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• Underlying data patterns. 
• General class of mixed membership models.
• Interconnectivity of scientific publications.
• Generative model for text and references. 
• PNAS database: Biological Sciences.
• Internal categories of publications. 
• Next?

Outline
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• Goal: organize, categorize, summarize.  
• Suppose               are observed variables: 

- disease symptoms, 
- genotypes, 
- weather characteristics; 
- words in text documents.

• Clustering: hierarchical (agglomerative and  
divisive), non-hierarchical, model-based. 

x1 ,...,x J

Traditional approach: Clustering
How can we learn about underlying 
data patterns?
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• Detect presence of distinct groups.   
• Model-based clustering (statistical approach):

- let                     be a sample from some 
underlying joint distribution 
- estimate the joint distribution, indicating 
presence of groups or lack thereof,  
- each group g is represented by                 then      

- mixture model parameters: 

Model-based clustering

x = x1 ,...,x J( )

Pr(x |θ ) = π g ⋅ Prg (x |θ g )
g= 1

G

∑ .

Pr(x |θ ),

Prg (x |θ ),

θ g , π g , G.
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Traditional mixture models

• When attributes have mixed origins from 
different groups, this assumption may not hold:

- Individual genotypes; 
- Individual responses in an attitude survey;
- Words in a scientific article. 

Each object belongs exclusively to one 
of the G groups or latent classes. 

In such cases, we say that objects or 
individuals have mixed membership.  
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Mixed membership models
• Examples: 

 Clustering model with admixture for multilocus
 genotype data

 Grade of Membership model

 Latent Dirichlet Allocation

 (Woodbury, Clive, and Garson, 1978);

 (Pritchard, Stephens, and Donnelly, 2000);

 (Blei, Ng, and Jordan, 2001).
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Assumptions-1
 (1) Population level. 

- K basis subpopulations;
- observed response pattern, rth replication;
- subpopulation k is characterized by
- responses                are independent within each 
subpopulation.

 

x1
(r),...,x J

(r)

f (x j |θkj );
x1 ,...,x J

λ = (λ1 ,...,λK );
x1 ,...,x J

 (2) Subject level.
- subjects are characterized by their membership 
scores, 
- given the membership scores, responses               
are independent;
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 Subject’s conditional probabilities: 
- Convex combination of corresponding probabilities 
for K subpopulations:

 Equivalent to a two-stage process:
 First stage. Draw latent classification variable zj:  

 Second stage. Distribution of xj is determined by the 
value of latent classification variable, zj: 

Pr(z j = k | λ) = λk .

Pr(x j | z j = k) = f (x j |θk ).

Pr(x j | λ) = λk ⋅ f (x j |θk )
k

∑ .

Assumptions-2
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 (3) Latent variable level. 
- Fixed-effects approach: 
 the membership scores are fixed but unknown.

- Mixed-effects approach: 
 the membership scores are random,

Pr(x j | λ;θ ) = λk ⋅ f (x j |θkj )
k

∑ .

Pr(x j |α;θ ) = λk ⋅ f (x j |θkj )
k

∑
 

 
 

 

 
  ∫ dDα (λ)

λ ~ Dα .

Assumptions-3
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 (4) Sampling scheme:
- J = number of observed distinct characteristics;
- R = number of replications;
- assuming the membership scores are random, the 
probability is

Pr  x1
(r),...,x J

(r){ }r= 1

R
λ,θ( )

    = λk
k

∑
r

∏
j

∏ f (x j
(r) |θkj )

 

 
  

 

 
  ∫  dDα λ( ).

Assumptions-4



May 2003
11

Model for scientific publications

•Mixed membership for words and references: 
- membership scores are proportions of 
document’s content originating from each 
aspect (random);
- J=2 characteristics (word and reference),
- Ri replications for words and references, 
i=1,2.
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• Volumes 94-98 (1997-2001). 

The PNAS database

• 39,616 unique words in abstracts

• Biological Sciences articles: 92.53% research 
publications.

• 77,115 unique references in bibliography

• Biological Sciences classifications by PNAS: 
19 subtopics.
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Biological Sciences Publications
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Scientific publications

• Two sources of interconnections: 
(1) Words (title, keywords, abstract, body);
(2) References. 

• Assumptions: 
- K internal categories; 
- mixed membership in K internal categories; 
- “bag of words” and “bag of references” 
drawings, conditional on the membership scores.

Goal: find internal categories of publications 
that share same research areas.
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Generative model

In our mixed membership model for scientific 
publications, documents                              are 
generated according to the following:

d =  x1
(r1 ){ } ,   x2

(r2 ){ }( )

λ ~ Dirichlet α( ),
x1

( r1 ) ~ Multinomial pλ( ),  where pλ = λk
k

∑ θ1k ,

x2
( r2 ) ~ Multinomial qλ( ),  where qλ = λk

k
∑ θ2k .
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- Variational approximation algorithm. 

Estimation
• Bayesian approach: obtain samples from 

posterior distributions with Markov chain 
Monte Carlo methods.  

- Expectation-Propagation algorithm. 

• Obtained comparable results from variational
approximation and Expectation-Propagation 
algorithms for 8 aspects.

• Direct approximations: 
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• Dirichlet parameter estimates, K=8:

Estimation

• For each aspect:
- 39,615 word multinomial parameters, 
- 77,114 reference multinomial parameters,
- 1 Dirichlet parameter.   

    .0255.0,0411.0,0363.0 ,0317.0
 ,0346.0,0569.0,0203.0 ,0195.0

8765

4321

====
====

αααα
αααα

• Assume K aspects.
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High probability words by aspect
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High probability words by aspect
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High probability references
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High probability references
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High probability references
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Distribution of membership scores
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Distribution of membership scores
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Mean decompositions of loadings
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• Simplifying assumptions:
- do not account for syntax and grammar, 
- do not account for types of references, 
- “bag of words” and “bag of references”. 

• Despite oversimplifying assumptions, models 
are able to pick up some of the fine structure. 

• The model for words has been informative. 

Role of statistical models

• “All models are wrong, but some are useful.” 
Box (1976)  
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• Allows to identify internal categories of 
publications.

Concluding remarks

• Simple idea, complicated estimation.

• Allows to combine distinct characteristics such 
as words and references.

• PNAS database: most traditional discipline 
classifications in Biological Sciences have 
mixed distributions over internal categories. 
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