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Who am I?

✦Currently a researcher at Amazon 

✦ PhD at UMass Amherst with Prof. Andrew McCallum 

✦ Postdoc at University of Washington with Prof. Hanna Hajishirzi 

✦ Thesis on “Semiparametric Contextual Reasoning Models for QA over KBs and Text”
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Knowledge Graphs - Are they Still Relevant?
✦ Yes!

✦ Industry: 
✦Question Answering powering chatbots and search engines 
✦ Product Knowledge Graphs 
✦Cloud resources 

✦ Specialized domains: 
✦Drug Discovery 
✦Material Science
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Querying KGs
✦How do we get information from KGs?

PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> PREFIX 
rdfs: <http://www.w3.org/2000/01/rdf-schema#>  
PREFIX : <http://rdf.freebase.com/ns/> 
SELECT (?x0 AS ?value) WHERE { 
SELECT DISTINCT ?x0  WHERE { 
?x0 :type.object.type :opera.opera_designer_role . 
?x1 :type.object.type :opera.opera_designer_gig .  
VALUES ?x2 { :m.0pm2fgf }  
?x1 :opera.opera_designer_gig.design_role ?x0 .  
?x2 :opera.opera_production.designers ?x1 .  
FILTER ( ?x0 != ?x1 && ?x0 != ?x2 && ?x1 != ?x2  )}}

PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> PREFIX 
rdfs: <http://www.w3.org/2000/01/rdf-schema#>  
PREFIX : <http://rdf.freebase.com/ns/>  
SELECT (?x0 AS ?value) WHERE { 
SELECT DISTINCT ?x0  WHERE {  
?x0 :type.object.type :measurement_unit.measurement_system . 
VALUES ?x1 { :m.02sj5gj }  
?x0 :measurement_unit.measurement_system.radiance_units ?x1 . 
FILTER ( ?x0 != ?x1  )}}
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Goal #1 : Make NL Interfaces for querying KGs
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Transformer architecture from (Vaswani et al 2017)
8

✓Dramatic success of pre-trained LMs on many NLP tasks 

✓Model parameters pack a lot of knowledge 

✓ Emergent abilities at massive scales.

- Lack of transparency into model mechanisms 

- Hard to update/add new knowledge 

- Less controllable
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K-nearest neighbor classification  
(Image from Wikipedia)

✓ Addition and deletion of data is easy! 

✓Model prediction explained by observing nearest neighbor 

✓ Controllable - a prediction gone wrong can be fixed by 
adding more nearest neighbors

- Much less accurate than parametric models
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Question Answering (Chen et al 2017, Karpukhin et al 2020, Lewis et al 2021, etc) 
Machine Translation (Gu et al 2018, Khandelwal et al 2021) 
Language Modeling (Lee et al 2019, Khandelwal et al 2020) 
Semantic Parsing (Das et al 2021) 
Protein Structure Prediction (Jumper et al 2021) 
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✦ In an enterprise, plethora of KGs (each with their own schema), created by each team.

✦Complex Questions

What are the top 5 countries by GDP that 
have a free trade agreement with the 
European Union, and what are the key 
industries that drive their economic growth?

Which countries have the highest percentage 
of their electricity generation coming from 
renewable sources? 
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✦ In an enterprise, plethora of KGs (each with their own schema), created by each team.

✦Complex Questions

✦ Lack of training data
✦Need experts to annotate, hence expensive
✦ For broad KGs (e.g. Wikidata) hard to obtain coverage for all query types
✦ Privacy concerns sometimes does not allow data collection.
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Desiderata for a NL interface for KGs

✦  Build a natural language interface for querying KGs that
✦Works for Any Knowledge Graph (irrespective of their schema)
✦ Requires no training data (i.e. completely unsupervised)
✦ Ready to be used in reasonable time (~1 day)
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Key Difference from Prior Work
✦ Zero-shot QA over KGs is not new (Su et al 2021)

✦However prior work assumes availability of some training data and queries that need a 
single unseen schema item were considered as zero-shot.

15 Figure from GrailQA paper (Su et al 2021)

No training questions; no prior knowledge of KG schema and query 
distribution.
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Our Approach:  
Bring Your Own KG

To be presented at NAACL 2024
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author

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements
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chemical_ 
composition Analgesic
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treats
Stomach-

upset

side_effect



Emerging Clarity

25



Emerging Clarity

25



Emerging Clarity

25

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements



Emerging Clarity

25

The KG also has information about drugs, 
their side effects, their treatments, etc..

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements



Emerging Clarity

25

The KG also has information about drugs, 
their side effects, their treatments, etc..

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements

Therefore, the KG can answer questions like…



Emerging Clarity

✦Which year was Person X born? 

✦What is X’s age? 

✦How many books X has written? 

✦Who is X married to?

25

The KG also has information about drugs, 
their side effects, their treatments, etc..

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements

Therefore, the KG can answer questions like…



Emerging Clarity

✦Which year was Person X born? 

✦What is X’s age? 

✦How many books X has written? 

✦Who is X married to?

25

The KG also has information about drugs, 
their side effects, their treatments, etc..

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements

Therefore, the KG can answer questions like…

✦What is the chemical composition of 
Drug A? 

✦What are the side effects of A? 

✦How many distinct diseases can be 
treated by A?



Emerging Clarity

✦Which year was Person X born? 

✦What is X’s age? 

✦How many books X has written? 

✦Who is X married to?

25

The KG also has information about drugs, 
their side effects, their treatments, etc..

The KG has information 
about famous people such as their place & 
date of birth, spouse and their professional 

achievements

Therefore, the KG can answer questions like…

✦What is the chemical composition of 
Drug A? 

✦What are the side effects of A? 

✦How many distinct diseases can be 
treated by A?

Can we mechanize this human behavior?



Outline: Rest of the talk
✦ Task Formalization 

✦ BYOKG Approach 

✦ Stage 1: Exploration 

✦ Stage 2: Question Generation 

✦ Stage 3: Reasoning 

✦ Results 

✦ Future directions
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Task: KGQA (Program Synthesis)
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K ✓ E ⇥R⇥ (E [ L [ C)Given KG:

Find answer set  for a natural language query
<latexit sha1_base64="BdYVioP155ZTelgnU+luOaXzpsw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BPXhMwDwgWcLspDcZMzu7zswKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81jem3GCfkQHkoecUWOl+mOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvctypV4pVW+zOPJwAqdwDh5cQRXuoAYNYIDwDK/w5jw4L86787FozTnZzDH8gfP5A98ljQA=</latexit>q

by mapping to a program
<latexit sha1_base64="BdYVioP155ZTelgnU+luOaXzpsw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BPXhMwDwgWcLspDcZMzu7zswKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81jem3GCfkQHkoecUWOl+mOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvctypV4pVW+zOPJwAqdwDh5cQRXuoAYNYIDwDK/w5jw4L86787FozTnZzDH8gfP5A98ljQA=</latexit>q <latexit sha1_base64="RmvuywAVBjPQxBDRzOU3ga/ZRCU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK90nvsVeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCI3j</latexit>pq

s.t.
<latexit sha1_base64="i3TjI6isfMcTFj0Q2ucgupIGJXs=">AAACGXicbVDJSgNBEO2JW4zbqEcvjUHQS5gRUS9CRA+ClwgmCkkcejoV06RnsbsmGIb5DS/+ihcPinjUk39jZ0HcHhQ83quiqp4fS6HRcT6s3MTk1PRMfrYwN7+wuGQvr9R0lCgOVR7JSF36TIMUIVRRoITLWAELfAkXfvdo4F/0QGkRhefYj6EZsOtQtAVnaCTPdhoIt4iYQo/J7CptBAw7nMn0NMs2Y+9mix7QL+0w8248u+iUnCHoX+KOSZGMUfHst0Yr4kkAIXLJtK67TozNlCkUXEJWaCQaYsa77BrqhoYsAN1Mh59ldMMoLdqOlKkQ6VD9PpGyQOt+4JvOwZH6tzcQ//PqCbb3m6kI4wQh5KNF7URSjOggJtoSCjjKviGMK2FupbzDFONowiyYENzfL/8lte2Su1vaOdsplo/HceTJGlknm8Qle6RMTkiFVAknd+SBPJFn6956tF6s11FrzhrPrJIfsN4/AbuKoVs=</latexit>

evalK(pq) = Aq

<latexit sha1_base64="kQqmM6JjqnRWucDfdJ6WhfDPHak=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1GVFFy4r2Ae0Q8mkmTY0k5kmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RoW19Y3NreJ2aWd3b/+gfHjU1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/usv81oQpzSP5ZKYx80IykDzglBgred2QmCElIr2d9ca9csWpOnPgVeLmpAI56r3yV7cf0SRk0lBBtO64Tmy8lCjDqWCzUjfRLCZ0RAasY6kkIdNeOg89w2dW6eMgUvZJg+fq742UhFpPQ99OZiH1speJ/3mdxAQ3XsplnBgm6eJQkAhsIpw1gPtcMWrE1BJCFbdZMR0SRaixPZVsCe7yl1dJ86LqXlUvHy8rtfu8jiKcwCmcgwvXUIMHqEMDKIzhGV7hDU3QC3pHH4vRAsp3juEP0OcPAmOSRg==</latexit>

Aq
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<latexit sha1_base64="BdYVioP155ZTelgnU+luOaXzpsw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BPXhMwDwgWcLspDcZMzu7zswKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81jem3GCfkQHkoecUWOl+mOvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvctypV4pVW+zOPJwAqdwDh5cQRXuoAYNYIDwDK/w5jw4L86787FozTnZzDH8gfP5A98ljQA=</latexit>q
<latexit sha1_base64="RmvuywAVBjPQxBDRzOU3ga/ZRCU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK90nvsVeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCI3j</latexit>pq

<latexit sha1_base64="kQqmM6JjqnRWucDfdJ6WhfDPHak=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWZE1GVFFy4r2Ae0Q8mkmTY0k5kmmUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu5Z4cPxZcG8f5RoW19Y3NreJ2aWd3b/+gfHjU1FGiKGvQSESq7RPNBJesYbgRrB0rRkJfsJY/usv81oQpzSP5ZKYx80IykDzglBgred2QmCElIr2d9ca9csWpOnPgVeLmpAI56r3yV7cf0SRk0lBBtO64Tmy8lCjDqWCzUjfRLCZ0RAasY6kkIdNeOg89w2dW6eMgUvZJg+fq742UhFpPQ99OZiH1speJ/3mdxAQ3XsplnBgm6eJQkAhsIpw1gPtcMWrE1BJCFbdZMR0SRaixPZVsCe7yl1dJ86LqXlUvHy8rtfu8jiKcwCmcgwvXUIMHqEMDKIzhGV7hDU3QC3pHH4vRAsp3juEP0OcPAmOSRg==</latexit>

Aq

Who are the sponsors of the Stanford Medicine X conference series?

(AND conferences.conference_sponsor (JOIN 
conferences.conference_sponsor.conferences 
m.0j2fyjs))

{m.0c1d2_9 (Stanford Anesthesia), 
m.02rkyb4 (Stanford Hospital & Clinics)}

S-expression

Example:

Task: KGQA (Program Synthesis)
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<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP<latexit sha1_base64="yGv5thbjCU58NMx8i4z9lpXwpG4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoiIIBT14rGA/pLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQz9dtPVGkWywczTmgg8ECyiBFsrPR4de1nSY/5k1654lbdGdAy8XJSgRyNXvnL78ckFVQawrHWXc9NTJBhZRjhdFLyU00TTEZ4QLuWSiyoDrLZwRN0YpU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpiS6DjMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGRD8BZfXiats6p3Xq3d1yr12zyOIhzBMZyCBxdQhztoQBMICHiGV3hzlPPivDsf89aCk88cwh84nz+DpJA+</latexit>

:= {pi}
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n
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n n
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<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP<latexit sha1_base64="yGv5thbjCU58NMx8i4z9lpXwpG4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoiIIBT14rGA/pLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQz9dtPVGkWywczTmgg8ECyiBFsrPR4de1nSY/5k1654lbdGdAy8XJSgRyNXvnL78ckFVQawrHWXc9NTJBhZRjhdFLyU00TTEZ4QLuWSiyoDrLZwRN0YpU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpiS6DjMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGRD8BZfXiats6p3Xq3d1yr12zyOIhzBMZyCBxdQhztoQBMICHiGV3hzlPPivDsf89aCk88cwh84nz+DpJA+</latexit>

:= {pi}

BYOKG: Approach
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BYOKG: Approach

Stage 1:  
Symbolic Graph Exploration

Stage 2: 
NL Query Generation

n

n

n
n

n n
n

n n

n
n n

n
n n

n
n n

<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP

(JOIN radio.radio…m.01mxcd7))
LLM: What is the…?
(COUNT (AND computer.des…))
LLM: How many…?
…
(ARGMAX (AND film.dire…))
LLM: Who is the most…?

<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=<latexit sha1_base64="yGv5thbjCU58NMx8i4z9lpXwpG4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoiIIBT14rGA/pLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQz9dtPVGkWywczTmgg8ECyiBFsrPR4de1nSY/5k1654lbdGdAy8XJSgRyNXvnL78ckFVQawrHWXc9NTJBhZRjhdFLyU00TTEZ4QLuWSiyoDrLZwRN0YpU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpiS6DjMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGRD8BZfXiats6p3Xq3d1yr12zyOIhzBMZyCBxdQhztoQBMICHiGV3hzlPPivDsf89aCk88cwh84nz+DpJA+</latexit>

:= {pi}
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<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP

(JOIN radio.radio…m.01mxcd7))
LLM: What is the…?
(COUNT (AND computer.des…))
LLM: How many…?
…
(ARGMAX (AND film.dire…))
LLM: Who is the most…?

<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=<latexit sha1_base64="yGv5thbjCU58NMx8i4z9lpXwpG4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoiIIBT14rGA/pLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQz9dtPVGkWywczTmgg8ECyiBFsrPR4de1nSY/5k1654lbdGdAy8XJSgRyNXvnL78ckFVQawrHWXc9NTJBhZRjhdFLyU00TTEZ4QLuWSiyoDrLZwRN0YpU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpiS6DjMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGRD8BZfXiats6p3Xq3d1yr12zyOIhzBMZyCBxdQhztoQBMICHiGV3hzlPPivDsf89aCk88cwh84nz+DpJA+</latexit>

:= {pi}

1. L2M prompting 
2. Inverse-Consistency
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<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP

(JOIN radio.radio…m.01mxcd7))
LLM: What is the…?
(COUNT (AND computer.des…))
LLM: How many…?
…
(ARGMAX (AND film.dire…))
LLM: Who is the most…?

<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=<latexit sha1_base64="yGv5thbjCU58NMx8i4z9lpXwpG4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoiIIBT14rGA/pLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQz9dtPVGkWywczTmgg8ECyiBFsrPR4de1nSY/5k1654lbdGdAy8XJSgRyNXvnL78ckFVQawrHWXc9NTJBhZRjhdFLyU00TTEZ4QLuWSiyoDrLZwRN0YpU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpiS6DjMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGRD8BZfXiats6p3Xq3d1yr12zyOIhzBMZyCBxdQhztoQBMICHiGV3hzlPPivDsf89aCk88cwh84nz+DpJA+</latexit>

:= {pi}

1. L2M prompting 
2. Inverse-Consistency

Required to be done once for a KG
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<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP

Stage 3: 
Bottom-up Reasoning

(JOIN radio.radio…m.01mxcd7))
LLM: What is the…?
(COUNT (AND computer.des…))
LLM: How many…?
…
(ARGMAX (AND film.dire…))
LLM: Who is the most…?

<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=<latexit sha1_base64="yGv5thbjCU58NMx8i4z9lpXwpG4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoiIIBT14rGA/pLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQz9dtPVGkWywczTmgg8ECyiBFsrPR4de1nSY/5k1654lbdGdAy8XJSgRyNXvnL78ckFVQawrHWXc9NTJBhZRjhdFLyU00TTEZ4QLuWSiyoDrLZwRN0YpU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/87qpiS6DjMkkNVSS+aIo5cjEaPo96jNFieFjSzBRzN6KyBArTIzNqGRD8BZfXiats6p3Xq3d1yr12zyOIhzBMZyCBxdQhztoQBMICHiGV3hzlPPivDsf89aCk88cwh84nz+DpJA+</latexit>

:= {pi}

1. L2M prompting 
2. Inverse-Consistency

Q: What is the name of the tallest art 
director whose profession is director 
of photography?

p1: m.0dgd_

p2: (JOIN profession p1)

p3: (AND art_director p2)

p4: (ARGMAX p3 person.height)

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X LLM



Stage 1: Symbolic Graph Exploration

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.



Stage 1: Symbolic Graph Exploration
<latexit sha1_base64="+0Wc0nwZM3MmhT+bLIhYVP1plNQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokUFUEo1IXLCvYBTQiT6aQdOpMJMxOhhIIbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/rUQqMWlhwYTshkgRRmPS0lQz0k0kQTxkpBOOGrnfeSBSURHf63FCfI4GMY0oRtpIgX2YBA68uoY4EJ6iHHoc6SFGLGtMArviVJ0p4CJxC1IBBZqB/eX1BU45iTVmSKme6yTaz5DUFDMyKXupIgnCIzQgPUNjxInys+kPE3hilD6MhDQVazhVf09kiCs15qHpzE9U814u/uf1Uh1d+hmNk1STGM8WRSmDWsA8ENinkmDNxoYgLKm5FeIhkghrE1vZhODOv7xI2mdV97xau6tV6jdFHCVwBI7BKXDBBaiDW9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fgwyW1w==</latexit>

p0 := co ⇠ C

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.



Stage 1: Symbolic Graph Exploration
<latexit sha1_base64="+0Wc0nwZM3MmhT+bLIhYVP1plNQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokUFUEo1IXLCvYBTQiT6aQdOpMJMxOhhIIbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/rUQqMWlhwYTshkgRRmPS0lQz0k0kQTxkpBOOGrnfeSBSURHf63FCfI4GMY0oRtpIgX2YBA68uoY4EJ6iHHoc6SFGLGtMArviVJ0p4CJxC1IBBZqB/eX1BU45iTVmSKme6yTaz5DUFDMyKXupIgnCIzQgPUNjxInys+kPE3hilD6MhDQVazhVf09kiCs15qHpzE9U814u/uf1Uh1d+hmNk1STGM8WRSmDWsA8ENinkmDNxoYgLKm5FeIhkghrE1vZhODOv7xI2mdV97xau6tV6jdFHCVwBI7BKXDBBaiDW9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fgwyW1w==</latexit>

p0 := co ⇠ C
<latexit sha1_base64="yOuqaItlqzEnSbe3zOqmAQYyNdU="></latexit>

s0 ⇠ {s
�� s 2 R [ C : reachable(p0, s)}

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.



Stage 1: Symbolic Graph Exploration
<latexit sha1_base64="+0Wc0nwZM3MmhT+bLIhYVP1plNQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokUFUEo1IXLCvYBTQiT6aQdOpMJMxOhhIIbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/rUQqMWlhwYTshkgRRmPS0lQz0k0kQTxkpBOOGrnfeSBSURHf63FCfI4GMY0oRtpIgX2YBA68uoY4EJ6iHHoc6SFGLGtMArviVJ0p4CJxC1IBBZqB/eX1BU45iTVmSKme6yTaz5DUFDMyKXupIgnCIzQgPUNjxInys+kPE3hilD6MhDQVazhVf09kiCs15qHpzE9U814u/uf1Uh1d+hmNk1STGM8WRSmDWsA8ENinkmDNxoYgLKm5FeIhkghrE1vZhODOv7xI2mdV97xau6tV6jdFHCVwBI7BKXDBBaiDW9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fgwyW1w==</latexit>

p0 := co ⇠ C
<latexit sha1_base64="yOuqaItlqzEnSbe3zOqmAQYyNdU="></latexit>

s0 ⇠ {s
�� s 2 R [ C : reachable(p0, s)}

<latexit sha1_base64="978JK6VUeuQZupoIXARFt8Aoa9E=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMxIURGEgi5cVrAPaIchk8m0oZkHyR2xDN268VfcuFDErX/gzr8xbWehrQcSDufcS3KOlwiuwLK+jYXFpeWV1cJacX1jc2vb3NltqjiVlDVoLGLZ9ohigkesARwEayeSkdATrOUNrsZ+655JxePoDoYJc0LSi3jAKQEtuSZOXBtfXOIusAcAyPTNIn9UTlzrGCvXOnLNklWxJsDzxM5JCeWou+ZX149pGrIIqCBKdWwrAScjEjgVbFTspoolhA5Ij3U0jUjIlJNNkozwoVZ8HMRSnwjwRP29kZFQqWHo6cmQQF/NemPxP6+TQnDuZDxKUp2PTh8KUoEhxuNasM8loyCGmhAquf4rpn0iCQVdXlGXYM9GnifNk4p9WqneVku167yOAtpHB6iMbHSGaugG1VEDUfSIntErejOejBfj3fiYji4Y+c4e+gPj8wdO0JjU</latexit>

p1 := extend(p0, s0)

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.



Stage 1: Symbolic Graph Exploration
<latexit sha1_base64="+0Wc0nwZM3MmhT+bLIhYVP1plNQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokUFUEo1IXLCvYBTQiT6aQdOpMJMxOhhIIbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/rUQqMWlhwYTshkgRRmPS0lQz0k0kQTxkpBOOGrnfeSBSURHf63FCfI4GMY0oRtpIgX2YBA68uoY4EJ6iHHoc6SFGLGtMArviVJ0p4CJxC1IBBZqB/eX1BU45iTVmSKme6yTaz5DUFDMyKXupIgnCIzQgPUNjxInys+kPE3hilD6MhDQVazhVf09kiCs15qHpzE9U814u/uf1Uh1d+hmNk1STGM8WRSmDWsA8ENinkmDNxoYgLKm5FeIhkghrE1vZhODOv7xI2mdV97xau6tV6jdFHCVwBI7BKXDBBaiDW9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fgwyW1w==</latexit>

p0 := co ⇠ C
<latexit sha1_base64="yOuqaItlqzEnSbe3zOqmAQYyNdU="></latexit>

s0 ⇠ {s
�� s 2 R [ C : reachable(p0, s)}
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p := extend(pt, f)

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.
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f ⇠ F
<latexit sha1_base64="q7dlM+O6tQ5M0OmJ7oDYLC4i8y8=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahgpQZKSqCUNCFywr2Ae0wZNJMG5p5kNwRy9CNG3/FjQtF3PoP7vwb03YW2nog4XDOvSTneLHgCizr28gtLC4tr+RXC2vrG5tb5vZOQ0WJpKxOIxHJlkcUEzxkdeAgWCuWjASeYE1vcDX2m/dMKh6FdzCMmROQXsh9TgloyTX3Y3xxiTvAHgAg1TcLu6NS7MIx9o9cs2iVrQnwPLEzUkQZaq751elGNAlYCFQQpdq2FYOTEgmcCjYqdBLFYkIHpMfamoYkYMpJJylG+FArXexHUp8Q8ET9vZGSQKlh4OnJgEBfzXpj8T+vnYB/7qQ8jBOdjk4f8hOBIcLjSnCXS0ZBDDUhVHL9V0z7RBIKuriCLsGejTxPGidl+7Rcua0Uq9dZHXm0hw5QCdnoDFXRDaqhOqLoET2jV/RmPBkvxrvxMR3NGdnOLvoD4/MHNXyXxA==</latexit>

p := extend(pt, f)

Ground classes to entities

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.



Stage 1: Symbolic Graph Exploration
<latexit sha1_base64="+0Wc0nwZM3MmhT+bLIhYVP1plNQ=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KokUFUEo1IXLCvYBTQiT6aQdOpMJMxOhhIIbf8WNC0Xc+hPu/BsnbRbaeuDC4Zx7ufeeMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/rUQqMWlhwYTshkgRRmPS0lQz0k0kQTxkpBOOGrnfeSBSURHf63FCfI4GMY0oRtpIgX2YBA68uoY4EJ6iHHoc6SFGLGtMArviVJ0p4CJxC1IBBZqB/eX1BU45iTVmSKme6yTaz5DUFDMyKXupIgnCIzQgPUNjxInys+kPE3hilD6MhDQVazhVf09kiCs15qHpzE9U814u/uf1Uh1d+hmNk1STGM8WRSmDWsA8ENinkmDNxoYgLKm5FeIhkghrE1vZhODOv7xI2mdV97xau6tV6jdFHCVwBI7BKXDBBaiDW9AELYDBI3gGr+DNerJerHfrY9a6ZBUzB+APrM8fgwyW1w==</latexit>

p0 := co ⇠ C
<latexit sha1_base64="yOuqaItlqzEnSbe3zOqmAQYyNdU="></latexit>

s0 ⇠ {s
�� s 2 R [ C : reachable(p0, s)}

<latexit sha1_base64="978JK6VUeuQZupoIXARFt8Aoa9E=">AAACCXicbVDLSgMxFM34rPU16tJNsAgVpMxIURGEgi5cVrAPaIchk8m0oZkHyR2xDN268VfcuFDErX/gzr8xbWehrQcSDufcS3KOlwiuwLK+jYXFpeWV1cJacX1jc2vb3NltqjiVlDVoLGLZ9ohigkesARwEayeSkdATrOUNrsZ+655JxePoDoYJc0LSi3jAKQEtuSZOXBtfXOIusAcAyPTNIn9UTlzrGCvXOnLNklWxJsDzxM5JCeWou+ZX149pGrIIqCBKdWwrAScjEjgVbFTspoolhA5Ij3U0jUjIlJNNkozwoVZ8HMRSnwjwRP29kZFQqWHo6cmQQF/NemPxP6+TQnDuZDxKUp2PTh8KUoEhxuNasM8loyCGmhAquf4rpn0iCQVdXlGXYM9GnifNk4p9WqneVku167yOAtpHB6iMbHSGaugG1VEDUfSIntErejOejBfj3fiYji4Y+c4e+gPj8wdO0JjU</latexit>

p1 := extend(p0, s0)

Repeat till t for t-hop complexity
<latexit sha1_base64="9AMdoZAXRDmeF+HEpkGHk3emKo8=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmkqMuCIi4r2Ac0pUymk3boTBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs8cP+ZMacf5tkpr6xubW+Xtys7u3v6BfVjtqCiRhLZJxCPZ87GinIW0rZnmtBdLioXPadefXud+95FKxaLwQc9iOhB4HLKAEayNNLSrAfIUE8gTWE8I5ultNrRrTt2ZA60StyA1KNAa2l/eKCKJoKEmHCvVd51YD1IsNSOcZhUvUTTGZIrHtG9oiAVVg3SePUOnRhmhIJLmhRrN1d8bKRZKzYRvJvOIatnLxf+8fqKDq0HKwjjRNCSLQ0HCkY5QXgQaMUmJ5jNDMJHMZEVkgiUm2tRVMSW4y19eJZ3zuntRb9w3as2boo4yHMMJnIELl9CEO2hBGwg8wTO8wpuVWS/Wu/WxGC1Zxc4R/IH1+QOQr5Qp</latexit>

f ⇠ F
<latexit sha1_base64="q7dlM+O6tQ5M0OmJ7oDYLC4i8y8=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahgpQZKSqCUNCFywr2Ae0wZNJMG5p5kNwRy9CNG3/FjQtF3PoP7vwb03YW2nog4XDOvSTneLHgCizr28gtLC4tr+RXC2vrG5tb5vZOQ0WJpKxOIxHJlkcUEzxkdeAgWCuWjASeYE1vcDX2m/dMKh6FdzCMmROQXsh9TgloyTX3Y3xxiTvAHgAg1TcLu6NS7MIx9o9cs2iVrQnwPLEzUkQZaq751elGNAlYCFQQpdq2FYOTEgmcCjYqdBLFYkIHpMfamoYkYMpJJylG+FArXexHUp8Q8ET9vZGSQKlh4OnJgEBfzXpj8T+vnYB/7qQ8jBOdjk4f8hOBIcLjSnCXS0ZBDDUhVHL9V0z7RBIKuriCLsGejTxPGidl+7Rcua0Uq9dZHXm0hw5QCdnoDFXRDaqhOqLoET2jV/RmPBkvxrvxMR3NGdnOLvoD4/MHNXyXxA==</latexit>

p := extend(pt, f)

Ground classes to entities

Add to
<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p

<latexit sha1_base64="HizVr0hL/dZoYp8yZ+kC/obe4cA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuCLlxWsA9oR7mTpm1oJjMmmUIZ+h1uXCji1o9x59+YaWehrQcCh3PP5Z6cIBZcG9f9dgorq2vrG8XN0tb2zu5eef+gqaNEUdagkYhUO0DNBJesYbgRrB0rhmEgWCsYXWfz1pgpzSN5byYx80McSN7nFI2V/G6IZkhRpO3pQ/2xXHGr7gxkmXg5qUAO6//q9iKahEwaKlDrjufGxk9RGU4Fm5a6iWYx0hEOWMdSiSHTfjoLPSUnVumRfqTsk4bM1N8bKYZaT8LAOrOQenGWif/NOonpX/kpl3FimKTzQ/1EEBORrAHS44pRIyaWIFXcZiV0iAqpsT2VbAne4peXSfOs6l1Uz+/OK7WbvI4iHMExnIIHl1CDW6hDAyg8wTO8wpszdl6cd+djbi04+c4h/IHz+QPx7JI7</latexit>

XP

Fig. from Su et al. On Generating Characteristic-rich Question Sets for QA Evaluation. EMNLP 2016.

Program 
Exploration Set



Stage 1: Symbolic Graph Exploration
(AND medicine.manufactured_drug_form (JOIN medicine.manufactured_drug_form.marketing_end_date 2013-11-30^^http://www.w3.org/2001/
XMLSchema#date))

(AND biology.organism_classification (JOIN biology.organism_classification.fossil_specimens m.0n8_wf9))

(AND measurement_unit.measurement_system (JOIN measurement_unit.measurement_system.pressure_units m.0h5qxr7))

(AND food.beer_style_category (JOIN food.beer_style_category.styles m.02hv1zv))

(AND food.wine_style (JOIN food.wine_style.wines (JOIN wine.wine.wine_producer m.03wz5rd)))

(COUNT (AND exhibitions.exhibition (JOIN (R exhibitions.exhibition_producer.exhibitions_produced) m.059wk)))

(ARGMIN music.music_video music.music_video.initial_release_date)



Stage 1: Symbolic Graph Exploration
(AND medicine.manufactured_drug_form (JOIN medicine.manufactured_drug_form.marketing_end_date 2013-11-30^^http://www.w3.org/2001/
XMLSchema#date))

(AND biology.organism_classification (JOIN biology.organism_classification.fossil_specimens m.0n8_wf9))

(AND measurement_unit.measurement_system (JOIN measurement_unit.measurement_system.pressure_units m.0h5qxr7))

(AND food.beer_style_category (JOIN food.beer_style_category.styles m.02hv1zv))

(AND food.wine_style (JOIN food.wine_style.wines (JOIN wine.wine.wine_producer m.03wz5rd)))

(COUNT (AND exhibitions.exhibition (JOIN (R exhibitions.exhibition_producer.exhibitions_produced) m.059wk)))

(ARGMIN music.music_video music.music_video.initial_release_date)



Stage 1: Symbolic Graph Exploration
(AND medicine.manufactured_drug_form (JOIN medicine.manufactured_drug_form.marketing_end_date 2013-11-30^^http://www.w3.org/2001/
XMLSchema#date))

(AND biology.organism_classification (JOIN biology.organism_classification.fossil_specimens m.0n8_wf9))

(AND measurement_unit.measurement_system (JOIN measurement_unit.measurement_system.pressure_units m.0h5qxr7))

(AND food.beer_style_category (JOIN food.beer_style_category.styles m.02hv1zv))

(AND food.wine_style (JOIN food.wine_style.wines (JOIN wine.wine.wine_producer m.03wz5rd)))

(COUNT (AND exhibitions.exhibition (JOIN (R exhibitions.exhibition_producer.exhibitions_produced) m.059wk)))

(ARGMIN music.music_video music.music_video.initial_release_date)



Stage 1: Symbolic Graph Exploration
(AND medicine.manufactured_drug_form (JOIN medicine.manufactured_drug_form.marketing_end_date 2013-11-30^^http://www.w3.org/2001/
XMLSchema#date))

(AND biology.organism_classification (JOIN biology.organism_classification.fossil_specimens m.0n8_wf9))

(AND measurement_unit.measurement_system (JOIN measurement_unit.measurement_system.pressure_units m.0h5qxr7))

(AND food.beer_style_category (JOIN food.beer_style_category.styles m.02hv1zv))

(AND food.wine_style (JOIN food.wine_style.wines (JOIN wine.wine.wine_producer m.03wz5rd)))

(COUNT (AND exhibitions.exhibition (JOIN (R exhibitions.exhibition_producer.exhibitions_produced) m.059wk)))

(ARGMIN music.music_video music.music_video.initial_release_date)

Fast! 10,000 programs in ~1.5hrs on Freebase
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Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}
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Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}
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Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}

LLM

<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p
<latexit sha1_base64="eai+/EQYL2+NpihYN9NnUy9HKLI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK94+9pFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCo3j</latexit>qp
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Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}

LLM

<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p
<latexit sha1_base64="eai+/EQYL2+NpihYN9NnUy9HKLI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK94+9pFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCo3j</latexit>qp

<latexit sha1_base64="WRJm6gmxrX7LcZQN9I4gA2hFhzw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4rtR/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFSo9FP+uWKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fLhslK7y+Mowgmcwjl4cA01uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w82Vo3F</latexit>

Sp

<latexit sha1_base64="v2Wq44n2LSlWtP14F6ufLbuZvos=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7F2VK/VKqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3UNjLo=</latexit>

+

Schema 
Descriptions

<latexit sha1_base64="n3OusZ/rBlfZ8WiW47LzJw7eKB8="></latexit>

:= {desc(s)
�� s 2 R [ C [ F : contains(p, s)}
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Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}

LLM

<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p
<latexit sha1_base64="eai+/EQYL2+NpihYN9NnUy9HKLI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK94+9pFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCo3j</latexit>qp

<latexit sha1_base64="WRJm6gmxrX7LcZQN9I4gA2hFhzw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4rtR/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFSo9FP+uWKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fLhslK7y+Mowgmcwjl4cA01uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w82Vo3F</latexit>

Sp

<latexit sha1_base64="v2Wq44n2LSlWtP14F6ufLbuZvos=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7F2VK/VKqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3UNjLo=</latexit>

+

Schema 
Descriptions

<latexit sha1_base64="n3OusZ/rBlfZ8WiW47LzJw7eKB8="></latexit>

:= {desc(s)
�� s 2 R [ C [ F : contains(p, s)}

1. Most of our experiments are with small-mid LLMs (7B) 
2. We use open-source models. 



48

Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}

where

LLM

<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p
<latexit sha1_base64="WRJm6gmxrX7LcZQN9I4gA2hFhzw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4rtR/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFSo9FP+uWKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fLhslK7y+Mowgmcwjl4cA01uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w82Vo3F</latexit>

Sp

<latexit sha1_base64="v2Wq44n2LSlWtP14F6ufLbuZvos=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7F2VK/VKqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3UNjLo=</latexit>

+

<latexit sha1_base64="eai+/EQYL2+NpihYN9NnUy9HKLI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK94+9pFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCo3j</latexit>qp
Schema 

Descriptions

<latexit sha1_base64="n3OusZ/rBlfZ8WiW47LzJw7eKB8="></latexit>

:= {desc(s)
�� s 2 R [ C [ F : contains(p, s)}
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Stage 2: Question Generation

Goal:
<latexit sha1_base64="XpuFgYeSMvbzEBTb/YXqM33XLlU=">AAACHnicbVDLSgMxFM34rPVVdekmWIQKUmakPhCEgi5cVrAP6IxDJk3b0EwmJhmhjO2PuPFX3LhQRHClf2P6WNTWA4HDOeeSe08gGFXatn+sufmFxaXl1Ep6dW19YzOztV1RUSwxKeOIRbIWIEUY5aSsqWakJiRBYcBINehcDvzqA5GKRvxWdwXxQtTitEkx0kbyM8duiHQbI5bUevD8ArpJ7t4Xh1D03YC2HvsCupTDidBd6cDt+ZmsnbeHgLPEGZMsGKPkZ77cRoTjkHCNGVKq7thCewmSmmJGemk3VkQg3EEtUjeUo5AoLxme14P7RmnAZiTN4xoO1cmJBIVKdcPAJAd7qmlvIP7n1WPdPPMSykWsCcejj5oxgzqCg65gg0qCNesagrCkZleI20girE2jaVOCM33yLKkc5Z2TfOGmkC1ejetIgV2wB3LAAaegCK5BCZQBBk/gBbyBd+vZerU+rM9RdM4az+yAP7C+fwF8sqIf</latexit>

X := {(qp, p
�� p 2 XP )}

where

LLM

<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p
<latexit sha1_base64="WRJm6gmxrX7LcZQN9I4gA2hFhzw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4rtR/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFSo9FP+uWKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fLhslK7y+Mowgmcwjl4cA01uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w82Vo3F</latexit>

Sp

<latexit sha1_base64="v2Wq44n2LSlWtP14F6ufLbuZvos=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7F2VK/VKqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3UNjLo=</latexit>

+

<latexit sha1_base64="eai+/EQYL2+NpihYN9NnUy9HKLI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9oQ9lsN+3SzSbuToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMrqd+64lrI2L1gOOE+xEdKBEKRtFK94+9pFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6GdUo2CST0rd1PCEshEd8I6likbc+Nns1Ak5sUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06JRuCt/jyMmmeVb2L6vndeaV2k8dRhCM4hlPw4BJqcAt1aACDATzDK7w50nlx3p2PeWvByWcO4Q+czx9kCo3j</latexit>qp
Schema 

Descriptions

<latexit sha1_base64="n3OusZ/rBlfZ8WiW47LzJw7eKB8="></latexit>

:= {desc(s)
�� s 2 R [ C [ F : contains(p, s)}

However, zero-shot LLM generation is challenging: 

#1 Erroneous generations for complex, multi-hop programs 
#2 Incorrect top-1 predictions from the model 
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Stage 2: Question Generation

Query: (JOIN (R movie.written_by) (JOIN movie.starred_actors (JOIN (R movie.starred_actors) "Titanic")))

L2M prompting:

# Step 1:
(JOIN (R movie.starred_actors) m.6594)
Prediction: Who starred in Titanic?

# Step 2: 
(JOIN (R movie.starred_actors) m.6594)
Who starred in Titanic?
(JOIN movie.starred_actors (JOIN (R movie.starred_actors) "Titanic"))
Prediction: What movies have the actors who starred in Titanic starred in?

# Step 3:
(JOIN (R movie.starred_actors) m.6594)
Who starred in Titanic?
(JOIN movie.starred_actors (JOIN (R movie.starred_actors) "Titanic"))
What movies have the actors who starred in Titanic starred in?
(JOIN (R movie.written_by) (JOIN movie.starred_actors (JOIN (R movie.starred_actors) "Titanic")))
Prediction: Who wrote the movies that have actors who starred in the Titanic?

Solution for #1
Least-to-Most Prompting
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Stage 2: Question Generation
Problem #2

LLM

<latexit sha1_base64="wNfgmgdqTYz0ovRyNQADRGX9dd4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCHjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmkm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/TaPowgncArn4MEV1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/3aGM/w==</latexit>p
<latexit sha1_base64="WRJm6gmxrX7LcZQN9I4gA2hFhzw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4rtR/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLFSo9FP+uWKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5V9fLhslK7y+Mowgmcwjl4cA01uIc6NIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w82Vo3F</latexit>

Sp

<latexit sha1_base64="v2Wq44n2LSlWtP14F6ufLbuZvos=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoM6MFjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7F2VK/VKqXqXxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3UNjLo=</latexit>

+

<latexit sha1_base64="+KSXBal45g2BEc9O72aqWuSvWXs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY0IPHCvZD2rVk02wbmmTXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo6up33qiSrNI3plxTH2BB5KFjGBjpfvHXvyQlr3TSa9YcivuDGiZeBkpQYZ6r/jV7UckEVQawrHWHc+NjZ9iZRjhdFLoJprGmIzwgHYslVhQ7aezgyfoxCp9FEbKljRopv6eSLHQeiwC2ymwGepFbyr+53USE176KZNxYqgk80VhwpGJ0PR71GeKEsPHlmCimL0VkSFWmBibUcGG4C2+vEyaZxXvvFK9rZZq11kceTiCYyiDBxdQgxuoQwMICHiGV3hzlPPivDsf89ack80cwh84nz8ZeY/3</latexit>

q(1)p
<latexit sha1_base64="RFcykoFCuY2P6Cqa+17IyXyLuaU=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9ktRT0W9OCxgv2Qdi3ZNNuGJtk1yQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz321lZXVvf2Mxt5bd3dvf2CweHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0dXUbz1RpVkk78w4pr7AA8lCRrCx0v1jL35IS5WzSa9QdMvuDGiZeBkpQoZ6r/DV7UckEVQawrHWHc+NjZ9iZRjhdJLvJprGmIzwgHYslVhQ7aezgyfo1Cp9FEbKljRopv6eSLHQeiwC2ymwGepFbyr+53USE176KZNxYqgk80VhwpGJ0PR71GeKEsPHlmCimL0VkSFWmBibUd6G4C2+vEyalbJ3Xq7eVou16yyOHBzDCZTAgwuowQ3UoQEEBDzDK7w5ynlx3p2PeeuKk80cwR84nz8a/4/4</latexit>

q(2)p

<latexit sha1_base64="9Y3FwO8XK2s0i+9P+pZMgH0UeIg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY0IPHCvZD2rVk02wbmmTXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo6up33qiSrNI3plxTH2BB5KFjGBjpfvHXvyQluXppFcsuRV3BrRMvIyUIEO9V/zq9iOSCCoN4VjrjufGxk+xMoxwOil0E01jTEZ4QDuWSiyo9tPZwRN0YpU+CiNlSxo0U39PpFhoPRaB7RTYDPWiNxX/8zqJCS/9lMk4MVSS+aIw4chEaPo96jNFieFjSzBRzN6KyBArTIzNqGBD8BZfXibNs4p3XqneVku16yyOPBzBMZTBgwuowQ3UoQEEBDzDK7w5ynlx3p2PeWvOyWYO4Q+czx92Z5A0</latexit>

q(n)p

. 

. 

.

Highest log-
probability score 
(but incorrect)

Lower log-
probability score 
(but correct)

Beam Search Decoding
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Stage 2: Question Generation
Solution for #2

Inverse-Consistency Re-ranking

<latexit sha1_base64="ZC4byn7D1DdB6/gOPG0nTF3teqg=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgopREioogFOxCdxX6giaUyXTSDp1MwsxEGmJ/xY0LRdz6I+78G6dtFtp64MLhnHu59x4vYlQqy/o2cmvrG5tb+e3Czu7e/oF5WGzLMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIxxvfzvzOIxGShrypkoi4ARpy6lOMlJb6ZrEJr29g4sAnB96XYb0MJ32zZFWsOeAqsTNSAhkaffPLGYQ4DghXmCEpe7YVKTdFQlHMyLTgxJJECI/RkPQ05Sgg0k3nt0/hqVYG0A+FLq7gXP09kaJAyiTwdGeA1EguezPxP68XK//KTSmPYkU4XizyYwZVCGdBwAEVBCuWaIKwoPpWiEdIIKx0XAUdgr388ippn1fsi0r1oVqq1bM48uAYnIAzYINLUAN3oAFaAIMJeAav4M2YGi/Gu/GxaM0Z2cwR+APj8wc505H/</latexit>

T := y | I,D, xGiven a generative task
<latexit sha1_base64="9Fmvt8pQgcowqh4Y574/tAcR2xk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6kUo2IPHCvYD0lA220m7dJMNuxMhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0gE1+g431ZpbX1jc6u8XdnZ3ds/qB4edbRMFYM2k0KqXkA1CB5DGzkK6CUKaBQI6AaTu5nffQKluYwfMUvAj+go5iFnFI3kNW/7ECWYacBBtebUnTnsVeIWpEYKtAbVr/5QsjSCGJmgWnuuk6CfU4WcCZhW+qmGhLIJHYFnaEwj0H4+P3lqnxllaIdSmYrRnqu/J3IaaZ1FgemMKI71sjcT//O8FMMbP+dxkiLEbLEoTIWN0p79bw+5AoYiM4Qyxc2tNhtTRRmalComBHf55VXSuai7V/XLh8tao1nEUSYn5JScE5dckwa5Jy3SJoxI8kxeyZuF1ov1bn0sWktWMXNM/sD6/AFOr5FL</latexit>

D = ;For our setting,

Standard top-1 prediction  
from a decoding algorithm

<latexit sha1_base64="ofyaDax5rKHOA8aI1ls1sU0UBiA=">AAACCnicbVDLSgMxFM3UV62vUZduokVwoWVGioogFOxCdxX6gs5YMmmmDc08SDLiMHbtxl9x40IRt36BO//GdDoLbT0QcnLOvdzc44SMCmkY31pubn5hcSm/XFhZXVvf0De3miKIOCYNHLCAtx0kCKM+aUgqGWmHnCDPYaTlDC/HfuuOcEEDvy7jkNge6vvUpRhJJXX13fptcmSO4PkFvLfggwWv0/chrGZ33NWLRslIAWeJmZEiyFDr6l9WL8CRR3yJGRKiYxqhtBPEJcWMjApWJEiI8BD1SUdRH3lE2Em6ygjuK6UH3YCr40uYqr87EuQJEXuOqvSQHIhpbyz+53Ui6Z7ZCfXDSBIfTwa5EYMygONcYI9ygiWLFUGYU/VXiAeIIyxVegUVgjm98ixpHpfMk1L5plysVLM48mAH7IEDYIJTUAFXoAYaAINH8AxewZv2pL1o79rHpDSnZT3b4A+0zx+b7pex</latexit>

T�1 := x | I�1, D�1, yScore using the inverse task
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Stage 2: Question Generation
Solution for #2

Inverse-Consistency Re-ranking
"query": "(AND religion.founding_figure (JOIN religion.founding_figure.religion_founded 
(JOIN religion.religion.founding_figures \"st. peter\")))",
"reference": "who were the founding figures of the religion that st. peter founded"
"standard_decoding": [
    "who is paul the apostle?",
    "who founded christianity?",
    "who was the founder of christianity?",
    "what is the name of the person who founded christianity?",
    "who are the founding figures of the religion founded by st. peter?",
    "who is the founding figure of the religion founded by st. peter?",
]
"inverse_consistency": [
    "who is the founding figure of the religion founded by st. peter?",
    "who are the founding figures of the religion founded by st. peter?",
    "who was the founder of christianity?",
    "who founded christianity?",
    "who is paul the apostle?",
    "what is the name of the person who founded christianity?",
]
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Stage 2: Question Generation
Solution for #2

Inverse-Consistency Re-ranking
"query": "(AND religion.founding_figure (JOIN religion.founding_figure.religion_founded 
(JOIN religion.religion.founding_figures \"st. peter\")))",
"reference": "who were the founding figures of the religion that st. peter founded"
"standard_decoding": [
    "who is paul the apostle?",
    "who founded christianity?",
    "who was the founder of christianity?",
    "what is the name of the person who founded christianity?",
    "who are the founding figures of the religion founded by st. peter?",
    "who is the founding figure of the religion founded by st. peter?",
]
"inverse_consistency": [
    "who is the founding figure of the religion founded by st. peter?",
    "who are the founding figures of the religion founded by st. peter?",
    "who was the founder of christianity?",
    "who founded christianity?",
    "who is paul the apostle?",
    "what is the name of the person who founded christianity?",
]

Reliably improves top-1 prediction!  
Particularly for models with lower-parameter counts. 

Necessary for fast inference 
since question generation is 
the bottleneck in exploration



We have Q&A pairs, lets train a model!
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We have Q&A pairs, lets train a model!
•We have query and program pairs that we generated from the graph. So we can now 

train supervised model on this graph, right?
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We have Q&A pairs, lets train a model!
•We have query and program pairs that we generated from the graph. So we can now 

train supervised model on this graph, right?

54

<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!



We have Q&A pairs, lets train a model!
•We have query and program pairs that we generated from the graph. So we can now 

train supervised model on this graph, right?
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<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!

Hence will not work for other KGs 🥲



We have Q&A pairs, lets train a model!
•We have query and program pairs that we generated from the graph. So we can now 

train supervised model on this graph, right?
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<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!

•Semiparametric approach with the generated (Q,P) pairs in nonparametric memory.

Hence will not work for other KGs 🥲



We have Q&A pairs, lets train a model!
•We have query and program pairs that we generated from the graph. So we can now 

train supervised model on this graph, right?
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<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!

•Semiparametric approach with the generated (Q,P) pairs in nonparametric memory.

Hence will not work for other KGs 🥲



We have Q&A pairs, lets train a model!
•We have query and program pairs that we generated from the graph. So we can now 

train supervised model on this graph, right?

54

<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!

•Semiparametric approach with the generated (Q,P) pairs in nonparametric memory.

Hence will not work for other KGs 🥲
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<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!

•Semiparametric approach with the generated (Q,P) pairs in nonparametric memory.

•The parametric component is an LLM that uses the demonstration retrieved from the 
memory

Hence will not work for other KGs 🥲
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•We have query and program pairs that we generated from the graph. So we can now 
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<latexit sha1_base64="3n7KnkERdQqKYTPmLWV+0vcD1d0=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGiros6MJlBfuAzlgyadqGZjIxyQhlbL/Ajb/ixoUibt26829M21lo64ELh3Pu5d57AsGo0o7zbWUWFpeWV7KrubX1jc0te3unpqJYYlLFEYtkI0CKMMpJVVPNSENIgsKAkXrQvxj79XsiFY34jR4I4oeoy2mHYqSN1LIPvaRw1xLHUByNvIB2H0YCepRDL0S6hxFLGsPbijds2Xmn6EwA54mbkjxIUWnZX147wnFIuMYMKdV0HaH9BElNMSPDnBcrIhDuoy5pGspRSJSfTP4ZwgOjtGEnkqa4hhP190SCQqUGYWA6x2eqWW8s/uc1Y9059xPKRawJx9NFnZhBHcFxOLBNJcGaDQxBWFJzK8Q9JBHWJsKcCcGdfXme1E6K7mmxdF3Kly/TOLJgD+yDAnDBGSiDK1ABVYDBI3gGr+DNerJerHfrY9qasdKZXfAH1ucPZQScTA==</latexit>

{(qp, p)
�� p 2 XP }

<latexit sha1_base64="LLb6YdCg1uBnzqjEr2JEklwll80=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rKgC5cV7APaUCbTSTt0MgkzN0IJ/Qw3LhRx69e482+ctFlo64GBwzn3MueeIJHCoOt+O6W19Y3NrfJ2ZWd3b/+genjUNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbnO/88S1EbF6xGnC/YiOlAgFo2ilXj+iOGZUZt3ZoFpz6+4cZJV4BalBgeag+tUfxiyNuEImqTE9z03Qz6hGwSSfVfqp4QllEzriPUsVjbjxs3nkGTmzypCEsbZPIZmrvzcyGhkzjQI7mUc0y14u/uf1Ugxv/EyoJEWu2OKjMJUEY5LfT4ZCc4ZyagllWtishI2ppgxtSxVbgrd88ippX9S9q/rlw2WtcVfUUYYTOIVz8OAaGnAPTWgBgxie4RXeHHRenHfnYzFacoqdY/gD5/MHlsmReQ==</latexit>

X <latexit sha1_base64="2VuvrttgEryjRSM2xIf6PbmCpys=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUBGEgB48RjEPSEKYncwmQ2Znl5leISz5Ay8eFPHqH3nzb5wke9DEgoaiqpvuLj+WwqDrfju5ldW19Y38ZmFre2d3r7h/0DBRohmvs0hGuuVTw6VQvI4CJW/FmtPQl7zpj26mfvOJayMi9YjjmHdDOlAiEIyilR6urnvFklt2ZyDLxMtICTLUesWvTj9iScgVMkmNaXtujN2UahRM8kmhkxgeUzaiA962VNGQm246u3RCTqzSJ0GkbSkkM/X3REpDY8ahbztDikOz6E3F/7x2gsFlNxUqTpArNl8UJJJgRKZvk77QnKEcW0KZFvZWwoZUU4Y2nIINwVt8eZk0zsreeblyXylVb7M48nAEx3AKHlxAFe6gBnVgEMAzvMKbM3JenHfnY96ac7KZQ/gD5/MHDWqNEA==</latexit>:=
A parametric model 
specific to the KG!

•Semiparametric approach with the generated (Q,P) pairs in nonparametric memory.

•The parametric component is an LLM that uses the demonstration retrieved from the 
memory

•No fine-tuning - Therefore our method works for any KG 🙂

Hence will not work for other KGs 🥲
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Stage 3: Bottom-up Grounded Reasoning

56 Pangu: Su et al. Don’t Generate, Discriminate. ACL 20223 (outstanding paper).

•2 key changes that improves both speed and accuracy

•Pruning at each step (improves speed by 8.33x)

•Inverse-consistency re-ranking (improves accuracy)

Inverse-consistency is pretty general. You should try out for your 
generation experiments (esp. w/ smaller models)
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Results



58

Datasets and Graphs
• GrailQA: 13,231 test questions containing questions up to 4-hops 

• Freebase KG (Commons subset): 3.7k relations, 1.5k classes, 32k entities 

• MetaQA: 39,093 test questions containing questions up to 3-hops 

• MoviesKG: 9 relations, 7 classes, 43k entities  

• MatKG: 100 test questions . Unseen KG, 21 relations, 7 classes, 70k entities

Metrics• F1-score 

• Answer-EM 

• Hits@1

Models
• Open-source: MPT-7B 

• Closed-source: GPT-3.5 (sub-sampled experiments)
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Method GrailQA 
(F1)

MetaQA 
(F1)

Zero-shot 18.58 15.43

Pangu + exploration 
(10K)

42.44 54.68

BYOKG + exploration 
(10K)

46.47 75.31

Pangu: Su et al. Don’t Generate, Discriminate. ACL 20223 (outstanding paper).
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Method
GrailQA 

(F1)
MetaQA 

(F1)

BYOKG + training data 
(10K) 46.61 82.10

BYOKG + exploration 
(10K) 46.47 75.31
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Method IID Compositional Zero-shot Overall

BYOKG + training 
data 
(10K)

58.29 45.14 41.89 46.61

BYOKG + exploration 
(10K) 48.91 43.22 46.80 46.47

High Variance

Much lower variance  
consistent results

Everything is out-of-distribution for BYOKG => more consistent results
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Results #4: BYOKG improves with model scale
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Method IID Compositional Zero-shot Overall

Pangu (Codex + 
Training data) 73.7 64.9 61.1 65.0

BYOKG (GPT-3.5) + 
exploration (10K) 73.89 70.33 80.99 75.16

Performance increases with stronger LLMs and outperforms model using supervised training data
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Case Study: Material Science KG
✦ Specialized domain of Material Sciences 

✦ Totally unseen KG (released after pre-training of MPT models) 

✦No training data - we annotate 100 NL question

63

Method Overall

Zero-shot 15.92

BYOKG + exploration (10K) 62.25
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Accuracy v/s Exploration Budget
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✦ Extend this idea to other structured data (databases, web tables, CSVs) 

✦ Further reduce latency
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✦  Build Built a natural language interface for querying KGs that 

Works for Any Knowledge Graph (irrespective of their schema) 

Requires no training data (i.e. completely unsupervised) 

Ready to be used in reasonable time (~1 day)

Thank you!

Code and data: https://github.com/amazon-science/BYOKG-NAACL24


