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Knowledge Bases and QA

• Open-domain question answering is often powered by knowledge
bases.

• For e.g., for the question “When was the Grateful Dead’s lead singer 
born?, using entity “Grateful Dead” and relations ‘LeadSinger’, and 
‘BirthDate’ one could find the answer.

• But KB’s are often incomplete, and it is almost impossible to encode 
all the textual information in the world.



Open-domain QA

• Instead of extracting relations from text, open-domain QA treats large 
corpus of data as a virtual KB by answering questions with spans.

• This has two problems- 1. The cost of doing QA on long documents is 
high. 2. Sentences that are far apart from each other are difficult to 
be captured.

• For e.g., “Jerry Garcia was the lead singer of the Grateful Dead” and 
“Jerry Garcia was born in 1942” are far apart in a long document, it is 
difficult for a model to aggregate this information and answer.



Open-domain QA



Phrase-indexed QA

• Every token in the text corpus is associated with a question-
independent contextual representation.

• These representations are then used to do maximum inner product
search against the indices.

• However, this method cannot answer complex queries since the 
information encoded in each representation is about the local context 
around a span and cannot do multi-hop questions.



Multi-hop questions
When was the football club 

founded in which Walter Otto 
Davies played centre forward?

When was X founded?

Which football club did Walter 
Otto Davies play centre forward?

Ans: X

Text corpus



Multi-hop questions
When was the football club 

founded in which Walter Otto 
Davies played centre forward?

Walter Otto Davies was a Welsh 
professional footballer who played centre

forward for Millwall for 10 years

When was Millwall founded?

Which football club did Walter 
Otto Davies play centre forward?

Ans: Millwall

Text corpus

Millwall football club is a professional 
football club in London…Founded in 1885

Ans: 1885



Contribution

• This work addresses the limitations of phrase-indexed QA by introducing an 
end-to-end differentiable way of doing multi-hop QA.

• The approach described as DrKIT (Differentiable Reasoning over a 
Knowledge base of Indexed Text) overcomes the limitations through the 
operation,

𝑌𝑌 = 𝑋𝑋. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅 = {𝑥𝑥′: ∃𝑥𝑥 ∈ 𝑋𝑋 𝑠𝑠. 𝑡𝑡.𝑅𝑅 𝑥𝑥, 𝑥𝑥′ ℎ𝑓𝑓𝑓𝑓𝑜𝑜𝑠𝑠}
• 𝑋𝑋- a sparse vector representing a weighted set of entities.
• 𝑅𝑅 – dense feature vector (from a neural network) representing a query.
• 𝑌𝑌- another sparse vector representing weighted set of entities over 

mentions.



Terminologies

• A corpus 𝐷𝐷 = {𝑜𝑜1,𝑜𝑜2, … } where each 𝑜𝑜𝑘𝑘 = 𝑜𝑜𝑘𝑘1 ,𝑜𝑜𝑘𝑘2, …𝑜𝑜𝑘𝑘
𝐿𝐿𝑘𝑘 is a 

sequence of tokens.
• An entity linker identifies mentions of fixed set of entities 𝐸𝐸. 
• Each mention 𝑚𝑚 is a tuple (𝑒𝑒𝑚𝑚, 𝑘𝑘𝑚𝑚, 𝑖𝑖𝑚𝑚, 𝑗𝑗𝑚𝑚) which tells that the text 

span (𝑜𝑜𝑘𝑘
𝑖𝑖𝑚𝑚 , …𝑜𝑜𝑘𝑘

𝑗𝑗𝑚𝑚) in document 𝑘𝑘𝑚𝑚mentions entity 𝑒𝑒𝑚𝑚 ∈ 𝐸𝐸. 
• 𝑀𝑀 represents all the mentions, 𝑀𝑀 ≫ |𝐸𝐸|



Entities and Mentions

Family Guy includes an 
anthropomorphic dog Brian

Family Guy was conceived by 
Seth Macfarlane

The voice of Brian is provided 
by Seth Macfarlane

Each highlighted text is an entity. 𝐸𝐸
contains a set of all unique entities. 
Each entity can have multiple 
mentions. 



Multi-hop questions
When was the football club 

founded in which Walter Otto 
Davies played centre forward?

𝑍𝑍. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑅𝑅𝑅)

𝑋𝑋. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑅𝑅𝑅)

Ans: 𝑍𝑍

Text corpus



Multi-hop questions
When was the football club 

founded in which Walter Otto 
Davies played centre forward?

𝑍𝑍. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑅𝑅𝑅)

𝑋𝑋. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑅𝑅𝑅)

Ans: 𝑍𝑍

Text corpus

𝑋𝑋 ~{𝑊𝑊𝑊𝑊𝑓𝑓𝑡𝑡𝑒𝑒𝑊𝑊 𝑂𝑂𝑡𝑡𝑡𝑡𝑓𝑓 𝐷𝐷𝑊𝑊𝐷𝐷𝑖𝑖𝑒𝑒𝑠𝑠}
𝑅𝑅𝑅 ~ 𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡𝑓𝑓𝑊𝑊𝑓𝑓𝑓𝑓 𝑐𝑐𝑓𝑓𝑐𝑐𝑓𝑓

𝑅𝑅𝑅 ~{𝑊𝑊ℎ𝑒𝑒𝑊𝑊}



DrKIT

• In a weakly supervised setting where the final answer entities 𝑊𝑊 ∈ 𝐸𝐸
alone are given for a 𝑇𝑇-hop question. 

• The in between answers to intermediate hops are all latent entities 
𝑧𝑧0, 𝑧𝑧1, … 𝑧𝑧𝑇𝑇 ∈ 𝐸𝐸, where 𝑧𝑧0 is mentioned in the question.

• Then, the probability of an intermediate answer is,
𝑃𝑃 𝑍𝑍𝑡𝑡 𝑞𝑞 = ∑𝑍𝑍 𝑡𝑡−1 ∈𝐸𝐸

𝑃𝑃 𝑍𝑍𝑡𝑡 𝑞𝑞,𝑍𝑍𝑡𝑡−1 .𝑃𝑃(𝑍𝑍𝑡𝑡−1|𝑞𝑞)
• 𝑃𝑃 𝑍𝑍0 𝑞𝑞 is the first entity (given by ER model) for question 𝑞𝑞. This 

equation models over a chain of latent entities.



DrKIT

• Since reasoning must happen over mentions rather than entities, 
𝑃𝑃 𝑍𝑍𝑡𝑡 𝑞𝑞,𝑍𝑍𝑡𝑡−1 needs to be summed over all mentions of 𝑍𝑍𝑡𝑡 .

• Then, the probability of an intermediate answer is,
𝑃𝑃 𝑍𝑍𝑡𝑡 𝑞𝑞 = ∑𝑚𝑚∈𝑀𝑀∑𝑍𝑍 𝑡𝑡−1 ∈𝐸𝐸

𝑃𝑃 𝑍𝑍𝑡𝑡 𝑚𝑚).𝑃𝑃(𝑚𝑚|𝑞𝑞,𝑍𝑍𝑡𝑡−1 .𝑃𝑃(𝑍𝑍𝑡𝑡−1|𝑞𝑞)

• 𝑃𝑃 𝑍𝑍0 𝑞𝑞 is the output of an entity linking system over question 𝑞𝑞.
• 𝑃𝑃(𝑍𝑍𝑡𝑡|𝑚𝑚)is 1 if the entity linking system refers to entity 𝑍𝑍𝑡𝑡, otherwise 0



DrKIT

• 𝑃𝑃 𝑚𝑚 𝑞𝑞,𝑍𝑍𝑡𝑡−1 𝛼𝛼 𝑅 𝐺𝐺 𝑍𝑍𝑡𝑡−1 .𝐹𝐹 𝑚𝑚 > 𝜖𝜖 × 𝑠𝑠𝑡𝑡(𝑚𝑚,𝑍𝑍𝑡𝑡−1, 𝑞𝑞)

𝐹𝐹(𝑚𝑚)- TFIDF vector for the document containing 𝑚𝑚
𝐺𝐺(𝑍𝑍𝑡𝑡−1) – TFIDF vector of the previous entity.

• First term filters co-occurrence mentions based on 𝑧𝑧𝑡𝑡−1 while second 
term retrieves relevant mentions.

Co occurring mentions Relevance filtering



DrKIT

X = ‘Walter Otto Davies’ R = ‘football club’

Walter Otto 
played in 
London…

Walter Otto 
Davies played 
for 10 years..

Walter Otto 
Davies played 

football… 
centre forward 

for Millwall

𝑌𝑌 = 𝑋𝑋. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅
1. Expanding 𝑋𝑋 to other mentions.
2. Filter mentions based on 𝑅𝑅

A scoring function 𝑠𝑠(𝑐𝑐𝑓𝑓𝑊𝑊𝑡𝑡𝑒𝑒𝑥𝑥𝑡𝑡,𝑅𝑅) is learned such 
that it finds the top mentions for a given R 
helping in filtering out unrelated mentions.



DrKIT

• In matrix form, 𝑋𝑋.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅 = 𝐵𝐵𝑀𝑀→𝐸𝐸[𝑇𝑇𝑘𝑘 𝑄𝑄𝑅𝑅 .𝐴𝐴𝐸𝐸→𝑀𝑀𝜋𝜋𝑋𝑋]
𝐴𝐴𝐸𝐸→𝑀𝑀 𝑒𝑒,𝑚𝑚 = 𝑅(𝐺𝐺 𝑒𝑒 .𝐹𝐹 𝑚𝑚 > 𝜖𝜖)
𝐵𝐵𝑀𝑀→𝐸𝐸 is another sparse coreference matrix

• For multiple hops, 𝑍𝑍𝑡𝑡 = 𝑠𝑠𝑓𝑓𝑓𝑓𝑡𝑡𝑚𝑚𝑊𝑊𝑥𝑥(𝑍𝑍𝑡𝑡−1𝑇𝑇 𝐵𝐵𝑀𝑀→𝐸𝐸[𝑇𝑇𝑘𝑘 𝑄𝑄𝑅𝑅 .𝐴𝐴𝐸𝐸→𝑀𝑀𝜋𝜋𝑋𝑋])
𝑍𝑍𝑡𝑡 - weighted multisets of entities

• The three steps are repeated multiple times until desired number of 
hops are reached.

Step 1Step 2Step 3



Step 1: Expand X to co-occurring mentions
𝜋𝜋𝑋𝑋

𝜋𝜋𝑋𝑋 𝑖𝑖 = 𝑅 𝑖𝑖𝑓𝑓 𝑖𝑖 ∈ 𝑋𝑋
else 0

Entities

Mentions

𝐴𝐴𝐸𝐸→𝑀𝑀

Entities

𝐴𝐴𝐸𝐸→𝑀𝑀 𝑖𝑖, 𝑗𝑗 = 𝑅 if 
entity 𝑗𝑗 co-occurs 
with mention 𝑖𝑖

X
=

Millwall_1

Millwall_2

1885_1

1885_2

Mentions 
co-
occurring 
with X



Step 2: Filter mentions based on R

Walter Otto 
Davies was born 

in London…

Walter Otto 
Davies played 

football… 
centre forward 

for Millwall

Walter Otto 
Davies played 
for 10 years..

BERT

BERT

BERT

R = ‘ football club’

𝑓𝑓 𝑚𝑚1

𝑓𝑓 𝑚𝑚2

𝑄𝑄𝑅𝑅 (dense 
vector)

Top k nearest 
search

𝑇𝑇𝑘𝑘 𝑄𝑄𝑅𝑅 𝑖𝑖 = 𝑓𝑓 𝑚𝑚𝑖𝑖
𝑇𝑇𝑄𝑄𝑅𝑅

Mentions 
matching 
R

BERT finetuned on synthetic 
questions



Step 3: Combine scores from mentions

• Mentions which satisfy 𝑋𝑋.𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅 = 𝑇𝑇𝑘𝑘 𝑄𝑄𝑅𝑅 .𝐴𝐴𝐸𝐸→𝑀𝑀𝜋𝜋𝑋𝑋

𝐵𝐵𝑀𝑀→𝐸𝐸

𝑇𝑇𝑘𝑘 𝑄𝑄𝑅𝑅 .𝐴𝐴𝐸𝐸→𝑀𝑀𝜋𝜋𝑋𝑋

𝐵𝐵𝑀𝑀→𝐸𝐸 𝑖𝑖, 𝑗𝑗 = 𝑅 if 
mention j refers 
entity i

𝑀𝑀𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓𝑊𝑊𝑓𝑓𝑓𝑓

X=

Mentions

Entities

Mentions



Experiments



Experiments



Experiments



Conclusion

• DrKIT follows relations in text by treating them as a virtual knowledge 
base.

• In MetaQA, it obtains a 9-point increase in 3-hop case.
• The method is very time efficient as it only uses inner products and is 

faster by 10-100x over other baselines.
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