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Temporal Analysis of Enron email 
using 3-way DEDICOM 



Three-way DEDICOM

¥ Introduced by Harshman (1978)

¥ DEcomposition into DIrectional COMponents

¥ Columns of A are not necessarily orthogonal

¥ Central matrix R contains asymmetric information from X

¥ *Unique* solution with enough slices of X with sufÞcient variation
- i.e., no rotation of A possible
- greater conÞdence in interpretation of results

¥ Alternating algorithms; least-squares and approximations

¥ Early applications:
- World trade (import/export matrices)
- Car switching

¥ Variations: constrainted DEDICOM

=X A
R AT

X x = AD kRD kA T k = 1 , . . . , K

DD



Application: Enron Email Analysis

¥ Links consist of email communications

¥ What can we learn about this network strictly from their 
communication patterns?   (Social network analysis)
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Case Study: Enron
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Fi gu re 1: N um ber of ema i ls per mon t h in th e Enron email grap h.

biasing from prol iÞc emailers. Other weighti ngs are possible
as well.

An obvious di! culty in dealing with the Enron corpus
is the lack of informati on regarding the former employees.
Wi thout access to a corporate directory or organizati onal
chart at Enron at the ti me of these emails, it is di! cult to
ascertain the validity of our results and assess the perfor-
mance of the DEDICOM model. Other researchers using
the Enron corpus have had thi s same problem, and informa-
ti on on the parti cipants has beencollected and slowly made
available.

The Priebe data set [32] provided parti al informati on on
the 184 employees of the small Enron network, which ap-
pears to be based largely on informati on collected by Shetty
and Adi bi [36]. It provides most employeesÕposit ion and
business unit . To facilitate a better analysis of the DEDI-
COM results, we collected ext ra informati on on the parti c-
ipants from the email messages themselves. We searched
for corroborati ng informati on of the preexisting data or for
new ident iÞcation information, such as t itl e, business unit ,
or manager to help analyze our results. We also collected
some relevant informati on posted on the FERC website [9].

5. EXPERIMENT AL RESULTS
In this section we summarizeour Þndings of applying two-

way and three-way DEDICOM on the Enron email network.
Our algorithms were wri tten in MATLAB, using sparse ex-
tensions of the Tensor Toolbox [2].

Table 1 shows the A and R matri ces for a single decompo-
siti on (p = 3) of the two-way DEDICO M model. The large
adjacencymatri x X , showing nonsymmet ri c relati onsamong
employeesat Enron, related by ßows of email, is condensed
into a smaller matri x R giving the same kind of asymmetri c
relations but among ÒtypesÓ or abst ract idealized individ-
uals. In thi s case, the relati ons among elements in R are
exchangesof email. The latent components are patterns of
the same kind of ßow as among the surface objects, just
abstracted into a Òhigher levelÓsummary of patt erns.

DEDIC OM does not actually identi fy clusters, except in
special circumstanceswhen such clusters happen to exist in
the data as we are part ially seeing in the Enron data. The
components or patterns of asymmetri c relationships that it
identi Þes have loadings in A that are cont inuously-valued,
like factor loadings, rather than discrete cluster membership
assignments.

Here, DEDIC OM describes the employeesby the di" erent
latent dimensions. The Þrst factor (a1) descri bes an execu-

ti ve role that Þts many of the top executives. The second
factor (a2) descri bes a legal role, and the third factor (a3)
descri bes a pipeline employee.

The R matri ces show that most of the communication is
among employees that share the same role, as evidencedby
the large diagonal values in R . We do seesome asymmetri c
communicati on. The ent ri es in the lower tri angular por-
ti on are typically larger than the corresponding t ranspose
ent ry in the upper tri angular. This suggests that slightl y
more communication Òßows upÓthe management chain than
Òdown.Ó

As a point of reference, we comput e the singular value
decompositi on X = U# V T . Table 1 shows the Þrst three
columns of the left singular vectors (U matri x) and right
singular vectors (V matri x). BecauseX is nearl y symmetri c,
the left and right singular vectors are nearly the same. Any
di" erencesbetweenU and V indicate whether the person is
more likely to send mail (U ) or receive mail (V ).

The SVD solut ion is somewhat similar to the DEDICO M
model. Many of the same people are identi Þedand weighted
similarly by DEDICO M and SVD. However, there are many
more negativeentri esin SVD than in DEDICO M. The DEDI-
COM model also provides directional informati on between
the latent groups in the R matri x that the SVD does not
show.

Table 2 shows the A and R matri ces for three instances
(p = 2, 3, 4) of the three-way DEDICO M model. The 2-
dimensional solut ion groups the employees largely from the
legal department and those executives dealing with govern-
ment and regulatory a" airs. The 3-dimensional solut ion
adds a another role of top executi ves,and the 4-dimensional
soluti on includesthose from the pipeline businessin a fourth
role.

The aggregatecommunicati on patt ernsover the 44 months
among these 2-4 groups is summari zed in the R matri x. In
the 2-dimensional solut ion we see that most of the com-
munication is withi n each group as evidenced by the large
diagonal elements and small o" -diagonal elements. The 3-
dimensional solut ion shows some communication between
the government/regul atory a" airs people and other senior
VPÕs (dimensions 2 and 3, respectively). However, the com-
munication is substanti ally asymmetri c in that the r 2,3 ele-
ment is larger than r 3,2 . This indicates that the VPÕs were
mostl y recipientsof messageswhi le the government /regul atory
a" airs employees were senders. With the additi on of the
pipeline employeesin the 4-dimensional soluti on, we seethat
they interact almost exclusively with themselves due to the

Email communications at Enron (1998-2002)

¥ Enron created energy markets

¥ EnronOnline: e-trading business
- natural gas
- electric power

¥ Investigations
- FERC

¥ energy market manipulation
¥ involved energy traders

- SEC
¥ accounting fraud
¥ insider trading



Temporal Social Network Analysis
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biasing from prol iÞc emailers. Other weighti ngs are possible
as well.

An obvious di! culty in dealing with the Enron corpus
is the lack of informati on regarding the former employees.
Wi thout access to a corporate directory or organizati onal
chart at Enron at the ti me of these emails, it is di! cult to
ascertain the validity of our results and assess the perfor-
mance of the DEDICOM model. Other researchers using
the Enron corpus have had thi s same problem, and informa-
ti on on the parti cipants has beencollected and slowly made
available.

The Priebe data set [32] provided parti al informati on on
the 184 employees of the small Enron network, which ap-
pears to be based largely on informati on collected by Shetty
and Adi bi [36]. It provides most employeesÕposit ion and
business unit . To facilitate a better analysis of the DEDI-
COM results, we collected ext ra informati on on the parti c-
ipants from the email messages themselves. We searched
for corroborati ng informati on of the preexisting data or for
new ident iÞcation information, such as t itl e, business unit ,
or manager to help analyze our results. We also collected
some relevant informati on posted on the FERC website [9].

5. EXPERIMENT AL RESULTS
In this section we summarizeour Þndings of applying two-

way and three-way DEDICOM on the Enron email network.
Our algorithms were wri tten in MATLAB, using sparse ex-
tensions of the Tensor Toolbox [2].

Table 1 shows the A and R matri ces for a single decompo-
siti on (p = 3) of the two-way DEDICO M model. The large
adjacencymatri x X , showing nonsymmet ri c relati onsamong
employeesat Enron, related by ßows of email, is condensed
into a smaller matri x R giving the same kind of asymmetri c
relations but among ÒtypesÓ or abst ract idealized individ-
uals. In thi s case, the relati ons among elements in R are
exchangesof email. The latent components are patterns of
the same kind of ßow as among the surface objects, just
abstracted into a Òhigher levelÓsummary of patt erns.

DEDIC OM does not actually identi fy clusters, except in
special circumstanceswhen such clusters happen to exist in
the data as we are part ially seeing in the Enron data. The
components or patterns of asymmetri c relationships that it
identi Þes have loadings in A that are cont inuously-valued,
like factor loadings, rather than discrete cluster membership
assignments.

Here, DEDIC OM describes the employeesby the di" erent
latent dimensions. The Þrst factor (a1) descri bes an execu-

ti ve role that Þts many of the top executives. The second
factor (a2) descri bes a legal role, and the third factor (a3)
descri bes a pipeline employee.

The R matri ces show that most of the communication is
among employees that share the same role, as evidencedby
the large diagonal values in R . We do seesome asymmetri c
communicati on. The ent ri es in the lower tri angular por-
ti on are typically larger than the corresponding t ranspose
ent ry in the upper tri angular. This suggests that slightl y
more communication Òßows upÓthe management chain than
Òdown.Ó

As a point of reference, we comput e the singular value
decompositi on X = U# V T . Table 1 shows the Þrst three
columns of the left singular vectors (U matri x) and right
singular vectors (V matri x). BecauseX is nearl y symmetri c,
the left and right singular vectors are nearly the same. Any
di" erencesbetweenU and V indicate whether the person is
more likely to send mail (U ) or receive mail (V ).

The SVD solut ion is somewhat similar to the DEDICO M
model. Many of the same people are identi Þedand weighted
similarly by DEDICO M and SVD. However, there are many
more negativeentri esin SVD than in DEDICO M. The DEDI-
COM model also provides directional informati on between
the latent groups in the R matri x that the SVD does not
show.

Table 2 shows the A and R matri ces for three instances
(p = 2, 3, 4) of the three-way DEDICO M model. The 2-
dimensional solut ion groups the employees largely from the
legal department and those executives dealing with govern-
ment and regulatory a" airs. The 3-dimensional solut ion
adds a another role of top executi ves,and the 4-dimensional
soluti on includesthose from the pipeline businessin a fourth
role.

The aggregatecommunicati on patt ernsover the 44 months
among these 2-4 groups is summari zed in the R matri x. In
the 2-dimensional solut ion we see that most of the com-
munication is withi n each group as evidenced by the large
diagonal elements and small o" -diagonal elements. The 3-
dimensional solut ion shows some communication between
the government/regul atory a" airs people and other senior
VPÕs (dimensions 2 and 3, respectively). However, the com-
munication is substanti ally asymmetri c in that the r 2,3 ele-
ment is larger than r 3,2 . This indicates that the VPÕs were
mostl y recipientsof messageswhi le the government /regul atory
a" airs employees were senders. With the additi on of the
pipeline employeesin the 4-dimensional soluti on, we seethat
they interact almost exclusively with themselves due to the

Email communications at Enron (1998-2002)

Emails among 184 employees
over 44 months
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Time series of 
communication graphs 

among employees

(data released by U.S. Federal Energy Regulatory Commission)

Joint work with R. Harshman (UWO) and T. Kolda
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Roles of Employees
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R. Shapiro ! VP, Regulatory Affairs
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Bi-plots of two roles

!0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
!0.1

0

0.1

0.2

0.3

0.4

0.5

0.6
K. Watson
Transwestern Pipeline Company (ETS)

M. Lokay
Admin. Asst.
Transwestern Pipeline Company (ETS)

L. Donoho ! Employee, Transwestern Pipeline Company (ETS)

M. McConnell ! Employee, Transwestern Pipeline Company (ETS)

L. Blair ! Employee, Northern Natural Gas Pipeline (ETS)

L. Kitchen
President
Enron Online

J. Lavorato
CEO, Enron America
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Pipeline
4-D imen sional

Soluti on
Emplo yee 1 2 3 4

L. Kit chen - President, Enron Onlin e 0.1 1 -0.09 0.5 3 0.00

R matrix 440.2 1.6 -15.0 0.4
1.6 278.3 135.4 1.6

-29.3 70.7 201.6 -6.2
1.4 -4.6 -7.5 172.3

Figure 1:
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Communication Patterns
ro

le
s
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e patterns

¥ Mostly communication within roles

¥ Some asymmetric exchanges

 Legal
role

Gov't
affairs
role

Executive
role

  Pipeline
role
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93.5

13.4
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440.2

211.6 286.7
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Temporal Patterns
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Fi gu re 2: Scales in D ind icat e th e stren gt h of participation of each grou pÕscomm un icatio n over time.

derive useful information from any directed graph. New pos-
sibiliti es include analyzing a network of web tra ! c between
servers over ti me or perhaps a web/ci tati on graph, where
edgesconvey authori ty among verti ces. A thi rd mode enters
when the 2-way data are categori zed by t ime, demographic,
click number, or some other feature of the data.

Finally, we suggest a few extensions to the DEDICO M
model and its application in data mining that we intend to
pursue. Fi rst, constrained DEDICO M [23] is an extension
of DEDICO M that has been suggestedin the 90Õs and pur-
sued more recentl y. The idea is to put constrai nts on the
A factors themselves so that the columns of A lie in a pre-
scribed column space. For example, in the email graph, one
might want to impose a const raint on the Þrst column of
A so that it contains only the top executives. Many other
variations are possible. Thi s procedure allows for including
domain knowledge or incorporati ng human understanding
into the problem. Ki ersand Takane[23] o" eredan algori thm
for handling di" erent subspaceconst raints on A . More re-
centl y, Rocci [33] proposed a new algorithm for Þtti ng any
constrained DEDICOM model.

Second,a nonnegative factori zation of DEDICO M, where
A and/or R are nonnegati ve, would preserve the non-negati vi ty
of the data, which could be desirable in some domains and
applications.

Finally, DEDICO M has been applied to skew-symmet ri c
data [17] and has yielded some beneÞts. There might be
ways to apply thi s technique to semanti c graphs as well.
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Multilingual Text Analysis using 
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PARAFAC2

¥ Introduced by Harshman (1972)

¥ Less constrained than PARAFAC

¥ Related to 3-way DEDICOM

¥ Slices of A are constrained but not necessarily orthogonal

¥ *Unique* solution with enough slices of X with sufÞcient variation
- i.e., no rotation of A possible
- greater conÞdence in interpretation of results

¥ Alternating algorithms: least-squares and approximations

¥ Early applications:
- Sets of cross-product matrices
- Chromatographic data with retention time shifts

= A
C BT

X

X k ! A k Ck B T



Cross-language Information 
Retrieval (CLIR)

Web documents could be in any language

English

French

Arabic

Spanish

English
German
Japanese
French
Chinese Simplified
Spanish
Russian
Dutch
Korean
Polish
Portuguese
Chinese Traditional
Swedish
Czech
Norwegian
Italian
Danish
Hungarian
Finnish
Hebrew
Arabic
Turkish
Slovak
Indonesian
Bulgarian
Croatian
Catalan
Slovenian
Greek
Romanian
Serbian
Estonian
Icelandic
Lithuanian
Latvian

Languages on the web

Goal: Cluster documents 
by topic regardless of 

language



Bible as Parallel Corpus

Linguistic differences among translations

Translation Terms Total Words

English (King James) 12,335 789,744

Spanish (Reina Valera 1909) 28,456 704,004

Russian (Synodal 1876) 47,226 560,524

Arabic (Smith Van Dyke) 55,300 440,435

French (Darby) 20,428 812,947

¥ Languages convey information in different number of words
- Isolating language:  One morpheme per word

¥ e.g., "He travelled by hovercraft on the sea." Largely isolating, but travelled 
and hovercraft each have two morphemes per word.

- Synthetic language:  High morpheme-per-word ratio
¥ e.g., Aufsichtsratsmitgliederversammlung => "On-view-council-with-limbs-

gathering" meaning "meeting of members of the supervisory board".



Term-Doc Matrix

Term-by-verse matrix 
for all languages

terms

Bible verses

English

Spanish

Russian

Arabic

French

163,745 x 31,230

Look for co-occurrence of 
terms in the same verses 
and across languages to 
capture latent concepts



Latent Semantic Indexing

Term-by-verse matrix 
for all languages

terms

Bible verses

English

Spanish

Russian

Arabic

French

U
V! T

Truncated SVD

A k = Uk! kV T
k =

k!

i =1

! i ui vT
i

Project new documents of interest into subspace 
of U  -1 and compute cosine similarities!

term x concept

dimension 1 0.1375
dimension 2 0.1052
dimension 3 0.0341
dimension 4 0.0441
dimension 5 -0.0087
dimension 6 0.0410
dimension 7 0.1011
dimension 8 0.0020
dimension 9 0.0518
dimension 10 0.0822
dimension 11 -0.0101
dimension 12 -0.1154
dimension 13 -0.0990
dimension 14 0.0228
dimension 15 -0.0520
dimension 16 0.1096
dimension 17 0.0294
dimension 18 0.0495
dimension 19 0.0553
dimension 20 0.1598

Projection

Document 
feature 
vector



Quran as Test Set

¥ Quran is translated into many languages, just like the Bible

¥ 114 suras (or chapters)

¥ More variation across translations = harder clustering task



Performance Metrics

¥ MP5: Average multilingual precision at 5 (or n) documents
- The average percentage of the top 5 documents that 

are translations of the query document
- Calculated as an average for all languages
- Essentially, MP5 measures success in multilingual 

clustering

?

?

Lang 1
Lang 2

query



LSA Results

Method Average MP5

SVD/LSA 65.5%

Documents tend to cluster more by language than by topic

5 languages, 240 latent dimensions



New Approach: Multi-matrix Array

X5

X4

X3X2English

X1

Spanish

Russian

Arabic

French

Term-by-verse matrix 
for each language

(Chew, Bader, Kolda, Abdelali, 2007)

Array size: 55,300 x 31230 x 5 with 2,765,719 nonzeros



Tucker1

VT
S1=

U1X1

X2

X3

U2

U3

!

!Tucker

Tucker1



Tucker1 Results

Method Average MP5

SVD/LSA 65.5%

Tucker1 71.3%

Only minor improvement because each Uk is not orthogonal 

5 languages, 240 latent dimensions



PARAFAC2

Where each Uk is orthonormal 
and Sk is diagonal

X k ! Uk HSk V T

(Harshman, 1972)



PARAFAC2 Results

Modest improvement over LSA 

Method Average MP5

SVD/LSA 65.5%

Tucker1 71.3%

PARAFAC2 78.5%

5 languages, 240 latent dimensions

Why PARAFAC2?



Tensor Methods and Modeling:
Why the Proliferation?

¥ N-way interactions in real world applications

¥ Next frontier after matrix linear algebra
- Lots of low hanging fruit

¥ New mathematical and computational challenges
- Differences from matrix problems (e.g., rank of 2x2x2)
- Original algorithms developed in different research 

communities



Thoughts on Future Directions of
Tensor-based Computation and Modeling

¥ Need scalable algorithms
- Fast, efÞcient for large-scale problems
- Handle constraints

¥ non-negativity
¥ sparsity
¥ orthogonality
¥ etc.

- Parallel algorithms

¥ Match models to applications
- Requires creativity by domain experts and tensor 

researchers
- Sometimes not a straightforward extension from matrix 

approaches
- Danger of reinventing what!s already in the literature

¥ psychometrics



Questions?

http://www.sandia.gov/~bwbader/

bwbader@sandia.gov

http://www.cs.sandia.gov/~bwbader/
http://www.cs.sandia.gov/~bwbader/

