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kNN-LM (Khandelwal et al.2020)

Nonparametric distribution

PkNN−LM(y | x) =  (1 −  λ)PLM(y | x) +  λPkNN(y | x)
λ :hyperparameter

Parametric distribution

Khandelwal et al. Generalization through Memorization: Nearest Neighbor Language Models. ICLR 2020.
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• Key embedding computation
• Single forward pass over the data – fraction of cost of training for one epoch

• Building cache using FAISS index
• 103M – 2 hours on a single CPU

• Inference overhead
• 250K tokens:  25 minutes  with k = 1024

kNN-LM – Computational Cost
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kNN-LM - results
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Better with 
bigger k

even if parameters were not trained in-domain
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kNN-LM: how to finetuning on downstream tasks?
• In LM task, “input” is a sub-sentence, and “output” is the “next word”.
• kNN-LM organizes the “unstructured knowledge” as “input-output” pairs.

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

Obama was born in Hawaii and

Obama was born in Hawaii and graduated

… Obama was born in Hawaii, and graduated from 
Columbia University. … Obama is a native of Hawaii, …. 
… Obama was senator for Illinois from 1997 to 2005, 
…. Barack is Married to Michelle and their first daughter, 
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kNN-LM: how to finetuning on downstream tasks?
• In LM task, “input” is a sub-sentence, and “output” is the “next word”.
• kNN-LM organizes the “unstructured knowledge” as “input-output” pairs.
• We search for the most similar “input” (sub-sentence) in the corpus, and use its 

corresponding “output”. 
• How to fine-tune for a downstream task?
• Would need the most similar “input”

• i.e., need examples labeled for the target task
• Not clear how to organize unstructured text as input-output pairs for the desired task
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How to use the Book?

Input

Output

LM

• Output interpolations - After solving the question 
yourself?  

• Intermediate fusion – modify the LM 
architecture to be aware of the book?

RETRO

Content credit: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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RETRO - Retrieval-Enhanced Transformer
Borgeaud et al. Improving language models by retrieving from trillions of tokens. ICML 2021.
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

In kNN LM 
• We have an indexed key in kNN LM for each 

token.
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

In kNN LM 
• We have an indexed key in kNN LM for each 

token. This causes two issues: 
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

In kNN LM 
• We have an indexed key in kNN LM for each 

token. This causes two issues:
• Restricts the size of corpus that can be 

indexed
• k-neighbors returns only k tokens
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

In kNN LM 
• We have an indexed key in kNN LM for each 

token. This causes two issues:
• Restricts the size of corpus that can be 

indexed
• k-neighbors returns only k tokens

• What if we retrieve the entire continuation 
instead of just one token?
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

In kNN LM 
• We have an indexed key in kNN LM for each 

token. This causes two issues:
• Restricts the size of corpus that can be 

indexed
• k-neighbors returns only k tokens

• What if we retrieve the entire continuation 
instead of just one token?

Indexed Keys (N) Values (N,F)

Obama was born in 

Hawaii and 

Obama was born in Hawaii 

and

graduated from Columbia 

University. 

and graduated from 

Columbia University. 

and graduated from Columbia 

University. Obama is a native 

of Hawaii,
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

What if we retrieve the entire continuation instead of 
just one token? Two advantages:
• For same corpus, # of indexed keys reduce by a 

fraction of |N| = size of each chunk.
• Each search returns k*(|N| + |F|)  tokens

Indexed Keys (N) Values (N,F)

Obama was born in 

Hawaii and 

Obama was born in Hawaii 

and

graduated from Columbia 

University. 

and graduated from 

Columbia University. 

and graduated from Columbia 

University. Obama is a native 

of Hawaii,
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RETRO - Retrieval-Enhanced Transformer
… Obama was born in Hawaii, and graduated from 
Columbia University. Obama is a native of Hawaii, 
Obama was senator for Illinois from 1997 to 2005. 
Barack is Married to Michelle and their first daughter… 

Indexed Contexts (keys) Values

Obama was

Obama was senator

Obama was born in

Obama was born in Hawaii

What if we retrieve the entire continuation instead of 
just one token? Two advantages:
• For same corpus, # of indexed keys reduce by a 

fraction of |N| = size of each chunk.
• Each search returns k*(|N| + |F|)  tokens

How to use the k retrieved chunks?

Indexed Keys (N) Values (N,F)

Obama was born in 

Hawaii and 

Obama was born in Hawaii 

and

graduated from Columbia 

University. 

and graduated from 

Columbia University. 

and graduated from Columbia 

University. Obama is a native 

of Hawaii,
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RETRO – How to use k retrieved chunks?
• Split the input also into smaller chunks.

• At the end of each input chunk, 
• retrieve “k” chunks similar to the input chunk
• Note that the retrieved value contains the continuation as well.

x = World Cup 2022 was the last with 32 teams, before the increase to 48 in 2026.
x1 x2 x3

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

x = World Cup 2022 was the last with 32 teams, before the increase to 48 in 2026.
x1 x2 x3

LM
Encoder

E1

E2

E3

( r × k × d matrix)

(r  = # tokens per text chunk) 

(d = hidden dimension)

(k = # retrieved chunks per split)

Index
Retrieval 
Encoder

x1

x2

x3

p1 . . . pk

1 1

p1 . . . pk

2 2

p1 . . . pk

3 3

(k chunks of text per split)

RETRO – How to use k retrieved chunks?

Content credit: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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EMB

x1

x2

x3

ATTN FFN
HEAD

Transformers blocks (xL)

Regular Decoder

RETRO – How to use k retrieved chunks?

Content credit: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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EMBEMB

x1

x2

x3

ATTN CCA FFN
HEAD

Chunked CrossAttention (CCA)

RETRO blocks (xL)

E1 E2 E3

RETRO – How to use k retrieved chunks?
Decoder in RETRO

Content credit: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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RETRO – How to use k retrieved chunks?

Chunked Cross Attention 

(CCA)

Content credit: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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RETRO – How to use k retrieved chunks?
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RETRO – How to use k retrieved chunks?
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(CCA)
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RETRO – How to use k retrieved chunks?

Chunked Cross Attention 

(CCA)
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RETRO Results
Perplexity

Content credit: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view
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RETRO Results
Perplexity
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How to fine-tune RETRO for downstream task?
• Fine-tune on NQ
• Format the data as: “[PAD] question: {question} \n answer: {answer}”

We format the data as “question: {question} \n answer: 
{answer}” and left pad the data such that “answer:” coincides 
with the end of the first chunk of 64 tokens and thus aligns with 
the first retrieving chunk.

[PAD] to ensure that “answer” coincides with end of 
first chunk 
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How to fine-tune RETRO for downstream task?
• Fine-tune on NQ
• Format the data as: “[PAD] question: {question} \n answer: {answer}”

64 tokens
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How to fine-tune RETRO for downstream task?
• Fine-tune on NQ
• Format the data as: “[PAD] question: {question} \n answer: {answer}”
• Fine-tune 7.5B model using 25k steps with 20 retrieved passages for each sample
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Results on NQ • Performance similar to 
other methods, except 
for FiD

• Increasing # retrieved 
passages beyond 20 
doesn’t help
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Frequency of calling retriever
• RETRO Triggers retriever after every L tokens
• Can we trigger it on demand?

• Generate a special token that triggers retriever call   [Toolformer [Schick et al. 23]]
• Call it when LM itself is uncertain about the prediction. [ Jiang et al. 2023 ] 
• RIG – Retriever Interleaved Generation [ Radhakrishnan et al. 2024 ]

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

Frequency of calling retriever
• RETRO Triggers retriever after every L tokens
• Can we trigger it on demand?

• Generate a special token that triggers retriever call   [Toolformer [Schick et al. 23]]

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
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Toolformer [Schick et al. 23]

Generate tokens that trigger retriever or 
other tools
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Frequency of calling retriever
• RETRO Triggers retriever after every L tokens
• Can we trigger it on demand?

• Generate a special token that triggers retriever call   [Toolformer [Schick et al. 23]]
• Call it when LM itself is uncertain about the prediction. [ Jiang et al. 2023 ] 
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Triggering Retrieval w/ Uncertainty
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FLARE (Jiang et al. 
2023) 
Tries to generate content, 
then does retrieval if LM 
certainty is low
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Frequency of calling retriever
• RETRO Triggers retriever after every L tokens
• Can we trigger it on demand?

• Generate a special token that triggers retriever call   [Toolformer [Schick et al. 23]]
• Call it when LM itself is uncertain about the prediction. [ Jiang et al. 2023 ] 
• RIG – Retriever Interleaved Generation [ Radhakrishnan et al. 2024 ]
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Retrieve from Data Commons
RIG (Radhakrishnan et al. 
2024) 
Finetune LLM to generate 
queries to retrieve from Data 
Commons
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RIG (Radhakrishnan et al. 
2024) 
Finetune LLM to generate 
queries to retrieve from Data 
Commons
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Data Commons – open source initiative by Google
• Aims to organize the world’s public datasets in a Knowledge Graph
• Encompasses a large range of statistical data from public sources such as

•  the United Nations, national census bureaus,
•  health ministries,
•  environmental agencies, 
• economic departments,
•  NGOs
• …

• Includes more than 250 billion data points and over 2.5 trillion triples from 
hundreds of global sources.

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

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

yourself?  

• Intermediate fusion – modify the LM 
architecture to be aware of the book?

kNN LMs

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

yourself?  

• Intermediate fusion – modify the LM 
architecture to be aware of the book?

kNN LMs

RETRO

• Both the works mainly focused on reducing perplexity, and not on 
solving downstream tasks.

• Not the most popular methods for incorporating external knowledge
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How to use the Book?

Input

Output

LM

• Output interpolations - After solving the question 
yourself?  

• Intermediate fusion – modify the LM 
architecture to be aware of the book?

• Input augmentation (RAG) - Before you start 
solving?
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RAG - Architecture
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RAG - Architecture
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RAG - Architecture
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Retrieval Based LLMs - Architecture
Retrieval

Generation
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Documents

GPT-x

Off-shelf Index:
Google, BM25, 

Elser 

Passages

Query

Query

System 
Response

Chatbot - Free communications icons

Retrieval

Generation

✓ Simply combine existing 
models available off the 
shelf!

✓ Tools: LangChain; 
LlamaIndex

RAG - Architecture
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Retrieval Based LLMs - Architecture
• R E A L M (Guu et al 2020): Retrieval-Augmented Language Model Pre-Training ICML 

2020

• RAG (Lewis et al 2020): Retrieval-Augmented Generation for Knowledge-Intensive NLP 
Tasks

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

LM

48

Guu et al. REALM: Retrieval-Augmented Language Model Pre-Training. ICML 2020.
Slide source: https://drive.google.com/file/d/1YUpp7L1SCK6jgdfFObsqHKXrq6HC-TLp/view

x = World Cup 2022 was the last with 32 teams before the increase to [MASK] in 2026.

World Cup 2022 was … the increase to [MASK] in 2026.

REALM (Guu et al 2020)
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Retrieval

x = World Cup 2022 was the last with 32 teams before the increase to [MASK] in 2026.

LM

FIFAWorld Cup 2026 

will expand to 48

teams.

k chunks of text 

(passages)

Retrieve stage

q (=x)
World Cup 2022 was … the increase to [MASK] in 2026.

REALM (Guu et al 2020)
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Retrieval

FIFAWorld Cup 2026 

will expand to 48

teams.

LM

FIFAWorld Cup 2026 will expand to 48 teams.

…

48

Retrieve stage Read stage

k chunks of text 

(passages)

q (=x)

x = World Cup 2022 was the last with 32 teams before the increase to [MASK] in 2026.

World Cup 2022 was … the increase to [MASK] in 2026.

REALM (Guu et al 2020)
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LM

[CLS] zk [SEP] x LM P(y |x, zk)

LM

[CLS] z1 [SEP] x P(y |x, z1)

[CLS] z2 [SEP] x P(y |x, z2)

…

Weighted average

∑ P(z|x)P(y|x, z)
z∈𝒟 from the 

retrieve stage
from the 
read stage

P(y | x) = 

MLM task: obtained from the 
embedding of the MASK 

token 
REALM (Guu et al 2020)
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LM

[CLS] zk [SEP] x LM P(y |x, zk)

LM

[CLS] z1 [SEP] x P(y |x, z1)

[CLS] z2 [SEP] x P(y |x, z2)

…

Weighted average

y

x

z1 z2 zn

P(z1 | x) P(zn | x)
P(z2 | x)

P(y | x, z1)
P(y | x, zn)

∑ P(z|x)P(y|x, z)
z∈𝒟 from the 

retrieve stage
from the 
read stage

P(y | x) = 

MLM task: obtained from the 
embedding of the MASK 

token 
REALM (Guu et al 2020)
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LM

[CLS] zk [SEP] x LM P(y |x, zk)

LM

[CLS] z1 [SEP] x P(y |x, z1)

[CLS] z2 [SEP] x P(y |x, z2)

…

Weighted average

∑ P(z|x)P(y|x, z)
z∈𝒟 from the 

retrieve stage
from the 
read stage

Need to approximate 

Consider top k chunks only

0 if not one of top k

REALM (Guu et al 2020)
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REALM: Joint Training
Trainable components

• Retriever
• Document Encoder
• Query Encoder

• Reader: LM
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REALM: Pre-Training

Index

LM

The pyramidion on top

allows for less material

higher up the pyramid. pyramidion

Pθ(y| x, z)

top-K retrieved chunks

[CLS] The pyramidion on top … the

pyramid. [SEP] The [MASK] at the top of

the pyramid.

q (=x)

Maximize
Retriever Reader

P𝜂 (z| x)

෍

𝑧 ∈ 𝑡𝑜𝑝𝑘(𝑝𝜂 ∙ 𝑥 )

𝑝𝜂 𝑧 𝑥) 𝑝𝜃 𝑦[𝑀𝐴𝑆𝐾] 𝑥 , 𝑧)
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The pyramidion on top

allows for less material

higher up the pyramid. pyramidion

Pθ(y| x, z)

top-K retrieved chunks

[CLS] The pyramidion on top … the

pyramid. [SEP] The [MASK] at the top of

the pyramid.

q (=x)

Maximize
Retriever Reader

P𝜂 (z| x)

෍

𝑧 ∈ 𝑡𝑜𝑝𝑘(𝑝𝜂 ∙ 𝑥 )

𝑝𝜂 𝑧 𝑥) 𝑝𝜃 𝑦[𝑀𝐴𝑆𝐾] 𝑥 , 𝑧)
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෍
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𝑝𝜂 𝑧 𝑥) 𝑝𝜃 𝑦[𝑀𝐴𝑆𝐾] 𝑥 , 𝑧)

Index

LM

The pyramidion on top

allows for less material

higher up the pyramid. pyramidion

Pθ(y| x, z)

top-K retrieved chunks

[CLS] The pyramidion on top … the

pyramid. [SEP] The [MASK] at the top of

the pyramid.

q (=x)

Maximize
Retriever Reader

P𝜂 (z| x)
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Maximize ෍

𝑧 ∈ 𝑡𝑜𝑝𝑘(𝑝𝜂 ∙ 𝑥 )

𝑝𝜂 𝑧 𝑥) 𝑝𝜃 𝑦[𝑀𝐴𝑆𝐾] 𝑥 , 𝑧)

Retriever Reader

REALM: Pre-Training
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REALM: Training Approximations

• Freeze top-k documents

• Freeze index (document embeddings), but search top-k documents

• Update index every T steps
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෍

𝑧 ∈ 𝑡𝑜𝑝𝑘(𝑝𝜂 ∙ 𝑥 )

𝑝𝜂 𝑧 𝑥) 𝑝𝜃 𝑦[𝑀𝐴𝑆𝐾] 𝑥, 𝑧)Maximize 𝑝𝜃 𝑦 𝑥, 𝑧)

REALM: Fine-Training

S(z, y)  = set of spans matching y   in  z.

BERT

[CLS] The internal angle of an 

equilateral triangle are equal, 60 

degrees. [SEP] What’s the angle of an 

equilateral triangle?
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Index

LM

The internal angle of an 

equilateral triangle are 

equal, 60 degrees. 60 degrees

Pθ(y| x, z)

top-K retrieved chunks

[CLS] The internal angle of an equilateral 

triangle are equal, 60 degrees. [SEP] 

What’s the angle of an equilateral triangle?

q (=x)

Maximize
Retriever Reader

P𝜂 (z| x)

෍

𝑧 ∈ 𝑡𝑜𝑝𝑘(𝑝𝜂 ∙ 𝑥 )

𝑝𝜂 𝑧 𝑥) 𝑝𝜃 𝑦 𝑥, 𝑧)

REALM: Fine-Training
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Cold Start Problem

• Reader: MLM pretraining

• Inverse Cloze Task: used to pretrain 
retriever  embeddings

Image  source:  Lee et al 2019, Latent Retrieval for Weakly Supervised Open Domain 
Question Answering

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

REALM – Results

Baselines with Frozen retriever + reranking

REALM

ORQA = REALM –  joint pre-training with retriever 
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REALM: Index update rate

How often should we update the 

retrieval index?

• Frequency too high: expensive

• Frequency too slow: out-dated
REALM: updating the index every

500 training steps

Guu et al. REALM: Retrieval-Augmented Language Model Pre-Training. ICML 2020.

EM
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RAG: Retrieval-Augmented Generation for Knowledge-
Intensive NLP Tasks (Lewis et al. 2020)

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

RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

Same as REALM fine-tuning
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RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

Same as REALM fine-tuning
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RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model

• Given a retrieved document, generate the entire sequence y
• Marginalize over all the retrieved documents
• Can we generate one token given all documents, and then proceed to the next 

token?
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RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model
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RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model

Maximize

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

RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model

Maximize

Probability of decoding yi  given document z

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

RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model

Maximize

Probability of decoding yi  given document z
Marginalize over all documents
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RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model

Maximize

Product over all N tokens
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RAG: Joint Training Equation (Lewis et al. 2020)

Maximize

RAG-Sequence Model

Maximize

RAG-Token Model
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RAG: Results
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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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• Independent training

• Sequential training

• Joint training

Training methods for retrieval-augmented LMs
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• Independent training

• Sequential training

• Joint training

Training methods for retrieval-augmented LMs
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Retrieval models and language models are trained independently

- Training language models

Retriever

LMInput Output

Datastore
Query

Chunks/tokens

- Training retrieval models

Independent Training
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Better retrieval model 

Better base LMs

Better retrieval-based LMs

Each component can be improved 
separately

Ram et al. In-Context Retrieval-Augmented Language Models. TACL 2023.

RAG with LMs using different retrievers
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Work with off-the-shelf models (no extra training required)

Each part can be improved independently

Independent Training
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Work with off-the-shelf models (no extra training required)

Each part can be improved independently 

LMs are not trained to leverage retrieval

Retrieval models are not optimized for LM tasks/domains

Independent Training
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• Independent training

• Sequential training

• Joint training

Training methods for retrieval-augmented LMs
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- One component is first trained independently and then fixed

- The other component is trained with an objective that depends on the first one

Retriever LM Retriever LM

RETRO (Borgeaud et al., 2021)

“Improving language models by retrieving from 

trillions of tokens”

Sequential Training

REPLUG (Shi et al., 2023)
 REPLUG: Retrieval-Augmented Black-

Box Language Models
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Work with off-the-shelf components (either a large index or a powerful LM)

LMs are trained to effectively leverage retrieval results.

Retrievers are trained to provide text that helps LMs the most.

 One component is still fixed and not trained.

Sequential Training
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Work with off-the-shelf components (either a large index or a powerful LM)

LMs are trained to effectively leverage retrieval results.

Retrievers are trained to provide text that helps LMs the most.

 One component is still fixed and not trained.

Sequential Training

Let’s jointly train retrieval models and LMs!
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• Independent training

• Sequential training

• Joint training

Training methods for retrieval-augmented LMs
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End-to-end trained — each component is optimized

Good performance

Training is more complicated

(async update, overhead, data batching, etc)

Train-test discrepancy still remains

Joint Training
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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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Lost in the Middle!
• As Context Increases, Models Miss 

Relevant Info
• “lost-in-the- middle” (Liu et al. 

2023) demonstrates that models 
pay less attention to things in the 
middle of context windows
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Retrieval-augmented LMs can still hallucinate

Liu et al. Evaluating Verifiability in Generative Search 

Engines. Findings of EMNLP 2023.
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Quantifying Hallucination
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• Retrieval fails to fetch 
correct information.

• Even with ideal retriever, LM 
fails to give right answer. 

Retrieval Failures

BehnamGhader et al. Can Retriever-Augmented Language Models Reason? The Blame 

Game Between the Retriever and the Language Model. EMNLP Findings 2023.
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• Retrieval fails to fetch 
correct information.

• Even with ideal retriever, LM 
fails to give right answer. 

Reasoning Failures

BehnamGhader et al. Can Retriever-Augmented Language Models Reason? The Blame 

Game Between the Retriever and the Language Model. EMNLP Findings 2023.
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Adapt LM to Domain Corpus?
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Important Resources

• LangChain ; LlamaIndex – overall frameworks

• Lucene – BM25 sparse retriever

• ANNOY, FAISS, CromaDB - dense embeddings and retrievers

• Comprehensive RAG (CRAG) Benchmark – KDD Cup 2024
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Content credits
• Graham Neubig’s lecture - https://phontron.com/class/anlp2024/assets/slides/anlp-10-

rag.pdf

• ACL 2023 Tutorial - https://acl2023-retrieval-lm.github.io/

Slide source:
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