')

where L is the set of label categories (e.g., Cora dataset has 7 label categories, so
IL| = 7). TP!, FN' and FP' denote the number of true positives, false negatives and
false positives w.r.t. the ith label category, respectively.

For all baselines w.r.t. two metrics, each experiment is repeated 20 times with ran-
domly sampled training data, where the average performance and standard deviation
are finally reported. In the experiment, 70% of all network nodes are labeled for train-
ing use (e.g., 80% for training the classifier and 20% for parameter selection) and
the remaining are for evaluation (e.g., predict a label for each test node based on the
trained classifier and then compare the prediction with its actual label). There are many
hyperparameters involved in the proposed model. For the LDA model, following pre-
vious experience (Shi et al. 2018a), we set the prior hyper parameters o,  and the
iteration time based on Gibbs sampling as 0.1, 0.05 and 2000, respectively. To balance
the model performance and the training efficiency, we set the total number of topics
|T| trained by LDA as 20, the number of most relevant topics k for every node content
as 2, the balance parameter « as 0.2, the node dimension size d, as 100, the topic
dimension size d; as 100, and the training data ratio p as 70%. In addition, similar
to the comparative method (Pan et al. 2016), settings of the rest parameters such as
node window size d, word window size &, learning rate are kept the same for all the
baselines and they are set as 2, 2 and 0.05, respectively.

4.4 Node classification performance

The node classification results of different algorithms on Cora, Wiki, Citeseer datasets
are presented in Tables 3,4 and 5, respectively. From these tables, we have the following
three significant observations:

— The results on both Cora and Wiki datasets show that methods only preserving the
network structure (e.g., DeepWalk and LINE) are generally inferior to content-
assisted methods (TriDNR, TNE and TNE.). Moreover, it is interesting to note
that the content-preserving methods would improve more especially when the net-
work structure is relatively sparse, i.e., the node connectivity of Cora dataset (e.g.,
average 1.93 connections per node) is sparser than that of Wiki dataset (e.g., aver-
age 7.48 connections per node), but the average Macro-F1 of TriDNR improved
28.5% over the combined average Macro-F1 of DeepWalk, LINE and Node2vec
on Cora dataset, compared with that improved 12.7% on Wiki dataset. There are
two major reasons behind. The first is that the networked data are generally sparse,
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Topical network embedding

methods mining only the network structures cannot uncover the holistic relation-
ships between nodes, i.e., many nodes actually have the same labeling information
although they do not connect each other in the network. In addition, the rich con-
tents leveraged by other methods are helpful to reveal and predict the absent or
implicit relations between nodes, i.e., shared content features would strengthen
the closeness between two nodes that is originally not well captured by the static
network structure. Nevertheless, we can observe that RTM and PLANE with con-
tent information preserved take no advantages compared with the structure-based
methods such as Node2vec. This is because RTM and PLANE consider only the
immediate neighborhood relationships (e.g., one-hop relations), failing to model
relationships between nodes whom can reach each other through their neighbors
over the whole the network. Above phenomenons demonstrate that both network
structure and text content are of important in learning quality network representa-
tions.

— In this paper, both TriDNR and the proposed TNE models use random walk to
preserve network structures and meanwhile leverage contents to enhance the node
relationships modeling. However, when compared with TriDNR, our proposed
TNE model is competitive on Cora and Wiki datasets, i.e., after p is set larger than
50%, TNE performs generally better than TriDNR. The reason is that TriDNR
incorporates the node content as a set of flat words for network structure relation-
ships inference, which assumes each network connection has dependency with
the whole contents of the two corresponding end nodes. Such a content modeling
fashion fails to differentiate various purposes of a node while interacting with dif-
ferent neighborhood nodes. In comparison, TNE assumes that node relationships
are built on the shared topics, which is more interpretable and also respects the
fact that a node could show different aspects of the content when interacting with
other nodes. Despite of above observations, results in Table 5 on Citeseer dataset
show that TriDNR performs better than TNE in most cases. The reason is probably
that the average content for each Citeseer network node (e.g., average 32 words
per node) is much shorter than those of Cora and Wiki networks (e.g., average
90 and 647 words per node, respectively). This phenomenon demonstrates that
long texts generally manifest mixed semantics and topics can be introduced to
characterize them for more accurate node relations modeling. While short texts
tend to reveal simple semantics, where the TriDNR model could be efficient for
such type of environment setting. However, by concatenating the node and topic
vectors as the final network representation, TNE, has achieved the best perfor-
mance over all three tested datasets, with the average Micro-F1 performance on
Cora dataset 58.7% over DeepWalk, 42.8% over LINE, 64.7% over Node2vec,
98.9% over PLANE, 79.9% over RTM, and 4.1% over TriDNR.

— In the category of topic-based baselines, our models outperform both RTM and
PLANE. The reason lies in the different mechanisms of leveraging the latent topics.
RTM and PLANE model the text content as a set of topics and force the structurally
linked nodes (e.g., documents) to follow similar topic distributions as a whole
(e.g., all nodes have the same list of topics). Such a paradigm actually boils down
to highlight the overall content similarity as do in TriDNR. In comparison, our
methods consider topics as hidden information to explain the node relations in a
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Fig.3 Parameter influence study results

more fine-grained manner, i.e., each node has its own significant unique list of
topics that correspond to multi-aspect content semantics. The experimental results
have verified the reasonability of considering the topic-level similarity between
nodes, especially for long text-described networks.

4.5 Parameter sensitivity study

Parameters that may significantly influence the classification performance are studied,
including the number of relevant topics (k) demonstrated by each node content, the
total number of topics (| T|) learned from the whole content corpus based on the LDA,
the sliding window sizes d and A, the balance parameter o, and the embedding sizes
d, and d, for nodes and topics, respectively.

Figure 3a shows the influence of parameter k. A larger k value means that the
node content exhibits more different semantics and each shared topic tends to reveal a
specialized semantic relevance between two neighborhood nodes. We can observe that
the Cora dataset obtains the best performance when each node has two latent topics.
The number of topics (|T|) trained in LDA reveals how many aspects of different
semantics could be involved in the whole content corpus. The larger value of |T|
means the semantic revealed by each single topic is more sparse and specialized, and
meanwhile each node content is allowed to demonstrate more aspects of semantics.
Figure 3b shows the impact of |T| and the best setting is 20 on the Cora dataset. The
balance parameter « is used to control the weights of content, topic and structure
information, where Fig. 3c shows that the performance fluctuates slightly with o,
and the best setting for « is 0.2. We vary the number of node dimensions (d,) and
topic dimensions (d;), and their effects are shown in Fig. 3d. Changes of these two
parameters both have influence on the proposed approaches TNE and TNE,, whereas
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Fig.4 Visualization of low-dimensional vectors on the Cora dataset

the dimension of node vector has a larger impact on the results, showing an increasing
trend for lager value of d,,. The influences of node window size d used while modeling
node relations are shown in Fig. 3e. It experiences a significant improvement (e.g.,
more than 6% for TNE,) with d changing from 1 to 2, and then maintains at a high level
with slight fluctuations. The best setting for d is 5 among all tested values. Similarly,
Fig. 3f shows that the results are moderately affected with the change of word window
size h, where the best settings for TNE and TNE, are 5 and 4, respectively.

4.6 Network visualization

We map node representations learned by different algorithms on Cora dataset onto a
2-dimensional space based on the #-SNE tool. There are 7 categories in total, and the
more clear and far away they can be separated from each other generally means the
better quality of the learned node representations (Maaten and Hinton 2008).

We can observe from Fig. 4a, b that DeepWalk and PLANE generate relatively
poor visualization results (e.g., nodes from different categories overlap largely with
each other), which means that the low-dimensional feature vectors learned by these
two models are least distinguishing compared with other methods. From Fig. 4c, d
we can see that TNE, performs significantly better than TriDNR, i.e., the resulting
clusters of TNE, are more compact and clear in most cases. The results demonstrate
that topic-level semantic relevance is more likely to be the reason of nodes clustering
together (e.g., belonging to the same category) compared with the overall similarity
of the node content.
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4.7 Examples of topical network embedding

To demonstrate the impact of topics in node relations modeling, we showcase the
similarities of two pairs of neighborhood nodes (v1, v2) and (v, v3) by their Euclidean
distances in the learned embedding space, i.e., the smaller distance generally means the
better affinity characterization between a pair of nodes linking each other. In Table 6,
each node is associated with three topics (k = 3) and for each topic two relevant
word features are chosen from the corresponding node content (e.g., in the content
of node vy, words evolve and population are assigned with topic #y). We can observe
from Table 7 that: (1) Content-preserved models (e.g., TriDNR and TNE) can achieve
more enhanced neighborhood affinities than the structure-based DeepWalk model; (2)
TNE and TNE, have better constrains from the content perspective on node structures
modeling than the TriDNR model.

DeepWalk only considers the structure-based node relations, which is hard to dif-
ferentiate various neighborhood node relationships subtly, i.e., the affinity between
v and vy is determined by an edge that has no difference with others in the struc-
ture. While TriDNR considers the text content-enhanced node relations modeling, it
assumes that the similarity of (vy, v2) (or (v2, v3)) is built on the similarity of their
whole content features (e.g., cnt| and cnt, are similar as a whole). However, node
contents may contain many irrelevant or noisy features (from Table 6 we observe the
neighborhood nodes v, and v3 have many semantic-irrelevant words), which may con-
fuse or even distort the original node relations reflected by the edges. In comparison, in
our proposed models the relations of (vy, v2) and (vy, v3) are built on their respective
shared topics {7y, 72} and {13}, where each topic can be seen as an abstraction of simi-
lar words to identify the similar parts between different node contents. Therefore, it is
more accurate and reasonable to incorporate topics to characterize the shared content
features between nodes than to simply model the content as a set of flat word features
and measure node affinities as a whole.

5 Related work
Graph mining is a popular topic (Kimura et al. 2010), where Network embedding is an

emerging research area. The learned node representations can significantly facilitate

Table6 Three example nodes with their topics, relevant words, and neighbors from the Cora dataset, where
two relevant words are demonstrated for each respective topic

Nodes Top-3 topics Top-6 relevant word features Neighbors

V] 105 125 115 Evolve, population; classification, vy
feature; disease, diagnostic

vy to; 12; 113 Selection adaption; tree, feature; vy, U3
network, topology

v3 185 145 113 Reinforcement, learning; search, v
heuristic; neural, network
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Table 7 Calculated Euclidean distances between nodes by different models

Distances DeepWalk TriDNR Our models
(vy, v2) 1.04 0.58 0.55 (TNE); 0.45 (TNE;)
(v2, v3) 1.15 0.65 0.56 (TNE); 0.52 (TNE,)

The smaller the distance value, the better the affinity characterization between a pair of nodes linking each
other

various downstream tasks, such as item recommendation (Cai et al. 2018a), link pre-
diction (Cai et al. 2018b) and node classification (Jian et al. 2018). A large spectrum
of research and their applications have been studied so far. We summarize existing
works mainly in two branches: structure-preserving and attribute-preserving methods.

5.1 Structure-preserving methods

Mine only the network structure such as neighborhood relation and community infor-
mation. It is based on the intuitive assumption that nodes appear with similar network
structures also have similar semantic representations. DeepWalk (Perozzi et al. 2014)
first performs a truncated random walk process over the whole network to capture
the node structures. Then, it adopts the SkipGram model (Mikolov et al. 2013) for
node relations modeling. However, Node2vec (Grover and Leskovec 2016) argues
that DeepWalk is not flexible enough to capture the diversity of connectivity patterns
in a network. To address this issue, Node2vec designs a second order random walk
strategy to sample the neighborhood nodes, which can embed nodes with the same
network community closely. Similarly, LINE (Tang et al. 2015) is proposed to simul-
taneously preserve the first (e.g., direct neighbors) and second order (e.g., relations by
shared neighbors) proximity. The high-level community similarity is also widely con-
sidered in the past. For instance, MNMF (Wang et al. 2017) is a non-negative matrix
factorization-based model to preserve both the microscopic neighborhood structure
and the macroscopic community structure.

5.2 Attribute-preserving methods

Preserve both the network structure and the auxiliary attribute information such as
labels and textual contents. It based on the assumption that the content information help
to interpret the affinities between nodes aligned with that revealed by the network struc-
tures. MMDW (Tu et al. 2016) and GENE (Chen et al. 2016) are proposed to encode
the labeling information of nodes, which assume that label and cross-label information
is important for high-quality network embedding. LANE (Huang et al. 2017) is fur-
ther proposed to model the affinities and correlations between node attributes, network
structure and labels. Recent studies show that rich texts of nodes are very helpful to
enhance and predict the node relationships, especially when the networked data are
sparse. For example, the relational topic model (RTM) (Le and Lauw 2014) is utilized
to model both the network content and link relationships. TADW (Yang et al. 2015)
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absorbs from the rich texts for enhancing the structure-based representation learning
based on an equivalent matrix factorization method as the DeepWalk. TriDNR (Pan
et al. 2016) is proposed to integrate the node structure, content and labels. It enforces
the node representations to be learned from simultaneously the network structure and
text content under the shared model parameters.

Although different methods are developed to integrate node content, nearly all of
them take the text content as static auxiliary information, and simply model them as
a simple flat word/attribute set. This paradigm is not reasonable when the content of
a node actually reveal multiple aspects of semantics, with each aspect illustrated by a
part of word features. To address this problem, we introduce the concept of topics to
represent node content in our work, which allows the text content of a specific node
to describe rich semantics.

6 Conclusion and future work

In this paper, we studied topical network embedding for content-rich networks. Dif-
ferent from existing content-assisted embedding methods that incorporate content as
simple flat attribute/word set, we introduced topics to manifest different aspects of
node content, allowing each node to exhibit different semantics when interacting with
other nodes. The proposed method, topical network embedding (TNE), incorporates
content to perform topic-conditioned node structure/relationship modeling. A unified
optimization framework is proposed to learn network node and topic representation,
by simultaneously leveraging node structure, content and latent topics. Experiments
and validations showed that by enabling topic-aware node relations modeling, TNE
achieves significant performance gain compared to state-of-the-art baselines, espe-
cially for long text-described networks. On the other hand, as we have discussed in the
experimental results, the short text associated with some networks tend to demonstrate
simplified semantics and the various topics intentionally introduced for complicated
semantic characterization could produce undesirable embedding results.

Future work can emphasize on the following two aspects: (1) for networks with
sparse or noisy content, LDA might be ineffective to capture topics. Alternatively,
we recommend to use advanced topic models such as RTM (Le and Lauw 2014) to
fully utilize the document link relationships for more accurate topics eliciting; and
(2) for networks with multi-labels (e.g. an image with multiple labels), we recom-
mend to assign weights to different topics and perform weighted topic-aware network
embedding.
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