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• Create an end-to-end Retrieval-Augmented Generation (RAG) model!

• No starter code

• Includes building your own retrieval corpus and a QA dataset for evaluation


• Early milestone due date: 03/17 (Tue) 05:59PM (No late days can be applied)

• Due date: 03/19 (Thu) 05:59PM

• 03/17 (Tue) 7:00PM: A reference corpus and QA data will be released, which can be used 

for the final RAG model

• Since only two days are available (up to five with late days) between two deadlines, most of the model 

should have been built already using your own corpus and QA data before the early milestone. The 
reference corpus and QA data released on Mar 17 (evening) can be used for refinement.


• Grading: Early milestone results (20%), Final model results (40%), Written report (40%)

Assignment 3 is out!
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• (Information) Retrieval: Given a query, identify a tiny subset of relevant documents or 
passages from a large corpus (typically 1 to 100 docs from a pool of >1M docs)


• Retrieval-based LMs / Retrieval-augmented LMs / Retrieval-augmented generation (RAG): 
LMs that use a retrieval model to identify relevant documents or passages and takes them 
as input to generate the output.


• Most representative task: (Open-domain) question answering!


• Lecture plan

• Tutorial on question answering (QA) as a task

• Retrieval 101

• Retrieval-augmented generation 101 (likely next Tuesday)

Today’s topic: Retrieval and
Retrieval-augmented generation (RAG)
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Question answering
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• Key element in a wide range of applications (search engines, personal assistants, …)
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• Key element in a wide range of applications (search engines, personal assistants, …)
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Question answering
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Entity (novel series)

Q: Who is the bad guy in 
harry potter? A: Lord Voldemort

Harry Potter 
From Wikipedia, the free encyclopedia 
Harry Potter is a series of seven fantasy novels (…) The novels chronicle the 
lives of a young wizard, Harry Potter (…) The main story arc concerns his 
struggle against a villain Lord Voldemort, a dark wizard who intends to become 
immortal, overthrow the wizard governing body (…)

QA Model

Entity (person)

synonyms

coreference

• Key element in a wide range of applications (search engines, personal assistants, …)

• Evaluate the progress for natural language understanding (NLU)
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IBM Watson
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IBM Watson
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Earlier QA task: Passage provided
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Q: Who is the villain 
in Harry Potter?

Model

A: Voldemort

Harry Potter
From Wikipedia, the free encyclopedia
Harry Potter is a series of seven fantasy novels (…) 
Harry Potter (…) The main story arc concerns 
his struggle against a villain Lord Voldemort, 

(Also called reading comprehension)
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CNN/Daily Mail Reading Comprehension (2015)

11
Hermann et al. 2015. "Teaching Machines to Read and Comprehend”


Chen et al. 2016. "A Thorough Examination of the CNN/Daily Mail Reading Comprehension Task"
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CNN/Daily Mail Reading Comprehension (2015)
Example Model (GRUs, Attention)

Hermann et al. 2015. "Teaching Machines to Read and Comprehend”

Chen et al. 2016. "A Thorough Examination of the CNN/Daily Mail Reading Comprehension Task"
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SQuAD (2016)
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In meteorology, precipitation is any product of the condensation of atmospheric 
water vapor that falls under gravity. The main forms of precipitation include drizzle, 
rain, sleet, snow, graupel and hail... Precipitation forms as smaller droplets 
coalesce via collision with other rain drops or ice crystals within a cloud. Short, 
intense periods of rain in scattered locations are called "showers".

Pranav Rajpurkar, Jian Zhang, Konstantin Lopyrev, Percy Liang. “SQuAD: 100,000+ Questions for Machine Comprehension of Text”

Question: What causes precipitation to fall?
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SQuAD (2016)
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Question: What causes precipitation to fall?

Answer: gravity

In meteorology, precipitation is any product of the condensation of atmospheric 
water vapor that falls under gravity. The main forms of precipitation include drizzle, 
rain, sleet, snow, graupel and hail... Precipitation forms as smaller droplets 
coalesce via collision with other rain drops or ice crystals within a cloud. Short, 
intense periods of rain in scattered locations are called "showers".

Pranav Rajpurkar, Jian Zhang, Konstantin Lopyrev, Percy Liang. “SQuAD: 100,000+ Questions for Machine Comprehension of Text”
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SQuAD (2016)
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Question: What causes precipitation to fall?

Answer: gravity 

Question: What is another main form of precipitation besides drizzle, rain, snow, sleet and hail?

In meteorology, precipitation is any product of the condensation of atmospheric 
water vapor that falls under gravity. The main forms of precipitation include drizzle, 
rain, sleet, snow, graupel and hail... Precipitation forms as smaller droplets 
coalesce via collision with other rain drops or ice crystals within a cloud. Short, 
intense periods of rain in scattered locations are called "showers".

Pranav Rajpurkar, Jian Zhang, Konstantin Lopyrev, Percy Liang. “SQuAD: 100,000+ Questions for Machine Comprehension of Text”
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SQuAD (2016)
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Question: What causes precipitation to fall?

Answer: gravity


Question: What is another main form of precipitation besides drizzle, rain, snow, sleet and hail? 

Answer: graupel

In meteorology, precipitation is any product of the condensation of atmospheric 
water vapor that falls under gravity. The main forms of precipitation include drizzle, 
rain, sleet, snow, graupel and hail... Precipitation forms as smaller droplets 
coalesce via collision with other rain drops or ice crystals within a cloud. Short, 
intense periods of rain in scattered locations are called "showers".

Pranav Rajpurkar, Jian Zhang, Konstantin Lopyrev, Percy Liang. “SQuAD: 100,000+ Questions for Machine Comprehension of Text”
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SQuAD (2016)
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Question: What causes precipitation to fall?

Answer: gravity


Question: What is another main form of precipitation besides drizzle, rain, snow, sleet and hail? 

Answer: graupel


Question: Where do water droplets collide with ice crystals to form precipitation? 

Answer: within a cloud 

In meteorology, precipitation is any product of the condensation of atmospheric 
water vapor that falls under gravity. The main forms of precipitation include drizzle, 
rain, sleet, snow, graupel and hail... Precipitation forms as smaller droplets 
coalesce via collision with other rain drops or ice crystals within a cloud. Short, 
intense periods of rain in scattered locations are called "showers".

Pranav Rajpurkar, Jian Zhang, Konstantin Lopyrev, Percy Liang. “SQuAD: 100,000+ Questions for Machine Comprehension of Text”

Short answers, extractable from the given paragraph
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SQuAD (2016)

18Pranav Rajpurkar, Jian Zhang, Konstantin Lopyrev, Percy Liang. “SQuAD: 100,000+ Questions for Machine Comprehension of Text”
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SQuAD Example Model
(LSTMs, Bi-directional Attention)

19Seo et al. 2016. "Bidirectional Attention Flow for Machine Comprehension”
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SQuAD: Evaluation metrics
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Exact Match (EM): Percentage of predictions that exactly match any ground-truth answer


F1 Score: Measures token overlap between prediction and ground truth

• Treat answers as bags of tokens and compute F1 for each question

• Final score: average across all questions


Quick quiz (ignore punctuations): 


Ground-truth: “Boston, Massachusetts”

Model prediction: “Boston”

• EM = ?

• F1 = ?
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SQuAD: Evaluation metrics
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Exact Match (EM): Percentage of predictions that exactly match any ground-truth answer


F1 Score: Measures token overlap between prediction and ground truth

• Treat answers as bags of tokens and compute F1 for each question

• Final score: average across all questions


Quick quiz (ignore punctuations): 


Ground-truth: “Boston, Massachusetts”

Model prediction: “Boston”

• EM = 0.0

• F1 = 2/3 (Precision=1, Recall 1/2)

This span-based answer formulation + metrics become standard in the field
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Who is the villain in Harry Potter?
Harry Potter
From Wikipedia, the free encyclopedia
Harry Potter is a series of 
seven fantasy novels (…) 
Harry Potter (…) The main 
story arc concerns his struggle 
against a villain Lord 
Voldemort, a dark wizard who 
intends to become immortal, 

Model

Do they truly require comprehension?

22

A: Lord Voldemort

You might be able to find answers without deep natural language understanding,

due to annotation artifacts 

Chen et al. ACL 2016, Jia et al. EMNLP 2017, Kaushik & Lipton EMNLP 2018, Min et al. ACL 2019, and more
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Do they truly require comprehension?

23Robin Jia & Percy Liang. 2017. "Adversarial Examples for Evaluating Reading Comprehension Systems"

Peyton Manning became the first quarterback ever to lead two different teams to multiple 
Super Bowls. He is also the oldest quarterback ever to play in a Super Bowl at age 39. The 
past record was held by John Elway, who led the Broncos to victory in Super Bowl XXXIII at 
age 38 and is currently Denver’s Executive Vice President of Football Operations and General 
Manager.

Question: What is the name of the quarterback who was 38 in Super Bowl XXXIII?

Ground-truth: John Elway

Original Prediction: John Elway
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Do they truly require comprehension?

24Robin Jia & Percy Liang. 2017. "Adversarial Examples for Evaluating Reading Comprehension Systems"

Peyton Manning became the first quarterback ever to lead two different teams to multiple 
Super Bowls. He is also the oldest quarterback ever to play in a Super Bowl at age 39. The 
past record was held by John Elway, who led the Broncos to victory in Super Bowl XXXIII at 
age 38 and is currently Denver’s Executive Vice President of Football Operations and General 
Manager. Quarterback Jeff Dean had jersey number 37 in Champ Bowl XXXIV.

Question: What is the name of the quarterback who was 38 in Super Bowl XXXIII?

Ground-truth: John Elway

Original Prediction: John Elway

Prediction under adversary: Jeff Dean
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Multi-hop QA
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Yang et al. 2018. "HotpotQA: A Dataset for Diverse, Explainable Multi-hop Question Answering”

Min et al. 2019. “Multi-hop Reading Comprehension through Question Decomposition and Rescoring”


Min et al. 2019. "Compositional Questions Do Not Necessitate Multi-hop Reasoning"

Question: What is the former name of the animal whose habitat the 
Réserve Naturelle Lomako Yokokala was established to protect?

Paragraph 5: The Lomako Forest Reserve is found in Democratic 
Republic of the Congo. It was established in 1991 especially to 
protect the habitat of the Bonobo apes.

Paragraph 1: The bonobo (“Pan paniscus”), formerly called the 
pygmy chimpanzee and less often, the dwarf or gracile 
chimpanzee, is an endangered great ape and one of the two 
species making up the genus “Pan”.

(10 paragraphs given)

• Sub-question 1: Which animal is 
the one whose habitat the Reserve 
Naturelle Lomako Yokokala was 
established to protect?


• Sub-question 2: What is the 
former name of [ANS]?
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Multi-hop QA
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Yang et al. 2018. "HotpotQA: A Dataset for Diverse, Explainable Multi-hop Question Answering”

Min et al. 2019. “Multi-hop Reading Comprehension through Question Decomposition and Rescoring”


Min et al. 2019. "Compositional Questions Do Not Necessitate Multi-hop Reasoning"

Question: What is the former name of the animal whose habitat the 
Réserve Naturelle Lomako Yokokala was established to protect?

Paragraph 5: The Lomako Forest Reserve is found in Democratic 
Republic of the Congo. It was established in 1991 especially to 
protect the habitat of the Bonobo apes.

Paragraph 1: The bonobo (“Pan paniscus”), formerly called the 
pygmy chimpanzee and less often, the dwarf or gracile 
chimpanzee, is an endangered great ape and one of the two 
species making up the genus “Pan”.

(10 paragraphs given)

• Sub-question 1: Which animal is 
the one whose habitat the Reserve 
Naturelle Lomako Yokokala was 
established to protect?


• Sub-question 2: What is the 
former name of [ANS]?
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Multi-hop QA
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Yang et al. 2018. "HotpotQA: A Dataset for Diverse, Explainable Multi-hop Question Answering”

Min et al. 2019. “Multi-hop Reading Comprehension through Question Decomposition and Rescoring”


Min et al. 2019. "Compositional Questions Do Not Necessitate Multi-hop Reasoning"

Question: What is the former name of the animal whose habitat the 
Réserve Naturelle Lomako Yokokala was established to protect?

Paragraph 5: The Lomako Forest Reserve is found in Democratic 
Republic of the Congo. It was established in 1991 especially to 
protect the habitat of the Bonobo apes.

Paragraph 1: The bonobo (“Pan paniscus”), formerly called the 
pygmy chimpanzee and less often, the dwarf or gracile 
chimpanzee, is an endangered great ape and one of the two 
species making up the genus “Pan”.

(10 paragraphs given)

• Sub-question 1: Which animal is 
the one whose habitat the Reserve 
Naturelle Lomako Yokokala was 
established to protect?


• Sub-question 2: What is the 
former name of [ANS]?
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Multi-hop QA
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Yang et al. 2018. "HotpotQA: A Dataset for Diverse, Explainable Multi-hop Question Answering”

Min et al. 2019. “Multi-hop Reading Comprehension through Question Decomposition and Rescoring”


Min et al. 2019. "Compositional Questions Do Not Necessitate Multi-hop Reasoning"

Question: What is the former name of the animal whose habitat the 
Réserve Naturelle Lomako Yokokala was established to protect?

Paragraph 5: The Lomako Forest Reserve is found in Democratic 
Republic of the Congo. It was established in 1991 especially to 
protect the habitat of the Bonobo apes.

Paragraph 1: The bonobo (“Pan paniscus”), formerly called the 
pygmy chimpanzee and less often, the dwarf or gracile 
chimpanzee, is an endangered great ape and one of the two 
species making up the genus “Pan”.

(10 paragraphs given)

Shortcuts still exist!

“[…] designed to require 
reasoning across two 

paragraphs. [..] However, since 
only one of the ten paragraphs 

is about an animal, one can 
immediately locate the answer 
in Paragraph 1 using one hop.”
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Shift Toward Naturally Occurring, 
Open-Domain QA
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Naturally-occurring Qs vs. Annotated Qs

30

• Previous approaches: Annotators wrote questions with answers in mind  Easily include 
lexical cues


• New proposal: Let’s focus directly on real questions, posed by information-seeking 
users.


• Directly related to end applications

• Very different distributions from annotated text, little lexical overlap

→

Harry Potter is a series of seven fantasy 
novels … The main story arc concerns 
his struggle against a villain Lord 
Voldemort, a dark wizard …

Q: “Who is the villain in Harry Potter?”

A: Voldemort

“Who is the bad guy in 
Harry Potter?” Model A: Voldemort
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Natural Questions (NQ; 2019)

31Kwiatkowski et al. 2019. "Natural Questions: A Benchmark for Question Answering Research"

“Questions consist of real anonymized, aggregated queries 
issued to the Google search engine.”

*The original NQ provided evidence doc, identified after question collection. Later work removed 
the evidence document and required models to retrieve it from Wikipedia.
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Open-domain QA

32

Q: Who is the villain 
in Harry Potter?

Model

A: Voldemort

Harry Potter
From Wikipedia, the free encyclopedia
Harry Potter is a series of seven 
fantasy novels (…) Harry Potter (…) 

Now that we don’t have evidence document, where do we find it?
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Simple idea: Let’s use retrieval

33

• Ingredient: A text corpus containing world knowledge (e.g., Wikipedia)

• Approach: Retrieval then Answer

• Retrieval: Given a question, retrieve a small set of documents/passages that contain 

evidence for the answer

• Example: retrieve 1–100 passages from Wikipedia (~21M passages)


• Answering: A neural model takes the retrieved documents/passages and generates the 
answer

<100

Harry Potter 
From Wikipedia, the free 
encyclopedia 
Harry Potter is a 
series of seven 
fantasy novels …

21M

Answer: 
Lord Voldemort
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Key paper: DrQA (Chen et al. 2017)

34Danqi Chen, Adam Fisch, Jason Weston, Antoine Bordes, "Reading Wikipedia to Answer Open-Domain Questions"
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Key paper: DPR (Karpukhin et al. 2020)

35
Vladimir Karpukhin, Barlas Oğuz, Sewon Min, Patrick Lewis, Ledell Wu, Sergey Edunov, Danqi Chen, Wen-tau Yih. 

"Dense Passage Retrieval for Open-Domain Question Answering"

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

Switch lexical-based retrieval

to neural retrieval

Switch LSTM-based document reader

to BERT-based
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Key paper: RAG (Lewis et al. 2020)

36
Patrick Lewis, Ethan Perez, Aleksandra Piktus, Fabio Petroni, Vladimir Karpukhin, Naman Goyal, Heinrich Küttler, Mike Lewis, Wen-
tau Yih, Tim Rocktäschel, Sebastian Riedel, Douwe Kiela. "Retrieval-Augmented Generation for Knowledge-Intensive NLP Tasks"

• Proposed end-to-end fine-tuning (arguably not really used today)

• Coined the term Retrieval-Augmented Generation (RAG)
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Inherent properties of naturally-occurring Qs

37

Grey’s Anatomy (Season 7) 
... She and Derek decide to 
adopt Zola, an orphaned baby, 
and make their marriage legal.

Now or Never (Grey’s Anatomy) 
... Season 5 ... Meredith and Derek have decided not to wait any 
longer to get married and just go to City Hall that evening ... 
writes their vows down on a post-it note that they both sign ...

• Ambiguity: questions may have multiple interpretations

• False presuppositions: questions may assume incorrect facts

• Frequently updated answers: answers may change over time

Min et al. "AmbigQA: Answering Ambiguous Open-domain Questions”

Yu et al. "CREPE: Open-Domain Question Answering with False Presuppositions"

Q: What season does Meredith and Derek get married in Grey’s Anatomy?
Q: What season does Meredith give birth to Zola in Grey’s Anatomy?
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Another Form of Open-Domain QA: Quizzes and Exams

38

Question: The Dodecanese Campaign of WWII that was an attempt by the Allied forces to capture islands 
in the Aegean Sea was the inspiration for which acclaimed 1961 commando film?


Answer: The Guns of Navarone


Excerpt: The Dodecanese Campaign of World War II was an attempt by Allied forces to capture the 
Italianheld Dodecanese islands in the Aegean Sea following the surrender of Italy in September 1943, and 
use them as bases against the German-controlled Balkans. The failed campaign, and in particular the 
Battle of Leros, inspired the 1957 novel The Guns of Navarone and the successful 1961 movie of the 
same name.

• Questions are written to test knowledge and comprehension

• Not naturally occurring, but make evaluation easier and more controlled

• Example: TriviaQA (Joshi et al 2017), MMLU (Hendrycks et al. 2020), GPQA (Rein et al. 

2023), SimpleQA (Wei et al. 2024), and more
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Retrieval-based LMs (or RAG)
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RAG overview

40

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

1) Retrieval 2) Augmentation
Simply prepends retrieved docs as additional 
inputs to an LLM (Very simple!)
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RAG overview

41

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

1) Retrieval
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Retrieval, or Information Retrieval (IR)

42

• Input: a question, a text corpus (e.g., Wikipedia, which has 21M passages)

• Output: a small number of (ranked) text chunks (1 to 100), retrieved from the corpus


• “Text chunks” can be documents, paragraphs, or fixed-size chunks, typically 
between 100 to 1000 words.


• In this lecture, we’ll use documents and paragraphs interchangeably.
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Retrieval metrics

43

Mean Reciprocal Rank (MRR)

• For a single query, find the rank ( ) of the gold document. The score is .

• MRR = average of these scores across all queries.


Normalized Discounted Cumulative Gain (nDCG)

• Accounts for graded relevance, e.g., 3 points for “perfect” documents, and 1 point for 

“okay” documents

• Cumulative Gain (CG): Sum of the relevance scores

• Discounted (D): penalizes items ranked lower in the list

• Normalized (N): Divide the actual score by the “Ideal” score


Recall@K: The “coverage”

• Checks whether a gold document appears in the top-K retrieved results If yes → counted 

as a successful retrieval

r 1/r
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Retrieval methods

44

• Goal: find a small subset of elements (docs or passages) in a text corpus that are the most 
similar to the input question


• : a similarity score between two pieces of text


• : A cosine similarity between  and , where  is a vector 
representation of text


• Key challenge in retrieval is how to get (or learn) this  !


• How retrieval typically works:


• Offline: Given a large collection , we pre-compute , and build a 
retrieval index for fast nearest neighbor search, so that once  is obtained at run time, 
finding  is super fast.


• Fast nearest neighbor search is itself a large research area! (Tradeoffs between speed, 
accuracy, and memory.)

sim
sim(q, d) f(q) f(d) f( ⋅ )

f

d1, ⋯, dN f(d1), ⋯, f(dN)
q

argmaxksim(q, dk)



45

More info: https://github.com/
facebookresearch/faiss/wiki

Software: FAISS, Distributed FAISS, SCaNN, etc…

Exact Search

Approximated Search

(Relatively easy to scale to ~1B 
vectors)

CPU  vs.  GPU

https://github.com/facebookresearch/faiss/wiki
https://github.com/facebookresearch/faiss/wiki
https://github.com/facebookresearch/faiss/wiki


Berkeley CS 288 

Retrieval methods

46

• Goal: find a small subset of elements (docs or passages) in a text corpus that are the most 
similar to the input question


• : a similarity score between two pieces of text


• : A cosine similarity between  and , where  is a vector 
representation of text


• Key challenge in retrieval is how to get (or learn) this  !


• How retrieval typically works:


• Offline: Given a large collection , we pre-compute , and build a 
retrieval index for fast nearest neighbor search, so that once  is obtained at run time, 
finding  is super fast.


• Fast nearest neighbor search is itself a large research area! (Tradeoffs between speed, 
accuracy, and memory.)

sim
sim(q, d) f(q) f(d) f( ⋅ )

f

d1, ⋯, dN f(d1), ⋯, f(dN)
q

argmaxksim(q, dk)

•Lexical-based (sparse) retrieval 
•Neural (dense) retrieval
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Lexical-matching (sparse) retrieval

47

• Considers lexical overlap between a question and a document.


• TF-IDF

1. Each word is assigned a TF-IDF score, which is a multiplication of Term Frequency (TF) and 

Inverse Document Frequency (IDF).

• IDF penalizes common words like “the”, and rewards rare, highly specific keywords like 

“philosopher”. 
2. Represent query and document as V-dimensional vectors (the i-th element = TF-IDF score of 

word i) — These vectors are sparse

3. Compute cosine similarity between query and document vectors. 

• BM25: Improved version of TF-IDF that stops giving extra points once a word appears 
enough times and adjusts scores for the document length

• Q: Who is the author of Harry Potter and the Philosopher's Stone?

• Doc: Harry Potter and the Philosopher's Stone is a fantasy novel written by British author J.K. 

Rowling.
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Lexical-matching (sparse) retrieval

48

• Lexical-matching retrieval is a very strong baseline!


• However, does not consider semantic meaning.

• Considers lexical overlap between a question and a document.

• Q: Who is the author of Harry Potter and the Philosopher's Stone?

• Doc: Harry Potter and the Philosopher's Stone is a fantasy novel written by British author J.K. 

Rowling.

• Q: Who is the author of harry potter and the sorcerer's stone?

• Doc: Harry Potter and the Philosopher's Stone is a fantasy novel written by British author J.K. 

Rowling.

• Q: Who is the bad guy in harry potter?

• Doc: The main story arc concerns Harry's struggle against a villain Lord Voldemort.
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Neural (dense) retrieval

49

Vector spaceAs Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 

Encoder

Encoder

How can a jet of 
water be powerful 

enough to cut 
through steel? 

just as a jet of 
red light blasted 
from Harry’s — 

they met in midair 

Encoder zi = Enc(zi) ∈ ℝh (1 ≤ i ≤ N)
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Neural (dense) retrieval

50

Encoder

Vector spaceAs Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 

Question: What color is the Killing Curse in Harry Potter?

Encoder

Encoder

How can a jet of 
water be powerful 

enough to cut 
through steel? 

just as a jet of 
red light blasted 
from Harry’s — 

they met in midair 

Encoder

x = Enc(x) ∈ ℝh

zi = Enc(zi) ∈ ℝh (1 ≤ i ≤ N)
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Neural (dense) retrieval

51

As Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 

As Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 
Encoder

Vector space

Encoder

Encoder

How can a jet of 
water be powerful 

enough to cut 
through steel? 

just as a jet of 
red light blasted 
from Harry’s — 

they met in midair 
sim(x, zi) = x⊤zi

Encoder

x = Enc(x) ∈ ℝh

zi = Enc(zi) ∈ ℝh (1 ≤ i ≤ N)

Question: What color is the Killing Curse in Harry Potter?
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Neural (dense) retrieval history

52

• Studied for decades

• “Siamese” network (Bromley et al. 1993, Chopra et al 2005, Yih et al 2011, Huang et al 2013)


• No good recipe for training the encoder

• Required massive compute & labeled dataset

• Not much better than alternatives (e.g. lexical-matching)


• Neural retrieval suddenly started to work in 2020

• Pre-trained encoders such as BERT

• Development of improved learning objectives (DPR and its variants)



March 10 lecture starts from here



CS 288 Advanced Natural Language Processing
Course website: cal-cs288.github.io/sp26 

Ed: edstem.org/us/join/XvztdK 

• Class starts at 15:40!


• Reminder to refresh the lecture slides (PDFs) on the lecture day


• Check out updates on A3


• Lecture plans:


• Retrieval and RAG (40 min)


• Advanced architectures (40min)

https://cal-cs288.github.io/sp26/
https://edstem.org/us/join/XvztdK
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Recap: Retrieval methods

55

• Goal: find a small subset of elements (docs or passages) in a text corpus that are the most 
similar to the input question


• : a similarity score between two pieces of text


• : A cosine similarity between  and , where  is a vector 
representation of text


• Key challenge in retrieval is how to get (or learn) this  !


• How retrieval typically works:


• Offline: Given a large collection , we pre-compute , and build a 
retrieval index for fast nearest neighbor search, so that once  is obtained at run time, 
finding  is super fast.


• Fast nearest neighbor search is itself a large research area! (Tradeoffs between speed, 
accuracy, and memory.)

sim
sim(q, d) f(q) f(d) f( ⋅ )

f

d1, ⋯, dN f(d1), ⋯, f(dN)
q

argmaxksim(q, dk)

•Lexical-based (sparse) retrieval 
•Neural (dense) retrieval
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Recap: Neural (dense) retrieval

56

Vector spaceAs Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 

Encoder

Encoder

How can a jet of 
water be powerful 

enough to cut 
through steel? 

just as a jet of 
red light blasted 
from Harry’s — 

they met in midair 

Encoder zi = Enc(zi) ∈ ℝh (1 ≤ i ≤ N)
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Recap: Neural (dense) retrieval

57

Encoder

Vector spaceAs Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 

Question: What color is the Killing Curse in Harry Potter?

Encoder

Encoder

How can a jet of 
water be powerful 

enough to cut 
through steel? 

just as a jet of 
red light blasted 
from Harry’s — 

they met in midair 

Encoder

x = Enc(x) ∈ ℝh

zi = Enc(zi) ∈ ℝh (1 ≤ i ≤ N)
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Recap: Neural (dense) retrieval

58

As Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 

As Harry shouted, 
“Expelliarmus!” 
Voldemort cried, 

“Avada Kedavra!” A 
Encoder

Vector space

Encoder

Encoder

How can a jet of 
water be powerful 

enough to cut 
through steel? 

just as a jet of 
red light blasted 
from Harry’s — 

they met in midair 
sim(x, zi) = x⊤zi

Encoder

x = Enc(x) ∈ ℝh

zi = Enc(zi) ∈ ℝh (1 ≤ i ≤ N)

Question: What color is the Killing Curse in Harry Potter?
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Recap: Neural (dense) retrieval history

59

• Studied for decades

• “Siamese” network (Bromley et al. 1993, Chopra et al 2005, Yih et al 2011, Huang et al 2013)


• No good recipe for training the encoder

• Required massive compute & labeled dataset

• Not much better than alternatives (e.g. lexical-matching)


• Neural retrieval suddenly started to work in 2020

• Pre-trained encoders such as BERT

• Development of improved learning objectives (DPR and its variants)
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−log
esim(x,z+)

∑N
i=1 esim(x,zi)

DPR: Methodology

60

•  input, : a doc (or a passage)


•  (representing from the Encoder-only Transformers)

• Initialized from BERT, then further fine-tuned on labeled dataset, e.g., a 

collection of < >, where  is a gold doc (called a “positive”)

x : z
sim(x, z) = Enc(x)⊺Enc(z)

x, z+ z+

Get close to a positive

Push back all the others
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DPR: Methodology

61

•  input, : a doc (or a passage)


•  (representing from the Encoder-only Transformers)

• Initialized from BERT, then further fine-tuned on labeled dataset, e.g., a 

collection of < >, where  is a gold doc (called a “positive”)

x : z
sim(x, z) = Enc(x)⊺Enc(z)

x, z+ z+

−log
esim(x,z+)

∑N
i=1 esim(x,zi)

≈
1) In-batch approximation

Yih et al., 2011, Henderson et al., 2017, Gillick et al., 2019

Other passages within the batch

−log
esim(x,z+)

esim(x,z+) + ∑n
i=1 esim(x,z−

i )
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DPR: Methodology

62

•  input, : a doc (or a passage)


•  (representing from the Encoder-only Transformers)

• Initialized from BERT, then further fine-tuned on labeled dataset, e.g., a 

collection of < >, where  is a gold doc (called a “positive”)

x : z
sim(x, z) = Enc(x)⊺Enc(z)

x, z+ z+

Negatives in the batch

−log
esim(x,z+)

∑N
i=1 esim(x,zi)

≈
1) In-batch approximation

Yih et al., 2011, Henderson et al., 2017, Gillick et al., 2019

−log
esim(x,z+)

esim(x,z+) + ∑n
i=1 esim(x,z−

i )
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DPR: Methodology

63

•  input, : a doc (or a passage)


•  (representing from the Encoder-only Transformers)

• Initialized from BERT, then further fine-tuned on labeled dataset, e.g., a 

collection of < >, where  is a gold doc (called a “positive”)

x : z
sim(x, z) = Enc(x)⊺Enc(z)

x, z+ z+

−log
esim(x,z+)

∑N
i=1 esim(x,zi)

2) Hard negatives in the batch

Passages that challenge the model, 
typically obtained by passages with high lexical overlap

≈
1) In-batch approximation

−log
esim(x,z+)

esim(x,z+) + ∑n
i=1 esim(x,z−

i )
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Intuition: Why hard negatives?

64

The main story arc concerns Harry’s 
struggle against a villain Lord Q: Who is the bad guy in Harry Potter? p+

The model should be trained with negatives that it is likely to be confused about

New York is the most populous city in the 
United States. With an estimated 2020 

At the 1908 Summer Olympics in London, 
football became an official competition.

On 11 February 1963, the Beatles recorded 
ten songs during a single studio session for 

Random negatives

Sauron is the title character and the main 
antagonist of  The Lord of the Rings, where 

Snape is a fictional character … sarcastic, 
controlled exterior conceals deep emotions 

Draco Malfoy serves as a foil to the hero 
Harry Potter. Harry first encounters Draco’s 

Hard negatives (obtained through BM25)
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Putting it together: DPR objective

65

x1 p+
1

…

x2 p+
2 p−

2

xB p+
B p−

B

p−
1

B

Training data: 

Batch size: B

< x, p+, p− >

(You can generalize this to have M-1 negatives instead of 1 negative) 

−
B

∑
i=1

log
esim(xi,z+

i )

esim(xi,z+
i ) + ∑z∈Z−

i
esim(xi,z)

where Z−
i = {p−

i } ∪ ⋃
j∈[1,B],j≠i

{p+
j , p−

j }
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DPR: Retrieval results

66

Q: BM25 is better than DPR on SQuAD! Why?
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DPR: QA results

67

Improved retrieval translates to improved QA accuracy



Fun fact: Retrieval vs. Parametric-only

• —2019: Retrieval-based models by default (mostly based on lexical-based methods)

• February 2020: “Parametric-only LMs” might be better?!

• April 2020: Neural retrieval started working (DPR, etc)

Roberts et al. “How Much Knowledge Can You Pack into the Parameters of a Language Model?”



Natural Questions

Top retrieval based 
before DPR
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Independent evaluation from NeurIPS 2020 Competition (Min et al. PMLR 2021)
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before DPR

Parametric-only 
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Independent evaluation from NeurIPS 2020 Competition (Min et al. PMLR 2021)



Natural Questions 
(6-month time shift)

Natural Questions

A
cc

ur
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y 
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M
)

Top retrieval based 
before DPR

Parametric-only 
(11B)

DPR 
(0.3B)

Independent evaluation from NeurIPS 2020 Competition (Min et al. PMLR 2021)



Top retrieval based 
before DPR

Parametric-only 
(11B)

Top 1 submission from 
NeurIPS 2020 competition

DPR 
(0.3B)

Natural Questions 
(6-month time shift)

Natural Questions

A
cc

ur
ac

y 
(E

M
)

Independent evaluation from NeurIPS 2020 Competition (Min et al. PMLR 2021)Takeaway: The quality of retrieval-based LMs depends on the quality of retrieval
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RAG overview

74

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

1) Retrieval
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RAG overview

75

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

2) Augmentation

• Early work fine-tunes LLMs for retrieval augmentation (DrQA, DPR, RAG)

• Today: Typically, a fixed LM is used, by adding retrieved documents to the input
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Augmentation

76

“The Boy Who 
Lived.” He saw the 
mouth move and a 
flash of green …

Voldemort’s want 
just as a jet of 

red light …

Voldemort cried, 
“Avada Kedavra!” A 
jet of green light 

issued …from …

Retrieval results (ranked)
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Augmentation

77

Question: What color is the Killing 
Curse in Harry Potter?

green
red
light
water
enemy
liquid
…

LM     .

Voldemort cried, “Avada Kedavra!” A jet of 
green light issued from … just as a jet of 

red light blasted from Harry’s …

+

Very simple 
(You can use a black-box LM like an API!)

“The Boy Who 
Lived.” He saw the 
mouth move and a 
flash of green …

Voldemort’s want 
just as a jet of 

red light …

Voldemort cried, 
“Avada Kedavra!” A 
jet of green light 

issued …from …

Retrieval results (ranked)
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Augmentation

78

green
red
light
water
enemy
liquid
…

Voldemort’s want just as a jet of 
red light …

+
Question: What color is the Killing 

Curse in Harry Potter?

LM     .

“The Boy Who 
Lived.” He saw the 
mouth move and a 
flash of green …

Voldemort cried, 
“Avada Kedavra!” A 
jet of green light 

issued …from …

Voldemort’s want 
just as a jet of 

red light …

Retrieval results (ranked)

Q: How do we use multiple passages?
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Augmentation (1): Concatenation
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green
red
light
water
enemy
liquid
…

LM     .

Question: What color is the Killing Curse in Harry 
Potter?

+

Simple

Increase the inference cost  
& Bounded by the maximum 
length limit of the LM

Voldemort’s want just as a jet of red light … 
… “Avada Kedavra!” A jet of green light issued …from … 

… He saw the mouth move and a flash of green …
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Augmentation (2): Ensembling

80

Question: What color is the 
Killing Curse in Harry Potter?

Voldemort cried, “Avada 
Kedavra!” A jet of green …

+
Question: What color is the 

Killing Curse in Harry Potter?

Voldemort’s want just as 
a jet of red light …

+
Question: What color is the 

Killing Curse in Harry Potter?

… saw the mouth move and 
a flash of green …

+

green
red
light
water

green
red
light
water

green
red
light
water

LM     .

green
red
light
water

Not bounded by 
the length limit

Increase the inference cost

P(y |x) = ∑
z∈𝒵

P (z |x)P (y |x, z)

retrieval 
score

LM 
score

ret LM

LM     . LM     .
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Results

81Graphs from Ram et al. 2023. “In-Context Retrieval-Augmented Language Models”

Retrieval helps over all sizes of LMs

Perplexity: The lower the better

Varying sizes of LMs
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Open challenge: Better augmentation?

82

EMBEMB

x1

x2

x3

ATTN CCA FFN HEAD

Chunked Cross Attention (CCA)

RETRO blocks 

E1 E2 E3

(Input)

(Retrieval results)

• Better, end-to-end training

• Examples: RAG (Lewis et al. 2020), ALTAS (Izacard et al. 2022), both from Meta


• Better architectures for incorporating retrieved documents

• Example: RETRO (Borgeaud et al. 2021 from DeepMind)
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Open challenge: Better augmentation?

83

• Better, end-to-end training

• Better architectures for incorporating retrieved documents

• Arguably, simply prepending documents as part of an LLM input remained the dominant 

approach (likely because it works?)

• But does it always work?

Long-Context LLMs Meet RAG: Overcoming Challenges for Long Inputs in RAG
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RAG overview

84

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

1) Retrieval
Key takeaway: Advances in neural retrieval played a vital 

role in the success of retrieval-based LMs
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RAG overview

85

… Harry’s struggle 
against a villain Lord 

Voldemort.Retrieval     .   LM     

Q: Who is the bad guy in harry potter?

Mr. and Mrs. Dursley, of number four, 
Privet Drive, were proud to say that they 
were perfectly normal, thank you very 
much. They were the last people you'd 
expect to be involved in anything strange 
or mysterious, because they just didn't 
hold with such nonsense. Mr. Dursley was 
the director of a firm called Grunnings, 
which made drills. He was a big, beefy 

A: Voldemort

2) Augmentation
Key takeaways: Advances in LLMs enabled 

a very simple recipe: simply prepending 
retrieved docs into the LLM input



Berkeley CS 288 

Where Does RAG Stand Today?
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Retrieval is now central to production LLMs
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Long-tail knowledge

Staying up-to-date

Citation (for better 
explainability and 
verification)

Bing Chat, 2023



Berkeley CS 288 

Retrieval is now central to production LLMs
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[Without web browsing]
incorrect

Long-tail knowledge

Staying up-to-date

Citation (for better 
explainability and 
verification)

Pro tip: Enable/disable search to compare LLM outputs with vs. without retrieval!

(In ChatGPT: Settings → Personalization → Advanced → Web Search)
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Retrieval is now central to production LLMs

89

[With web browsing]

Pro tip: Enable/disable search to compare LLM outputs with vs. without retrieval!

(In ChatGPT: Settings → Personalization → Advanced → Web Search)

Long-tail knowledge

Staying up-to-date

Citation (for better 
explainability and 
verification)
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RAG / search agents (2024)

90

Asai at al. 2024. “Self-RAG: Learning to Retrieve, 
Generate, and Critique through Self-Reflection”

Li et al. "Search-o1: Agentic Search-
Enhanced Large Reasoning Models"

Key ideas: Make it an agent system with functions such as

1. Deciding when to use retrieval

2. Generating a retrieval query

3. Reranking/adaptive adoption: use only relevant retrieved passages

4. Rewriting: make passages more comprehensible & include relevant info only
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RAG / search agents (2024)

91

Impressive performance, but on short-form QA datasets

Jin et al. "Search-R1: Training LLMs to Reason and Leverage Search Engines with Reinforcement Learning"
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Deep Research (DR) agents (2025-)

92

2026 standards: Open-ended questions 
requiring long-form, complex, interleaved 
retrieval-reasoning workflows, often in 
domains such as scientific literature.


• Production: ChatGPT DR, Gemini DR, 
many others


• Open-source DR agents: Tongyi 
DeepResearch (Alibaba), Dr. Tulu (Ai2), 
many others

Shao et al. 2025. "DR Tulu: Reinforcement Learning with Evolving Rubrics for Deep Research"



Questions?
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