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15-826: Multimedia Databases
and Data Mining

Lecture #19: Tensor decompositions
C. Faloutsos
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Problem

* Q: who-calls-whom-when — patterns?
— Triplets ( source-ip, dest-ip, port#)
— KB (subject, verb, object)

15-826 Copyright (¢) 2019 C. Faloutsos

15-826



C. Faloutsos

CarnegieMellon

Conclusions

* Q: who-calls-whom-when — patterns?
— Triplets ( source-ip, dest-ip, port#)
— KB (subject, verb, object)

* A: Tensor analysis (PARAFAC)
— http://www.tensortoolbox.org/
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Must-read Material

o [Graph-Textbook] Ch.16.

» Tensors survey: Papalexakis, Faloutsos,
Sidiropoulos Tensor for Data Mining and
Data Fusion: Models, Applications, and
Scalable Algorithms ACM Trans. on
Intelligent Systems and Technology, 8,2,
Oct. 2016. (local copy)
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http://www.tensortoolbox.org/
https://www.cs.cmu.edu/~christos/courses/826.F19/readinglist.html
https://dl.acm.org/citation.cfm?id=2915921
https://www.cs.cmu.edu/~christos/courses/826-resources/PAPERS+BOOK/a16-papalexakis.pdf
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Most of foils by

Dr. Tamara Kolda (Sandia N.L.)

+ csmr.ca.sandia.gov/~tgkolda

Prof. Jimeng Sun (GaTech)

+ www.cc.gatech.edu/people/jimeng-sun

3h tutorial: www.cs.cmu.edu/~christos/TALKS/SDM-tut-07/

15-826
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Motivation 1: Why “matrix” ?

« Why matrices are important?

15-826 Copyright (c) 2019 C. Faloutsos 9
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Examples of Matrices:
Graph - social network
John Peter Mary Nick

John 0 11 22 55| ...

Peter 5 0 6 7 ...

Mary

Nick

15-826 Copyright (¢) 2019 C. Faloutsos 10
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Examples of Matrices:
cloud of n-d points

chol# blood# age

Peter 5 4 6 7 ...
Mary
Nick

15-826 Copyright (c) 2019 C. Faloutsos

John 13 11 22 55 ...

11

11

CarnegieMellon

Examples of Matrices:

Market basket
 market basket as in Association Rules
milk bread choc. wine
John 13 11 22 55 ...
Peter 5 4 6 7..
Mary
Nick
15-826 Copyright (¢) 2019 C. Faloutsos
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Examples of Matrices:
Documents and terms
data mining classif. tree
Paper#1 13 11 22 55/...
Paper#2 5 4 6 7.
Paper#3
Paper#4
15-826 Copyright (c) 2019 C. Faloutsos 13
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Examples of Matrices:
Authors and terms
data mining classif. tree

John 13 11 22 55...

Peter 5 4 6 7.

Mary

Nick

15-826 Copyright (¢) 2019 C. Faloutsos 14
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Examples of Matrices:
sensor-ids and time-ticks

temp1 temp2  humid. pressure
tl 13 11 22 55 ...
t2 5 4 6 7 ...
t3
t4
15-826 Copyright (c) 2019 C. Faloutsos 15
15
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Motivation: Why tensors?
* Q: what is a tensor?
15-826 Copyright (¢) 2019 C. Faloutsos 16
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Motivation 2: Why tensor?

* A: N-D generalization of matrix:

KDD’ 17

data mining classif. tree
John 13 11 22 55 ...
Peter 5 4 6 7...
Mary
Nick
15-826 Copyright (c) 2019 C. Faloutsos 17

17
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Motivation 2: Why tensor?
* A: N-D generalization of matrix:
KDD’ 15 , '
KDD' 16
KDD" 17 /| data mining  classif. tree
;
John 13 11 22 55 ...
Peter 5 4 6 7.
Mary
Nick
15-826 Copyright (¢) 2019 C. Faloutsos 18

18



C. Faloutsos 15-826

CarnegieMellon

Tensors are useful for 3 or more
modes

Terminology: ‘mode’ (or ‘aspect’ ):

1
Mode#3 [/
,”[ data mining  classif. tree

,
13 11 22 55 ...

5 4 6 7 ...
Mode#2 T .
15826 —p Mode (== aspect) #1 19
19

CarnegieMellon

Motivating Applications

* Why matrices are important?
* Why tensors are useful?

— P1: social networks

— P2: web mining

15-826 Copyright (¢) 2019 C. Faloutsos 20
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P1: Social network analysis

+ Traditionally, people focus on static networks and
find community structures

* We plan to monitor the change of the community

structure over time
2004, Keyworgs

DM

/" bB

1990 -

DB

Authors

15-826 Copyright (c) 2019 C. Faloutsos 21
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P2: Web graph mining

» How to order the importance of web pages?
— Kleinberg’ s algorithm HITS
— PageRank
— Tensor extension on HITS (TOPHITS)

* context-sensitive hypergraph analysis

15-826 Copyright (¢) 2019 C. Faloutsos 22
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Tensor Basics

24
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Answer to both: tensor
factorization \

* Recall: (SVD) matrix factorization: finds
blocks
‘meat-eaters’ ‘vegetarians’ ‘kids’
M ‘steaks’ ‘plants’ ‘cookies’
products -
— ’Ul
users ‘

= "’
Uq U
15-826 Copyright (c) 2019 C. Faloutsos 1 25

25
Answer to both: tensor
factorization
« PARAFAC decomposition

politicians artists athletes
RO 7 .;1‘:" 3 ,
AQ} “ —" I/ Y _.:::{.'.'.':.-.-_-_-_- :" ___________________________ [
subject = i + I T
object
15-826 Copyright (¢) 2019 C. Faloutsos 26
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Answer: tensor factorization

« PARAFAC decomposition

» Results for who-calls-whom-when
27 ?7? ??
—4M x 15 days -

15-826 Copyright (c) 2019 C. Faloutsos 27
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Goal: extension to >=3 modes

Q~
\Lv
X)X K
IXR JXR / /
) @ B T
RXRXR

x%HA;A,B,CH:ZATaTObTOCr
T

Example of outer product ‘o’:

15-826 Copyright (¢) 2019 C. Faloutsos 28
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Goal: extension to >=3 modes

Q~
\L@ ¢
IxJxK
IXR JXR /b /
1
) @ B M e
RXRXR ay

x%[[A;A,B,C]]:ZATaTObTOCr
T

Suppose
R=1
X(1,1,1)=2?
a1=(1,2,3,4) x§3 1 2;=?
P12(2.2.2)  y(5.1.1)=2
C1 =(1 0’ 1 1 ) Copyright (c) 2019 C. Faloutsos 29
AM=7

29

Carnegie Mellon

Goal: extension to >=3 modes

Q~
\L@
I XJXxK
IXR JXR

~ B =A1/.:.+ +*R/.:.

x%HA;A,B,CH:ZATaTObTOCr
T

Suppose
r=1
X(1,1,1)=7 *1*2*10
a1=(1,2,3,4) X§3 1 23=?
b1=(2’2’2) X(5”|,1)=7
c1 =(1 0,11 ) Copyright (c) 2019 C. Faloutsos 30
A1=7

30
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Goal: extension to >=3 modes
\Lﬁ
IXJXK R ek
~ @ B =/\1/|:| +. 4R /I:I
<) N
RXRXR
x% [[A ,A,B,C]] :ZAT arObrOCr
Suppose "
r=1 —_7%kA4 kN)k
a1=(1,2,3,4) A(1.1.1)=r"1"2"10
b1=(2.2.2) X(3,1,2)= 7*3*2*11
C1=(16 :11) X(5,1,1)= N/A - TRICK QUESTION
’ Copyright (c) 2019 C. Faloutsos 31
AM=7
31

CarnegieMellon

Goal: extension to >=3 modes

Q~
{-@
I XJXxK
IXR JXR

~ B =A1/.:.+ +*R/.:.

x%HA;A,B,CH:ZATaTObTOCr
T

Suppose
r=1
3 X(1,1,1)=7*1*2*10
at=(12.34)  x(3,1.2)= 732*11
b1%(2.22)  y(51.1)=22
c1=(10,11) Copyright (c) 2019 C. Faloutsos 32
A=7

32
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Goal: extension to >=3 modes

Q~
%w
IxJxK
IXR JXR / /
) @ B T
RXRXR

UC%[[/\;A,B,C]]:Z)\TaTobrocr
T

Suppose
r=1
— X(1,1,1)=7*1*2*10
D0S3 Xx@12) T
1= 16 ’11 X(5,1,1)= N/A - TRICK QUESTION
;:\‘1 :(7 ’ ) Copyright (c) 2019 C. Faloutsos 33

33

CarnegieMellon

Main points:

» 2 major types of tensor decompositions:
PARAFAC and Tucker

* both can be solved with ""alternating least
squares’ (ALS)

* Details follow

15-826 Copyright (¢) 2019 C. Faloutsos 34
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Specially Structured Tensors

35

Carnegie Mellon

Specially Structured Tensors

e Tucker Tensor * Kruskal Tensor
X=Gx1UxoV x3 W
J X1 2 3 x:Z)\rurovrowr
=Zzzgrstu7“ovsowt r
R =[r\;U,V,W]
=[S ;U,V,WJ
&
L

IXJ XK | X R XS IXJxK W/ WR/
A1 Ak

X RXSXT X

[VE] UR

15-826 Copyright (¢) 2019 C. Faloutsos 36
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Specially Structured Tensors

e Tucker Tensor

In matrix form:

X1y =UGp(Wa V)"

» Kruskal Tensor

X=Gx1UxoVx3W fx:Z)\Turovrowr
= grst Ur O Vg O Wy r
E;; e =[\:U,V, W]
=[5;U,V,W]

In matrix form:
Let A = diag())
Xy =UAWoW)!

— T
X@) = Vea(Wol) X2 =VAWoU)T
X3y = WG(3) (Ve U) X3y =WANVoU)!

15-826

vec(X) =(WRVRU)vec(§) vec(X)=(WoVeU)A

Copyright (c) 2019 C. Faloutsos

37

37

Carnegie Mellon

Tensor Decompositions

38
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Tucker Decomposition - intuition

A

&

IxXJxK XS

I XR
[/
R

X RXSXT

author x keyword x conference

A: author x author-group

B: keyword x keyword-group

» C: cont. x conf-group Needs elaboration!

. g: how groups relate to each other
15-826

Copyright (c) 2019 C. Faloutsos 39
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=

Intuition behind core tensor

» 2-d case: co-clustering

 [Dhillon et al. Information-Theoretic Co-
clustering, KDD’ 03]

Xw Copyright (¢) 2019 C. Faloutsos 40

40
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http://www.cs.utexas.edu/users/inderjit/public_papers/kdd_cocluster.pdf
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n
0505050 0 0 |
0505050 0 0 eg, terms x documents
0 0 0 .05 .05 .05
0 0 0 .05 .05 .05 |
04 04 0 04 04 04 |
04 04 04 0 04 04
k / n
50 0 3 1.36 36 28 0 OJ 054 054 0210 0 0
50 0| kIO 0 0 28 36 36 054 054 o020 0o o
m 0 5 0 2 0 0 0 |04 054 054
0 5 0 0 0 0 |04 054 054
00 5 036 036 028 [.028 036 .036
00 5 036 036 028 1028 036 036
15-826 Copyright (c) 2019 C. Faloutsos 41
41
Carnegie Mellon
med. doc
s doc
0505 05 000 0 | med. terms
0505050 0 0
0 0 0 .05 .05 .05
0 0 0 .05 .05 .05 | cs terms
term group x B
0404 0 04 04 04
common terms
doc. group 04 04 04 0 04 04 |
50 0 30 [36 3 28 0 0 oJ 054 054 0210 0 0
50 0 037 Lo o o 28 36 36 054 054 020 0 o
0 5 0 202 0 0 0 |04 054 054
0 5 0 0 0 0 |04 054 054
0 0 5 doc x 036 036 028 |.028 036 .036
00 5 doc group 036 036 028 1028 036 036
term x
terﬁ% rou p Copyright (¢) 2019 C. Faloutsos 42
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Tucker Decomposition

I xXJ XK

X

A

&

X=~[G;A,B,(C]

JXS

IXR
[/
~ B Given A, B, C, the optimal core is:

RXoxT G =[x ;A" B, CT]

Proposed by Tucker (1966)

Recall the equations for

AKA: Three-mode factor analysis, three-mode converting a tensor to a matrix

PCA, orthogonal array decomposition
A, B, and C generally assumed to be

X(1) = AG1)(C®B)'

orthonormal (generally assume they have full Xy = BG 2) (C® A)T

column rank)
G is not diagonal

Not unique

15-826

X3y =CGiy(BoA)T
vec(X) = (C® B ® A)vec(G)

Copyright (¢) 2019 C. Faloutsos 44
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Kronecker product

_ |12 B=[10 20 30 |
Al i
m1xnt m2x n2
m1*m2 x n1*n2 1 B 2 B
* *
A®B:[3*B 4*B]

] Ix10 1%20 1%30 2%10 2x20 2x30
| 3%x10 3%x20 3%30 4%x10 4%x20 4%x30

15-826 Copyright (c) 2019 C. Faloutsos 45
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CANDECOMP/PARAFAC

Decomposition

Q~
«-@
IXJXxK
IXR JXR / /
A1 AR

Y B = |:|I:I+,_,+ |:|I:I

X

RXRXR

x%[[A;A,B,C]]:ZATaTObTOCr

« CANDECOMP = Canonical Decompogition (Carroll & Chang, 1970)
* PARAFAC = Parallel Factors (Harshman, 1970)

» Core is diagonal (specified by the vector A)

¢ Columns of A, B, and C are not orthonormal

o IfR is minimal, then R is called the rank of the tensor (Kruskal 1977)

* Can have rank(x) > min{I,J,K}
15-826 Copyright (c) 2019 C. Faloutsos 47
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IMPORTANT
Tucker vs. PARAFAC Decompositions
* Tucker « PARAFAC

— Variable transformation in — Sum of rank-1 components
each mode — No core, i.e., superdiagonal
— Core G may be dense core
— A, B, C generally — A, B, C may have linearly
orthonormal dependent columns
— Not unique & — Generally unique
IXIXK xR .+ IXJXK  c oR
JXS 1 /
~ B ~ M 1+ + B =
H TR H -
X RXSXT X
a ar
15-826 Copyright (¢) 2019 C. Faloutsos 48
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Tensor tools - summary

* Two main tools

— PARAFAC

— Tucker
* Both find row-, column-, tube-groups

— but in PARAFAC the three groups are identical
* To solve: Alternating Least Squares

* Toolbox: from Tamara Kolda:
http://www.tensortoolbox.org/

15-826 Copyright (c) 2019 C. Faloutsos 49
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Outline

» Motivation - Definitions

» Tensor tools

 Case studies

» — P1: web graph mining (‘TOPHITS”)

— P2: phone-call patterns
— P3: N.E.L.L. (never ending language learner)
— P4: network traffic
— P5: FaceBook activity

15-826 Copyright (¢) 2019 C. Faloutsos 50

50
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P1: Web graph mining

* How to order the importance of web pages?
— Kleinberg’ s algorithm HITS
— PageRank

Web Images Video News Maps mores

Google

YRHOO! SEARCH

a I

Tum OFF Personalized Search (Beta) for these results » Search Results
Web Personalized Results 1- 10 of about 12,800,000 for tensor [defintion]. 0.31 seconds) 9 Asotry tensorlamps tensorlighting tensorcorporation, svons
tensor produc More Tensor
Tensor - Wikipedia, the free encyclopedia Sponsored Links Find Deals on Tensor and otner

onson asutrs Sportng Equipment at DeafTie.

Examples of physical tensors are the ensrgy-momentum tensor, the inertia tensor ...
v destine.com

Tensorial 3.0 Tensorial is a general purpose tensor calculus package for .
en.wikipedia.org/wikiTensor - 55k - Cached es

3 - Similar pag

Skateboard Trucks

Tensor
Bargain Prices. Smart Deals.
Save on Tensor! Tensor Compare Prices
Tensor product - Wikipedia, the free encyclopedia Shopzilla.com « Purchase tHCD Fing Bargains on Tensorat
There is a general formula for the product of two (or more) tensors, as ... The

tensor product inherits all the indices of its fact
en.vikipedia.org/wikiTensor_product - 41k

Wire Tensioners

For coll and motor winding machines Tensor—fromMathworlg

Mechanical or electronic tensioners i nthaanktensorin mimensiona space s @ mathematcal oiec ht
Annthanit ma i5p thematica otectthat Tensor

Get.
wwwbizratecom

Similar pages

Tensor Trucks Ve, digmotor.com has 0. Each index of s tensorranges overthenumber o dimensions of e smnenine cboo
Manufacturer of skateboard trucks. Check out team members, videos and apparel. pace. .. withcader FPeoduocolor i uss,
v tensortrucks com - 3k - Cached - Similar o Tensor mathwerk wolfam confTensor.ninl- e e
n 2

Looking for Tensor’ B i " ’
Time and Attendance & Access Control through Smart Cards ... Find exactly what you want today
Tensor manufacture and supply Smart Card and Biometrc Time and Altendance & VW eBay.com Dhysce,» aigebra and dfierentlgometry.  tensor &  mutinear i, compare and buy products
Access Control Software functen categoriesranging rom spors.
. tensor.co.uk! - Tk - Tensor Quick Uk mportance and appicaton - istory -The choce of wwwsh

Shop For Tensor Here approach
Free Textbook Tensor Calculus and Continuum Mechanics With The Convenience Of OneCart™! 6 org/wkiTensor -S0k-Cached - ore s Tensor

SHOP.COM Shop eBay foranything and

A fize downloadable textbook on introductory tensor analysis and continuum

15-826 Copyright (c) 2019 C. Faloutsos 51
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P1: Web graph mining

» T. G. Kolda, B. W. Bader and J. P. Kenny,
Higher-Order Web Link Analysis Using
Multilinear Algebra, ICDM 2005: ICDM,
pp. 242-249, November 2005,
doi:10.1109/ICDM.2005.77. [PDF]

15-826 Copyright (¢) 2019 C. Faloutsos 52

52
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http://www.sandia.gov/~tgkolda/pubs/pubfiles/ICDM05.pdf
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leinberg’ s Hubs and Authorities
(the HITS method)

Endangered Species """ “1-~~._._ Jaguar FAQ
Animals today are being threatened Jaguars are an endangered species . . . .
by a variety of environmental that live in the tropical rain forests of S pa rse ad] acen Cy m atnX an d |tS SV D .
pressures. For example, the jaguar - f = = === -~~~ >{ Central and South America. They live
is losing prime habitat in the world. about 11 years in the wild and up to . T .
Jous ar g o e avarres o | pyeasaamo. v — 1 if page i links to page j
“their plight. N A It \ ) .
ALereg . f - : J 0 otherwise

/ N P N

' NP

N Rain Forest Zoo LN Online Atlas
We have a new exhibit opening next &~ N View maps of animal habitats from ~ )
month highlighting the endangered ) “~ . | around the world, including those of X‘ ~ 0-7’ 117 © ar
species of the Americas, including the b endangered animals in North, South, r
jaguar. - vy i _ | and Central America.

authority scores

Website 1 Website 2 authority scores  for 2nd topic
for 1st topic \ /
to ——1 ——1
e = + + o
2
hub scores hub scores

Website 3 Website 4 for 1st topic for 2nd topic
15-826 Copyright (c) 2019 C. Faloutsos 53

Kleinberg, JACM, 1999

53

HITS Authorities on Sample Data

1st Principal Factor
.97 |www.ibm.com

24 WWW'alphf‘f‘” 2nd Principal Factor
gg www-(1128.||un 99 [www.lehigh.edu We started our crawl from
-02 www.develon 44 |\ w2, lehighrast http://www-neos.mcs.anl.gov/neos,
.02 |www.researc and crawled 4700 pages,

. 3rd Principal Factor
.06 |www.lehighal -
.01 |www.redbooH 06 lehighs .75 |java.sun.com resulting in 560
.01 |news.com.ci 02 bethleh .38 |www.sun.com cross-linked hosts.
.36 |developers.sun||
.02 |www.adobe.
X .24 |see.sun.com
.02 [lewisweb.cc, 16 .60
.02 [www.leo.lehi{ - -samag.col 45
i .13 [docs.sun.com
.02 |www.distanc 12 |bi .35
.02 |fp1.cc.lehigh| 1< [P09S-Sun-com | 34
.08 [sunsolve.sun.c 22
.08 |www.sun-catald o
.08 [news.com.com 16

4th Principal Factor
www.pueblo.gsa.gov
www.whitehouse.gov
WWW.irs.gov
travel.state] 6th Principal Factor
www.gsa.g .97 |mathpost.asu.edu
www.ssa.g .18 [math.la.asu.edu
www.censy .17 (www.asu.edu

. authority scores .14 [www.govbd .04 |www.act.org
authority scores  for 2ns topic .13 [www.kids.d .03 |www.eas.asu.edu

for 1st topic \ / .13 |www.usdoj| .02 [archives.math.utk.edu
o —— —— .02 [www.geom.uiuc.edu
€ = + + o .02 |www.fulton.asu.edu
£ .02 |www.amstat.org
4 .02 |www.maa.org
hub scores

hub scores  Copyright (c) 2019 C. Faloutsos 54

for 1st topic for 21 topic
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g‘—])
Endangered Species B

Animals today are being threatened
by a variety of environmental

Z00s are trying to raise awareness of
“their plight.

Rain Forest Zoo

pressures. For example, t-- = - == 3 Central and South America. They live
is losing prime habitat in the WoT"

P T Tijh =

We have a new exhibit opening next &~ \'\
month highlighting the endangered RARN
species of the Americas, including the _

jaguar, --------- Fressoo-

_ 3| and Central America.

L3 3
ancianal View of the Web
L 1€W oI the Vve
Jagua,sa.e
that live in the tropical rain Torests of
P 1 if page i — page j
with term k&

otherwise

Online Atlas o
View maps of animal habitats from

around the world, including those of
endangered animals in North, South,

Observe that this

tensor is very sparse! .
e
0 1
@ all 1 .-~ 200
= '1' _.*" America

_.»" jaguar

. .
,¢ o e
Website 3 Website 4 s endangered
15-826 Kolda, Bader, Kenny, ICDM05 55
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Topical HITS (TOPHITYS)

Main Idea: Extend the idea behind the HITS model to incorporate
term (i.e., topical) information.

R
:x:z ZArhroar

r=1

= N+ N+

authority scores authority scores
/ for 1st topic for 2nd topic

hub scores
for 2nd topic

hub scores
for 1st topic

Copyright (¢) 2019 C. Faloutsos 56

56
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r=1

term scores

“Tor 1st topic

Topical HITS (TOPHITS)

Main Idea: Extend the idea behind the HITS model to incorporate
term (i.e., topical) information.

R
x% Z )\rhroarotr

<_term scores
for 2nd topic

= \ +

authority scores
/ for 1st topic

hub scores
for 1st topic

Copyright (c) 2019 C. Faloutsos

N\ + ..

authority scores
for 2nd topic

hub scores
for 2nd topic

57

57

MOPHITS Terms & Authorities
on Sample Data

1st Principal Factor |

.18 |SUN

23 [JAVA ".86 |java.sun.com |

2nd Principal Factor |

.17 |PLATH
.16 |SOLAH

.20 [INO-READABLE-TEXT ".99 |www.|ehigh.edu |

16 [DEVEY 18 [FACYY

3rd Principal Factor

16 | SEAR!

15 |DowN 18 [NEWS| 15 |im

‘12 |0 118 |LBRAL 42 [sERv:

.15 |EDITI]" .15 [INO-READABLE-TEXT |[.97 [www.ibm.com

12 [soFm)- 18 |COMP| 12 |wEBS[26 INFORMATION
12 |NO-REAZILEHIG] 12 |wEB |24 |FEDERAL
11 [pEVEL-23 |CITIZ
11 |LNux]-22 | OTHE S5 TrrEsTOERT
11 [RESOY.191CENTR 55 |\ 0. READABLE-TEXT
11|TECH.19 |LANGY 52 |5
10|powN.15|us |

15 |PUBLY2S [IVEL
14 |cons|'
13 |FREE |

ibm.com

TOPHITS uses 3D analysis to find
the dominant groupings of web
pages and terms.

4th Principal Factor

if i — j with term &

.87 [www.pueblo.gsa.gov
.24 [www.irs.gov

Tij) =

1
og(wp)+1
0 otherwise

6th Principal Factor

Wk = # unique links using term k

.18 |www.irs.gov

.87 |www.whitehouse.gov

12th Principal Factor | |

.08 |DECIS|

.75 [OPTIMIZATION .35 [www.palisade.com
.58 [SOFTWARE .35 |Www.sQ com

Tensor PARAFAC

term scores
< < for 12 topic
4
authority scores.
for 1 topic

from

15-826hub scores

for 19t topic.

.07 [NEOS |.46 [ADOBE
.06 |[TREE |.45 |READER

".99 www.adobe.com

.05 [GUIDH .45 [ACROI

16th Principal Factor

.05 |SEAR(.30 [FREE |.50 |WEATHER
.05 |ENGIN.30 [NO-RH.24 |OFFICE
.05 |CONTY.29 [HERE |.23 | CENTER

.81 |www.weather.gov
.41 |www.spc.noaa.gov

20 ncde noaa ao

19th Principal Factor

for 2% o .05 [DOWN.17 |ORGA(-22
15 |Nws |17

/mes 05 [IL0G |29 |cory .19 |NO-RH

X ¥ 15 [SEVER-15
15 |FIRE |15

authority scores

for 2% opic .15 [PoLic|-14
14 |cLimAl-14

hub scores 4
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12

TAX .73 [www.irs.gov

TAXES .43 |travel.state.gov

CHILD .22 |www.ssa.gov
RETIREMENT .08 [www.govbenefits.gov
BENEFITS .06 [www.usdoj.gov

STATE .03 |www.census.gov

INCOME .03 |www.usmint.gov

SERVICE .02 [www.nws.noaa.gov
REVENUE .02 [www.gsa.gov

CREDIT .01 [www.annualcreditreport.com
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Outline

* Motivation - Definitions

 Tensor tools

 Case studies
— P1: web graph mining (‘TOPHITS”)

m) — P2: phone-call patterns

— P3: N.E.L.L. (never ending language learner)
— P4: network traffic
— P5: FaceBook activity
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P2: Anomaly detection in
time-evolving graphs F ~

* Anomalous communities in phone call data:

— European country, 4M clients, data over 2 weeks

1 caller 5 receivers 4 days of activity

1

08

06

0.4

ok 02

~200 calls to EACH receiver on EACH day!

15-826 Copyright (¢) 2019 C. Faloutsos 60

60

30



C. Faloutsos

CarnegieMellon

P2: Anomaly detection in
time-evolving graphs gl ~

* Anomalous communities in phone call data:

— European country, 4M clients, data over 2 weeks

1 caller 5 receivers 4 days of activity

0.4
ok " 02
oy o5 1 s 2 25 B 35 . U ; - -

0 2 4 6 g 10 12 14

~200 calls to EACH receiver on EACH day!
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P2: Anomaly detection in
time-evolving graphs @ £

* Anomalous communities in phone call data:

— European country, 4M clients, data over 2 weeks

1 caller 5 receivers 4 days of activity

0.4
02
| 0 n L . "

0 2 4 6 g 10 12 14

ok

~200 calls to EACH receiver on EACH day!
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P2: Anomaly detection in
time-evolving graphs gl ~

* Anomalous communities in phone call data:

— European country, 4M clients, data over 2 weeks

Miguel Araujo, Spiros Papadimitriou, Stephan Glinnemann,
Christos Faloutsos, Prithwish Basu, Ananthram Swami,
Evangelos Papalexakis, Danai Koutra. Com2: Fast
Automatic Discovery of Temporal (Comet) Communities.
PAKDD 2014, Tainan, Taiwan.

Carnegie Mellon

Outline

* Motivation - Definitions

 Tensor tools

 Case studies
— P1: web graph mining (‘TOPHITS”)
— P2: phone-call patterns

» — P3: N.E.L.L. (never ending language learner)

— P4: network traffic
— P5: FaceBook activity
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GigaTensor: Scaling Tensor Analysis
Up By 100 Times —
Algorithms and Discoveries

U Evangelos Abhay Christos
Kang Papalexakis Harpale Faloutsos

KDD 2012
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P3: N.E.L.L. analysis

 NELL: Never Ending Language Learner
— Q1: dominant concepts / topics?
— Q2: synonyms for a given new phrase?

“Eric Clapton plays (48M) verbs
guitar” .
SUbjCCtS ( X NELL (Never Ending

“Barrack Obama is the (26M) Language Learner)
president of U.S.” Nonzeros =144M

“—>
objects(26M)
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Al: Concept

Discovery

» Concept Discovery in Knowledge Base

ER i) ey
+*" Noun'*s +*" Noun"s,
“Phrase 1,.* *.Phrase 2 .*

teiaas Eryvt

anmEa,y
. e

': Context

Concept 1: ""Web Protocol"

.
.

g

internet protocol ‘npl” “stream” ‘np2’
} 5 file software  ‘npl” ‘marketing’ ‘np2’
Conceptl Concept2 Concept R data suite ‘npl” “dating’ ‘np2’
: ':C{; e €2 Concept 2: "Credit Cards"
verbs ~ b credit  information ‘npl” ‘card’” ‘np2’
subjects x Credit debt ‘npl” ‘report’ ‘np2’
library number ‘npl” ‘cards’ ‘np2’
E’,—> . Concept 3: ""Health System"
objects health provider ‘npl” “care’ ‘np2’
child providers ‘np’ ‘insurance’ ‘np2’
home system ‘npl” “service” ‘np2’
Concept 4: "Family Life"
life rest np2’ “of” ‘my” ‘npl’
family part ‘np2’ ‘of” ‘his” ‘npl”
body years np2’ “of” *her’ ‘npl”
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[
)
Al: Concept Discovery
Noun Noun
Phrase 1 Phrase 2 Context
Concept 1: ""Web Protocol"
internet protocol ‘npl” ‘stream’ ‘np2’
file software  ‘npl’ ‘marketing’ ‘np2’
data suite ‘npl” ‘dating” ‘np2’
Concept 2: "Credit Cards"
credit  information ‘npl” ‘card” ‘np2’
Credit debt ‘npl” ‘report” ‘np2’
library number ‘npl” ‘cards’ ‘np2’
Concept 3: "Health System"'
health provider ‘npl’ ‘care” ‘np2’
child providers ‘np” ‘insurance’ ‘np2’
home system ‘npl’ ‘service’ ‘np2’
Concept 4: "Family Life"
life rest ‘np2’ ‘of” ‘my’ ‘npl’
15-826 family oo iond®%010 c. Fﬂ?mss_osm his™ “np1 68

body years

‘np2’ ‘of” ‘her” ‘npl’
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A2: Synonym Discovery
* Synonym Discovery in Knowledge Base

Conceptl Concept2 Concept R
AT
Seit e o cn — o
verbs - 2Ci .bl‘5r b2+ N br (Given) (DlSCOYeI‘ed) -
! s Noun Phrase Potential Synonyms
subjects | | 2 a: a — N
it 2 1 ollutants dioxin, sulfur dioxide,
. ) P
AN . H greenhouse gases, particulates,
i ™ ™ . nitrogen oxide, air pollutants, cholesterol
objects N v g > airp S, §
al a2 e aR disabilities infections, dizziness.
injuries, diseases, drowsiness,
stiffness, injuries
vodafone verizon, comcast
(GlVel’l) Sub] eCt - Christian history ~ European history, American history.

Islamic history, history

(Discovered) synonym | ¢

disbelief dismay, disgust, astonishment
cyberpunk online-gaming
: soul body
(Discovered) synonym 2 ¢m - el
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A2: Synonym Discovery

(Given) (Discovered)
Noun Phrase Potential Synonyms

|pollutants |

dioxin, sulfur dioxide,

greenhouse gases, [particulates,

nitrogen oxide, air pollutants, cholesterol

disabilities infections, dizziness,
injuries, diseases, drowsiness,
stiffness, injuries

| vodafone | | verizon, comcast |

Christian history ~ European history, American history,
Islamic history, history

| disbelief | dismay, disgustl astonishmentl
cyberpunk online-gaming
soul body
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Outline
* Motivation - Definitions
 Tensor tools
 Case studies
— P1: web graph mining (‘TOPHITS”)
— P2: phone-call patterns
— P3: N.E.L.L. (never ending language learner)
» — P4: network traffic
— P5: FaceBook activity
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ParCube: Sparse Parallelizable
Tensor Decompositions

Evangelos E. Papalexakis, Christos Faloutsos, Nikos Sidiropoulos,
ECML/PKDD 2012

Evangelos E. Papalexakis
Email: epapalex(@cs.ucr.edu
Web: http://www.cs.ucr.edu/~epapalex
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P4: LBNL Network Data

_____ PR
1 sre
i
v,
20 it
Src  1or L:
i
% z 3 4 5 6
f A ; 10*
Dst | ‘
0.1 T T T T T T
F’ortoof,}, Port Scaning Attack —— <{
ol , , , , |
o 1 2 3 4 5 6 7

* Modes: src IP, dst IP, port #
* ~Port Scanning Attack
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P5: FACEBOOK Wall posts
1 Wall —

T 10, T T
#Wall Owner + # "Wall Owner +
30 1 2 3 4 5 6 7 (1} 3 4 5 6 7
I N R |
0 C
1Cl 1 2 3 ‘ 4 5‘ 6 7 1 ‘ 3 ‘ 4 5‘ 6 7
o5 o R I
J o I i
500 1000 1500 2000 0 500 1000 1500 2000
(a) FACEBOOK anomaly (Wall gwner’s (b) FACEBOOK normal activity
birthday)

igsy 1day
* Modes: wall-owner, poster, timestamp
» Discovery: birthday-like event.
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Conclusions %57

* Q: who-calls-whom-when — patterns?
— Triplets ( source-ip, dest-ip, port#)
— KB (subject, verb, object)

* A: Tensor analysis (PARAFAC)

— http://www.tensortoolbox.org/

IXJxK ¢ R
/\1/ A /

X
a1 ar
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