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Multi-Aspect Data?? 
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Multi-View Social  
Networks 
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Social Network Matrix 
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Matrix Decomposition 

= 
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Decomposition into rank-1 
matrices/components  



Singular Value Decomposition 

X =

u1 

v1
T σ1 

uk 

vk
T σk 

+ … + 

•  If k = rank(X) then we have equality 
•  If k < rank(X) we have the best rank k approximation  

that minimizes the squared error (Eckart Young Theorem) 
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What if we have more than 1 view 
of the network? 

If we aggregate, we ignore important structure!! 
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Tensors 
•  Multi-dimensional matrices 
•  Long list of applications: Chemometrics, 

Psychometrics, Signal Processing, Data 
Mining 

X 
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  X 

What are we looking for? 

Blocks within the data 
Subsets / co-clusters of: 
1) Users (“senders”) 
2) Users (“receivers”) 
3) Means of communication 
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Three-way Outer Product 

2x3x2 rank-1  
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Blocks are rank-1 tensors 



CP/PARAFAC Decomposition 

X + … + 
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Figure 1: The relative cost of SCOUP-SMT (with respect to the
ALS algorithm) as a function of the fraction of the wall-clock time
of ALS that the computation required, vividly demonstrates the
gains of SCOUP-SMT in terms of speedup. In particular, for the en-
tire BRAINQ dataset which is very dense (see Sec. 4), the speedup
incurred by the parallel version of SCOUP-SMT on 4 cores, was in
the range of 50-100 times. This Figure also shows the behavior of
SCOUP-SMT with respect to the sampling parameter s. As s in-
creases, SCOUP-SMT runs faster but the relative cost increases as
well.

Symbol Description
CMTF Coupled Matrix-Tensor Factorization
ALS Alternating Least Squares
x,x,X,X scalar, vector, matrix, tensor (respectively)
A�B Khatri-rao product (see [12]).
A ⇤B Hadamard (elementwise) product.
A

† Pseudoinverse of A (see Sec. 2)
kAkF Frobenius norm of A.
a � b � c (a � b � c) (i, j, k) = a(i)b(j)c(k)
(i) as superscript Indicates the i-th iteration
A

i
1, ai

1 series of matrices or vectors, indexed by i.
X(i) i-th mode unfolding of tensor X (see [11]).
I Set of indices.
x(I) Spanning indices I of x.

Table 1: Table of symbols

Matrices record dyadic properties, like “people recommending
products”. Tensors are the n-mode generalizations, capturing 3-
and higher-way relationships. For example “subject-verb-object”
relationships, such as the ones recorded by the Read the Web -
NELL project [1] (and have been recently used in this context [10]
[19]) naturally lead to a 3-mode tensor. In this work, our working
example of a tensor has three modes. The first mode contains a
number of nouns; the second mode corresponds to the brain activ-
ity, as recorded by an fMRI machine; and the third mode identifies
the human subject corresponding to a particular brain activity mea-
surement.

Earlier [19] we introduced a scalable and parallelizable tensor
decomposition which uses mode sampling. In this work, we fo-
cus on a more general and expressive framework, that of Coupled
Matrix-Tensor Factorizations.

2.2 Coupled Matrix-Tensor Factorization

X

⇡

voxels

words

persons

a1

b1
c1

+

Concept1

a2

b2
c2

+

Concept2

aR

bR
cR

Concept R

. . . +

Figure 2: PARAFAC decomposition of a three-way tensor of a brain ac-
tivity tensor as sum of F outer products (rank-one tensors), reminiscing of
the rank-F singular value decomposition of a matrix. Each component cor-
responds to a latent concept of, e.g. "insects", "tools" and so on, a set of
brain regions that are most active for that particular set of words, as well as
groups of persons.

Oftentimes, two tensors, or a matrix and a tensor, may have one
mode in common; consider the example that we mentioned earlier,
where we have a word by brain activity by human subject tensor,
we also have a semantic matrix that provides additional information
for the same set of words. In this case, we say that the matrix and
the tensor are coupled in the ’subjects’ mode.

X

voxels

words

persons

Y1

question

word

Figure 3: Coupled Matrix - Tensor example: Tensors often share one or
more modes (with thick, wavy line): X is the brain activity tensor and Y
is the semantic matrix. As the wavy line indicates, these two datasets are
coupled in the ’word’ dimension.

In this work we focus on three mode tensors, however, every-
thing we mention extends directly to higher modes. In the general
case, a three mode tensor X may be coupled with at most three ma-
trices Yi, i = 1 · · · 3, in the manner illustrated in Figure 3 for one
mode. The optimization function that encodes this decomposition
is:

min

A,B,C,D,E,G
kX�

X

k

ak � bk � ckk2F + (1)

kY1 �AD

T k2F + kY2 �BE

T k2F + kY3 �CG

T k2F

min

A,B,C
kX�

X

k

ak � bk � ckk2F + (2)

where ak is the k-th column of A. The idea behind the coupled
matrix-tensor decomposition is that we seek to jointly analyze X

and Yi, decomposing them to latent factors who are coupled in
the shared dimension. For instance, the first mode of X shares the
same low rank column subspace as Y1; this is expressed through
the latent factor matrix A which jointly provides a basis for that
subspace.

2.3 The Alternating Least Squares Algorithm
One of the most popular algorithms to solve PARAFAC (as in-

troduced in Figure 2) is the so-called Alternating Least Squares
(ALS); the basic idea is that by fixing two of the three factor matri-
ces, we have a least squares problem for the third, and we thus do
so iteratively, alternating between the matrices we fix and the one

≈ 

outer product 
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GRAPHFUSE 

[Papalexakis et al. Fusion 2013] 

X + … 
+ 

a1 aK 

b1 bK 

c1 cK 

≈ Step 1 

Step 2 Assign users to communities  
(max component membership) 

Step 3 
For users with no assignment  
create K+1th (umbrella) community 

PARAFAC with  
Sparse Latent Factors 
[Papalexakis et al.  
IEEE ICASSP 2011, IEEE 
TSP 2013] 

Output: 1.  Assignment of users to communities 
2.  Influence of a view to each community 
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DBLP Multi-View Graph 

Algorithm 1: GRAPHFUSE

Input: Multi-graph G in tensor form X of size I ⇥ J ⇥K, number of clusters R, sparsity penalty factor �.
Output: Assigments to clusters ↵I and ↵J . Matrix C of size K ⇥R that shows the contribution of each one of the K views to each one of the R clusters.

1: {A,B,C} = PARAFAC SLF (X, R� 1, �).
2: for i = 1 · · · I do
3: if A(i, :) = 0 then
4: ↵I(i) = R
5: else
6: ↵I(i) = argmaxA(i, :)
7: end if
8: end for
9: Repeat iteration 2-8 for all J rows of B. Labels are output in ↵J .

Fig. 2. (top) SYNTHETIC-2 SIM and (bottom) SYNTHETIC-3 DIF share the same clustering scheme, with different amount of cross edges and cluster densities.
DIF multi-graph, by construction, is harder to cluster than SIM.

(a) citation (b) co-auth. (c) co-term

Fig. 3. Spy-plots of 3 views in DBLP-1

(a) citation (b) co-auth. (c) co-term

Fig. 4. Spy-plots of 3 views in DBLP-2

B. Clustering accuracy

In order to evaluate the performance of our proposed
methods, we use the Normalized Mutual Information, a widely
used metric for computing clustering accuracy of a method
against the desired ground truth clustering [12]. Moreover, we
compare our methods, in terms of NMI, with two baseline
approaches, which we briefly describe in the sequel:

BASELINE-1 algorithm sums all the adjacency matrices of a
multi-graph obtaining a new aggregate sum-matrix and applies
a k-way spectral clustering over this aggregate [20]. The k-way
spectral clustering is based on the k-means algorithm that is
applied on the Laplacian of the sum-matrix.

BASELINE-2 algorithm first constructs the spectral kernel for
each graph view and then sums the spectral kernels summa-
rizing all the dimensions of the multi-graph. Successively, the
k-means algorithm is applied to the matrix containing the sum
of the kernels in order to obtain the final clustering. Details
for this algorithm may be found in [19].

In Table I we show the NMI results on all datasets for all
methods. We observe that MULTICLUS always outperforms
baseline methods on all synthetic datasets. As for GRAPH-
FUSE, it has good performance over SYNTHETIC-1 and SYNT-
2-SIM while, for SYNT-3-DIF, the results are on par with the
baselines. Recall that by construction SYNT-3-DIF is difficult
to cluster (see Fig.2 bottom), hence the drop in performance
for all methods.

With respect to the real datasets, GRAPHFUSE obtains
the best scores over both DBLP-1 and DBLP-2, while MUL-
TICLUS has comparable behaviour with the baselines. We
notice that NMI scores are overall lower on real datasets, as
they have much less structure than the synthetic ones (see
Fig.3) in addition to a lot more noise (see Fig.4). Nevertheless,
GRAPHFUSE achieves significantly better accuracy compared
to other methods. These encouraging results underline the
merits of modeling the multi-graph clustering problem using
tensors, as they seem to well exploit the interrelations of the
views.

•  Assignment of authors to research communities 
•  Measure NMI (Normalized Mutual Information) 
•  Baselines 

²  Spectral clustering on sum of matrices / views 
²  Linked Matrix Factorization [Tang et al. ICDM 2009] 

•  GRAPHFUSE outperforms “2D” baselines 
[Papalexakis et al. Fusion 2013] 
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Time-Evolving Graphs as Tensors 

…!

t1! t2! t3!

…!

tK!

…!

Detect anomalies / real-life events 
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Time-Evolving Graphs as Tensors 

•  Tensor Decomposition will give us 
² Communities in the Graph & 
² Their evolution over time 

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 20060
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0.8

1

Year

Change Detection

 

 

ICDE, SIGMOD, VLDB
CIKM,ECIR,ICDE,ICDM,IJCAI,JCDL,KDD,SIGIR, WWW Point of

change

Fig. 3. In this Figure we demonstrate how TENSORSPLAT is able to perform change detection. In particular, we observe two components in which a well-
known professor appears as an author; the first component mainly contains Databases conferences, whereas the second contains Data Mining conferences.
The dashed red line indicates the point of change in research direction.

More compactly, we can write the PARAFAC decomposi-
tion as a triplet of matrices A,B,C, i.e.

X ⇡
h
A(I⇥F ),B(J⇥F ),C(K⇥F )

i

the f -th column of which contains af ,bf and cf respectively.
One could normalize each column of the three factor matri-
ces, and introduce a scalar term �f , one for each rank-one
factor of the decomposition. Both representations, however,
are equivalent.

D. Extending to higher ways

As we said before, we can have tensors with more than
3 ways/modes. For instance, if we had a 4-way tensor, then
we would need to introduce a fourth vector d on the outer
product, and hence, the PARAFAC decomposition of tensor
X of dimensions I ⇥ J ⇥K ⇥N would be

X ⇡
FX

f=1

af � bf � cf � df

Furthermore, we would introduce the N ⇥F matrix D whose
columns contain the df vectors.

E. Other Decompositions

Apart from the PARAFAC decomposition, there exist nu-
merous other decompositions; a detailed exposition thereof
may be found in [19].

III. DATA ANALYSIS

TENSORSPLAT is our proposed method for anomaly or
change detection in graphs where more than 2 modes are
available (e.g., we have re-tweet activity between twitter users
over time, or links between pages with context information). In
these cases, a matrix does not suffice to completely describe
the available data; a more sophisticated structure is needed.
Our experiments show that tensors, a generalization of ma-
trices to more dimensions, is a structure worth using when
problems of this kind arise.

TENSORSPLAT is essentially based on the “PARAFAC”
decomposition and a modified version of the Matlab Tensor

Toolbox [4], [6] which accommodates the needs of the ap-
plications we study. Specifically, we do “truncated” tensor
decomposition by thresholding the small values that have
little interest in the context of anomalies. Among the multiple
components of the decomposition, we pick the most interesting
ones, and, in this section, we elaborate on them.

The TENSORSPLAT method has three thrusts:
1) Change detection over time: We detect authors who have

switched research areas, by observing changes in their
publishing behavior.

2) Anomaly detection over time: We spot suspicious be-
haviors in a large set of computer network connections
and in social network interactions.

3) Clustering: We identify clusters of authors with similar
research interests and background who publish paper on
relevant conferences.

The strength of TENSORSPLAT is attributed to its ability
to accomplish the aforementioned tasks while operating on
large amounts of data, which prove prohibitive for eye-balling,
empirical analysis, an approach that would be literally looking
for a needle in a haystack.

In the following lines, we provide a detailed description of
both the data analyzed and the methods used.

A. Data

TABLE II
LIST OF DATASETS

Name Description Dimensions
DBLP-1 (author, paper, conf) 14.5K ⇥ 14.4K ⇥ 20
DBLP-2 (author, conf, year) 418K ⇥ 3.5K ⇥ 49
LBNL (src, dst, port #, time) 65K ⇥ 65K ⇥ 65K ⇥ 3.6K
FACEBOOK (wall, poster, day) 64K ⇥ 64K ⇥ 1.8K

Before we delve into the details of our experimental setup
and results explanation, we will describe the datasets we used
(Table II).

• DBLP-1 [8]: The small DBLP sub-network consists of
14,376 papers, 14,475 authors and 20 conferences in the
areas of Data Mining (DM), Databases (DB), Information

Koutra, Papalexakis, Faloutsos, “TENSORSPLAT: Spotting Latent Anomalies in Time” 
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Neurosemantics 

… 

To fully specify a model within this com-
putational modeling framework, one must first
define a set of intermediate semantic features
f1(w) f2(w)…fn(w) to be extracted from the text
corpus. In this paper, each intermediate semantic
feature is defined in terms of the co-occurrence
statistics of the input stimulus word w with a
particular other word (e.g., “taste”) or set of words
(e.g., “taste,” “tastes,” or “tasted”) within the text
corpus. The model is trained by the application of
multiple regression to these features fi(w) and the
observed fMRI images, so as to obtain maximum-
likelihood estimates for the model parameters cvi
(26). Once trained, the computational model can be
evaluated by giving it words outside the training
set and comparing its predicted fMRI images for
these words with observed fMRI data.

This computational modeling framework is
based on two key theoretical assumptions. First, it
assumes the semantic features that distinguish the
meanings of arbitrary concrete nouns are reflected

in the statistics of their use within a very large text
corpus. This assumption is drawn from the field of
computational linguistics, where statistical word
distributions are frequently used to approximate
the meaning of documents and words (14–17).
Second, it assumes that the brain activity observed
when thinking about any concrete noun can be
derived as a weighted linear sum of contributions
from each of its semantic features. Although the
correctness of this linearity assumption is debat-
able, it is consistent with the widespread use of
linear models in fMRI analysis (27) and with the
assumption that fMRI activation often reflects a
linear superposition of contributions from different
sources. Our theoretical framework does not take a
position on whether the neural activation encoding
meaning is localized in particular cortical re-
gions. Instead, it considers all cortical voxels and
allows the training data to determine which loca-
tions are systematically modulated by which as-
pects of word meanings.

Results. We evaluated this computational mod-
el using fMRI data from nine healthy, college-age
participants who viewed 60 different word-picture
pairs presented six times each. Anatomically de-
fined regions of interest were automatically labeled
according to the methodology in (28). The 60 ran-
domly ordered stimuli included five items from
each of 12 semantic categories (animals, body parts,
buildings, building parts, clothing, furniture, insects,
kitchen items, tools, vegetables, vehicles, and other
man-made items). A representative fMRI image for
each stimulus was created by computing the mean
fMRI response over its six presentations, and the
mean of all 60 of these representative images was
then subtracted from each [for details, see (26)].

To instantiate our modeling framework, we first
chose a set of intermediate semantic features. To be
effective, the intermediate semantic features must
simultaneously encode thewide variety of semantic
content of the input stimulus words and factor the
observed fMRI activation intomore primitive com-

Predicted
“celery” = 0.84

“celery” “airplane”

Predicted:

Observed:

A B

+.. .

high

average

below
average

Predicted “celery”:

+ 0.35 + 0.32

“eat” “taste” “fill”

Fig. 2. Predicting fMRI images
for given stimulus words. (A)
Forming a prediction for par-
ticipant P1 for the stimulus
word “celery” after training on
58 other words. Learned cvi co-
efficients for 3 of the 25 se-
mantic features (“eat,” “taste,”
and “fill”) are depicted by the
voxel colors in the three images
at the top of the panel. The co-
occurrence value for each of these features for the stimulus word “celery” is
shown to the left of their respective images [e.g., the value for “eat (celery)” is
0.84]. The predicted activation for the stimulus word [shown at the bottom of
(A)] is a linear combination of the 25 semantic fMRI signatures, weighted by
their co-occurrence values. This figure shows just one horizontal slice [z =

–12 mm in Montreal Neurological Institute (MNI) space] of the predicted
three-dimensional image. (B) Predicted and observed fMRI images for
“celery” and “airplane” after training that uses 58 other words. The two long
red and blue vertical streaks near the top (posterior region) of the predicted
and observed images are the left and right fusiform gyri.
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Fig. 3. Locations of
most accurately pre-
dicted voxels. Surface
(A) and glass brain (B)
rendering of the correla-
tion between predicted
and actual voxel activa-
tions for words outside
the training set for par-

ticipant P5. These panels show clusters containing at least 10 contiguous voxels, each of whose
predicted-actual correlation is at least 0.28. These voxel clusters are distributed throughout the
cortex and located in the left and right occipital and parietal lobes; left and right fusiform,
postcentral, and middle frontal gyri; left inferior frontal gyrus; medial frontal gyrus; and anterior
cingulate. (C) Surface rendering of the predicted-actual correlation averaged over all nine
participants. This panel represents clusters containing at least 10 contiguous voxels, each with
average correlation of at least 0.14.
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Figure�S1.�Presentation�and�set�of�exemplars�used�in�the�experiment. Participants were 
presented 60 distinct word-picture pairs describing common concrete nouns.  These consisted of 
5 exemplars from each of 12 categories, as shown above.  A slow event-related paradigm was 
employed, in which the stimulus was presented for 3s, followed by a 7s fixation period during 
which an X was presented in the center of the screen.  Images were presented as white lines and 
characters on a dark background, but are inverted here to improve readability.  The entire set of 
60 exemplars was presented six times, randomly permuting the sequence on each presentation. 
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characters on a dark background, but are inverted here to improve readability.  The entire set of 
60 exemplars was presented six times, randomly permuting the sequence on each presentation. 
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Neurosemantics 

•  Semantically coherent brain regions? 
•  Similarities/differences between subjects? 
•  How is language processed in the brain? 

… 

To fully specify a model within this com-
putational modeling framework, one must first
define a set of intermediate semantic features
f1(w) f2(w)…fn(w) to be extracted from the text
corpus. In this paper, each intermediate semantic
feature is defined in terms of the co-occurrence
statistics of the input stimulus word w with a
particular other word (e.g., “taste”) or set of words
(e.g., “taste,” “tastes,” or “tasted”) within the text
corpus. The model is trained by the application of
multiple regression to these features fi(w) and the
observed fMRI images, so as to obtain maximum-
likelihood estimates for the model parameters cvi
(26). Once trained, the computational model can be
evaluated by giving it words outside the training
set and comparing its predicted fMRI images for
these words with observed fMRI data.

This computational modeling framework is
based on two key theoretical assumptions. First, it
assumes the semantic features that distinguish the
meanings of arbitrary concrete nouns are reflected

in the statistics of their use within a very large text
corpus. This assumption is drawn from the field of
computational linguistics, where statistical word
distributions are frequently used to approximate
the meaning of documents and words (14–17).
Second, it assumes that the brain activity observed
when thinking about any concrete noun can be
derived as a weighted linear sum of contributions
from each of its semantic features. Although the
correctness of this linearity assumption is debat-
able, it is consistent with the widespread use of
linear models in fMRI analysis (27) and with the
assumption that fMRI activation often reflects a
linear superposition of contributions from different
sources. Our theoretical framework does not take a
position on whether the neural activation encoding
meaning is localized in particular cortical re-
gions. Instead, it considers all cortical voxels and
allows the training data to determine which loca-
tions are systematically modulated by which as-
pects of word meanings.

Results. We evaluated this computational mod-
el using fMRI data from nine healthy, college-age
participants who viewed 60 different word-picture
pairs presented six times each. Anatomically de-
fined regions of interest were automatically labeled
according to the methodology in (28). The 60 ran-
domly ordered stimuli included five items from
each of 12 semantic categories (animals, body parts,
buildings, building parts, clothing, furniture, insects,
kitchen items, tools, vegetables, vehicles, and other
man-made items). A representative fMRI image for
each stimulus was created by computing the mean
fMRI response over its six presentations, and the
mean of all 60 of these representative images was
then subtracted from each [for details, see (26)].

To instantiate our modeling framework, we first
chose a set of intermediate semantic features. To be
effective, the intermediate semantic features must
simultaneously encode thewide variety of semantic
content of the input stimulus words and factor the
observed fMRI activation intomore primitive com-
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Fig. 2. Predicting fMRI images
for given stimulus words. (A)
Forming a prediction for par-
ticipant P1 for the stimulus
word “celery” after training on
58 other words. Learned cvi co-
efficients for 3 of the 25 se-
mantic features (“eat,” “taste,”
and “fill”) are depicted by the
voxel colors in the three images
at the top of the panel. The co-
occurrence value for each of these features for the stimulus word “celery” is
shown to the left of their respective images [e.g., the value for “eat (celery)” is
0.84]. The predicted activation for the stimulus word [shown at the bottom of
(A)] is a linear combination of the 25 semantic fMRI signatures, weighted by
their co-occurrence values. This figure shows just one horizontal slice [z =

–12 mm in Montreal Neurological Institute (MNI) space] of the predicted
three-dimensional image. (B) Predicted and observed fMRI images for
“celery” and “airplane” after training that uses 58 other words. The two long
red and blue vertical streaks near the top (posterior region) of the predicted
and observed images are the left and right fusiform gyri.
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Fig. 3. Locations of
most accurately pre-
dicted voxels. Surface
(A) and glass brain (B)
rendering of the correla-
tion between predicted
and actual voxel activa-
tions for words outside
the training set for par-

ticipant P5. These panels show clusters containing at least 10 contiguous voxels, each of whose
predicted-actual correlation is at least 0.28. These voxel clusters are distributed throughout the
cortex and located in the left and right occipital and parietal lobes; left and right fusiform,
postcentral, and middle frontal gyri; left inferior frontal gyrus; medial frontal gyrus; and anterior
cingulate. (C) Surface rendering of the predicted-actual correlation averaged over all nine
participants. This panel represents clusters containing at least 10 contiguous voxels, each with
average correlation of at least 0.14.
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3.�Additional�Figures�and�legends��

 

Figure�S1.�Presentation�and�set�of�exemplars�used�in�the�experiment. Participants were 
presented 60 distinct word-picture pairs describing common concrete nouns.  These consisted of 
5 exemplars from each of 12 categories, as shown above.  A slow event-related paradigm was 
employed, in which the stimulus was presented for 3s, followed by a 7s fixation period during 
which an X was presented in the center of the screen.  Images were presented as white lines and 
characters on a dark background, but are inverted here to improve readability.  The entire set of 
60 exemplars was presented six times, randomly permuting the sequence on each presentation. 
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a2 
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X 

A:2

sum of R rank-one tensors, or equivalently (for a three-mode tensor) as the sum of R outer products
of three vectors:

X ⇡
RX

r=1

ar � br � cr (1)

where (ar � br � cr) (i, j, k) = ar(i)br(j)cr(k). When R is equal to the rank of the tensor, then
Eq. 2 is exact equality, and when R is smaller, it is an approximation. As a result, the PARAFAC de-
composition can reveal the rank of X which is defined as the minimum R to perfectly reconstruct X
using the components of the decomposition. For compactness, the PARAFAC decomposition is usu-
ally denoted by the the factor matrices A,B,C, whose columns contain ar,br, and cr respectively.
Figure 1 shows a pictorial representation of the decomposition.

[Talk about the term trilinear and multilinear] [Say also that we can normalize the vectors
and have a scalar in front of every component. Give alternative formula.]

Another way to express the PARAFAC decomposition (or any other decomposition in the follow-
ing lines) is by explicitly equating the tensor with the approximation and the error E, i.e.:

X =
RX

r=1

ar � br � cr +E.

In what follows, for notational simplicity we omit E and we assume equality, even though in practice
it is an approximation.

[Write out the objective function and say that we usually do Frobenius norm]

min
ar,br,cr

kX�
RX

r=1

ar � br � crk2F

X A 
B 

a1 aR 

b1 bR 

c1 cR 

≈ = 

I x J x K I x R 

J x R 

+…+ 

Fig. 1

In the case of an N -mode tensor, we can readily extend the PARAFAC decomposition by adding
a set of factor vectors per additional mode. When N > 3, for notational simplicity we denote the
factors as A(N), and we write

X ⇡
RX

r=1

a(1)r � a(2)r � · · · � a(N)
r

[Say how to interpret] PARAFAC is one of the most highly used tensor decompositions, in
part due to its ease of interpretation. Each rank-one component of the decomposition serves as a
latent “concept” or cluster in the data, and the factor vectors for that component serve as the soft
memberships of each row, column, and fiber of the tensor, to that latent cluster.
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3.�Additional�Figures�and�legends��

 

Figure�S1.�Presentation�and�set�of�exemplars�used�in�the�experiment. Participants were 
presented 60 distinct word-picture pairs describing common concrete nouns.  These consisted of 
5 exemplars from each of 12 categories, as shown above.  A slow event-related paradigm was 
employed, in which the stimulus was presented for 3s, followed by a 7s fixation period during 
which an X was presented in the center of the screen.  Images were presented as white lines and 
characters on a dark background, but are inverted here to improve readability.  The entire set of 
60 exemplars was presented six times, randomly permuting the sequence on each presentation. 

 

✔  Is it alive? 
✔   Does it bite? 
      Does it fly? 
✔  Can you buy it? 

   Is it smaller than a golf ball? 
 … 

•  Human readable description of the noun 
•  Useful information to guide the analysis 
•  Can have different semantic features 

(corpus statistics, knowledge base 
features) 

E. Papalexakis @ MCBDA 17 23 
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in CMTF, while imposing explicit sparsity constraints (via `1 norm penalties); As an interesting ap-
plication, in [Zheng et al. 2010], the authors employ CMTF for Collaborative Filtering. On a related
note, [Yokota et al. 2012], [Lin et al. 2009], and [Liu et al. 2013a] introduce models where multiple
tensors are coupled with respect to one mode, and analyzed jointly. Finally, extending the CMTF
framework, Acar et al. propose in [Acar et al. 2013] a new model where rank-one components can
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Multi-Aspect Data Everywhere!  
  

Social Networks 
& Urban Comp. 
 
Neurosemantics  

     Web  
     Knowledge 
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3.�Additional�Figures�and�legends��

 

Figure�S1.�Presentation�and�set�of�exemplars�used�in�the�experiment. Participants were 
presented 60 distinct word-picture pairs describing common concrete nouns.  These consisted of 
5 exemplars from each of 12 categories, as shown above.  A slow event-related paradigm was 
employed, in which the stimulus was presented for 3s, followed by a 7s fixation period during 
which an X was presented in the center of the screen.  Images were presented as white lines and 
characters on a dark background, but are inverted here to improve readability.  The entire set of 
60 exemplars was presented six times, randomly permuting the sequence on each presentation. 
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Tensors in Data Science 
•  Naturally model multi-aspect data 
•  Very powerful modeling tools 
•  Big Challenges 

² C1: Data Size & Scalability 
² C2: Model Selection, Quality & 

Interpretability 
 ? 

? ? 

? 
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Fast and Scalable Tensor 
Decompositions 

•  Exploiting Sparsity 
² Tensor Toolbox for Matlab [Kolda et al.] 
² GigaTensor [Kang et al. 2012] 
² FlexiFaCT [Beutel et al. 2014] 
² DFacto [Choi et al. 2014] 
² SPLATT [Smith et al. 2015] 

•  All above methods are exact 
² Most of them focus on the ”MTTKRP” operation 

•  Can we do something by approximating? 
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Approximate “Sketching” Methods 

Hashing 

[Wang et al. 2015] 

Compression 
Tucker Compression 

[Bro et al. 1998] 

PARACOMP [Sidiropoulos et al. 2014] 

Sampling 
Tensor CUR [Mahoney et al. 2008] 

ParCube [Papalexakis et al. 2012] 

Walk’n’Merge [Erdos et al 2013] 

MACH [Tsourakakis  2010] 

SPALS [Cheng et al 2016] 

CPRAND[Battaglino et al 2017] 
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ParCube: Sampling-based Parallel 
Tensor Decomposition 

Xr 

X1 

X 

≈ 

≈ 

…
 

FACTORMERGE 

Papalexakis et al. ECML-PKDD 2012 
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Does it work? 

Achieves comparable accuracy to exact algorithm 
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Speedup 

Baseline 
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Roadmap 
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Model Selection & Quality 

•  Problem 1: Rank Estimation 
² Given a model (e.g. PARAFAC), choose the 

right number of components 
² Do this without any ground truth 
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Rank Estimation for CP/PARAFAC 

•  Maximize both #components and “quality” of decomposition 
•  Quality is defined through Core Consistency [Bro et al. 2003] 

solution that, as we demonstrate in the next Section, can help
data mining practitioners.
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[7]

Figure 1: Rank estimation error on synthetic data.

5 Data Mining Case Study
Section 5.1 takes 10 diverse real datasets shown in Table 2
and investigates their rank structure. In Section 5.2 we apply
AUTOTEN to one of the datasets of Table 2 and we analyze
the results, as part of an exploratory data mining study.

5.1 Rank Structure of Real Datasets Since exploration
of the rank structure of a dataset, using the Core Consistency
diagnostic, is an integral part of AUTOTEN, we deem neces-
sary to dive deeper into that process. In this case study we are
analyzing the rank structure of 10 real datasets, as captured
by the Core Consistency under Frobenius norm loss (using
our algorithm from [28], as well as Core Consistency with
KL-Divergence loss (introduced here). Most of the datasets
we use are publicly available. ENRON3 is a social network
dataset, recording the number of emails exchanged between
employees of the company for a period of time, during the
company crisis. Reality Mining [10] is a multi-view
social network dataset, recording relations between MIT stu-
dents (who calls whom, who messages whom, who is close
to whom and so on). Facebook [33] is a time evolving
snapshot of Facebook, recording people posting on other
peoples’ Walls. Taxi4 is a dataset of taxi trajectories in Bei-
jing; we discretize latitude and longitude to a 100⇥100 grid.
DBLP is a dataset recording which researcher to researcher
connections, from three different viewpoints (first view is co-
authorship, second view is citation, and third view records
whether two authors share at least three keywords in their
title or abstract of their papers). Netflix comes from the
Netflix prize dataset and records movie ratings by users over
time. Amazon co-purchase data records items bought
together, and the category of the first of the two products.
Amazon metadata records customers who reviewed a

3http://www.cs.cmu.edu/˜enron/
4http://research.microsoft.com/apps/pubs/?id=

152883

product, and the corresponding product category. Yelp con-
tains reviews of Yelp users for various businesses (from the
data challenge5). Finally, Airport6 contains records of
flights between different airports, and the operating airline.

We ran our algorithms for F = 2 · · · 50, and truncated
negative values to zero. For KL-Divergence and datasets
Facebook, Netflix, Yelp, and Airport we used
smaller versions (first 500 rows for Netflix and Yelp,
and first 1000 rows for Facebook and Airport), due to
high memory requirements of Matlab; this means that the
corresponding figures describe the rank structure of a smaller
dataset, which might be different from the full one. Figure 2
shows the Core Consistency when using Frobenius norm as
a loss, and Fig. 3 when using KL-Divergence. The way to
interpret these figures is the following: assuming a CP ALS
(Fig. 2) or a CP APR (Fig. 3) model, each figure shows the
modelling quality of the data for a given rank. This sheds
light to the rank structure of a particular dataset (although
that is not to say that it provides a definitive answer about
its true rank). For the given datasets, we observe a few in-
teresting differences in structure: for instance, ENRON and
Taxi in Fig. 2 seem to have good quality for a few com-
ponents. On the other hand, Reality Mining, DBLP,
and Amazon metadata have reasonably acceptable qual-
ity for a larger range of components, with the quality de-
creasing as the number gets higher. Another interesting ob-
servation is that Yelp seems to be modelled better using a
high number of components. Figures that are all-zero merely
show that no good structure was detected for up to 50 com-
ponents, however, this might indicate that such datasets (e.g.
Netflix) have an even higher number of components. Fi-
nally, contrasting Fig. 3 to Fig. 2, we observe that in many
cases using the KL-Divergence is able to discover better
structure than the Frobenius norm (e.g. ENRON and Amazon
co-purchase).
5.2 AutoTen in practice We used AUTOTEN to analyze
the Taxi dataset shown in Table 2.The data we have span an
entire week worth of measurements, with temporal granular-
ity of minutes. First, we tried quantizing the latitude and lon-
gitude into a 1000⇥ 1000 grid; however, AUTOTEN warned
us that the decomposition was not able to detect good and
coherent structure in the data, perhaps due to extreme spar-
sity. Subsequently, we modelled the data using a 100 ⇥ 100
grid and AUTOTEN was able to detect good structure. In par-
ticular, AUTOTEN output 8 rank-one components, choosing
Frobenius norm as a loss function.

In Figure 4 we show 4 representative components of the
decomposition. In each sub-figure, we overlay the map of
Beijing with the coordinates that appear to have high activity
in the particular component; every sub-figure also shows the
temporal profile of the component. The first two components

5https://www.yelp.com/dataset_challenge/dataset
6http://openflights.org/data.html
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Model Selection & Quality 

•  Problem 2: Choosing the right model 
² Given an application/dataset, choose the 

most appropriate tensor decomposition(s) 
² Again, assume no ground truth! 
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Choosing the right model 
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Easy to interpret 
Captures trilinear structure 
Used for community detection 

Captures non-trilinear structure 
Used for role discovery 

Works on undirected graphs 
Used for role discovery 

Quick and effective diagnostics? 

Social Network 
Tensor [Papalexakis et al. Fusion 13] 

[Gilpin et al. Arxiv.org 16] 

[Kolda et al. ICDM 07] 
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The End! 

•  Thank you! Questions?? 
•  How to reach me: 

web: http://www.cs.ucr.edu/~epapalex/  
e-mail: epapalex@cs.ucr.edu  
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