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So far in the course …
• What are Language Models?
• What is the Architecture of Transformers?
• How to pre / post-training and align LLMs?
• How to efficiently scale the pre-training?
• How to use LLMs – RAG, Agentic, tool calling …
• How to mimic / induce reasoning?
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Theory
Computational / Statistical 
learning theories
• VC dimension 

• PAC Learnability Theorem 

• Generalization error bounds

Ethology - Science of animal 
behavior

• Treat LLMs as monkeys
• Observe how they behave 

in different environments

Slide credit - https://www.youtube.com/watch?v=YSHzKmEianc&t=2765s
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• Can derive interesting insights – CoT, 

“think” etc. 
Cons --
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Issues with Ethology

Ethology - Science of animal 
behavior
• Treat LLMs as monkeys

• Observe how they behave 
in different environments

Slide credit - https://www.youtube.com/watch?v=YSHzKmEianc&t=2765s

1. Studying a specific model – learnings may not 
generalize to other LLMs

2. Data leaks – no control over the training data

Geocentrism
 (BC 400-200)
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Question: Was Sachin Tendulkar born in an even year?

Incorrectly Correctly

C: The model can’t 
extract the birth 
year of Sachin

D: Model doesn’t 
know what “even” 
means

E: Model can 
extract birth year, 
knows what is 
even, still can’t 
answer

A: Model infers 
from “1973 is 
odd” and “Sachin 
was born in 
1973”

B: Pretraining data 
directly  contains the 
information that 
“Sachin was born in 
even year”

C1: model didn’t 
see Sachin’s 
biography during 
training

C2:  model didn’t 
finetune enough 
to extract 
birthdays

C3: model can 
extract b'days of 
Sehwag but not 
Sachin

Part 3.1: Knowledge Storage and Extraction

https://www.lcs2.in/
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Issues with Ethology

Ethology - Science of animal 
behavior
• Treat LLMs as monkeys

• Observe how they behave 
in different environments

1. Studying a specific model – learnings may not 
generalize to other LLMs

2. Data leaks – no control over the training data
3. Black box testing – no revelation of inner 

mechanics
4. Success / Failure attribution – 

Is failure due to
1. Lack of knowledge or ability to extract knowledge ?
2. Lack of ability to reason over the knowledge ? 
Is success due to
1. Cheating – pre-train data directly contains the 

compound fact
2. Ability of the model to extract and logically infer
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Alternative to Ethology?
Ethology - Science of animal 
behavior
• Treat LLMs as monkeys

• Observe how they behave 
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Physics of Language Models
Ethology - Science of 
animal behavior

Computational / 
Statistical 
learning theories
• VC dimension 

• PAC Learnability 
Theorem 

• Generalization 
error bounds
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1. Decompose “intelligence” into 

multiple building blocks
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Question: Was Sachin Tendulkar born in an even year?

Incorrectly Correctly

C: The model can’t 
extract the birth 
year of Sachin

D: Model doesn’t 
know what “even” 
means

E: Model can 
extract birth year, 
knows what is 
even, still can’t 
answer

A: Model infers 
from “1973 is 
odd” and “Sachin 
was born in 
1973”

B: Pretraining data 
directly  contains the 
information that 
“Sachin was born in 
even year”

C1: model didn’t 
see Sachin’s 
biography during 
training

C2:  model didn’t 
finetune enough 
to extract 
birthdays

C3: model can 
extract b'days of 
Sehwag but not 
Sachin

Part 3.1: Knowledge Storage and Extraction
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Physics of Language Models
1. Decompose “intelligence” into 

multiple building blocks
(Structure / Knowledge / Reasoning )

2. Study in controlled, idealized 
environment
(control data, avoid data leaks)

3. Highly repeatable experiments
(user 100M-size models, derive 
universal laws)

4. Probing techniques to see the inner 
workings

Ethology - Science of 
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Computational / 
Statistical 
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• VC dimension 

• PAC Learnability 
Theorem 

• Generalization 
error bounds
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Analogy with History of Science

Ethology - Science of 
animal behavior

Geocentrism
 (BC 400-200)

Computational / 
Statistical 
learning theories

Newton’s Laws
(1687)

Kepler’s laws
(1609-1619)

Tycho Brahe’s 
observatory data

(1577-1597)

Physics of Language Models
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Physics of Language Models
1. Decompose “intelligence” into 

multiple building blocks
(Structure / Knowledge / Reasoning )

2. Study in controlled, idealized 
environment
(control data, avoid data leaks)

3. Highly repeatable experiments
(user 100M-size models, derive 
universal laws)

4. Probing techniques to see the inner 
workings

Based on these founding 
principles, Allen-Zhu et al. divide 
their study into 3 parts – 

• Part 3 – Knowledge

• Part 2 – Reasoning

• Part 1 – Language structure
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• Project page

• Youtube Channel  https://www.youtube.com/@Zeyuan-AllenZhu

• 2024 ICML tutorial 

• Dedicated Online Talks on each part

Slides credit – (Almost) all slides are taken from the 
Youtube videos
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Physics of Language Models:
Part 3, Knowledge

Zeyuan Allen-Zhu (Meta) Yuanzhi Li (MBZUAI)
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Incorrectly Correctly

C: The model can’t 
extract the birth 
year of Sachin

D: Model doesn’t 
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means

E: Model can 
extract birth year, 
knows what is 
even, still can’t 
answer

A: Model infers 
from “1973 is 
odd” and “Sachin 
was born in 
1973”

B: Pretraining data 
directly  contains the 
information that 
“Sachin was born in 
even year”

C1: model didn’t 
see Sachin’s 
biography during 
training

C2:  model didn’t 
finetune enough 
to extract 
birthdays
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extract b'days of 
Sehwag but not 
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How do language models memorize knowledge during training, and extract it later 
to answer questions or perform logical reasoning during inference?
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Control Setup – Training Data Biographies of N = 100k individual 
created synthetically
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Control Setup – Training Data Biographies of N = 100k individual 
created synthetically

• Six sentences describing 6 attributes
• Each sentence is drawn from 50 templates
• (for now) fix the sentence ordering
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Control Setup – Training Data Biographies of N = 100k individual 
created synthetically

After pretraining a language model on the biography dataset, can the model be 
finetuned to answer questions like “Where is the birth city of [name ]”, and if so, 

how does the model achieve so?

BioS

BioR
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separate train / test set
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x QAr

x (1 – QAr )
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Full fine-tuning

LoRA fine-tuning

LoRA rank of embedding 
layers

LoRA rank of K/Q/V matrices

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

Test QA 
accuracy

Train QA 
accuracy

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

BioS data BioR data

~300 M params

~700  M params

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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• Augmenting the pre-training 
data is impacting QA 
performance!

• Knowledge must be stored 
differently

• Why is augmentation 
helping?

• Can we answer it via 
probing?

Result 3: Knowledge Augmentation
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Result 4: p-Probing

Feed a biography as an input to trained GPT2
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[value 5] is stored on 
[key, v1, v2, v3, v4] 

[Key] [value1] [value 2] [value 3] [value 4] [value 5]
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Result 4: p-Probing

100% acc
1% acc
0% acc
0% acc
0% acc

Without knowledge augmentation
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[value 5] is stored on 
[key, v1, v2, v3, v4] 

[Key] [value1] [value 2] [value 3] [value 4] [value 5]

[value 5] is stored only on 
[key] 

Pretrained with knowledge augmentation
➔Changes how knowledge is stored

➔Affects whether knowledge can be extracted via QA 
finetuning or not
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Result 4: p-Probing

• We claim that for extraction of knowledge, the 
information must be stored directly on the name

• Can we test this directly?

• Let’s design a probe on the name.
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Linear classifier to predict 6 possible knowledges

Result 5: q-Probing
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Result 5: q-Probing

QA accuracy Q-prob
accuracy

“attribute directly saved to the person’s name” is a 
crucial factor for effective knowledge extration
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Do we have to augment all biographies?
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Result 6: Celebrity Can Help Minority
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Question: Was Sachin Tendulkar born in an even year?

Incorrectly Correctly

C: The model can’t 
extract the birth 
year of Sachin

D: Model doesn’t 
know what “even” 
means

E: Model can 
extract birth year, 
knows what is 
even, still can’t 
answer

A: Model infers 
from “1973 is 
odd” and “Sachin 
was born in 
1973”

B: Pretraining data 
directly  contains the 
information that 
“Sachin was born in 
even year”

C1: model didn’t 
see Sachin’s 
biography during 
training

C2:  model didn’t 
finetune enough 
to extract 
birthdays

C3: model can 
extract b'days of 
Sehwag but not 
Sachin

Part 3.1: Knowledge Storage and Extraction
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training

C2:  model didn’t 
finetune enough 
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C3: model can 
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Sehwag but not 
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Part 3.1: Knowledge Storage and Extraction

Let us assume that model can extract knowledge
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Part 3.1: Knowledge Storage and Extraction

Let us assume that model can extract knowledge

How good the model is in manipulating this knowledge?
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Question: Was Sachin Tendulkar born in an even year?

Incorrectly Correctly

C: The model can’t 
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year of Sachin
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from “1973 is 
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“Sachin was born in 
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C1: model didn’t 
see Sachin’s 
biography during 
training

C2:  model didn’t 
finetune enough 
to extract 
birthdays

C3: model can 
extract b'days of 
Sehwag but not 
Sachin

Part 3.1: Knowledge Storage and Extraction

Let us assume that model can extract knowledge

How good the model is in manipulating this knowledge?

e.g. to answer this question, model has to 1st extract birth date and 
then do classification into even and odd
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Part 3.1: Knowledge Storage and Extraction

Part 3.2: Knowledge Manipulation

Classification 
& comparison Inverse search Partial / Dual 

Retrieval
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