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Machine Reading: From Text to
Knowledge Structures
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Restaurant Loca,on

Organiza,on Event

This hotel is my favorite Hilton
property in NYC! It is located 

right on 42nd street near 
Times Square, it is close to all
subways, Broadways shows,
and next to great restaurants 

like Junior’s Cheesecake, 
Virgil’s BBQ and many others.

-- TripAdvisor
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1. “Typed” en,,es
2. “Typed” rela,onships



Prior Art: Machine Reading with
Repeated Human Annotation Effort
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This hotel is my favorite Hilton
property in NYC! It is located 

right on 42nd street near Times 
Square, it is close to all

subways, Broadways shows,
and next to many great …

… The June 2013 
Egyp,an protest

were mass protest
event that occurred 
in Egypt on 30 June 

2013, …

Human
labeling

… We had a room 
facing Times Square 
and a room facing 
the Empire State

Building, The locaPon 
is close to everything 

and we love …

Extraction Rules
Machine-Learning Models

Broadways shows

NYC

Hilton
property

Labeled data Text Corpus

Knowledge facts

Times square

hotel



Making Machine Learning Cheaper on
Knowledge Extraction
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Dataset-specific
ModelsDataset Knowledge

structures

• Enables quick development of applications over various corpora
• Extracts complex structures without introducing human errors

News
ar,cles

CS
papers

Structured
Prior Knowledge



Structured Prior Knowledge
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Domain Dic,onaries

Labeling Rules

Ontologies/Knowledge Graphs
En,ty Type Canonical

Name
Synonyms

Person Donald Trump Trump,
President 
Trump, …

… … …

suitcase

carrying clothes

UsedFor
boxIsA

trophy

cup

UsedFor

AtLoca,on



Challenges of Leveraging Structured
Knowledge
• Noise in the grounding process
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Today is Wednesday.

Entity	
Type

Canonical
Name

Synonyms

Person Wednesday
Addams

Wednesday,	
…

… … …

Person



Challenges of Leveraging Structured
Knowledge
• Noise in the grounding process
• Incompleteness of the knowledge sources
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Person Non-Entity

… Obama Administration Office … … ObamaAdministration Office …



Challenges of Leveraging Structured
Knowledge
• Noise in the grounding process
• Incompleteness of the knowledge sources
• Complex & scalable reasoning
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suitcase

carrying clothes

UsedFor
boxIsA

trophy

cup

UsedFor

AtLoca,on

AtLocation?



Previous Work & This Talk
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Learning named en/ty tagger from domain
dic/onary (Shang et al., EMNLP 2018)

Neural rule grounding (Zhou et al., 2019)
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Learning named en/ty tagger from domain
dic/onary (Shang et al., EMNLP 2018)

Neural rule grounding (Zhou et al., 2019)



Previous Work & This Talk
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Learning named en/ty tagger from domain
dic/onary (Shang et al., EMNLP 2018)

Neural rule grounding (Zhou et al., 2019)

KagNet: Learning to Answer 
Commonsense Ques/ons with 
Knowledge-aware Graph 
Networks (Lin et al., 2019)



Learning Named Entity Tagger 
using Domain-Specific Dictionary

EMNLP 2018
Joint work with Jingbo Shang, Lucas Liu, Xiaotao Gu
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Sequence Tagging: Problem
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INPUT:  Jim  bought 300 shares of  Acme  Corp. in 2006      
LABEL: [Jim]:PER bought 300 shares of [Acme Corp.]:ORG in [2006]:Time

Token-level labels by human annotator

BIO:    B-PER O      O   O     O   B-ORG I-ORG O   B-Time

Every sentence needs to be annotated token by token.



Challenge: Expensive & Slow on
Creating Token-level Training Data
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Achieved new SoTA on multiple
sequence tagging benchmarks

with LM-LSTM-CRF architecture
(Liu et al., 2018)

Can we generate
high-precision, high-recall 

annotations automatically from 
domain dictionaries?

Expensive to adapt to specific 
domains (e.g., biomedical, 

business, finance).

(Liu et al., AAAI 2018)



Can We Train Effective Sequence
Tagger with Distant Supervision?
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En,ty Type Canonical Name Synonyms

Person Donald Trump Trump, President 
Trump, …

… … …

Entity DictionaryUnlabeled corpus Seq tagging
model

No line-by-line annotations, 
Learn named entity tagger 
with distant supervision.

“prior knowledge at the input level”



Distant Supervision: Issues with
Simple Dictionary Matching
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Today is Wednesday.

Entity	
Type

Canonical
Name

Synonyms

Person Wednesday
Addams

Wednesday,	
…

… … …

Person

Person Non-Entity

… Obama Administration Office … … ObamaAdministration Office …

Name ambiguity & context-agnos,c matching à false posiAve

Incomplete dictionary à false positive & false negative



AutoNER: Label Filtering &
Augmentation
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q Removes “irrelevant” entities (and their synonyms) whose 
canonical names never show up in the corpus

q Introduces out-of-dictionary high-quality phrases* as entities of 
“unknown” type

Today is Wednesday.

… Obama Administration Office … … Obama Administration Office …

(Shang et al., EMNLP 2018) *(Shang et al., SIGMOD 2015)



AutoNER: “Tie-or-Break” Schema
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q Label the relationship of two consecutive tokens:
q Tie, when the two tokens are matched to the same entity
q Unknown, if at least one of the tokens belongs to an out-of-

dictionary phrase
q Break, otherwise.

Today is Wednesday.Today is Wednesday

BIOES

“Tie-or-Break”

O O S-PER O O O

Break Break Break Break

(Shang et al., EMNLP 2018)



“Tie-or-Break” Encoding Schema
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q Label the relationship of two consecutive tokens:
q Tie, when the two tokens are matched to the same entity
q Unknown, if at least one of the tokens belongs to an out-of-

dictionary phrase
q Break, otherwise.

Ceramic body and 8GB RAMCeramic body and 8GB RAM

BIOES

“Tie-or-Break”

B-ASP E-ASP O O O

Tie Break Break Break Tie Break Break Unknown

(Shang et al., EMNLP 2018)

B-ASP E-ASP O O O



e r a m i c u n i o d ␣ a n d ␣ 8 G B ␣ R
c2,0 c2,1 c2,2 c2,3 c2,4 c2,5 c2,6 c2, c3,0 c3,1 c3,2 c3,3 c3,4 c3,5 c3,6 c3, c4,0 c4,2c4,1 c4, c5,0 c5,1 c5,2 c5, c6,0

ceramic unibody and␣

Tie Break Unknown

Entity Type: AspectTerm Entity Type: None

c ␣ b y

␣ RAM␣ 8GB ␣

c2,

Break

␣

␣

w i
c6,0c1,0 c3,6

t

with

h
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␣
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Entity Type: None

Unknown

c0, c1,2

AutoNER: Multi-task Prediction of
Entity Spans & Types
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q char-BiLSTM for learning contextualized representation

(Shang et al., EMNLP 2018)
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q char-BiLSTM for learning contextualized representation
q 1st classification layer – “tie” or “break”

(Shang et al., EMNLP 2018)
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q char-BiLSTM for learning contextualized representation
q 1st classification layer – “tie” or “break”
q candidate entity spans – merge token(s) between two “break”s

(Shang et al., EMNLP 2018)
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q 2nd classification layer – determine entity types

(Shang et al., EMNLP 2018)

mul,-class cross-entropy



Results on Biomedical Domain
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q BC5CDR NER dataset: chemical & disease
q Fuzzy-LSTM-CRF: models tokens with “unknown” label
q AutoNER: close to model trained on clean labeled data

Method Precision Recall F1

Dictionary Matching (DM)* 93.93 58.35 71.98

Fuzzy-LSTM-CRF
(DM + label cleaning & augmentation) 88.27 76.75 82.11

AutoNER 88.96 81.00 84.80

LM-LSTM-CRF on gold-standard 88.84 85.16 86.96

*CTD Chemical and Disease vocabularies: 322,882 Chemical and Disease entity names. 



Results on Tech Review Domain
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q LaptopReview NER dataset: aspect terms
q Models are harder to generalize
q Still a significant gap to model trained on clean labeled data

Method Precision Recall F1

Dictionary Matching (DM)* 90.68 44.65 59.84

Fuzzy-LSTM-CRF
(DM + label cleaning & augmentation) 85.08 47.09 60.63

AutoNER 72.27 59.79 65.44

LM-LSTM-CRF on gold-standard 84.80 66.51 74.55

*13,457 computer terms crawled from a public website. 



AutoNER: Effectiveness on
Leveraging Domain Dictionaries

26

AutoNER ≈
300 expert 
annotated 
articles on
BC5CDR
dataset



Neural Rule Grounding for Low-
Resource Relation Extraction

Joint work with Wenxuan Zhou & Hunter Lin, under submission
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Applying Surface Rules for
Relation Extraction
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SUBJ-PER  founded  OBJ-ORG

à found_by

Bill Gates founded Microsoc

Microsoft is founded by Bill Gates

Bill Gates launched Microsoft

Bill Gates is born in Seattle

Matched

Unmatched

Exact Matching

Different words but 
semantically similar



29Neural Rule Grounding for Low-Resource Relation Extraction

Deep learning approaches:

- Pros:
- Latent representation
- Good generalization

- Cons:
- Data hungry
- Hard to interpret

Rule-based approaches:

- Pros:
- Data independent
- Easy to interpret
- High precision

- Cons:
- Low recall (Hard to 

generalize)
- Missing context information

Two Types of Methods



Learning a DNN with Only Rules
& Unlabeled Sentences

30



31Neural Rule Grounding for Low-Resource Rela,on Extrac,on

Learning from Patterns/Rules



32Neural Rule Grounding for Low-Resource Relation Extraction

Learning from Patterns/Rules



33Neural Rule Grounding for Low-Resource Rela,on Extrac,on

Learning by Soft Rule Grounding



Learning a Soft Rule Matching Function

• Perfect matching à score = 1
• Other cases à score = ?

34

SUBJ-PER  founded  OBJ-ORG

Bill Gates founded Microsoc

Microsoft is founded by Bill Gates

Bill Gates launched Microsoc

Bill Gates is born in Seattle

SoU
grounding

0.9

0.8

0.3

1.0

(Zhou et al., 2019)



35Neural Rule Grounding for Low-Resource Relation Extraction

Sentence Encoding
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org: founded_by

per: city_of_born

AGn emb

Weighted
cosine

Rule body

Sentence

AGn emb

(Zhou et al., 2019)

Learning a Soft Rule Matching Function



Interpretable Soft Rule Matching
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Rule body

Se
nt

en
ce

co
nt

ex
t



REGD: Soft Rule Matching for Semi-
supervised Learning

Assign each unmatched sentence a pseudo label and weight 
by soft matching.
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REGD: Soft Rule Matching for Semi-
supervised Learning

39(Zhou et al., 2019)



REGD: Soft Rule Matching for Semi-
supervised Learning

40(Zhou et al., 2019)



Performance Comparison
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Performance Comparison
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Performance Comparison
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Performance Comparison
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Ablation on Components
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Predicting on New Relations

• Apply soft rule matching to new relations with
unseen rules

46



KagNet: Learning to Answer
Commonsense Questions with
Knowledge-aware Graph Networks

Joint work with Bill Lin & Jamin Chen, under submission

47



• Naïve Physics
• Humans' natural understanding of the physical world
• The trophy would not fit in the brown suitcase because it was too big. 

What was too big?
• Folk Psychology

• Humans' innate ability to reason about people's behavior and intentions
• Person A puts his trust in Person B, because ____ ? . (A and B are friends.)

• How can we evaluate the commonsense reasoning capacity of an NLU
model?

• Recent textual multi-choice QA datasets:
• CommonsenseQA (Talmor et al. NAACL 2019)
• CommonsenseNLI(SWAG & HellaSwag, Zellers et al. 2018, 2019)
• SocialIQA (Sap et al. 2019)

What is Commonsense Reasoning?



CommonsenseQA dataset (Talmor et al. 2019 )

State-of-the-art Model: Fine-tuning BERT-based classifiers

heps://www.tau-nlp.org/commonsenseqa

https://www.tau-nlp.org/commonsenseqa


Our Idea: Imposing External Knowledge

Challenges:
• 1. How can we find the

most relevant paths in
KG? (noisy)

• 2. What if the best path
is not existent in the
KG? (incomplete)

glue_stick

adult

work

CapableOf

AtLocation AtLo
cati

on

office

use

Ha
sS
ub
ev
en
t

CapableOf

ReceiveAction

Grounding
Knowledge-Aware

Commonsense Inference

Schema Graph

Where do adults use glue sticks?

A: classroom B: office C: desk@drawer
Structured 
Commonsense
Knowledge 

(e.g. ConceptNet)



KagNet: Knowledge-Aware Graph Networks

Schema Graph

Question
Answer Concept Recognition

Question
Concepts

Language
Encoder (e.g. BERT)

Graph Construction
via Path Finding

Statement Vector

Answer
Concepts

Graph
Vector

MLP

Plausibility score

GCN-LSTM-HPA

KagNet
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Schema Graph

Question
Answer Concept Recognition

Question
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Plausibility score

GCN-LSTM-HPA

KagNet



The@GCN-LSTM-HPA@Architecture

GCNs

! Encoding Unlabeled
Schema Graphs

Statement Vectors
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<latexit sha1_base64="6SalFpAG/xZaMwaiQhZwsLyyDW4=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMQQcJuFPQY9OIxgnlAsoTZSW8yZvbhTG8gLPkOLx4U8erHePNvnCR70GhBQ1HVTXeXF0uh0ba/rNzK6tr6Rn6zsLW9s7tX3D9o6ihRHBo8kpFqe0yDFCE0UKCEdqyABZ6Elje6mfmtMSgtovAeJzG4ARuEwhecoZHcrgfIemlZnD2cTnvFkl2x56B/iZOREslQ7xU/u/2IJwGEyCXTuuPYMbopUyi4hGmhm2iIGR+xAXQMDVkA2k3nR0/piVH61I+UqRDpXP05kbJA60ngmc6A4VAvezPxP6+ToH/lpiKME4SQLxb5iaQY0VkCtC8UcJQTQxhXwtxK+ZApxtHkVDAhOMsv/yXNasU5r1TvLkq16yyOPDkix6RMHHJJauSW1EmDcPJInsgLebXG1rP1Zr0vWnNWNnNIfsH6+AYLWpGf</latexit>

LSTM( )Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

…..

…..
g

<latexit sha1_base64="CFenPOxUj3CMv4UAOfuuXhcuTTU=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy4cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OEyrNY/lgpgn6ER1JHnJGjZUe+xE14yDMRrNBperW3DnIKvEKUoUCzUHlqz+MWRqhNExQrXuemxg/o8pwJnBW7qcaE8omdIQ9SyWNUPvZPPGMnFtlSMJY2ScNmau/NzIaaT2NAjuZJ9TLXi7+5/VSE974GZdJalCyxUdhKoiJSX4+GXKFzIipJZQpbrMSNqaKMmNLKtsSvOWTV0m7XvMua/X7q2rDLeoowSmcwQV4cA0NuIMmtICBhGd4hTdHOy/Ou/OxGF1zip0T+APn8wffSJD9</latexit>

" Modeling Relational Paths between

R
<latexit sha1_base64="CrLsuWMDMFWjz+iaUw09lj4OVG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF4+t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTjm5n/8IRK81jem0mCfkSHkoecUWOl5l2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctK3c3jKMIJnMI5eHAFdbiFBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPqIWMyA==</latexit>

T
<latexit sha1_base64="KcCkQ8Dr2DPVFNecfOXjV24oJ5Y=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3LNzeMowDlcwBV4cAs1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+rjYzK</latexit>

W1
<latexit sha1_base64="LJRhcNBTUKLIm/qdf0cGHFUw/UU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvOhN6zW3Lq7AFknXkFqUKA1rH75o5ilEUrDBNW677mJGWRUGc4Ezit+qjGhbErH2LdU0gj1IFtknpMLq4xIGCv7pCEL9fdGRiOtZ1FgJ/OMetXLxf+8fmrC20HGZZIalGx5KEwFMTHJCyAjrpAZMbOEMsVtVsImVFFmbE0VW4K3+uV10mnUvat64+G61nSLOspwBudwCR7cQBPuoQVtYJDAM7zCm5M6L86787EcLTnFzin8gfP5A/POkZE=</latexit>

W2
<latexit sha1_base64="lzkh16eyo/LRndrm7yyJ5f1AZBU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvNhY1ituXV3AbJOvILUoEBrWP3yRzFLI5SGCap133MTM8ioMpwJnFf8VGNC2ZSOsW+ppBHqQbbIPCcXVhmRMFb2SUMW6u+NjEZaz6LATuYZ9aqXi/95/dSEt4OMyyQ1KNnyUJgKYmKSF0BGXCEzYmYJZYrbrIRNqKLM2JoqtgRv9cvrpNOoe1f1xsN1rekWdZThDM7hEjy4gSbcQwvawCCBZ3iFNyd1Xpx352M5WnKKnVP4A+fzB/VSkZI=</latexit>

Graph Vector

c(a)j
<latexit sha1_base64="6jx4y/5xilUNLmSm8VO3ZuDeHtU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabaNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3pPz6kZXw+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gA8EY/6</latexit>

c(q)i
<latexit sha1_base64="cFp0lm/JqJAAbxCNYiELRwyFIY0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabYNTbJrkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3ps4e0/Hg+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gBS55AJ</latexit>

and

g
<latexit sha1_base64="70nNBQaCBgZQwVTQrRxMMmGaQK4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK30MCoPKlW35s5BVolXkCoUaA4qX/1hzNKIK2SSGtPz3AT9jGoUTPJZuZ8anlA2oSPes1TRiBs/m186I+dWGZIw1rYUkrn6eyKjkTHTKLCdEcWxWfZy8T+vl2J442dCJSlyxRaLwlQSjEn+NhkKzRnKqSWUaWFvJWxMNWVow8lD8JZfXiXtes27rNXvr6oNt4ijBKdwBhfgwTU04A6a0AIGITzDK7w5E+fFeXc+Fq1rTjFzAn/gfP4A/MyM8Q==</latexit>

#

$
%
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GCNs

! Encoding Unlabeled
Schema Graphs

Statement Vectors
<latexit sha1_base64="lILmndifYlXYYd3TBDeiCV0kJuw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0alXvolq7v6zUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A9u6RGw==</latexit>

Cq
<latexit sha1_base64="5OMPA+86tRP1ySu0Q8DeEiYVzTU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLYjcsK9gHtWDJppg3NJGOSUcrQ/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63s7K6tr6xWdgqbu/s7u2XDg5bWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28G4nvntR6o0k+LOTGLqR3goWMgINla670XYjAjmaX3afyj2S2W34s6AlomXkzLkaPRLX72BJElEhSEca9313Nj4KVaGEU6nxV6iaYzJGA9p11KBI6r9dJZ6ik6tMkChVPYJg2bq740UR1pPosBOZin1opeJ/3ndxIRXfspEnBgqyPxQmHBkJMoqQAOmKDF8YgkmitmsiIywwsTYorISvMUvL5NWteKdV6q3F+XadV5HAY7hBM7Ag0uowQ00oAkEFDzDK7w5T86L8+58zEdXnHznCP7A+fwBPJySVQ==</latexit>

Ca
<latexit sha1_base64="dQQHt0/0PBOFo0bEC+awhykIroQ=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLYjcsK9gFtKDfTSTt0Mokzk0IJ/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgobm1vbO8Xd0t7+weFR+fikraJEEtoiEY9k10dFORO0pZnmtBtLiqHPacefNDK/M6VSsUg86llMvRBHggWMoDaS1w9RjwnytDEf4KBccarOAvY6cXNSgRzNQfmrP4xIElKhCUeleq4Tay9FqRnhdF7qJ4rGSCY4oj1DBYZUeeki9Ny+MMrQDiJpntD2Qv29kWKo1Cz0zWQWUq16mfif10t0cOulTMSJpoIsDwUJt3VkZw3YQyYp0XxmCBLJTFabjFEi0aankinBXf3yOmnXqu5VtfZwXanf5XUU4QzO4RJcuIE63EMTWkDgCZ7hFd6sqfVivVsfy9GCle+cwh9Ynz/q6JIx</latexit>

Ri,j
<latexit sha1_base64="IoEu3A5j4ruZ01pKrQYyOC/3ry0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkqigi6LblxWsQ9oQ5hMJ+3YySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1zgoQzpR3n2yqtrK6tb5Q3K1vbO7t79v5BS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Db322MqFYvFo54k1IvwQLCQEayN5Nt2L8J6GITZw9TP2NnT1LerTs2ZAS0TtyBVKNDw7a9ePyZpRIUmHCvVdZ1EexmWmhFOp5VeqmiCyQgPaNdQgSOqvGyWfIpOjNJHYSzNExrN1N8bGY6UmkSBmcxzqkUvF//zuqkOr72MiSTVVJD5oTDlSMcorwH1maRE84khmEhmsiIyxBITbcqqmBLcxS8vk9Z5zb2ond9fVus3RR1lOIJjOAUXrqAOd9CAJhAYwzO8wpuVWS/Wu/UxHy1Zxc4h/IH1+QPDdpO9</latexit>

LSTM Path Encoder

Ti,j
<latexit sha1_base64="W8O8ds2U1YgPDUbktjjnwFXWkBo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkqigi6LblxW6AvaECbTSTt2Mgkzk0IJ/RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvs/9zoRKxWLR1NOEehEeChYygrWRfNvuR1iPgjBrzvyMXTzNfLvq1Jw50CpxC1KFAg3f/uoPYpJGVGjCsVI910m0l2GpGeF0VumniiaYjPGQ9gwVOKLKy+bJZ+jMKAMUxtI8odFc/b2R4UipaRSYyTynWvZy8T+vl+rw1suYSFJNBVkcClOOdIzyGtCASUo0nxqCiWQmKyIjLDHRpqyKKcFd/vIqaV/W3Kva5eN1tX5X1FGGEziFc3DhBurwAA1oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP8aMk78=</latexit>

Pi,j
<latexit sha1_base64="wjgZQHVCe19RlY4Rdt9vOhdqX/Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBT0WvXisYD+gDWWznbRrN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOlVr2X8bPHSa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx27oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE177GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLIheIsvL5PmedW7qJ7fX1ZqN3kcRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMW8tOPnMIfyB8/kDGqSPag==</latexit>

Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

↵(i,j,k)
<latexit sha1_base64="xtPE3JNDuXx21OqzTCU6ws7I8C8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUKCWpgh6LXjxWsB/QhjDZbtq1m03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n21pb39jc2i7sFHf39g8O7aPjlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdDfz22MqFYvFo54k1ItgIFjICGgj+bbdA54Mwc/KrPJUGV1MfbvkVJ058Cpxc1JCORq+/dXrxySNqNCEg1Jd10m0l4HUjHA6LfZSRRMgIxjQrqECIqq8bH75FJ8bpY/DWJoSGs/V3xMZREpNosB0RqCHatmbif953VSHN17GRJJqKshiUZhyrGM8iwH3maRE84khQCQzt2IyBAlEm7CKJgR3+eVV0qpV3ctq7eGqVL/N4yigU3SGyshF16iO7lEDNRFBY/SMXtGblVkv1rv1sWhds/KZE/QH1ucPh0KS7w==</latexit>

Path-level Attention

ConceptPair-level Attention.

�(i,j)
<latexit sha1_base64="6SalFpAG/xZaMwaiQhZwsLyyDW4=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMQQcJuFPQY9OIxgnlAsoTZSW8yZvbhTG8gLPkOLx4U8erHePNvnCR70GhBQ1HVTXeXF0uh0ba/rNzK6tr6Rn6zsLW9s7tX3D9o6ihRHBo8kpFqe0yDFCE0UKCEdqyABZ6Elje6mfmtMSgtovAeJzG4ARuEwhecoZHcrgfIemlZnD2cTnvFkl2x56B/iZOREslQ7xU/u/2IJwGEyCXTuuPYMbopUyi4hGmhm2iIGR+xAXQMDVkA2k3nR0/piVH61I+UqRDpXP05kbJA60ngmc6A4VAvezPxP6+ToH/lpiKME4SQLxb5iaQY0VkCtC8UcJQTQxhXwtxK+ZApxtHkVDAhOMsv/yXNasU5r1TvLkq16yyOPDkix6RMHHJJauSW1EmDcPJInsgLebXG1rP1Zr0vWnNWNnNIfsH6+AYLWpGf</latexit>

LSTM( )Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

…..

…..
g

<latexit sha1_base64="CFenPOxUj3CMv4UAOfuuXhcuTTU=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy4cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OEyrNY/lgpgn6ER1JHnJGjZUe+xE14yDMRrNBperW3DnIKvEKUoUCzUHlqz+MWRqhNExQrXuemxg/o8pwJnBW7qcaE8omdIQ9SyWNUPvZPPGMnFtlSMJY2ScNmau/NzIaaT2NAjuZJ9TLXi7+5/VSE974GZdJalCyxUdhKoiJSX4+GXKFzIipJZQpbrMSNqaKMmNLKtsSvOWTV0m7XvMua/X7q2rDLeoowSmcwQV4cA0NuIMmtICBhGd4hTdHOy/Ou/OxGF1zip0T+APn8wffSJD9</latexit>

" Modeling Relational Paths between

R
<latexit sha1_base64="CrLsuWMDMFWjz+iaUw09lj4OVG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF4+t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTjm5n/8IRK81jem0mCfkSHkoecUWOl5l2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctK3c3jKMIJnMI5eHAFdbiFBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPqIWMyA==</latexit>

T
<latexit sha1_base64="KcCkQ8Dr2DPVFNecfOXjV24oJ5Y=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3LNzeMowDlcwBV4cAs1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+rjYzK</latexit>

W1
<latexit sha1_base64="LJRhcNBTUKLIm/qdf0cGHFUw/UU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvOhN6zW3Lq7AFknXkFqUKA1rH75o5ilEUrDBNW677mJGWRUGc4Ezit+qjGhbErH2LdU0gj1IFtknpMLq4xIGCv7pCEL9fdGRiOtZ1FgJ/OMetXLxf+8fmrC20HGZZIalGx5KEwFMTHJCyAjrpAZMbOEMsVtVsImVFFmbE0VW4K3+uV10mnUvat64+G61nSLOspwBudwCR7cQBPuoQVtYJDAM7zCm5M6L86787EcLTnFzin8gfP5A/POkZE=</latexit>

W2
<latexit sha1_base64="lzkh16eyo/LRndrm7yyJ5f1AZBU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvNhY1ituXV3AbJOvILUoEBrWP3yRzFLI5SGCap133MTM8ioMpwJnFf8VGNC2ZSOsW+ppBHqQbbIPCcXVhmRMFb2SUMW6u+NjEZaz6LATuYZ9aqXi/95/dSEt4OMyyQ1KNnyUJgKYmKSF0BGXCEzYmYJZYrbrIRNqKLM2JoqtgRv9cvrpNOoe1f1xsN1rekWdZThDM7hEjy4gSbcQwvawCCBZ3iFNyd1Xpx352M5WnKKnVP4A+fzB/VSkZI=</latexit>

Graph Vector

c(a)j
<latexit sha1_base64="6jx4y/5xilUNLmSm8VO3ZuDeHtU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabaNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3pPz6kZXw+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gA8EY/6</latexit>

c(q)i
<latexit sha1_base64="cFp0lm/JqJAAbxCNYiELRwyFIY0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabYNTbJrkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3ps4e0/Hg+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gBS55AJ</latexit>

and

g
<latexit sha1_base64="70nNBQaCBgZQwVTQrRxMMmGaQK4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK30MCoPKlW35s5BVolXkCoUaA4qX/1hzNKIK2SSGtPz3AT9jGoUTPJZuZ8anlA2oSPes1TRiBs/m186I+dWGZIw1rYUkrn6eyKjkTHTKLCdEcWxWfZy8T+vl2J442dCJSlyxRaLwlQSjEn+NhkKzRnKqSWUaWFvJWxMNWVow8lD8JZfXiXtes27rNXvr6oNt4ijBKdwBhfgwTU04A6a0AIGITzDK7w5E+fFeXc+Fq1rTjFzAn/gfP4A/MyM8Q==</latexit>

#

$
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GCNs

! Encoding Unlabeled
Schema Graphs

Statement Vectors
<latexit sha1_base64="lILmndifYlXYYd3TBDeiCV0kJuw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0alXvolq7v6zUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A9u6RGw==</latexit>

Cq
<latexit sha1_base64="5OMPA+86tRP1ySu0Q8DeEiYVzTU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLYjcsK9gHtWDJppg3NJGOSUcrQ/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63s7K6tr6xWdgqbu/s7u2XDg5bWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28G4nvntR6o0k+LOTGLqR3goWMgINla670XYjAjmaX3afyj2S2W34s6AlomXkzLkaPRLX72BJElEhSEca9313Nj4KVaGEU6nxV6iaYzJGA9p11KBI6r9dJZ6ik6tMkChVPYJg2bq740UR1pPosBOZin1opeJ/3ndxIRXfspEnBgqyPxQmHBkJMoqQAOmKDF8YgkmitmsiIywwsTYorISvMUvL5NWteKdV6q3F+XadV5HAY7hBM7Ag0uowQ00oAkEFDzDK7w5T86L8+58zEdXnHznCP7A+fwBPJySVQ==</latexit>

Ca
<latexit sha1_base64="dQQHt0/0PBOFo0bEC+awhykIroQ=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLYjcsK9gFtKDfTSTt0Mokzk0IJ/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgobm1vbO8Xd0t7+weFR+fikraJEEtoiEY9k10dFORO0pZnmtBtLiqHPacefNDK/M6VSsUg86llMvRBHggWMoDaS1w9RjwnytDEf4KBccarOAvY6cXNSgRzNQfmrP4xIElKhCUeleq4Tay9FqRnhdF7qJ4rGSCY4oj1DBYZUeeki9Ny+MMrQDiJpntD2Qv29kWKo1Cz0zWQWUq16mfif10t0cOulTMSJpoIsDwUJt3VkZw3YQyYp0XxmCBLJTFabjFEi0aankinBXf3yOmnXqu5VtfZwXanf5XUU4QzO4RJcuIE63EMTWkDgCZ7hFd6sqfVivVsfy9GCle+cwh9Ynz/q6JIx</latexit>

Ri,j
<latexit sha1_base64="IoEu3A5j4ruZ01pKrQYyOC/3ry0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkqigi6LblxWsQ9oQ5hMJ+3YySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1zgoQzpR3n2yqtrK6tb5Q3K1vbO7t79v5BS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Db322MqFYvFo54k1IvwQLCQEayN5Nt2L8J6GITZw9TP2NnT1LerTs2ZAS0TtyBVKNDw7a9ePyZpRIUmHCvVdZ1EexmWmhFOp5VeqmiCyQgPaNdQgSOqvGyWfIpOjNJHYSzNExrN1N8bGY6UmkSBmcxzqkUvF//zuqkOr72MiSTVVJD5oTDlSMcorwH1maRE84khmEhmsiIyxBITbcqqmBLcxS8vk9Z5zb2ond9fVus3RR1lOIJjOAUXrqAOd9CAJhAYwzO8wpuVWS/Wu/UxHy1Zxc4h/IH1+QPDdpO9</latexit>

LSTM Path Encoder

Ti,j
<latexit sha1_base64="W8O8ds2U1YgPDUbktjjnwFXWkBo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkqigi6LblxW6AvaECbTSTt2Mgkzk0IJ/RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvs/9zoRKxWLR1NOEehEeChYygrWRfNvuR1iPgjBrzvyMXTzNfLvq1Jw50CpxC1KFAg3f/uoPYpJGVGjCsVI910m0l2GpGeF0VumniiaYjPGQ9gwVOKLKy+bJZ+jMKAMUxtI8odFc/b2R4UipaRSYyTynWvZy8T+vl+rw1suYSFJNBVkcClOOdIzyGtCASUo0nxqCiWQmKyIjLDHRpqyKKcFd/vIqaV/W3Kva5eN1tX5X1FGGEziFc3DhBurwAA1oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP8aMk78=</latexit>

Pi,j
<latexit sha1_base64="wjgZQHVCe19RlY4Rdt9vOhdqX/Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBT0WvXisYD+gDWWznbRrN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOlVr2X8bPHSa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx27oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE177GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLIheIsvL5PmedW7qJ7fX1ZqN3kcRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMW8tOPnMIfyB8/kDGqSPag==</latexit>

Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

↵(i,j,k)
<latexit sha1_base64="xtPE3JNDuXx21OqzTCU6ws7I8C8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUKCWpgh6LXjxWsB/QhjDZbtq1m03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n21pb39jc2i7sFHf39g8O7aPjlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdDfz22MqFYvFo54k1ItgIFjICGgj+bbdA54Mwc/KrPJUGV1MfbvkVJ058Cpxc1JCORq+/dXrxySNqNCEg1Jd10m0l4HUjHA6LfZSRRMgIxjQrqECIqq8bH75FJ8bpY/DWJoSGs/V3xMZREpNosB0RqCHatmbif953VSHN17GRJJqKshiUZhyrGM8iwH3maRE84khQCQzt2IyBAlEm7CKJgR3+eVV0qpV3ctq7eGqVL/N4yigU3SGyshF16iO7lEDNRFBY/SMXtGblVkv1rv1sWhds/KZE/QH1ucPh0KS7w==</latexit>

Path-level Attention

ConceptPair-level Attention.

�(i,j)
<latexit sha1_base64="6SalFpAG/xZaMwaiQhZwsLyyDW4=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMQQcJuFPQY9OIxgnlAsoTZSW8yZvbhTG8gLPkOLx4U8erHePNvnCR70GhBQ1HVTXeXF0uh0ba/rNzK6tr6Rn6zsLW9s7tX3D9o6ihRHBo8kpFqe0yDFCE0UKCEdqyABZ6Elje6mfmtMSgtovAeJzG4ARuEwhecoZHcrgfIemlZnD2cTnvFkl2x56B/iZOREslQ7xU/u/2IJwGEyCXTuuPYMbopUyi4hGmhm2iIGR+xAXQMDVkA2k3nR0/piVH61I+UqRDpXP05kbJA60ngmc6A4VAvezPxP6+ToH/lpiKME4SQLxb5iaQY0VkCtC8UcJQTQxhXwtxK+ZApxtHkVDAhOMsv/yXNasU5r1TvLkq16yyOPDkix6RMHHJJauSW1EmDcPJInsgLebXG1rP1Zr0vWnNWNnNIfsH6+AYLWpGf</latexit>

LSTM( )Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

…..

…..
g

<latexit sha1_base64="CFenPOxUj3CMv4UAOfuuXhcuTTU=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy4cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OEyrNY/lgpgn6ER1JHnJGjZUe+xE14yDMRrNBperW3DnIKvEKUoUCzUHlqz+MWRqhNExQrXuemxg/o8pwJnBW7qcaE8omdIQ9SyWNUPvZPPGMnFtlSMJY2ScNmau/NzIaaT2NAjuZJ9TLXi7+5/VSE974GZdJalCyxUdhKoiJSX4+GXKFzIipJZQpbrMSNqaKMmNLKtsSvOWTV0m7XvMua/X7q2rDLeoowSmcwQV4cA0NuIMmtICBhGd4hTdHOy/Ou/OxGF1zip0T+APn8wffSJD9</latexit>

" Modeling Relational Paths between

R
<latexit sha1_base64="CrLsuWMDMFWjz+iaUw09lj4OVG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF4+t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTjm5n/8IRK81jem0mCfkSHkoecUWOl5l2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctK3c3jKMIJnMI5eHAFdbiFBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPqIWMyA==</latexit>

T
<latexit sha1_base64="KcCkQ8Dr2DPVFNecfOXjV24oJ5Y=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3LNzeMowDlcwBV4cAs1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+rjYzK</latexit>

W1
<latexit sha1_base64="LJRhcNBTUKLIm/qdf0cGHFUw/UU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvOhN6zW3Lq7AFknXkFqUKA1rH75o5ilEUrDBNW677mJGWRUGc4Ezit+qjGhbErH2LdU0gj1IFtknpMLq4xIGCv7pCEL9fdGRiOtZ1FgJ/OMetXLxf+8fmrC20HGZZIalGx5KEwFMTHJCyAjrpAZMbOEMsVtVsImVFFmbE0VW4K3+uV10mnUvat64+G61nSLOspwBudwCR7cQBPuoQVtYJDAM7zCm5M6L86787EcLTnFzin8gfP5A/POkZE=</latexit>

W2
<latexit sha1_base64="lzkh16eyo/LRndrm7yyJ5f1AZBU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvNhY1ituXV3AbJOvILUoEBrWP3yRzFLI5SGCap133MTM8ioMpwJnFf8VGNC2ZSOsW+ppBHqQbbIPCcXVhmRMFb2SUMW6u+NjEZaz6LATuYZ9aqXi/95/dSEt4OMyyQ1KNnyUJgKYmKSF0BGXCEzYmYJZYrbrIRNqKLM2JoqtgRv9cvrpNOoe1f1xsN1rekWdZThDM7hEjy4gSbcQwvawCCBZ3iFNyd1Xpx352M5WnKKnVP4A+fzB/VSkZI=</latexit>

Graph Vector

c(a)j
<latexit sha1_base64="6jx4y/5xilUNLmSm8VO3ZuDeHtU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabaNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3pPz6kZXw+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gA8EY/6</latexit>

c(q)i
<latexit sha1_base64="cFp0lm/JqJAAbxCNYiELRwyFIY0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabYNTbJrkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3ps4e0/Hg+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gBS55AJ</latexit>

and

g
<latexit sha1_base64="70nNBQaCBgZQwVTQrRxMMmGaQK4=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlaPOE24H9GREqFgFK30MCoPKlW35s5BVolXkCoUaA4qX/1hzNKIK2SSGtPz3AT9jGoUTPJZuZ8anlA2oSPes1TRiBs/m186I+dWGZIw1rYUkrn6eyKjkTHTKLCdEcWxWfZy8T+vl2J442dCJSlyxRaLwlQSjEn+NhkKzRnKqSWUaWFvJWxMNWVow8lD8JZfXiXtes27rNXvr6oNt4ijBKdwBhfgwTU04A6a0AIGITzDK7w5E+fFeXc+Fq1rTjFzAn/gfP4A/MyM8Q==</latexit>

#

$
%



The@GCN-LSTM-HPA@Architecture

GCNs

! Encoding Unlabeled
Schema Graphs

Statement Vectors
<latexit sha1_base64="lILmndifYlXYYd3TBDeiCV0kJuw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhpqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0alXvolq7v6zUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A9u6RGw==</latexit>

Cq
<latexit sha1_base64="5OMPA+86tRP1ySu0Q8DeEiYVzTU=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLYjcsK9gHtWDJppg3NJGOSUcrQ/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63s7K6tr6xWdgqbu/s7u2XDg5bWiaK0CaRXKpOgDXlTNCmYYbTTqwojgJO28G4nvntR6o0k+LOTGLqR3goWMgINla670XYjAjmaX3afyj2S2W34s6AlomXkzLkaPRLX72BJElEhSEca9313Nj4KVaGEU6nxV6iaYzJGA9p11KBI6r9dJZ6ik6tMkChVPYJg2bq740UR1pPosBOZin1opeJ/3ndxIRXfspEnBgqyPxQmHBkJMoqQAOmKDF8YgkmitmsiIywwsTYorISvMUvL5NWteKdV6q3F+XadV5HAY7hBM7Ag0uowQ00oAkEFDzDK7w5T86L8+58zEdXnHznCP7A+fwBPJySVQ==</latexit>

Ca
<latexit sha1_base64="dQQHt0/0PBOFo0bEC+awhykIroQ=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLYjcsK9gFtKDfTSTt0Mokzk0IJ/Q43LhRx68e482+ctFlo64GBwzn3cs8cP+ZMacf5tgobm1vbO8Xd0t7+weFR+fikraJEEtoiEY9k10dFORO0pZnmtBtLiqHPacefNDK/M6VSsUg86llMvRBHggWMoDaS1w9RjwnytDEf4KBccarOAvY6cXNSgRzNQfmrP4xIElKhCUeleq4Tay9FqRnhdF7qJ4rGSCY4oj1DBYZUeeki9Ny+MMrQDiJpntD2Qv29kWKo1Cz0zWQWUq16mfif10t0cOulTMSJpoIsDwUJt3VkZw3YQyYp0XxmCBLJTFabjFEi0aankinBXf3yOmnXqu5VtfZwXanf5XUU4QzO4RJcuIE63EMTWkDgCZ7hFd6sqfVivVsfy9GCle+cwh9Ynz/q6JIx</latexit>

Ri,j
<latexit sha1_base64="IoEu3A5j4ruZ01pKrQYyOC/3ry0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkqigi6LblxWsQ9oQ5hMJ+3YySTMTAol9E/cuFDErX/izr9x0mahrQcGDufcyz1zgoQzpR3n2yqtrK6tb5Q3K1vbO7t79v5BS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB6Db322MqFYvFo54k1IvwQLCQEayN5Nt2L8J6GITZw9TP2NnT1LerTs2ZAS0TtyBVKNDw7a9ePyZpRIUmHCvVdZ1EexmWmhFOp5VeqmiCyQgPaNdQgSOqvGyWfIpOjNJHYSzNExrN1N8bGY6UmkSBmcxzqkUvF//zuqkOr72MiSTVVJD5oTDlSMcorwH1maRE84khmEhmsiIyxBITbcqqmBLcxS8vk9Z5zb2ond9fVus3RR1lOIJjOAUXrqAOd9CAJhAYwzO8wpuVWS/Wu/UxHy1Zxc4h/IH1+QPDdpO9</latexit>

LSTM Path Encoder

Ti,j
<latexit sha1_base64="W8O8ds2U1YgPDUbktjjnwFXWkBo=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkqigi6LblxW6AvaECbTSTt2Mgkzk0IJ/RM3LhRx65+482+ctFlo64GBwzn3cs+cIOFMacf5tkpr6xubW+Xtys7u3v6BfXjUVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wvs/9zoRKxWLR1NOEehEeChYygrWRfNvuR1iPgjBrzvyMXTzNfLvq1Jw50CpxC1KFAg3f/uoPYpJGVGjCsVI910m0l2GpGeF0VumniiaYjPGQ9gwVOKLKy+bJZ+jMKAMUxtI8odFc/b2R4UipaRSYyTynWvZy8T+vl+rw1suYSFJNBVkcClOOdIzyGtCASUo0nxqCiWQmKyIjLDHRpqyKKcFd/vIqaV/W3Kva5eN1tX5X1FGGEziFc3DhBurwAA1oAYEJPMMrvFmZ9WK9Wx+L0ZJV7BzDH1ifP8aMk78=</latexit>

Pi,j
<latexit sha1_base64="wjgZQHVCe19RlY4Rdt9vOhdqX/Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBT0WvXisYD+gDWWznbRrN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mHGCfkQHkoecUWOlVr2X8bPHSa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx27oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE177GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLIheIsvL5PmedW7qJ7fX1ZqN3kcRTiCYzgFD66gBndQhwYwGMEzvMKbkzgvzrvzMW8tOPnMIfyB8/kDGqSPag==</latexit>

Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

↵(i,j,k)
<latexit sha1_base64="xtPE3JNDuXx21OqzTCU6ws7I8C8=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUKCWpgh6LXjxWsB/QhjDZbtq1m03Y3RRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgoQzpR3n21pb39jc2i7sFHf39g8O7aPjlopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdDfz22MqFYvFo54k1ItgIFjICGgj+bbdA54Mwc/KrPJUGV1MfbvkVJ058Cpxc1JCORq+/dXrxySNqNCEg1Jd10m0l4HUjHA6LfZSRRMgIxjQrqECIqq8bH75FJ8bpY/DWJoSGs/V3xMZREpNosB0RqCHatmbif953VSHN17GRJJqKshiUZhyrGM8iwH3maRE84khQCQzt2IyBAlEm7CKJgR3+eVV0qpV3ctq7eGqVL/N4yigU3SGyshF16iO7lEDNRFBY/SMXtGblVkv1rv1sWhds/KZE/QH1ucPh0KS7w==</latexit>

Path-level Attention

ConceptPair-level Attention.

�(i,j)
<latexit sha1_base64="6SalFpAG/xZaMwaiQhZwsLyyDW4=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoMQQcJuFPQY9OIxgnlAsoTZSW8yZvbhTG8gLPkOLx4U8erHePNvnCR70GhBQ1HVTXeXF0uh0ba/rNzK6tr6Rn6zsLW9s7tX3D9o6ihRHBo8kpFqe0yDFCE0UKCEdqyABZ6Elje6mfmtMSgtovAeJzG4ARuEwhecoZHcrgfIemlZnD2cTnvFkl2x56B/iZOREslQ7xU/u/2IJwGEyCXTuuPYMbopUyi4hGmhm2iIGR+xAXQMDVkA2k3nR0/piVH61I+UqRDpXP05kbJA60ngmc6A4VAvezPxP6+ToH/lpiKME4SQLxb5iaQY0VkCtC8UcJQTQxhXwtxK+ZApxtHkVDAhOMsv/yXNasU5r1TvLkq16yyOPDkix6RMHHJJauSW1EmDcPJInsgLebXG1rP1Zr0vWnNWNnNIfsH6+AYLWpGf</latexit>

LSTM( )Pi,j [k]
<latexit sha1_base64="teqK/CNCdOXuGAw7kuDknxGtZZM=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdKuix6MVjBfuB26Vk02wbm02WJCuUpf/CiwdFvPpvvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlqmitAmkVyqTog15UzQpmGG006iKI5DTtvh6Gbqt5+o0kyKezNOaBDjgWARI9hY6aHRy9jZ48QfBb1yxa26M6Bl4uWkAjkavfJXty9JGlNhCMda+56bmCDDyjDC6aTUTTVNMBnhAfUtFTimOshmF0/QiVX6KJLKljBopv6eyHCs9TgObWeMzVAvelPxP89PTXQVZEwkqaGCzBdFKUdGoun7qM8UJYaPLcFEMXsrIkOsMDE2pJINwVt8eZm0alXvvFq7u6jUr/M4inAEx3AKHlxCHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AS7eQqw==</latexit>

…..

…..
g

<latexit sha1_base64="CFenPOxUj3CMv4UAOfuuXhcuTTU=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFclaQKuiy4cVnBPrANZTK9aYdOJmFmIpTQv3DjQhG3/o07/8ZJm4W2Hhg4nHMvc+4JEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5zf3OEyrNY/lgpgn6ER1JHnJGjZUe+xE14yDMRrNBperW3DnIKvEKUoUCzUHlqz+MWRqhNExQrXuemxg/o8pwJnBW7qcaE8omdIQ9SyWNUPvZPPGMnFtlSMJY2ScNmau/NzIaaT2NAjuZJ9TLXi7+5/VSE974GZdJalCyxUdhKoiJSX4+GXKFzIipJZQpbrMSNqaKMmNLKtsSvOWTV0m7XvMua/X7q2rDLeoowSmcwQV4cA0NuIMmtICBhGd4hTdHOy/Ou/OxGF1zip0T+APn8wffSJD9</latexit>

" Modeling Relational Paths between

R
<latexit sha1_base64="CrLsuWMDMFWjz+iaUw09lj4OVG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF4+t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTjm5n/8IRK81jem0mCfkSHkoecUWOl5l2/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctK3c3jKMIJnMI5eHAFdbiFBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPqIWMyA==</latexit>

T
<latexit sha1_base64="KcCkQ8Dr2DPVFNecfOXjV24oJ5Y=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGFfkEbymY7adduNmF3I5TQX+DFgyJe/Une/Ddu2xy09cHA470ZZuYFieDauO63s7G5tb2zW9gr7h8cHh2XTk7bOk4VwxaLRay6AdUouMSW4UZgN1FIo0BgJ5jcz/3OEyrNY9k00wT9iI4kDzmjxkqN5qBUdivuAmSdeDkpQ476oPTVH8YsjVAaJqjWPc9NjJ9RZTgTOCv2U40JZRM6wp6lkkao/Wxx6IxcWmVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE975GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7QheKsvr5N2teJdV6qNm3LNzeMowDlcwBV4cAs1eIA6tIABwjO8wpvz6Lw4787HsnXDyWfO4A+czx+rjYzK</latexit>

W1
<latexit sha1_base64="LJRhcNBTUKLIm/qdf0cGHFUw/UU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvOhN6zW3Lq7AFknXkFqUKA1rH75o5ilEUrDBNW677mJGWRUGc4Ezit+qjGhbErH2LdU0gj1IFtknpMLq4xIGCv7pCEL9fdGRiOtZ1FgJ/OMetXLxf+8fmrC20HGZZIalGx5KEwFMTHJCyAjrpAZMbOEMsVtVsImVFFmbE0VW4K3+uV10mnUvat64+G61nSLOspwBudwCR7cQBPuoQVtYJDAM7zCm5M6L86787EcLTnFzin8gfP5A/POkZE=</latexit>

W2
<latexit sha1_base64="lzkh16eyo/LRndrm7yyJ5f1AZBU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRV0GXBjcsK9gFNKZPpTTt0MgkzE6GE/oYbF4q49Wfc+TdO2iy09cDA4Zx7uWdOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0Lve7T6g0j+WjmSU4iOhY8pAzaqzk+xE1kyDMuvNhY1ituXV3AbJOvILUoEBrWP3yRzFLI5SGCap133MTM8ioMpwJnFf8VGNC2ZSOsW+ppBHqQbbIPCcXVhmRMFb2SUMW6u+NjEZaz6LATuYZ9aqXi/95/dSEt4OMyyQ1KNnyUJgKYmKSF0BGXCEzYmYJZYrbrIRNqKLM2JoqtgRv9cvrpNOoe1f1xsN1rekWdZThDM7hEjy4gSbcQwvawCCBZ3iFNyd1Xpx352M5WnKKnVP4A+fzB/VSkZI=</latexit>

Graph Vector

c(a)j
<latexit sha1_base64="6jx4y/5xilUNLmSm8VO3ZuDeHtU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabaNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3pPz6kZXw+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gA8EY/6</latexit>

c(q)i
<latexit sha1_base64="cFp0lm/JqJAAbxCNYiELRwyFIY0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix4MVjBfsh7VqyabYNTbJrkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8fXMbz9RpVkk78wkpr7AQ8lCRrCx0j3ps4e0/Hg+7RdLbsWdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwis/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrWvFqlertRanuZnHk4QROoQweXEIdbqABTSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gBS55AJ</latexit>
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KagNet with Different Base Models &
Trained on Varying Amounts of Data



https://www.tau-nlp.org/csqa-leaderboard

Result on CommonsenseQA Leaderboard
(as of 5/14)

https://www.tau-nlp.org/csqa-leaderboard


Knowledge-Injection Baseline Methods



Transferability

CSQA

SWAG WSC

BERT-KerNet BERT-FineTune

56.53%
59.01%

51.23%
53.51%

No Training!

Interpretability



Summary
• Learnings

• Where to solicit complex rules?
• Coverage of KG grounding; completeness of KG
• Scalability

• Some open problems
• Inducing transferrable, latent structures from pre-trained

models
• Modular network for modeling compositional rules
• Modeling “human efforts” in the objective
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Community
• Deep Learning for Low-resource NLP (DeepLo): ACL 2018,

EMNLP 2019
• Learning on Limited Data (LLD) Workshop: NeurIPS 2018,

ICLR 2019
• Automated Knowledge Base Construction (AKBC)

• Open-source tools
• DS-RelaPonExtracPon: a suite of base models for relaPon extracPon &

distantly-supervised learning techniques hlps://github.com/INK-
USC/DS-RelaPonExtracPon

• AutoNER toolkit: mulPple training opPons (distant training, LM-
augmentaPon, etc.) for building sequence taggers
hlps://github.com/shangjingbo1226/AutoNER

• PubMed literature search powered by
an auto-constructed, open knowledge graph
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hep://usc.edu/life-inet

https://github.com/INK-USC/DS-RelationExtraction
https://github.com/shangjingbo1226/AutoNER
http://usc.edu/life-inet
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Thank You!
• InjecPng structured prior knowledge into various knowledge

extracPon tasks: input level vs. model level

• Aim to lower the reliance on tradiPonal human-annotated data

• Learnings:
• Where to solicit complex rules?
• Coverage of KG grounding; completeness of KG
• Scalability of computaPonal models

• Technology Transfer:
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