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Administrivia

‣ Project	3	is	released	(seq2seq	for	dialog;	can	be	used	for	MT)

‣ Readings	—	Eisenstein	Chapter	13	&	17	

‣ Additional	readings	(if	interested)	can	be	found	at	the	right-bottom	
corner	of	the	slides.	



Information	Extraction	(IE)

‣ Extract	important,	structured	information	(e.g.,	a	knowledge	base)	from	
unstructured	texts	(often	in	large	quantity)

Figure	from	http://ai.stanford.edu/blog/introduction-to-knowledge-graphs/



This	Lecture

‣ How	do	we	represent	information	for	information	extraction?

‣ Open	Information	Extraction

‣ Relation	extraction

‣ Slot	filling

‣ Semantic	role	labeling



Semantic	Role	Labeling



Semantic	Role	Labeling

‣ Find	out	5W	in	text	—	“who	did	what	to	whom,	when	and	where”

‣ Identify	predicate,	disambiguate	it,	identify	that	predicate’s	arguments

Figure	from	He	et	al.	(2017)



Question-Answer	Driven	SRL

Figure	from	FitzGerald	et	al.	(2018)



Semantic	Role	Labeling

My mug broke into pieces immediately.

The robot broke my favorite mug with a wrench.

Semantic Role Labeling (SRL)

3 Figure	from	He	et	al.	(2017)



Semantic	Role	Labeling

Figure	from	He	et	al.	(2017)

My mug broke into pieces immediately.

The robot broke my favorite mug with a wrench.

Semantic Role Labeling (SRL)

3
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subj v prep adv



Semantic	Role	Labeling

My mug broke into pieces immediately.

The robot broke my favorite mug with a wrench.

Semantic Role Labeling (SRL)

3

vsubj obj prep

subj v prep adv

thing broken

thing broken

breaker instrument

pieces (final state) temporal

Figure	from	He	et	al.	(2017)



Semantic	Role	Labeling

My mug broke into pieces immediately.

The robot broke my favorite mug with a wrench.

Semantic Role Labeling (SRL)
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vsubj obj prep

Frame: break.01
role description

ARG0 breaker
ARG1 thing broken
ARG2 instrument
ARG3 pieces

ARG4 broken away from 
what?

subj v prep adv

thing broken

thing broken

breaker instrument

pieces (final state) temporal

ARG0 ARG1 ARG2

ARG3ARG1 ARGM-TMP
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The Proposition Bank (PropBank)

Core roles:  
Verb-specific roles (ARG0-

ARG5) defined in frame files

Frame: break.01

role description
ARG0 breaker
ARG1 thing broken

ARG2 instrument

ARG3 pieces

ARG4 broken away 
from what?

Frame: buy.01

role description
ARG0 buyer
ARG1 thing bough

ARG2 seller

ARG3 price paid

ARG4 benefactive

role description
TMP temporal
LOC location
MNR manner
DIR direction
CAU cause
PRP purpose
…

Adjunct roles: 
 (ARGM-) shared 

across verbs

Annotated on top of the 
Penn Treebank Syntax

PropBank Annotation Guidelines, 
Bonial et al., 2010
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Paul Kingsbury and Martha Palmer.From Treebank to PropBank. 2002
The	Proposition	Bank	(PropBank)

Figure	from	He	et	al.	(2017)



Syntax	vs.	Semantics

Figure	from	Swayamdipta	(2019)



SRL	Systems
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SRL Systems

syntactic features

candidate 
argument spans

labeled arguments

prediction

labeling

ILP/DP

sentence, predicate

argument id.

Pipeline Systems

Deep BiLSTM

Hard constraints

BIO sequence

prediction

sentence, predicate

*This work

Punyakanok et al., 2008 
Täckström et al., 2015 
FitzGerald et al., 2015

sentence, predicate

BIO sequence

prediction

Deep BiLSTM
 + CRF layer

Viterbi

context window 
features

End-to-end Systems

Collobert et al., 2011 
Zhou and Xu, 2015 
Wang et. al, 2015

He et al., 2017

He et al. (2017)

Figure	from	He	et	al.	(2017)

(syntax-based)



Semantic	Role	Labeling

Figure	from	He	et	al.	(2017)

‣ Identify	predicates	
(love)	using	a	classifier	
(not	shown)

‣ Identify	ARG0,	ARG1,	
etc.	as	a	tagging	task	
with	a	BiLSTM	
conditioned	on	love

‣ Other	systems	
incorporate	syntax,	
joint	predicate-
argument	finding



Semantic	Role	Labeling

Figure	from	He	et	al.	(2017)

‣ Used	highway	
connections,	
variational	dropout,	
Viterbi	decoding	with	
hard	constraints.	



Residual	/	Highway	Connections
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References: 
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Figure	from	He	et	al.	(2017)



Variational	Dropout	for	RNN

Figure	from	Gal	and	Ghahramani	(2015)



[LISA]

10	Years	of	PropBank	SRL

F1 Syntax-based

End-to-end
deep NN

[FitzGerald, Täckström, Ganchev, Das]

[Täckström, Ganchev, Das]

[Zhou & Xu]

[He, Lee, Lewis, 

 Zettlemoyer] [He, Lee, Levy,


 Zettlemoyer]

[Tan, Wang, Xie, 

 Chen, Shi]

[Toutanova, Haghigi, Manning]
[Punyakanok, Roth, Yih]

Figure	from	Strubell	et	al.	(2018)



Semantic	Role	Labeling

‣ Can	we	combine	the	two	approaches	—	incorporate	syntactic	
information	into	neural	networks?	

‣ Multi-task	learning	with	related	tasks,	e.g.,	part-of-speech	tagging,	
dependency	parsing	…


				

‣ Syntactically-informed	self-attention:	use	the	Transformer	to	encore	
the	sentence;	in	one	head,	token	attends	to	its	likely	syntactic	parents;	
in	next	layer,	tokens	observe	all	other	parents.



committee awards Strickland advanced opticswhoNobel
p+1

Recall:	Transformer	(multi-head	self-attention)



Multi-head self-attention + feed forward

Multi-head self-attention + feed forward

Layer 1

Layer p

Multi-head self-attention + feed forwardLayer J

committee awards Strickland advanced opticswhoNobel

Recall:	Transformer	(multi-head	self-attention)
Slide	Credit:	Emma	Strubell
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Syntactically-Informed	Self-Attention



committee awards Strickland advanced opticswhoNobel

Syntactically-Informed	Self-Attention



Syntactically-informed self-attention

Multi-head self-attention + feed forwardLayer 1

Layer p

Multi-head self-attention + feed forwardLayer J

committee awards Strickland advanced opticswhoNobel

Linguistically-Informed	Self-Attention
Slide	Credit:	Emma	Strubell



Layer p Syntactically-informed self-attention

Multi-head self-attention + feed forwardLayer J

Linguistically-Informed	Self-Attention

Layer 1 Multi-head self-attention + feed forward

Multi-head self-attention + feed forwardLayer r

NNP NN VBZ/PRED NNP WP VBN/PRED NN

committee awards Strickland advanced opticswhoNobel

Slide	Credit:	Emma	Strubell



Layer 1

Syntactically-informed self-attentionLayer p

Multi-head self-attention + feed forwardLayer J

Multi-head self-attention + feed forward

Layer r Multi-head self-attention + feed forward

nn nsubj root dobj nsubj rcmod dobj

committee awards Strickland advanced opticswhoNobel

NNP NN VBZ/PRED NNP WP NNVBN/PRED

Linguistically-Informed	Self-Attention



Layer 1 Multi-head self-attention + feed forward

committee awards Strickland advanced opticswhoNobel

Syntactically-informed self-attention

Layer r Multi-head self-attention + feed forward

Layer p

Multi-head self-attention + feed forwardLayer J

nn nsubj root dobj nsubj rcmod dobj

NNP NN VBZ/PRED NNP WP NNVBN/PRED

Linguistically-Informed	Self-Attention
Slide	Credit:	Emma	Strubell



committee awards Strickland advanced opticswhoNobel

args
predicates

Bilinear

Syntactically-informed self-attention

Layer r Multi-head self-attention + feed forward

Layer p

Multi-head self-attention + feed forwardLayer J

nn nsubj root dobj nsubj rcmod dobj

NNP NN VBZ/PRED NNP WP NNVBN/PRED

Linguistically-Informed	Self-Attention
Slide	Credit:	Emma	Strubell



committee awards Strickland advanced opticswhoNobel

args
predicates

Bilinear

Syntactically-informed self-attention

Layer r Multi-head self-attention + feed forward

Layer p

Multi-head self-attention + feed forwardLayer J

nn nsubj root dobj nsubj rcmod dobj

NNP NN VBZ/PRED NNP WP NNVBN/PRED

class labels

Linguistically-Informed	Self-Attention
Slide	Credit:	Emma	Strubell



committee awards Strickland advanced opticswhoNobel
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NNP NN VBZ/PRED NNP WP NNVBN/PRED

Linguistically-Informed	Self-Attention
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Layer r Multi-head self-attention + feed forward

Layer p

Multi-head self-attention + feed forwardLayer J

nn nsubj root dobj nsubj rcmod dobj

NNP NN VBZ/PRED NNP WP NNVBN/PRED

Syntactically-informed self-attention

committee awards Strickland advanced opticswhoNobel
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args
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Bilinear

I-ARG0 B-V B-ARG1 O O O
O O O B-ARG0 B-R-ARG0 B-V B-ARG1

pos
preds

labeled
parse

SRL

Linguistically-Informed	Self-Attention



GloVe ELMo

in-domain (dev) in-domain (dev)

He et al. 2017 81.5 ---

He et al. 2018 81.6 85.3

SA 82.39 85.26

LISA 82.24 85.35

  +D&M 83.58 85.17

  +Gold 86.81 87.63

Strubell	et	al.	(2018)

Linguistically-Informed	Self-Attention



Dozat	&	Manning	(2017)

Biaffine	Attention	for	Dependency	Parsing



Dozat	&	Manning	(2017)

Biaffine	Attention	for	Dependency	Parsing



Why	SRL	is	difficult?	or	NLP	in	general	

‣ Syntactic	Alternation
The robot plays piano.

The music plays softly.

ARG0
player

ARG1
thing performed

ARG2
instrument

ARGM-MNR

The cafe is playing my favorite song.

ARG1
thing performed

ARG0
player

subjects

objects

6

Syntactic Alternation PP Attachment Long-range Dependencies

Slide	Credit:	Luheng	He



‣ Prepositional	Phrase	(PP)	Attachment

I  eat  [pasta]  [with delight].
ARG0
eater

ARG1
meal

ARGM-MNR
manner

I  eat  [pasta with broccoli].
ARG0
eater

ARG1
meal

7

Syntactic 
Alternation Prepositional Phrase (PP) Attachment Long-range 

Dependencies

Why	SRL	is	difficult?	or	NLP	in	general	

Slide	Credit:	Luheng	He
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We flew to Chicago.
ARG1

passenger
ARGM-GOL

goal

We remember the nice view flying to Chicago.
ARG1

passenger
ARGM-GOL

goal

We remember John and Mary flying to Chicago.
ARG1

passenger
ARGM-GOL

goal

Syntactic Alternation PP Attachment Long-range Dependencies‣ Long	Dependencies

Why	SRL	is	difficult?	or	NLP	in	general	

Slide	Credit:	Luheng	He



‣ Even	harder	for	out-of-domain	dataSRL is even harder for out-domain data …

“Dip chicken breasts into eggs to coat”

Active, Ser133-phosphorylated CREB effects 
transcription of CRE-dependent genes via 
interaction with the 265-kDa  …

9

Why	SRL	is	difficult?	or	NLP	in	general	

Slide	Credit:	Luheng	He



Slot	Filling



Slot	Filling:	MUC

Haghighi	and	Klein	(2010)

‣ Key	aspect:	need	to	combine	information	across	multiple	mentions	of	
an	entity	using	coreference



Slot	Filling
‣ Most	conservative,	narrow	form	of	IE

Indian	Express	—	A	massive	earthquake	of	magnitude	7.3	struck	Iraq	on	Sunday,	103	kms	
(64	miles)	southeast	of	the	city	of	As-Sulaymaniyah,	the	US	Geological	Survey	said,	reports	
Reuters.	US	Geological	Survey	initially	said	the	quake	was	of	a	magnitude	7.2,	before	
revising	it	to	7.3.

magnitude time

epicenter

Speaker:	Alan	Clark


“Gender	Roles	in	the	Holy	Roman	Empire”


Allagher	Center	Main	Auditorium


This	talk	will	discuss…

speaker
title

location

Freitag	and	McCallum	(2000)

‣ Old	work:	HMMs,	later	
CRFs	trained	per	role



Relation	Extraction



Relation	Extraction
‣ Extract	entity-relation-entity	triples	from	a	fixed	inventory

ACE	(2003-2005)

During	the	war	in	Iraq,	American	journalists	were	sometimes	caught	in	the	
line	of	fire

Located_In

‣ Systems	can	be	feature-based	or	neural,	look	at	surface	words,	
syntactic	features	(dependency	paths),	semantic	roles

Nationality

‣ Problem:	limited	data	for	scaling	to	big	ontologies

‣ Use	NER-like	system	to	identify	entity	spans,	classify	relations	
between	entity	pairs	with	a	classifier



Hearst	Patterns

Hearst	(1992)

X	such	as	[list] cities	such	as	Berlin,	Paris,	and	London.

‣ Syntactic	patterns	especially	for	finding	hypernym-hyponym	pairs	(“is	a”	
relations)

Berlin	is	a	city

other	cities	including	Berlin

Y	is	a	X

other	X	including	Y

‣ Totally	unsupervised	way	of	harvesting	world	knowledge	for	tasks	like	
parsing	and	coreference	(Bansal	and	Klein,	2011-2012)



Distant	Supervision

Mintz	et	al.	(2009)

[Steven	Spielberg]’s	film	[Saving	Private	Ryan]	is	loosely	based	on	the	
brothers’	story

‣ If	two	entities	in	a	relation	appear	in	the	same	sentence,	assume	the	
sentence	expresses	the	relation

‣ Lots	of	relations	in	our	knowledge	base	already	(e.g.,	23,000	film-
director	relations);	use	these	to	bootstrap	more	training	data

Allison	co-produced	the	Academy	Award-winning	[Saving	Private	Ryan],	
directed	by	[Steven	Spielberg]

Director

Director



Distant	Supervision

Mintz	et	al.	(2009)

‣ Learn	decently	accurate	classifiers	for	~100	Freebase	relations
‣ Could	be	used	to	crawl	the	web	and	expand	our	knowledge	base



Distant	Supervision

Figure	from	Jiang	et	al.	(2016)

‣ Inherently	have	noise	in	training	data,	need	special	methods	(e.g.,	
multi-instance	learning)	to	handle	false	positives	AND	false	negatives.	

false	positive

???



Multi-instance	Learning

Dietterich	et	al.	(1997)

Nega%ve'Bags' Posi%ve'Bags''

A'bag'is'labeled'posi%ve,'if''
there'is'at#least#one'posi%ve'example'

A'bag'is'labeled'nega%ve,'if''
all'the'examples'in'it'are'nega%ve'

‣ Instead	of	labels	on	each	individual	instance,	the	learner	only	observes	 
labels	on	bags	of	instances.



Multi-instance	Learning

Xu	et	al.	(2013),	Pershina	et	al.	(2014),	Tabassum	(2016)

‣ Handle	false	positives	(sentences	contain	the	entity	pair	but	not	the	relation)	
and	false	negatives	(due	to	incomplete	knowledge	base)



Multi-instance	Learning

Bai	and	Ritter	(2019)



Piecewise	CNN	(PCNN)

… … … … … … … …
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<latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="pgt7e/aUqPh6UaONFIne6e+X0Ds=">AAACA3icbVBNS8NAFHypXzVWrWcvi0XwVBIv6k3w4rGCsYU2lM3mpV262YTdTaGE/gGv/TWexJ/hjxHctD3Y1oEHw8wub95EueDaeN63U9vbPzg8qh+7Jw339Oy82XjTWaEYBiwTmepFVKPgEgPDjcBerpCmkcBuNHmq/O4UleaZfDWzHMOUjiRPOKPGSp1hs+W1vSXILvHXpAVrDJs/gzhjRYrSMEG17vtebsKSKsOZwLk7KDTmlE3oCPuWSpqiDstlzDm5tkpMkkzZkYYs1b8/SppqPUsj+zKlZqy3vUr8z+sXJrkPSy7zwqBkq0VJIYjJSHUziblCZsTMEsoUt1kJG1NFmbHNuBtrYl1l2zikzEeJDT13XdfW5W+Xs0uC2/ZD23/xoA6XcAU34MMdPMIzdCAABjG8w8JZOB/O56rVmrOu9wI24Hz9AiipmwI=</latexit><latexit sha1_base64="0+dISXW/WNQMJ/aCTqnGYYdgDx8=">AAACCXicbVBNS8NAFHypXzVWrV69BIvgqSRe1JvgxWNFYwttKJvNS7p0swm7G6GE/gSv9td4En+EP0Zw0/ZgWwceDDO7vHkT5pwp7brfVm1re2d3r75vHzQOj46bJ40XlRWSok8znsleSBRyJtDXTHPs5RJJGnLshuP7yu++olQsE896kmOQkkSwmFGijfSEQ2/YbLltdw5nk3hL0oIlOsPmzyDKaJGi0JQTpfqem+ugJFIzynFqDwqFOaFjkmDfUEFSVEE5jzp1LowSOXEmzQjtzNW/P0qSKjVJQ/MyJXqk1r1K/M/rFzq+CUom8kKjoItFccEdnTnV3U7EJFLNJ4YQKpnJ6tARkYRq0469siZSVbaVQ8o8iU3oqW3bpi9vvZ1N4l+1b9veowt1OINzuAQPruEOHqADPlBI4A3eYWbNrA/rc1FszVo2fAorsL5+ARtUnQI=</latexit><latexit sha1_base64="0+dISXW/WNQMJ/aCTqnGYYdgDx8=">AAACCXicbVBNS8NAFHypXzVWrV69BIvgqSRe1JvgxWNFYwttKJvNS7p0swm7G6GE/gSv9td4En+EP0Zw0/ZgWwceDDO7vHkT5pwp7brfVm1re2d3r75vHzQOj46bJ40XlRWSok8znsleSBRyJtDXTHPs5RJJGnLshuP7yu++olQsE896kmOQkkSwmFGijfSEQ2/YbLltdw5nk3hL0oIlOsPmzyDKaJGi0JQTpfqem+ugJFIzynFqDwqFOaFjkmDfUEFSVEE5jzp1LowSOXEmzQjtzNW/P0qSKjVJQ/MyJXqk1r1K/M/rFzq+CUom8kKjoItFccEdnTnV3U7EJFLNJ4YQKpnJ6tARkYRq0469siZSVbaVQ8o8iU3oqW3bpi9vvZ1N4l+1b9veowt1OINzuAQPruEOHqADPlBI4A3eYWbNrA/rc1FszVo2fAorsL5+ARtUnQI=</latexit><latexit sha1_base64="3MuEg45DTxxM/C1qRWoO10Wo81w=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0m8qLeiF48VjS20oWw2m3TpZhN2N0IJ/Qle7a/xJF69+2MEN20Otjow8HhvhnnzgowzpR3ny6qtrW9sbtW37Z3dvf2DxuHRk0pzSahHUp7KXoAV5UxQTzPNaS+TFCcBp91gfFvq3WcqFUvFo55k1E9wLFjECNaGeqBDd9hoOi1nXugvcCvQhKo6w8b3IExJnlChCcdK9V0n036BpWaE06k9yBXNMBnjmPYNFDihyi/mVqfozDAhilJpWmg0Z39vFDhRapIEZjLBeqRWtZL8T+vnOrryCyayXFNBFoeinCOdovJvFDJJieYTAzCRzHhFZIQlJtqkYy+dCVXpbemRIosjY3pq27bJy11N5y/wLlrXLffeabZvquDqcAKncA4uXEIb7qADHhCI4QVeYWbNrDfr3fpYjNasaucYlsr6/AHtX559</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit><latexit sha1_base64="nK4Dm0jPkpR0cyFYtOY8o0fVb04=">AAACFHicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGltoQ9lsNu3SzSbsboQS+hO82l/jSbx698cIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHzyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht1+oVCwRT3qcUj/GA8EiRrA21CPtu/1a3Wk4s0KrwC1BHcpq9Ws/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpBZ4YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaBd9G4abgPl/XmbRlcFU7gFM7BhStowj20wAMCA3iFN5haU+vd+rA+56MVq9w5hoWyvn4B7p+egQ==</latexit>

e2
<latexit sha1_base64="S0HZJWyBLx6VSRCTezFpwNh+4HI=">AAACFHicbVBNS8NAEJ34WeNX1aOXxSJ4KkkR1FvRi8eKxhbaUDabTbt0swm7G6GE/gSv9td4Eq/e/TGCmzYH2zow8HhvhnnzgpQzpR3n21pb39jc2q7s2Lt7+weH1aPjZ5VkklCPJDyRnQArypmgnmaa004qKY4DTtvB6K7Q2y9UKpaIJz1OqR/jgWARI1gb6pH2G/1qzak7s0KrwC1BDcpq9as/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpB54YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaB16jf1N2Hy1rztgyuAqdwBhfgwhU04R5a4AGBAbzCG0ytqfVufVif89E1q9w5gYWyvn4B8E2egg==</latexit><latexit sha1_base64="S0HZJWyBLx6VSRCTezFpwNh+4HI=">AAACFHicbVBNS8NAEJ34WeNX1aOXxSJ4KkkR1FvRi8eKxhbaUDabTbt0swm7G6GE/gSv9td4Eq/e/TGCmzYH2zow8HhvhnnzgpQzpR3n21pb39jc2q7s2Lt7+weH1aPjZ5VkklCPJDyRnQArypmgnmaa004qKY4DTtvB6K7Q2y9UKpaIJz1OqR/jgWARI1gb6pH2G/1qzak7s0KrwC1BDcpq9as/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpB54YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaB16jf1N2Hy1rztgyuAqdwBhfgwhU04R5a4AGBAbzCG0ytqfVufVif89E1q9w5gYWyvn4B8E2egg==</latexit><latexit sha1_base64="S0HZJWyBLx6VSRCTezFpwNh+4HI=">AAACFHicbVBNS8NAEJ34WeNX1aOXxSJ4KkkR1FvRi8eKxhbaUDabTbt0swm7G6GE/gSv9td4Eq/e/TGCmzYH2zow8HhvhnnzgpQzpR3n21pb39jc2q7s2Lt7+weH1aPjZ5VkklCPJDyRnQArypmgnmaa004qKY4DTtvB6K7Q2y9UKpaIJz1OqR/jgWARI1gb6pH2G/1qzak7s0KrwC1BDcpq9as/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpB54YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaB16jf1N2Hy1rztgyuAqdwBhfgwhU04R5a4AGBAbzCG0ytqfVufVif89E1q9w5gYWyvn4B8E2egg==</latexit><latexit sha1_base64="S0HZJWyBLx6VSRCTezFpwNh+4HI=">AAACFHicbVBNS8NAEJ34WeNX1aOXxSJ4KkkR1FvRi8eKxhbaUDabTbt0swm7G6GE/gSv9td4Eq/e/TGCmzYH2zow8HhvhnnzgpQzpR3n21pb39jc2q7s2Lt7+weH1aPjZ5VkklCPJDyRnQArypmgnmaa004qKY4DTtvB6K7Q2y9UKpaIJz1OqR/jgWARI1gb6pH2G/1qzak7s0KrwC1BDcpq9as/vTAhWUyFJhwr1XWdVPs5lpoRTid2L1M0xWSEB7RroMAxVX4+szpB54YJUZRI00KjGft3I8exUuM4MJMx1kO1rBXkf1o309G1nzORZpoKMj8UZRzpBBV/o5BJSjQfG4CJZMYrIkMsMdEmHXvhTKgKbwuP5OkgMqYntm2bvNzldFaB16jf1N2Hy1rztgyuAqdwBhfgwhU04R5a4AGBAbzCG0ytqfVufVif89E1q9w5gYWyvn4B8E2egg==</latexit>

…

max
<latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="pgt7e/aUqPh6UaONFIne6e+X0Ds=">AAACA3icbVBNS8NAFHypXzVWrWcvi0XwVBIv6k3w4rGCsYU2lM3mpV262YTdTaGE/gGv/TWexJ/hjxHctD3Y1oEHw8wub95EueDaeN63U9vbPzg8qh+7Jw339Oy82XjTWaEYBiwTmepFVKPgEgPDjcBerpCmkcBuNHmq/O4UleaZfDWzHMOUjiRPOKPGSp1hs+W1vSXILvHXpAVrDJs/gzhjRYrSMEG17vtebsKSKsOZwLk7KDTmlE3oCPuWSpqiDstlzDm5tkpMkkzZkYYs1b8/SppqPUsj+zKlZqy3vUr8z+sXJrkPSy7zwqBkq0VJIYjJSHUziblCZsTMEsoUt1kJG1NFmbHNuBtrYl1l2zikzEeJDT13XdfW5W+Xs0uC2/ZD23/xoA6XcAU34MMdPMIzdCAABjG8w8JZOB/O56rVmrOu9wI24Hz9AiipmwI=</latexit><latexit sha1_base64="Uhmm/ZM/XeLgtSK1Qj9iN6XLUfE=">AAACCnicbVDNSsNAGPxS/2qsWr16WSyCp5J4UW+CF48VjC20oWw2m3bp7ibsbsQQ+gpe7dN4Et/BhxHctD3Y1oEPhpldvvkmyjjTxvO+ndrW9s7uXn3fPWgcHh03TxrPOs0VoQFJeap6EdaUM0kDwwynvUxRLCJOu9HkvvK7L1RplsonU2Q0FHgkWcIINpU0EPh12Gx5bW8OtEn8JWnBEp1h82cQpyQXVBrCsdZ938tMWGJlGOF06g5yTTNMJnhE+5ZKLKgOy3nWKbqwSoySVNmRBs3Vvz9KLLQuRGRfCmzGet2rxP+8fm6Sm7BkMssNlWSxKMk5MimqDkcxU5QYXliCiWI2KyJjrDAxth53ZU2sq2wrh5TZKLGhp67r2r789XY2SXDVvm37jx7U4QzO4RJ8uIY7eIAOBEBgDG/wDjNn5nw4n4tia86y4VNYgfP1C1yCnbg=</latexit><latexit sha1_base64="Uhmm/ZM/XeLgtSK1Qj9iN6XLUfE=">AAACCnicbVDNSsNAGPxS/2qsWr16WSyCp5J4UW+CF48VjC20oWw2m3bp7ibsbsQQ+gpe7dN4Et/BhxHctD3Y1oEPhpldvvkmyjjTxvO+ndrW9s7uXn3fPWgcHh03TxrPOs0VoQFJeap6EdaUM0kDwwynvUxRLCJOu9HkvvK7L1RplsonU2Q0FHgkWcIINpU0EPh12Gx5bW8OtEn8JWnBEp1h82cQpyQXVBrCsdZ938tMWGJlGOF06g5yTTNMJnhE+5ZKLKgOy3nWKbqwSoySVNmRBs3Vvz9KLLQuRGRfCmzGet2rxP+8fm6Sm7BkMssNlWSxKMk5MimqDkcxU5QYXliCiWI2KyJjrDAxth53ZU2sq2wrh5TZKLGhp67r2r789XY2SXDVvm37jx7U4QzO4RJ8uIY7eIAOBEBgDG/wDjNn5nw4n4tia86y4VNYgfP1C1yCnbg=</latexit><latexit sha1_base64="WYFLq+X6TTOQcggbGKJLt2mHEZw=">AAACFXicbVBNS8NAEJ34WeNX1aOXxSJ4KokX9Vb04rGCsYU2lM120y7d3YTdjVhC/4JX+2s8iVfP/hjBTZuDbR0YeLw3w7x5UcqZNp737aytb2xubVd23N29/YPD6tHxk04yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0uiv01jNVmiXy0YxTGgo8kCxmBJuC6gr80qvWvLo3K7QK/BLUoKxmr/rT7SckE1QawrHWHd9LTZhjZRjhdOJ2M01TTEZ4QDsWSiyoDvOZ1wk6t0wfxYmyLQ2asX83ciy0HovITgpshnpZK8j/tE5m4uswZzLNDJVkfijOODIJKh5HfaYoMXxsASaKWa+IDLHCxNh43IUzfV14W3gkTwexNT1xXdfm5S+nswqCy/pN3X/wao3bMrgKnMIZXIAPV9CAe2hCAASG8ApvMHWmzrvz4XzOR9eccucEFsr5+gU2S580</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit>
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<latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="pgt7e/aUqPh6UaONFIne6e+X0Ds=">AAACA3icbVBNS8NAFHypXzVWrWcvi0XwVBIv6k3w4rGCsYU2lM3mpV262YTdTaGE/gGv/TWexJ/hjxHctD3Y1oEHw8wub95EueDaeN63U9vbPzg8qh+7Jw339Oy82XjTWaEYBiwTmepFVKPgEgPDjcBerpCmkcBuNHmq/O4UleaZfDWzHMOUjiRPOKPGSp1hs+W1vSXILvHXpAVrDJs/gzhjRYrSMEG17vtebsKSKsOZwLk7KDTmlE3oCPuWSpqiDstlzDm5tkpMkkzZkYYs1b8/SppqPUsj+zKlZqy3vUr8z+sXJrkPSy7zwqBkq0VJIYjJSHUziblCZsTMEsoUt1kJG1NFmbHNuBtrYl1l2zikzEeJDT13XdfW5W+Xs0uC2/ZD23/xoA6XcAU34MMdPMIzdCAABjG8w8JZOB/O56rVmrOu9wI24Hz9AiipmwI=</latexit><latexit sha1_base64="Uhmm/ZM/XeLgtSK1Qj9iN6XLUfE=">AAACCnicbVDNSsNAGPxS/2qsWr16WSyCp5J4UW+CF48VjC20oWw2m3bp7ibsbsQQ+gpe7dN4Et/BhxHctD3Y1oEPhpldvvkmyjjTxvO+ndrW9s7uXn3fPWgcHh03TxrPOs0VoQFJeap6EdaUM0kDwwynvUxRLCJOu9HkvvK7L1RplsonU2Q0FHgkWcIINpU0EPh12Gx5bW8OtEn8JWnBEp1h82cQpyQXVBrCsdZ938tMWGJlGOF06g5yTTNMJnhE+5ZKLKgOy3nWKbqwSoySVNmRBs3Vvz9KLLQuRGRfCmzGet2rxP+8fm6Sm7BkMssNlWSxKMk5MimqDkcxU5QYXliCiWI2KyJjrDAxth53ZU2sq2wrh5TZKLGhp67r2r789XY2SXDVvm37jx7U4QzO4RJ8uIY7eIAOBEBgDG/wDjNn5nw4n4tia86y4VNYgfP1C1yCnbg=</latexit><latexit sha1_base64="Uhmm/ZM/XeLgtSK1Qj9iN6XLUfE=">AAACCnicbVDNSsNAGPxS/2qsWr16WSyCp5J4UW+CF48VjC20oWw2m3bp7ibsbsQQ+gpe7dN4Et/BhxHctD3Y1oEPhpldvvkmyjjTxvO+ndrW9s7uXn3fPWgcHh03TxrPOs0VoQFJeap6EdaUM0kDwwynvUxRLCJOu9HkvvK7L1RplsonU2Q0FHgkWcIINpU0EPh12Gx5bW8OtEn8JWnBEp1h82cQpyQXVBrCsdZ938tMWGJlGOF06g5yTTNMJnhE+5ZKLKgOy3nWKbqwSoySVNmRBs3Vvz9KLLQuRGRfCmzGet2rxP+8fm6Sm7BkMssNlWSxKMk5MimqDkcxU5QYXliCiWI2KyJjrDAxth53ZU2sq2wrh5TZKLGhp67r2r789XY2SXDVvm37jx7U4QzO4RJ8uIY7eIAOBEBgDG/wDjNn5nw4n4tia86y4VNYgfP1C1yCnbg=</latexit><latexit sha1_base64="WYFLq+X6TTOQcggbGKJLt2mHEZw=">AAACFXicbVBNS8NAEJ34WeNX1aOXxSJ4KokX9Vb04rGCsYU2lM120y7d3YTdjVhC/4JX+2s8iVfP/hjBTZuDbR0YeLw3w7x5UcqZNp737aytb2xubVd23N29/YPD6tHxk04yRWhAEp6odoQ15UzSwDDDaTtVFIuI01Y0uiv01jNVmiXy0YxTGgo8kCxmBJuC6gr80qvWvLo3K7QK/BLUoKxmr/rT7SckE1QawrHWHd9LTZhjZRjhdOJ2M01TTEZ4QDsWSiyoDvOZ1wk6t0wfxYmyLQ2asX83ciy0HovITgpshnpZK8j/tE5m4uswZzLNDJVkfijOODIJKh5HfaYoMXxsASaKWa+IDLHCxNh43IUzfV14W3gkTwexNT1xXdfm5S+nswqCy/pN3X/wao3bMrgKnMIZXIAPV9CAe2hCAASG8ApvMHWmzrvz4XzOR9eccucEFsr5+gU2S580</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit><latexit sha1_base64="emwwiOZLTlLGMHaA8fg4lfA/wTI=">AAACFXicbVBNS8NAEJ3Urxq/qh69LBbBU0lEUG9FLx4rGFtoQ9lsNu3SzSbsbsQS+he82l/jSbx69scIbtocbOvAwOO9GebNC1LOlHacb6uytr6xuVXdtnd29/YPaodHTyrJJKEeSXgiOwFWlDNBPc00p51UUhwHnLaD0V2ht5+pVCwRj3qcUj/GA8EiRrAuqF6MX/q1utNwZoVWgVuCOpTV6td+emFCspgKTThWqus6qfZzLDUjnE7sXqZoiskID2jXQIFjqvx85nWCzgwToiiRpoVGM/bvRo5jpcZxYCZjrIdqWSvI/7RupqNrP2cizTQVZH4oyjjSCSoeRyGTlGg+NgATyYxXRIZYYqJNPPbCmVAV3hYeydNBZExPbNs2ebnL6awC76Jx03AfLuvN2zK4KpzAKZyDC1fQhHtogQcEhvAKbzC1pta79WF9zkcrVrlzDAtlff0CN4ufOA==</latexit>

… … …

[Zeng et. al. 2015]
Apple CEO Tim	Cook honed in on,privacy ……

xi
Sentence Rep.

Concat
<latexit sha1_base64="nKitTuYVXsgsD7B1aUjiilvgcJ4=">AAAB7HicbZDNTgIxFIXv4B/iH+rSTSMxcUVm2Kg7IhuXmDhAAhPSKR2odNpJ2zEhE97BjQs1bn0gd76NHZiFgidp8uXce9N7T5hwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tEyVYT6RHKpeiHWlDNBfcMMp71EURyHnHbDaSuvd5+o0kyKBzNLaBDjsWARI9hYq9OSwtKwWnPr7kJoHbwCalCoPax+DUaSpDEVhnCsdd9zExNkWBlGOJ1XBqmmCSZTPKZ9iwLHVAfZYts5urDOCEVS2ScMWri/JzIcaz2LQ9sZYzPRq7Xc/K/WT010HWRMJKmhgiw/ilKOjET56WjEFCWGzyxgopjdFZEJVpgYG1DFhuCtnrwOfqN+U/fuG7XmbZFGGc7gHC7Bgytowh20wQcCj/AMr/DmSOfFeXc+lq0lp5g5hT9yPn8A58uO4A==</latexit><latexit sha1_base64="nKitTuYVXsgsD7B1aUjiilvgcJ4=">AAAB7HicbZDNTgIxFIXv4B/iH+rSTSMxcUVm2Kg7IhuXmDhAAhPSKR2odNpJ2zEhE97BjQs1bn0gd76NHZiFgidp8uXce9N7T5hwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tEyVYT6RHKpeiHWlDNBfcMMp71EURyHnHbDaSuvd5+o0kyKBzNLaBDjsWARI9hYq9OSwtKwWnPr7kJoHbwCalCoPax+DUaSpDEVhnCsdd9zExNkWBlGOJ1XBqmmCSZTPKZ9iwLHVAfZYts5urDOCEVS2ScMWri/JzIcaz2LQ9sZYzPRq7Xc/K/WT010HWRMJKmhgiw/ilKOjET56WjEFCWGzyxgopjdFZEJVpgYG1DFhuCtnrwOfqN+U/fuG7XmbZFGGc7gHC7Bgytowh20wQcCj/AMr/DmSOfFeXc+lq0lp5g5hT9yPn8A58uO4A==</latexit><latexit sha1_base64="nKitTuYVXsgsD7B1aUjiilvgcJ4=">AAAB7HicbZDNTgIxFIXv4B/iH+rSTSMxcUVm2Kg7IhuXmDhAAhPSKR2odNpJ2zEhE97BjQs1bn0gd76NHZiFgidp8uXce9N7T5hwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tEyVYT6RHKpeiHWlDNBfcMMp71EURyHnHbDaSuvd5+o0kyKBzNLaBDjsWARI9hYq9OSwtKwWnPr7kJoHbwCalCoPax+DUaSpDEVhnCsdd9zExNkWBlGOJ1XBqmmCSZTPKZ9iwLHVAfZYts5urDOCEVS2ScMWri/JzIcaz2LQ9sZYzPRq7Xc/K/WT010HWRMJKmhgiw/ilKOjET56WjEFCWGzyxgopjdFZEJVpgYG1DFhuCtnrwOfqN+U/fuG7XmbZFGGc7gHC7Bgytowh20wQcCj/AMr/DmSOfFeXc+lq0lp5g5hT9yPn8A58uO4A==</latexit><latexit sha1_base64="nKitTuYVXsgsD7B1aUjiilvgcJ4=">AAAB7HicbZDNTgIxFIXv4B/iH+rSTSMxcUVm2Kg7IhuXmDhAAhPSKR2odNpJ2zEhE97BjQs1bn0gd76NHZiFgidp8uXce9N7T5hwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tEyVYT6RHKpeiHWlDNBfcMMp71EURyHnHbDaSuvd5+o0kyKBzNLaBDjsWARI9hYq9OSwtKwWnPr7kJoHbwCalCoPax+DUaSpDEVhnCsdd9zExNkWBlGOJ1XBqmmCSZTPKZ9iwLHVAfZYts5urDOCEVS2ScMWri/JzIcaz2LQ9sZYzPRq7Xc/K/WT010HWRMJKmhgiw/ilKOjET56WjEFCWGzyxgopjdFZEJVpgYG1DFhuCtnrwOfqN+U/fuG7XmbZFGGc7gHC7Bgytowh20wQcCj/AMr/DmSOfFeXc+lq0lp5g5hT9yPn8A58uO4A==</latexit>

Figure	from	Bai	and	Ritter	(2019),	Model	from	Zeng	et	al.	(2015)



Open	IE



Open	Information	Extraction

‣ Typically	no	fixed	relation	inventory

‣ “Open”ness	—	want	to	be	able	to	extract	all	kinds	of	information	from	
open-domain	text

‣ Acquire	commonsense	knowledge	just	from	“reading”	about	it,	but	
need	to	process	lots	of	text	(“machine	reading”)



TextRunner
‣ Extract	positive	examples	of	(e,	r,	e)	triples	via	parsing	and	heuristics

Barack	Obama,	44th	president	of	the	United	States,	was	born	on	August	
4,	1961	in	Honolulu

=>	Barack_Obama,	was	born	in,	Honolulu

‣ Train	a	Naive	Bayes	classifier	to	filter	triples	from	raw	text:	uses	features	
on	POS	tags,	lexical	features,	stopwords,	etc.

‣ 80x	faster	than	running	a	parser	(which	was	slow	in	2007…)

Banko	et	al.	(2007)

‣ Use	multiple	instances	of	extractions	to	assign	probability	to	a	relation



Exploiting	Redundancy

Banko	et	al.	(2007)

‣ Concrete:	definitely	true 
Abstract:	possibly	true	but	underspecified

‣ Hard	to	evaluate:	can	assess	precision 
of	extracted	facts,	but	how	do	we	know 
recall?

‣ 9M	web	pages	/	133M	sentences

‣ 2.2	tuples	extracted	per	sentence,	filter 
based	on	probabilities



ReVerb

Fader	et	al.	(2011)

‣ More	constraints:	open	relations	have	to	begin	with	verb,	end	with	
preposition,	be	contiguous	(e.g.,	was	born	on)

‣ Extract	more	meaningful	relations,	particularly	with	light	verbs



ReVerb

Fader	et	al.	(2011)

‣ For	each	verb,	identify	the	longest	sequence	of	words	following	the	
verb	that	satisfy	a	POS	regex	(V	.*	P)	and	which	satisfy	heuristic	lexical	
constraints	on	specificity

‣ Find	the	nearest	arguments	
on	either	side	of	the	relation

‣ Annotators	labeled	relations	in	
500	documents	to	assess	
recall



Takeaways

‣ Relation	extraction:	can	collect	data	with	distant	supervision,	use	this	to	
expand	knowledge	bases

‣ Slot	filling:	tied	to	a	specific	ontology,	but	gives	fine-grained	information

‣ Open	IE:	extracts	lots	of	things,	but	hard	to	know	how	good	or	useful	
they	are

‣ Can	combine	with	standard	question	answering

‣ Add	new	facts	to	knowledge	bases

‣ SRL:	handle	a	bunch	of	phenomena,	but	more	or	less	like	syntax++	in	
terms	of	what	they	represent

‣ Many,	many	applications	and	techniques


