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Word Mixtures

[dea: Model text as a "bag” of words (ignore order)

Seeking Life’s Bare (Genetic) Necessities

COLD SPRING HARBOR, NEW YORK—
How many genes does an organism need to
survive! Last week at the genome meeting
here,* two genome researchers with radically
different approaches presented complemen-
tary views of the basic genes needed for life.
One research team, using computer analy-
ses to compare known cenomes, concluded
that today’s organisms can be sustained with
just 250 genes, and that the earliest life forms
required a mere 128 genes. The
other researcher mapped genes
in a simple parasite and esti
mated that for this organism,
800 genes are plenty to do the
job—but that anything short
of 100 wouldn’t be enough.
Although the numbers don’t
match precisely, those predictions

* Genome Mapping and Sequenc-
ing, Cold Spring Harbor, New York,
May 8 to 12.

Stripp
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Word in vocabulary: xn e {1, ..., V}

Mpcoplasma | vz
~ ‘gégome

“are not all that far apart,” especially in
comparison to the 75,000 genes in the hu-
man genome, notes Siv Andersson of Uppsala
University in Sweden, who arrived at the
800 number. But coming up with a consen-
sus answer may be more than just a cenetic
numbers game, particularly as more and
more genomes are completely mapped and
sequenced. “It may be a way of organizing
any newly sequenced genome,” explains

Arcady Mushegian, a computational mo-
lecular biologist at the National Center
for Biotechnology Information (NCBI)
in Bethesda, Maryland. Comparing an
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ng down. Computer analysis yields an esti-
mate of tiie minimum modern and ancient genomes.

Topic assignment: zn e {1, ...,K}
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Seeking Life’s Bare (Genetic) Necessities

COLD SPRING HARBOR, NEW YORK—
How many genes does an organism need to
survive! Last week at the genome meeting
here,* two genome researchers with radically
different approaches presented complemen-
tary views of the basic genes needed for life.
One research team, using computer analy-
ses to compare known venomes, concluded
that today’s organisms can be sustained with
just 250 genes, and that the earliest life forms
required a mere 128 genes. The
other researcher mapped genes
in a simple parasite and esti-
mated that for this organism,
800 genes are plenty to do the
job—Dbut that anything short
of 100 wouldn’t be enough.
Although the numbers don’t
match precisely, those predictions

* Genome Mapping and Sequenc-
ing, Cold Spring Harbor, New York,
May 8 to 12.
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“are not all that far apart,” especially in
comparison to the 75,000 genes in the hu-
man genome, notes Siv Andersson of Uppsala
University in Sweden, who arrived at the
800 number. But coming up with a consen-
sus answer may be more than just a senetic
numbers game, particularly as more and
more genomes are completely mapped and
sequenced. “It may be a way of organizing
any newly sequenced genome,” explains

Arcady Mushegian, a computational mo-
lecular biologist at the National Center
for Biotechnology Information (NCBI)
in Bethesda, Maryland. Comparing an
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Stripping down. Computer analysis yields an esti-
mate of the minimum modern and ancient genomes.

ADAPTED FROM NCBI

d Mixtures

gene 0.04
dna 0.02
genetic 0.01 p(X ‘ Z=1 : B)
life 0.02
evolve 0.01

organism 0.01 p(x‘ Z=2’ B)

° 9

R

brain 0.04
neuron 0.02
nerve 0.01 p(X ‘ Z:3, B)
data 0.02
number 0.02

computer 0.01

p(x | z=4, B)
/

z. ~ Discrete(0) Pick a topic
x,|2,=k~Discrete(f3,)  Pick a word given topic

0: topic proportions/probabilities,
probability over the K topics

B k™ topic’s word probabilities
over the vocabulary

P = x> Pras - -Pry] Z,ﬂki =1
px, =ilz, =k, f) = py



Gaussian Mixtures vs Word Mixtures

Gaussian Mixture Model Discrete Mixture Model

4 ) 4 )

93 @ f @

o, e,

\_ _J \_ _J
z, ~ Discrete(7y, ..., k) z., ~ Discrete(0,..., 0¢)
X, | 2,=k ~ Normal(u, ;) X, | 2,=k ~ Discrete(fy 1,...,Bry)

Difference: Replace Gaussian with Discrete

Using the term Discrete distribution to mean Categorical distribution



Topics
(shared)

gene 0.04
dna 0.02
genetic 0.01

* 9

Topic Modeling

Words in Document
(mixture over topics)

Topic Proportions
(document-specific)
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evolve 0.01
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Seeking Life’s Bare (Genetic) Necessities

COLD SPRING HARBOR, NEW YORK—
How many genes does an/organism ncg‘e to
survive! Last week at the genome meeting

“are not all that far apart,” cspecially in
comparison to the 75,000 ¢enes in the hu-

here,” two genome researchers with radically
different approaches presented complemen-
tary views of the basic genes needed for life:
One research team, using computer analy-
ses to compare known genomes, concluded
that today’s organisms can be sustained with
just 250 genes, and that the earliest life forms
required a mere 128 venes. The
other researcher mapped genes
in a simple parasite and esti-
mated that for this organism,
800 genes are plenty to do the
job—but that anything short
of 100 wouldn’t be enough.
Although the numbers don’t

g ome, notes Siv Andersson Q¥kereala
University in SwermeiD arrived athwge
SO0 nupert®T. But coming up with a cCoTrses

sus answer may be more than just a gseefic
numbers 9 ~particularlysee®more and

fan}

MOre SCNOMEs are gaumpere apped A
sequenced. “It may be a way of organizi
any newly sequenced genome,” explains
Arcady Mushegian, a computational mo-
lecular biologist at the Natiqgal Center
\ for Biotechnology Information
| in Bethesda, Maryland. Comparing at

Redundant and

Relgigaamr

vdern genes

) removed
-4 genes -122 genes

. . Moo ) 66\ Minimal
match precisely, those predictions | Mycoplasma | . B gene set |
: -genome 250 genes

* Genome Mapping and Sequenc-
ing, Cold Spring Harbor, New York,
May 8 to 12.
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469 genes

gene set

Stripping down. Computer analysis yields an esti-
mate of the minimum modern and ancient genomes.

ADRPTED FROM NCBI
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ldea: Model corpus of documents with shared topics




gene 0.04
dna 0.02
genetic 0.01
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(shared across
documents)

Topic Modeling
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Z4: Assignments

O4: Topic Proportions

& other researcher mapped genes

' Seeking Life’s Bare (Genetic) Necessities |

. COLD SPRING HARBOR, NEW YORK—

¥ How many genes does anlorganism nci‘e to
g

% survive! Last week at the genome meelin

“are not all that far apart,” cspecially in ',
comparison to the 75,000 cenes in the hu- |

© here,™ two genome researchers with radically

¢ different approaches presented complemen-

¥ tary views of the basic genes needed for life.

k One research team, using computer analy-

- ses to compare known cenomes, concluded
that today’s organisms can be sustained with
¢ just 250 genes, and that the earliest life forms
¥ required a mere 128 venes. The

in a simple parasite and esti-
£ mated that for this organism,
I 800 genes are plenty to do the
job—but that anything short
L of 100 wouldn’t be enough.

. Although the numbers don’t

- match precisely, those predictions yeol
4 -genome

469 genes

¢ * Genome Mapping and Sequenc-
4 ing, Cold Spring Harbor, New York,
' May 8 to 12.

SCIENCE o VOL. 272 * 24 MAY 1996

S ) s 2 ~ - P kS

~ Mycoplasma =

Stripping down. Computer analysis yields an esti-
mate of the minimum modern and ancient genomes.

Mresegenome, notes Siv Anderssor Q¥
University in SwertsmeiD arrived at .

SO0 nupert®T. But coming up with a cCoTrses
sus answer may be more than just a g
numbers ~particularly.
MOre SCNOMEs are gaumpere
sequenced. “It may be a way of organizi
any newly sequenced genome,” explains
Arcady Mushegian, a computational mo- §
lecular biologist at the Natiqggl Center
for Biotechnology Information WNCBI) £

in Bethesda, Maryland. Comparing al
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Distribution over lopic Assignments

Seeking Life’s Bare (Genetlc) Necessities

COLD SPRING HARBOR NEW YORK— |
- How many genes does an organism need to |
isurvive! Last week at the genome meeting |
| here,” two genome researchers with radically
{ different qpproauhes presented Lomplemen—
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Most Probable Words in Topics

Xqnl24,=k~ Discrete(f5)

Most frequent
(within topic)

human
genome
dna
genetic
genes
sequence
gene
molecular
sequencing
map
information
genetics
mapping
project
sequences

K=22

evolution
evolutionary
specles
Organisms
life
origin
biology
STOUPS
phylogenetic
living
diversity
oroup
new
two
comimon

k=24

disease
host
bacteria
diseases
resistance
bacterial
new
strains
control
infectious
malaria
parasite
parasites
united
tuberculosis

K=01

computer

models
information
data

computers
system
network
systems

moa

paral

el
lel

methods
networks
software
new
simulations

K=73



Fach Document has Ditferent Topics

Chaotic Beetles

Charles Godfray and Michael Hassell

convincitigesidence to date of
complex dynamics aifthehags
in a biological populatlon———of
the flour beetle, Tribolium
castaneum (see figure).

It has proven extremely dif-

| Ecologists have known since the pioneering }
work of May in the mid-1970s (1) that the ¥
¢ population dynamics of animals and plants §
¢ can be exceedingly complex. This complex- §
¢ ity arises from two sources: The tangled web §
I of interactions that constitute any natural‘
¢ community provide a myriad of diffee
¢ pathways for species to interact, bo¢
. rectly and indirectly. And even in is¢
¢ populations the nonlinear feedback?
¥ cesses present in all natural population
t Aresult in comg plex dynamlc behavior. .{:
Lpopulations can show persistent oscil)
dynamics and chaos, the latter charactg
by%xtreme sensitivity to initial conditig
such¥haotic dynamics were common §
ture, then this would have important
cations ¥pr the management and con
tion of natyral resources. On page 389 ¢
issue, Costalytino et al. (2) provide the

The authors are in th§ Department of Biology, I
College at Silwood Park Ascot, Berks, SL5 7PZ]
mail: m.hassell@ic.ac.uky,

move over the surface of the attractor, sets of
adjacent trajectories are pulled apart, then
stretched and folded, so that it becomes im-
possible to predict exact population densities
into the future. The strength of the mixing
that gives rise to the extreme sensitivity to
initial conditions can be measured math-
ematically estimating the Liapunov expo-
nent, which is positive for cha-

otic dynamics and nonposi-
tive otherwise. There have been
| nany attempts to estimate at-
“tracser,dimension and Liap-
unov expone SfEq t1me se-

Ecolog1sts have known since the pioneering :’
work of May in the mid-1970s (1) that the |
population dynamics of animals and plants }
can be exceedingly complex. This complex- |
ity arises from two sources: The tangled web |
of interactions that constitute any natural |
community provide a myriad of different |
pathways for species to interact, both di- |
rectly and indirectly. And even in isolated |
populations the nonlinear feedback pro- :
| cesses present in all natural populations can |
%} result in complex dynamic behavior. Natural |
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male
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evolutionary
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forest
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fish
ecological
conservation
diversity
population
natural
ecosystems
populations
endangered
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cstimating the Parameters

Document Vocabulary Topic Word

Probabillities Probabillities

How many genes does an  |1:the cvolve 0,01

organism need to SURVIVE? |- 51 forsanien e
513: genes e o

AN 721: organism d —

Xde6 = /721, 246 — 1 918: survive ns 0.02

1 o K BZ genetic 0.01
V: ... ‘__/‘-

Maximum Likelihood: max logg(x 1 0,)

0.) \

a=1 [x1,19x1,29°"9x1,N1:|7 [91,1901,29“-901,[{] :ﬁ1,19ﬁ1,29°°'9ﬁ1,\/] k=1

a=2 [x2,19x2,23'“9x2,N2:| [92,1902,29”-902,1(1 :ﬁZ,l’ﬁ2,29°'°aﬁ2,V] K=2

d:D [XD,lﬁxD,Z)"')xD,ND] [HD,1)0D32)'°')0D,K] [ﬁK,l’ﬁK,2’°'°9I3K,V] k:K
(not a matrix) D x K K xV




Calculating the Likelihood for each Word

Document Vocabulary Topic Word
Probabilities Probabilities
How many genes does an  |1:the 3 cvolve 0,01
organism need to SURVIVE? 1 s

513: genes /
AN 721: organism ed ]
Xd6 = 721, 246 — 1 918: survive

gene 0.04
dna 0.02

1 2 K BZ %?r’letic 0.01

Vi . -
Probability that word nis Probability of word v Probability that word
entry v in the vocabulary given topic k belongs to topic k

K
p(xd,n:V ‘ ﬁ: Hd) — Zp(xd,n:v ‘ ﬁ: zd,n:k)p(zd,n:k ‘ Od)
k=1

o

K
— Z ﬁ k,v 0 d. k
k=1



Computing the Likelihood

Document Vocabulary Topic Word

Probabilities Probabilities

How many genes does an  |[1:the B e, 1

organism need to survive? |- | (eSS
513: genes e o

AN 712: organism d o

Xde — 721, Z2d.6 — 1 918: survive dna .02

1 2 K BZ genetic 0.01
V... o

probability of all words n=1...Nqsin document d (use one-hot trick)

Ng V
plxq|p,04)= l_[l_[p(xd,n =v|pB,0y) ™"

n=1 v=1
take log probability, substitute result from previous slide

log p(:x, us,ed)—ZZI[xdn = v]log Zﬁkvedk

n=1v=1



Calculating the Likelihood for all Words

Document Vocabulary Topic Word

Probabilities Probabilities

How many genes does an  |1:the 3 cvolve 0,01

organism need to survive? |- | (eSS
513: genes e o

AN 712: organism d o

Xde — 721, Z2d.6 — 1 918: survive dna .02

1 2 K BZ genetic 0.01

log probability of all words in document d

logp(x4 | B,604) —ZZz[xdn = v]log (Zﬁkvedk)

n=1v=1



Calculating the Likelihood for all Words

Document Vocabulary Topic Word
Probabillities Probabilities
How many genes does an  |1:the 3 cvolve 0,01
organism need to SUNIVE? |- 1 s
513: genes e o
AN o1 . 712: organism d : —
Xde = » 346 = 18: survi a6
d,6 d,6 918: survive T 5 K BZ genetic 0.02

log probability of all words in document d

V Ny
log p(x 4 \ﬁ,ed)zzzl[xdn—v]l()g Zﬁkvedk
v=1 n=1
— ¥ .loo (0 T bag-of-word vector
qlog(640) .

inner product between bag of word vector,  x = Zl[xd =y
and log weighted average over topics | |




Interpretation as Matrix Factorization

log (p(X4 | B,04))=X410g(046)"

Log likelihood

Word Counts

X171

X1y

Xpy

¢

Topic Counts

N191,1

NDOD,l

234 -0.02

Bag of Word Vector

N191,K

NDOD,K
(D x K)

S
)
&

112-0.01

234 -0.86

N4
Xd,v — Zl[xd,n — V]
n=1

Topic Word Probabilities

P 11 - P 1,V
ﬁK,l ﬁK,V
(K x V)
S c
% %
0.0081 0.0002
0.0001 0.0072




Relationship to Latent Semantic Analysis

LSA: Factorize word counts (using PCA)

X (VxD)

/ D 0\
Aovinnnnn. 1
8. 7
0 oo

......... 3/

&

&

U (VxK)

[ 0.4---0.001
0.8 - 0.03
0.01-- 0.04
0.002 .- 2.3
| 0.003 1.9

|

Z; (KxD)

Topic Models: Factorize word counts (using mixture model)

i[X "] (vxD)

[ X] (DxV)

B (VxK)

N I (D xD)

0' (KxD)

0 (DxK)

N I (DxD)

P

(K X V)



Topic Models: Summary so far

Core ldea:
Model documents as mixtures over topics

Model Parameters:

B4 Topic probabilities for each document
(K-dimensional vector)

Bk Word probabilities for each topic

(V-dimensional vector)

Relationship to Dimensionality Reduction:
Similar to LSA, but assumes Discrete mixture
iNnstead of Gaussian distribution on word counts



Topic Models

Shantanu Jain




cstimating Parameters
Maximum Likelihood with EM




Review: Topic Modeling

Bk: Topics

gene 0.04
dna 0.02
genetic 0.01

1ife
evolve

0.02
0.01

organism 0.01

0.04
0.02
0.01

brain
neuron
nerve

data 0.02
number 0.02
computer 0.01

(shared across
documents)
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Z4: Assignments

O4: Topic Proportions

& other researcher mapped genes

' Seeking Life’s Bare (Genetic) Necessities |

. COLD SPRING HARBOR, NEW YORK—

¥ How many genes does anlorganism nci‘e to
g

% survive! Last week at the genome meetin

“are not all that far apart,” cspecially in ',
comparison to the 75,000 cenes in the hu- |

- here,* two genome researchers with radically

¢ different approaches presented complemen-

¥ tary views of the basic genes needed for life.

k One research team, using computer analy-

- ses to compare known cenomes, concluded
that today’s organisms can be sustained with
¢ just 250 genes, and that the earliest life forms
¥ required a mere 128 venes. The

in a simple parasite and esti-
£ mated that for this organism,
I 800 genes are plenty to do the
job—but that anything short
L of 100 wouldn’t be enough.

. Although the numbers don’t

- match precisely, those predictions yeol
4 -genome

- 469 genes

¢ * Genome Mapping and Sequenc-
4 ing, Cold Spring Harbor, New York,
' May 8 to 12.
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Stripping down. Computer analysis yields an esti-
mate of the minimum modern and ancient genomes.

Mresegenome, notes Siv Anderssor Q¥
University in SwertsmeiD arrived at

SO0 nupert®T. But coming up with a cCoTrses
sus answer may be more than just a g
numbers ~particularly.
MOre SCNOMEs are gaumpere
sequenced. “It may be a way of organizi
any newly sequenced genome,” explains
Arcady Mushegian, a computational mo- §
lecular biologist at the Natiqggl Center
for Biotechnology Information WNCBI) £

in Bethesda, Maryland. Comparing al
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Redundant and Relatogkmem
Genes paraswte specific vdern genes
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for biochemicg -4 genes -122 genes
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“\ +22 genes
. Minimal
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M : gene set |2
250 genes
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(unique to
each document)
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Review: Interpretation as Matrix Factorization

log (p(X4 | B,04))=X410g(046)"

Log marginal likelihood

Word Counts

X171

X1y

Xpy

¢

Topic Counts

N191,1

NDOD,l

A

W,
112-0.91

234 -0.02

Bag of Word Vector

N191,K

NDOD,K
(D x K)

>
@’
O

112-0.01

234 -0.86

N4
Xd,v — Zl[xd,n — V]
n=1

Topic Word Probabilities

P 11 - P 1,V
ﬁK,l ﬁK,V
(K x V)
S c
% %
0.0081 0.0002
0.0001 0.0072




Relationship to Latent Semantic Analysis

LSA: Factorize matrix of word counts (using PCA)

X (VxD) ~ U (VxK) Z, (KxD)
/ D o\ | 04--0.001)}
/1l 60000060 0c¢ 1 08 003 / ‘ ‘ \
8 ......... V4 ~ ()O]_ 004 Zl s
O cvvnvnnns , 0,002 2.3 || )
| T oeeennnn, 3 | 0.003- 1.9

LSA: Assume Gaussian distribution

Topic Models: Assume mixture of Discrete distributions



Estimating Model Parameters

Question: How can we estimate Bk and 647

1. Expectation Maximization
(this video)

2. Variational Inference
(will discuss at a high level)

3. Gibbs Sampling
(not in this module)




PLSI/PLSA™: EM for Topic Models

enerative Model E-step: Update assignments

24 ~ Discrete(6 ;) Calculate probability that word n

iIn document d belongs to topic k

q5d,n,k — (zd,n:k ‘ xd,n: ﬁ: Od

Xqnl2q,=k~ Discrete(f3;)

Seeking Life’s Bare (Genetic) Necessities

COLD SPRING HARBOR, NEW YORK—
How many genes does an organism need to
survive! Last week at the genome meeting
here,* two genome researchers with radically
different approaches presented complemen-
tary views of the basic genes needed for life:
One research team, using computer analy-
ses to compare known genomes, concluded
that today’s organisms can be sustained with
just 250 genes, and that the carliest life forms
required a mere 128 genes. The
other researcher mapped venes
in a simple parasite and esti-
mated that for this organism,
800 genes are plenty to do the
job—but that anything short
of 100 wouldn't be enough.
Although the numbers don’t
match precisely, those predictions

* Haemophilus
. genome
. 1703 genes

* Genome Mapping and Sequenc-
ing, Cold Spring Harbor, New York,
May 8 to 12.

SCIENCE o VOL. 272 » 24 MAY 1996

Mycoplasma
genome
469 genes

“are not all that far apart,” especially in
comparison to the 75,000 genes in the hu-

xme, notes Siv Andersson Q¥eeeaTa
University in Swostmeed

=
800 eT. Dut coming up with a CoTTSt

sus answer may be more than just a_gseeic
numbers 3 ~partricularlyaeMmore and
MOTe gCnomes are g crehsaapped AN
sequenced. “It may be a way of organizimg
any newly sequenced genome,” explains

Arcady Mushegian, a computational mo-
lecular biologist at the Natiqgal Center
for Biotechnology Information tNCBI)
in Bethesda, Maryland. Comparing a

Redundant and R
Genes parasite-specific ern genes
needed removed
for biochemi -4 genes —-122 genes

S
2 +22 genes
| Minimal
— 0 gene set |
250 genes

gene set

Stripping down. Computer analysis yields an esti-
mate of the minimum modern and ancient genomes.

DN

ADRPTED FROM NCBI

=

*(Probabilistic Latent Semantic

M-step: Update parameters

Use assignment probabilities ¢4
to update topics assignment
probabilities 64 and topic word
probabilities Bk

Indexing, a.k.a. Probabillistic Latent Semantic Analysis



PLSI/PLSA: E-step

d)d,n,k :p(zd,n:k ‘ xd,n —V, ﬁ: Od)

o p(xd,nzva Zd,n:k ‘ ﬁ: Od)
p(xd,n:V | ﬁ: Gd)

0arPry (Substitute results
— K from previous slides)
21:1 Hd,lﬁl,v

(Apply Bayes’ Rule)

General Form, with One-hot Indexing Trick
1%
0 4k (szl P Ilxg,= V])
K 1%
Zl:]_ Hd,l (ZV:]_ ISZ,VI[xd,Tl — v])

¢d,n,k —



PLSI/PLSA™: EM for Topic Models

enerative Model E-step: Update assignments

zd,n ~ Discrete(ed) d)d,n,k — p(zd,n:k ‘ xd,n — V,ﬁ, Od)

Xqnl2q,=k~ Discrete(f3;) 0, ZV Prol[x s =]
’ Y= ) ’

K v
-1 0ai\ 2ue PrvIlxgn =V

Seeking Life’s Bare (Genetic) Necessities _ . U d
COLD SPRINGgHARBOR, NEW YORK—  “are not all that far apart,” cspecially in M Ste p u p ate p a ra m ete rS

How many genes does an organism need to comparison to the 75,000 senes in the hu-

survive! Last week at the genome meeting xme, notes Siv Andersson
here,* two genome researchers with radically  University in Sworimeee
different approaches presented complemen-  8Q0C €T, DUt coming up with & COTTS

o

tary views of the basic genes needed for life ® sus answer may be more than just a g TC

One research team, using computer analy- numbers 2 ~partricularlyaeMmore and = o = -

ses to compare known cenomes, concluded  more genomes are g e roty=saapped N . S e aS S I n m e n t rO a I I t I e S

that today’s organisms can be sustained with  sequenced. “It may be a way of organizimg d

just 250 genes, and that the carliest life forms  any newly sequenced genome,” explains ‘

required a mere 128 genes. The Arcady Mushegian, a computational mo- . .

other researcher mapped venes lecular biologist at the Natiqgal Center . tO u pd ate tO p I CS GSS I g n m e nt
babilities 84 and topl d

* Genome Mapping and Sequenc- = B u

ing, Cold Spring Harbor, New York, Stripping down. Computer analysis yields an esti-

May 8 to 12. mate of the minimum modern and ancient genomes. p rO b a b I I I t I e S B k

in a simple parasite and esti- for Biotechnology Information BI)
SCIENCE o VOL. 272 ¢ 24 MAY 1996

. Haemophilus

mated that for this organism, o gemome ~  \in Bethesda, Maryland. Comparing a
300 genes are plenty todo the |~ 8 ‘

800 genes are plenty to do the - Redunsant and e
job—but that anything short Genes parasite-specific Sin genes

removed
-122 genes

needed
for biochemi
S

2 +22 genes
| oy [ 250
genes =

-4 genes

of 100 wouldn't be enough.

Although the numbers don’t

Minimat

ADRPTED FROM NCBI

match precisely, those predictions Mycoplasma gene set |
/ genome 250 genes
469 genes

gene set

*(Probabilistic Latent Semantic Indexing, a.k.a. Probabilistic Latent Semantic Analysis



PLSI/PLSA: M-Step

ldea: Compute (expected) sufficient statistics

Pdnk Probability that word nin document d belongs to topic k
Ny
N?z,k = Z Pdnk Number of words in document d that belong to topic k

D N
NB — Z:Zd: 7 _ Number of times word v appears in topic k
kv ¢d,n,k [xd,n — V:l

—l = (across all documents in corpus)

M-Step: Update parameters using sufficient statistics

N O
041 = # Fraction of topic kin document d

d

Nics | .
Piv=Sp 3 Fraction of word v in topic k

d=1 NV dk



PLSI/PLSA™:

enerative Model

Z4 n, ~ Discrete

X4n|24,=k~ Discrete

Seeking Life’s Bare (Genetic) Necessities

COLD SPRING HARBOR, NEW YORK—
How many genes does an organism need to

“are not all that far apart,” especially in
comparison to the 75,000 venes in the hu-

EM tfor Topic Models

E-step: Update assignments

(04)
(B)

d’d,n,k :p(zd,n:k ‘ xd,n — V, ﬁ: Od)

v
041\ 2y PrI[xgn=V]

K v
-1 0ai\ 2ue PrvIlxgn =V

M-step: Update parameters
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sequenced. “It may be a way of organizimg
any newly sequenced genome,” explains
Arcady Mushegian, a computational mo-

ses to compare known venomes, concluded
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just 250 genes, and that the carliest life forms
required a mere 128 genes. The
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other researcher mapped venes
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Review: Topic Modeling with PLSA/PLSI

Bk: Topics
(shared)

gene 0.04

)(ck‘\AI()r(jES

Z4: Assignments

(document-specific)

O4: Topic Proportions

dna
genetic

0.02
0.01

| Seeking Life’s Bare (Genetic) Necessities |
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24 ~ Discrete(6 ;)
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| DA: Add Dirichlet Priors

Bk: Topics
(shared)

0.04
0.02
0.01

gene
dna
genetic

0.02
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1ife
evolve

organism 0.01

0.04
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nerve
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data 0.02
number 0.02
computer 0.01

Xqnl24,=k~ Discrete(f5)

)(ck‘\AI()r(jfs

Z4: Assignments O4: Topic Proportions

(document-specific)
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required a mere 128 venes. The
other researcher mapped genes
in a simple parasite and esti-
mated that for this organism,
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Heview: Dirichlet Distribution

l_[[k(:1 F(ak)
L (211;1 “k)

_ 1 - ar—l1 .
p(8) = T gek B(a) :=

a=1(0.1,0.1,0.1) a«=(1.0,1.0,1.0) a=(10.0,10.0,10.0)

(1,0,0) (0,0,1) (1.0,0) (0,0,1) (1,0,0)

(0.1,0) (0,1,0) (0.1,0)

(0,0,1)




Heview: Dirichlet Distribution

Ay = 0.1

Ay = 10.0

LDA: ax = 0.001 — Enforces Sparsity of Topic Weights 04

1.0
0.8
0.6
0.4
0.2
l-l 0.0
5 10

:| .
5 10

1.0 1.0

0.8 - 0.8

0.6 - 0.6

0.4 0.4

0.2 0.2

0.0 - 0.0
5 10

l‘

0.8

0.6

0.4 - 0.4

0.2 - I I 0.2

0.0 B B 0.0
5 10

0.4
0.2 - I I
0.0 -
5 10

1.0
0.8 -
0.6
0.4 -
0.2 A1 I .
0.0 -
5 10

0.2 -
0.0 _llllllllll_
5 10

0.4 -

0.2 A

0.0 _lll..-.lll-l
5 10

0.4 -

0.2 A

0.0 _llll.l.“!
5 10

0.4 -

0.2 1

T [ . ]
5 10




| DA: Summary so far

ldea: Model documents as mixtures over topics

- Model parameters:

B4 Topic probabilities for each document
(K-dimensional vector for each document)
Bk Word probabilities for each topic

(V-dimensional vector for each topic)

Interpretation Dimensionality Reduction:
Similar to LSA, but assumes Discrete mixture
instead of Gaussian distribution on word counts

- Dirichlet Priors: Enforce sparsity, associate a small

number of topics which each document



Estimating Model Parameters

Question: How can we estimate Bk and 647

1. Expectation Maximization
(previous video)

2. Variational Inference
(high level)

3. Gibbs Sampling
(not in this module)




cstimating the Parameters

Document Vocabulary Topic Word
Probabilities Probabilities
How many genes does an  |1:the 3 cvolve 0,01
organism need to SURVIVE? 1 s

AN 721: organism
Xd6 = 721, 246 — 1 918: survive

0.04

513: genes ed ] _—

a 0.02
enetic ©0.01

- 0Q QO 09
- > M

1 2...K Bz
V... _

Maximum Likelihood: IB%X logp(x | 0,0)

Maximum a Posteriori: ngellsx logp(0,p | x)



Review: Conjugate Priors for Coin Flips

Likelihood Sufficient Statistics
N

Bern(x | u) = ™ (1— 1) Ny= D X Np=N—N,
n=1

Conjugate Prior

1
Beta(u |a,b) = a=1(1 —y)b~!
(ul|a,b) B(a’b)u (1—pu)
Posterior MAP Estimate
Ni+a—1
Beta(u | Ny+a, Ny+Db) u’ .

:N+a+b—2



(Generalization: Dirichlet and Discrete

Likelihood Sufficient Statistics
piz|0)=] |pG. 1O)=] [0 Ny =) I[z,=k]
n k n

Conjugate Prior

K K
. 1 o — | [—; T(ay)
Dir(0 | a4,..., aK)zB( )l_[9k" ! B(a) = A ;{
* =1 L (Zkzl ak)
Posterior MAP Estimate
. o Nk + Aj. — 1
Dir(6 | N; + aq,..., Ny + ag) 0,

R 2uNe+ 2 a—K



MAP estimation for LDA with EM

enerative Model E-step: Update assignments

0 4 ~ Dirichlet(a) ink =P(2g,=k|xq,=Vv,0,04

~ Dirichlet v
Pr (1) dk\ 2uy=1 PryllXgn =

i.n ~ Discrete(6 ;) . v

1 9a1\ 201 PivIilXgqn

in | 24 .=k ~ Discrete(f5,)

Seeking Life’s Bare (Genetic) Necessities

-step: Update parameters

COLD SPRING HARBOR, NEW YORK—
How many genes does anorganism need to
survive! Last week at the genome meeling
here,* two genome rescarchers with radically
different approaches presented complemen-
tary views of the basic genes needed for life:
One research team, using computer analy-
ses to compare known genomes, concluded
that today’s organisms can he sustained with
just 250 genes, and that the earliest life forms
required a mere 128 genes. The
other researcher mapped genes
in a simple parasite and esti-
mated that for this organism,
800 genes are plenty to do the
job—but that anything short
of 100 wouldn’t be enough.
Although the numbers don't
martch precisely, those predictions

Haemophilus

703 genes

. genome -

Mycoplasma
“genome
469 genes

“are not all that far apart,” especially in
comparison to the 75,000 genes in the hu-
enome, notes Siv Andersso Q¥ereala

University in Switim —-<
8001 TT. Dut coming up with a Comts

sus answer may be more than just a gueeic
numbers Mmres=~garticularlyaeMmore and
MOTe genomes are g Crety~saapped
sequenced. “It may be a way of organizimg
any newly sequenced genome,” explains
Arcady Mushegian, a computational mo-
lecular biologist at the Natiogal Center
for Biotechnology Information .BI)
in Bethesda, Maryland. Comparing a
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b ————————

B k,v T nk,v D
kv — D

.
d=1Vgr T 2 My —
i
d.k + A — 1
d T Zk a,—K

d,k —

not used In practice; requires ax> 1 and Nkv > 1



Variational Expectation Maximization (high-level)

[dea: Approximate p(z, 6, B 1 x) with g(z, 6, [B)

P,7, A= al;/)gn;in KL(q(2,0,p) || p(2,0,p | x))
NE

q(2,0,5)=q(z;9)q(0;7)q(p;A)

Discrete Dirichlet Dirichlet

Variational E-step: Update ¢

. _
P gk = €XP ( | 1og 0 gk + ZI[xd,n = v]log f, )
y=1
(won'’t derive this — but can be computed in closed form)
Variational M-step: Update yand A

_ p
Tdk = QT Nﬁ,k Ay = Ny + Niev

(analogous to MAP estimation — need to know this)



EM vs. Variational EM

EM 0,5 =argmax logp(x |6,p)
0.p

%
E-step: D ank O 04k (Z PryIlxg, = V])
v=1

N?I k va
M-step: 04 =—— Pry =S5
N d—1Nc91 k

Variational EM ¢.7,A= al;bgmlin KL(q(2,0,p) || p(2,0,6 | x))
NE

v -
E'Step ¢d,n,k — €Xp ( ﬂq lOg Hd,k T Z I[Xd,n — V] lOgﬁk,v )
y=1

M-step:  Yax= o+ Ngp Ay =y + Nf,v



EM vs. Variational EM

Commonalities: Both compute sufficient statistics

P d,nk Probability that word n in document d belongs to topic k
NG, Number of words in document d that belong to topic k
Nf)v Number of times word v appears in topic k

(across all documents in corpus)

Differences: Point estimates vs Distributions

EM: Computes most likely values for parameters

04 Fraction of words in document d for topic k
Py Fraction of words in topic k for vocabulary entry v

Variational EM: Estimate Posterior over Parameters

q(0,;r7) Approximation of topic distribution for document d
q(f;A)  Approximation of word distribution for topic k



Performance Metric: Perplexity

Nematode abstracts Associated Press
3400 7000
— Smoothed Unigram X
X Smoothed Mixt. Unigrams
32001%, —¢ LDA - 6500 %
3000L ' - - Fold in pLSI x
X, 6000
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. 5500 .
S, 2600 XXX X
= Xeo e X 5000
D 2400+ S~
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20000 N T 40007 "
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1 1
Perplexity = exp >y Z - log(le | x,a,mn) {x’l, . ..,x;),}
d=1"d

Exponent of per-word log predictive probability
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Borrowing from:
David Blel
(Columbia)



Extensions of LDA

Latent dirichlet allocation

DM Blei, AY Ng, MI Jordan - Journal of machine Learning research, 2003 - jmir.org

Abstract We describe latent Dirichlet allocation (LDA), a generative probabilistic model for

collections of discrete data such as text corpora. LDA is a three-level hierarchical Bayesian

model, in which each item of a collection is modeled as a finite mixture over an underlying ...
Cited by 15971 Related articles All 124 versions Cite Save

Reasons for popularity of LDA:

* Dirichlet prior gives sparser vectors G4

DA be extended to more sophisticated models



Extensions: Supervised LDA

OO @110

_ 04 Zan\ Wan Y, o P
N
O O
Yq D| n,0°

@ Draw topic proportions 6 | a ~ Dir(«).
@ For each word

« Draw topic assignment z, | 6 ~ Mult(4).
o Draw word wy, | zn, B1.x ~ Mult(5;,).

© Draw response variable y | zy.y,n, 0% ~ N(n'z,0%), where
z=(1/N) X5 2n.



Extensions: Supervised LDA

---------------------------------------------------------------------------------------------------------------------------

problem § . guys ' has :featuring :: their :motion
unfortunately : - watchable : than ‘routine iicharacter - simple
‘supposed its films i dry ' many perfect
.worse not § director  iioffered :iwhile § fascinating :
flat § .one i - will :charlie iiperformance power
dull § ' movie ? characters iiparis  :ibetween i .complex

----------------------------------------------------------------

-20 -10 ‘have iinot i%one : ‘however 10 : 20
like iiabout :ifrom : icinematography :
'you ::movie iithere : iscreenplay '
‘was :iall  iiwhich: iperformances
just iwould iiwho : :pictures
some iithey :imuch @ :effective
out iiits  iiwhat i picture



Extensions: Correlated Topic Model

Soro—e—-os

Q/ Tld Zd,n de
N
o

Noconjugate prior
on topic proportions

Estimate a covariance matrix 2 that parameterizes
correlations between topics in a document



Extensions: Dynamic lopic Models

1789 2009

Inaugural addresses

My fellow citizens: I stand here today humbled by the task AMONG the vicissitudes incident to life no event could
before us, grateful for the trust you have bestowed, mindful have filled me with greater anxieties than that of which
of the sacrifices borne by our ancestors... the notification was transmitted by your order...

Track changes in word distributions
assoclated with a topic over time.



Extensions: Dynamic lopic Models

a %} a Q a %}

0, Q 0, Q 0, Q
ZMO Zan Zd,nC)
Wan Wan Wan
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Extensions: Dynamic lopic Models

\

J

1880 ) ( 1890 ) ( 1900 ) ( 1910 ) ( 1920 ) ( 1930 | ([ 1940
electric electric apparatus air apparatus tube air
machine power steam water tube apparatus tube
power company power engineering air glass apparatus
engine steam engine apparatus pressure air glass
steam |—| electrical —®| engineering —» room —»| water [—»{ mercury —»| laboratory

two machine water laboratory glass laboratory rubber
machines two construction engineer gas pressure pressure
iron system engineer made made made small
battery motor room gas laboratory gas mercury
. wire | __engine . feet | | tube | __mercury | . small | ___gas
v
1950 | ( 1960 | ( 1970 ) ( 1980 ) ( 1990 ) ( 2000 )
tube tube air high materials devices
apparatus system heat power high device
glass temperature power design power materials
air air system heat current current
chamber —» heat temperature | system || applications —» gate
iInstrument chamber chamber systems technology high
small power high devices devices light
laboratory high flow instruments design silicon
pressure Instrument tube control device material
__rubber J (_ control J ( design ) | large | (__ heat ] [ technology



Extensions: Dynamic lopic Models

“Theoretical Physics™ “Neuroscience™

FORCE OXYGEN

- S LASER . :
B A W S S
CRELATIVITY . #7 \ NG Py
..............................
.......................................................................
B Ao~ S - NS
Leeeeoeee eI e
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Extensions: |ldeal Point Topic Models
Qo Q UQ 062{ Q 03@
Q-

2o OO @

Ay By | Vi, | X,
deQ d d d

r N U
D
e
K
Bill content Bill sentiment  Observed Legislator
(topic model) variables votes ideal points

eXp(XuAd Bd)
eXp(XuAd + Bd) +1

p(V,q ="yea" | X,,A4,Bq) =



Extensions: |ldeal Point Topic Models

tax credit,budget authority,energy,outlays,tax - @
county,eligible,ballot,election, jurisdiction - )
bank,transfer,requires,holding company,industrial - (]
housing,mortgage,loan,family,recipient - [
energy,fuel,standard,administrator,lamp — .
student,loan,institution,lender,school - o
medicare,medicaid,child,chip,coverage - o
defense,iraq,transfer,expense,chapter — o
business,administrator,bills,business concern,loan — ®
transportation,rail,railroad,passenger,homeland security - ®
cover,bills,bridge,transaction,following — o
bills,tax,subparagraph,loss,taxable - ®
loss,crop,producer,agriculture,trade - ®
head,start,child,technology,award - ®
computer,alien,bills,user,collection - o
science,director,technology,mathematics,bills — @
coast guard,vessel,space,administrator,requires — o
child,center,poison,victim,abuse - o
land,site,bills,interior,river — o
energy,bills,price,commodity,market — ®
surveillance,director,court,electronic,flood —
child,fire,attorney,internet,bills -
drug,pediatric,product,device,medical —
human,vietnam,united nations,call,people -
bills,iran,official,company,sudan —
coin,inspector,designee,automobile,lebanon -
producer,eligible,crop,farm,subparagraph -
people,woman,american,nation,school -
veteran,veterans,bills,care,injury —
dod,defense,defense and appropriation,military,subtitle -

p(V,q ="yea" | X,,Aq,Bq) =

‘ Roger Wicker
James§ Inhofe

100 -

80 -

60 -

Name

John Sununu
MichagllMike Enzi
Charles Hagel
Richard Lugar
JohnWarner
Trent Lott
40 - Ted Stevens
Lisa Murkowski
Robert Bennett
Charles/Grassley
Pete Bomenici
Orrin'Hatch
John McCain
LamarAlexander
George Moinovich
Thad Cochran
Elizabeth Dole
Craig/Thomas

Mitch MeConnell

Kay Hutchison

Mel Martinez

Pat Roberts

John'Thune

Johndsakson
Bob Corker
SaxbyLhambliss
20 - Larry Craig
Christopher Bond
Richard Shelby
Richard Burr
JohniCornyn
Lindsey Graham
Judd Gregg
MichaelliMike Crapo
SamuelBrownback
Jefferson Sessions
John'Enhsign
Jon Kyl
Jim Bunning
David Vitter
Wayne Allard
JohnBarrasso

ThomaslTom Coburn
JimlJames DeMint

| | | |
-10 -8 -6 —4

Kirsten Gillibrand
Charles Schumer
Barbara Boxer
Patrick Leahy
Sherrod Brown
Daniel Akaka
Sheldon Whitehouse
Thomas Harkin
RichardIDick Durbin
John Reed
Jeff Bingaman
Frank Lautenberg
Robert Menendez
Herbert Kohl
Bernard $anders
BenjaminlBen Cardin
Carl Levin
Hillary Clinton
John Rockefeller
Patty Murray
John Kerry
Russell Feingold
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| DA: Summary

- ldea: Model documents as mixtures over topics

- Model parameters (estimate with VBEM)

04 Topic probabilities for each document
(K-dimensional vector for each document)
Bk Word probabilities for each topic

(V-dimensional vector for each topic)

- Dirichlet Priors: Enforce sparsity, associate a small

number of topics which each document

- Extensions: Can design graphical models that

build on LDA for a variety of modeling tasks



