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Outline
• Motivation

• Drawbacks of Parametric LLMs – hallucination, verification …

• Motivating Retrieval-based LLMs – close book vs open book

• Major components of Retrieval-based LLMs  – index, retrieve, read …

• Retrieval Methods – sparse, dense, reranking, black-box

• kNN, RETRO, REALM, RAG – seminal works

• Overview of Training Techniques – independent, sequential, joint training ... 

• Limitations – lost in the middle, still hallucinating, retriever failures ...    
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Parametric LLMs – Stellar performance in exams!

OpenAI – GPT-4 Technical Report
https://arxiv.org/abs/2303.08774

Slide source: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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Core Limitations of Parametric LLMs

• Hallucinations

• Verifiability issues

• Copyright issues

• Knowledge cut-offs

• Learning failures
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Closed Book vs Open Book Exams

Image source: http://arxiv.org/abs/2403.10131
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How to use the Book?

Input

Output

LM

• Output interpolations - After solving the 
question yourself?
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How to use the Book?
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Output

LM

• Output interpolations - After solving the 
question yourself?

kNN LMs
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How to use the Book?
• Need to search                 to use the book
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How to use the Book?
• Need to search                 to use the book – Retrieval 

Input

Output

LM
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How do you search in a book?
• Inverted index at the end?
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Retrieval Methods
• Sparse retrieval

• Document-level dense retrieval

• Token-level dense retrieval

• Cross-encoder reranking

• Differentiable search index (DSI)

• Table of Contents based search

• Black-box retrieval (just ask Google/Bing)

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Sparse Retrieval
• Express the query and document as a sparse word frequency vector (usually normalized by length)

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Sparse Retrieval
• Express the query and document as a sparse word frequency vector (usually normalized by length)

• Find the document with the highest inner-product or cosine similarity in the document 
collection
Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Term Weighting (see Manning et al. 2009)
• Some terms are more important than others; Low-frequency words (NLP, 

Candy) are often more important than (the, a, for, then, them…)

• Term frequency - in-document frequency (TF-IDF)

• BM25: TF term similar to smoothed count-based LMS

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Term Weighting (see Manning et al. 2009)
• Some terms are more important than others; Low-frequency words (NLP, 

Candy) are often more important than (the, a, for, then, them…)

• Term frequency - in-document frequency (TF-IDF)
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Inverted Index
• A data structure that allows for efficient sparse lookup of vectors

• Example software: Apache Lucene
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Dense Embeddings
• Encode all documents using a LM and index 

them (one time task). Can use:
✓ Out-of-the-box embeddings. E.g. 

BERT
✓ Learned embeddings (covered later)

• At test time:
▪ Encode Query
▪ Find similar documents
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Query Text chunks

Inner Product Similarity

Training Dense Embeddings

Query Encoder Doc Encoder

Karpukhin et al. Dense Passage Retrieval for Open-

Domain Question Answering. EMNLP 2020.

Slide source: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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Query Text chunks

Inner Product Similarity
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exp(sim( −

jq, p ))

Training Dense Embeddings

Query Encoder Doc Encoder

Karpukhin et al. Dense Passage Retrieval for Open-

Domain Question Answering. EMNLP 2020.

Slide source: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Query Text chunks

Inner Product Similarity

L(q, p+ , p− , p− , …, p−)
1 2 n

= − log
exp(sim(q, p+))

exp(sim(q +, p )) + ∑
n

j=1
exp(sim( −

jq, p ))

Positive passage

Training Dense Embeddings

Query Encoder Doc Encoder

Karpukhin et al. Dense Passage Retrieval for Open-

Domain Question Answering. EMNLP 2020.

Slide source: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Inner Product Similarity

L(q, p+ , p− , p− , …, p−)
1 2 n

= − log
exp(sim(q, p+))

exp(sim(q +, p )) + ∑
n

j=1
exp(sim( −

jq, p ))

Positive passage

Negative passages
Too expensive to consider all negatives!

Query Text chunks
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Training Dense Embeddings
• Select positive and negative documents, train using a contrastive loss

• DPR (Karpukhin et al. 2020): learn encoders based on a BM25 hard negatives and 
in-batch negatives.

• Contriever (Izacard et al. 2022): contrastive learning using two random spans as 
positive pairs - Unsupervised dense retrieval model.

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Independent Cropping in Contriever (Izacard et al. 
2022):

In 1997, Apple merged with NeXT, 
and Steve Jobs became CEO of 
his former company. He became 
the saviour of his company and 

was largely responsible…

Positives

Apple merged with NeXT

Steve Jobs became CEO of
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Dense Embeddings
• Encode all documents using a LM and index 

them (one time task). Can use:
✓ Out-of-the-box embeddings. E.g. 

BERT
✓ Learned embeddings (covered later)

• At test time:
▪ Encode Query
▪ Find similar documents
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Dense Embeddings
• Encode all documents using a LM and index 

them (one time task). Can use:
✓ Out-of-the-box embeddings. E.g. 

BERT
✓ Learned embeddings (covered later)

• At test time:
▪ Encode Query
▪ Use Nearest Neighbor Search to find 

similar documents
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Approximate Nearest Neighbor Search
 Maximum Inner Product Search (MIPS)
• Methods to retrieve embeddings in sub-linear time
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Approximate Nearest Neighbor Search (MIPS)
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Approximate Nearest Neighbor Search (MIPS)

• Software: ANNOY (Spotify), FAISS
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Bi-Encoder Scoring

Slide  source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf Figure from Khattab et al. (2020)
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Cross-Encoder Reranking
• Jointly encode both queries and documents using neural model (Nogueira et al. 

2019)
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Cross-Encoder Reranking
• Jointly encode both queries and documents using neural model (Nogueira et al. 

2019)

• Precludes approximate nearest neighbour lookup, so can only be used on 
small number of candidates

Figure from Khattab et al. (2020)
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Token-level Dense Retrieval
ColBERT: Efficient and Effective 
Passage Search via Contextualized 
Late Interaction over BERT

Significantly more effective 
(but more costly) than 
single-vector retrieval

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf Figure from Khattab et al. (2020)
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Hypothetical Document Embeddings (Gao et al. 2023)
• Generate a “hypothetical document” for the query using an LLM, and try to look it up
• Can be easier than trying to match under-specified query

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Retrieval Methods
• Sparse retrieval

• Document-level dense retrieval

• Token-level dense retrieval

• Cross-encoder reranking

• Differentiable search index (DSI)

• Table of Contents based search

• Black-box retrieval (just ask Google/Bing)

Slide source: https://phontron.com/class/anlp2024/assets/slides/anlp-10-rag.pdf
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Retrieval Methods
• Sparse retrieval

• Document-level dense retrieval

• Token-level dense retrieval

• Cross-encoder reranking

• Differentiable search index (DSI)
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Differentiable Search Index
• LLMs are powerful enough to memorize the entire corpus.
• Can we use them directly as retriever?
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Differentiable Search Index
• Fully parameterize multi-stage retrieve then rank pipeline with a single neural model
• Train a seq2seq LLM for:

• Indexing task: Map each document to its doc id 
• Retrieval task: Map each query to the corresponding doc id

• How to represent a document?
• How to represent doc id?
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Document Representation

• Direct Indexing: first L tokens of the document

• Set indexing:  represent as set of words after removing stopwords.

• Inverted Index: Random contiguous chunks

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Document Representation

• Direct Indexing: first L tokens of the document

• Set indexing:  represent as set of words after removing stopwords.

• Inverted Index: Random contiguous chunks

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Representation of doc ids

• Unstructured Atomic Identifiers

• Use a new token to represent id of a document

• Take softmax over the doc_id tokens

• Naively Structured String Identifiers

• Decode the string representation of the doc_id

• Semantically Structured Identifiers

• Create a hierarchical Tree structure over document embeddings. 
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Results
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How do you search in a book?
• Inverted index at the end..
• Table of Contents?
• Prompt an LLM with ToC and a question, and ask it to generate the chapter title / 

subsection containing answer 
• Can an LLM answer it zero-shot?
• Can we finetune an LLM to answer such queries?
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ToC-aware Search (under submission)
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Preliminary results (under submission)
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Outline
• Motivation

• Drawbacks of Parametric LLMs – hallucination, verification …

• Motivating Retrieval-based LLMs – close book vs open book

• Major components of Retrieval-based LLMs  – index, retrieve, read …

• Retrieval Methods – sparse, dense, reranking, black-box

• REALM, RAG – seminal works

• Overview of Training Techniques – independent, sequential, joint training ... 

• Limitations – lost in the middle, still hallucinating, retriever failures ...    
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Documents

GPT-x

Off-shelf Index:
Google, BM25, 

Elser 

Passages

Query

Query

System 
Response

Chatbot - Free communications icons

Retrieval Based LLMs - Architecture
Retrieval

Generation

✓ Simply combine existing 
models available off the 
shelf!

✓ Tools: LangChain; 
LlamaIndex
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