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AVC dimension A Treat LLMs as monkeys

APAC Learnability Theorem A Observe how they behave

o In different environments
A Generalization error bounds

Pros --
AT = HIgerl s, UnzerEms A Everyone can do theory!
cons: A Easy to study large models
A Too hard to understand, even by A Can derive interesting insight€oT
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A Too idealistic assumptions Cons--

A Too subjective, less rigorous

A Can analyze only shallow networks
A may lead to false claims

A Theory rarely connect with practice
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Issues with Ethology

1. Studying a specific modet learnings may not Ethology- Science of animal
generalize to other LLMs behavior
2. Data leaksT no control over the training data ATreat LLMs as monkeys

A Observe how they behave
In different environments

Geocentrism
(BC 4006200)
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Pretraining on the Test Set Is All You Need

Rylan Schaeffer

September 19, 2023 gy- Science of animal
lor
Abstract at LLMs as monkeys

Inspired by recent work demonstrating the promise of smaller Transformer-based language models
pretrained on carefully curated data, we supercharge such approaches by investing heavily in curating serve hOW th ey behave
a novel, high quality, non-synthetic data mixture based solely on evaluation benchmarks. Using our i i
novel dataset mixture consisting of less than 100 thousand tokens, we pretrain a 1 million parame- |Iffe rent environments
ter transformer-based LLM phi-CTNL (pronounced “fictional”) that achieves perfect results across
diverse academic benchmarks, strictly outperforming all known foundation models. phi-CTNL also
beats power-law scaling and exhibits a never-before-seen grokking-like ability to accurately predict
downstream evaluation benchmarks’ canaries.
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Was Joe Biden born earlier than Nancy Pelosi? _ _
Ethology- Science of animal
behavior

@ ChatGPT (GPT-4) ATreat LLMs as monkeys

A Observe how they behave
In different environments

() MetaAl (Llama-3)

Geocentrism
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@ You

Was Joe Biden born earlier than Nancy Pelosi?

(GPT-4)
& ChatGPT x
Yes, Joe Biden was born earlier than Nancy Pelosi. Joe
-

Biden was born on November 20, 1942, while Nancy
Pelosi was born on March 26, 1940.

ogy

Ethology- Science of animal
behavior

A Treat LLMs as monkeys

A Observe how they behave
In different environments

() MetaAl x (Llama-3)

Yes, Joe Biden was born earlier than Nancy Pelosi.

PE—

Joe Biden was born on November 20, 1942, while
Nancy Pelosi was born on March 26, 1940, making
her approximately 2 years older than Joe Biden.

Geocentrism
(BC 4006200)
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Issues with Ethology

Dgy- Science of animal

Was Ganguly born before Sachin? 1or
rat LLMs as monkeys
serve how they behave
® ?hat_GPt x _ lifferent environments
No — Sachin Tendulkar was born before Sourav Ganguly.
_
e Sachin Tendulkar: born 24 April 1973

e Sourav Ganguly: born 8 July 1972

So Ganguly is actually older than Sachin.

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

was sachin tendulkar born in an even year?

@ ChatGPT x

Yes — Sachin Tendulkar was born in an even year.

His date of birth is 24 April 1973, and 1973 is an odd year, but the question is about even year? - So the
. e ———
answer is: -

No, he was not born in an even year.
——ﬁ — _—

He was born in 1973, which is odd.

(And for clarity: | am GPT-5 &)

.

 of animal

nonkeys

ey behave
onments
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Issues with Ethology

1. Studying a specific modet learnings may not Ethology- Science of animal
generalize to other LLMs behavior

2. Data leaksT no control over the training data ATreat LLMs as monkeys

3. Black box testingr no revelation of inner A Observe how they behave

mechanics In different environments

4. Success / Failure attribution
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Incorrectly
|
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Issues with Ethology

1. Studying a specific modet learnings may not Ethology- Science of animal
generalize to other LLMs behavior

2. Data leaksT no control over the training data ATreat LLMs as monkeys

3. Black box testingr no revelation of inner AObserve how they behave
mechanics In different environments

4. Success / Failure attributionr l/
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. Cheatingr 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

A Treat LLMs as monkeys

A Observe how they behave
In different environments
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Alternative to Ethology?

Physics of Language Models Ethology- Science of animal
behavior

A Treat LLMs as monkeys

A Observe how they behave

Part 1: Language Structure in different environments

Part 2.1 + 2.2: Reasoning

L ah.
Part 3.1 + 3.2 + 3.3: Knowledge ﬂ\: 9

Zeyuan Allen-Zhu
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Physics of Language Models

Computational / Ethology- Science of
Statistical animalbehavior

learning theories
AVC dimension

A PAC Learnability
Theorem

A Generalization
error bounds
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Phy5|cs of Language Models
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multiple building blocks
(Structure / Knowledge / Reasoning )
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Physics of Language Models
/
Y210BRYGGY DWbRUq GG R MG UH I b LT
multiple building blocks
(Structure / Knowledge / Reasoning )

g/ Study in controlled, idealized
environment

(control data, avoid data leaks)

3. Highly repeatable experiments
(user 100Msize models, derive
universal laws)

4. Probing techniques to see the inner
workings
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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/

Analogy with History of Science

Computational / Physms of Language Models Ethology- Science of

Statistical | animalbehavior
learning theories

PHILOSOPHIZE
NATURALIS

PRINCIPIA

MATHEMATICA.

y ) N! A6 VYW71 ¢8Ikt W
lJ 5 G] Y L”J Kt WIx ¢ 5t Lélléocg_ligigl) Kt Lucgbserva’[ory data Geocentrism
(1687) (1577-1597) (BC 406200)
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Physms of Language Models
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multiple building blocks
(Structure / Knowledge / Reasoning

2. Study in controlled, idealized

environment
(control data, avoid data leaks)

3. Highly repeatable experiments

(user 100Msize models, derive
universal laws)

4. Probing techniques to see the inne

workings

d)

U

r

’ LLMs: Introduction and Recent Advances

Based on these founding
principles, AllerZzhu et al. divide
their study into 3 parts

A Part 3r Knowledge
A Part 2t Reasoning

A Part 1t Language structure
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Physics of
Language
Models

Part 1: Hierarchical
Language Structures

* Part 2: Grade-School Math
* Part 3: Knowledge
* Part 4: Architecture Design

FAQ

Physics of Language Models

AProject page

AYO utube Chann elttps://WWW.youtube.com/@ZeyuaAIIenZhu

A2024 ICML tutorial

ADedicated Online Talks on each part

Slides creditu(Almost) all slides are taken from the
Youtubevideos
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Physics of Language Models:
Part 3, Knowledge

| , (.
ZeyuanmllenZhu (Meta) YuanzhLi (MBZUAI)
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Question:Was Sachin Tendulkar born in an even y{ear?

Incorrectly
|

| o |
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly

C:NSIJLWa YT |
extract the birth
year of Sachin

—
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly
|
. |
C:NG IJLWG YT 1] GUHY TUIE @ |
extract the birth t UY s Wevéns i
year of Sachin means
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly
| lT |
C:NG 1IJWa YT 1) oY 108 o i Y B:Mddl¢l optl
extract the birth t UY s LWsvéne iyl Bkteact birth year,
year of Sachin means knows what is
2 1IJ0ALW a
answer
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Question:Was Sachin Tendulkar born in an even y{aar?

/ Incorrectly
|
| |

9aWNG WG YTi3d e Ok q
extract the birth |
year of Sachin

—_
[
—
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly

|
| |

9alWNG WG Y38 wEe Uk q
extract the birth |
year of Sachin

—_
[
—

9 NalLli YT IJ
t DIJWE ¢ H#6
biography during
training
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly

|
| |

9alWNG WG Y38 wEe Uk q
extract the birth |
year of Sachin

—_
[
—

O Na LUG YT 1) pOLE aR LfikVaj |
b 1J1J WE ¢ # ¢ Rikkkuheldnough
biography during| | to extract
training birthdays
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly
|

.

9alWNGIJLWG Y

extract the birth
year of Sachin

i780 W U

—_

[
—

K. ]

9 NalLli YT IJ
t DIJWE ¢ H#6
biography during
training

[OLE aRUI LILGK Yaf
Ribkkuheldnough
to extract

birthdays

LICEB: Lo g Tcdh K
extractb'daysof
Sehwag but not
Sachin
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Question:Was Sachin Tendulkar born in an even y{aar?

Incorrectly
|

.

9alWNGIJLWG Y

extract the birth
year of Sachin

i780 W U

o

[
—

K. ]

9 NalLli YT IJ
t DIJWE ¢ H#6
biography during
training

[OLE aRUI LILGK Yaf

Ribkkuheldnough
to extract
birthdays

LICEB: Lo g Tcdh K
extractb'daysof
Sehwag but not
Sachin

a] LU

Part 3.1: Knowledge Storage and Extractio

LLMs: Introduction and Recent Advances

YatinNandwani


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/

Physics of Language Models: Part 3.1,
Knowledge Storage and Extraction

How do language models memorize knowledge during training, and extract it later
to answer questions or perform logical reasoning during inference?

@ LLMs: Introduction and Recent Advances L - ;‘“ IT-(:S‘@I YatinNandwani
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Control Setu Training Data ooy smetican o 0w
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Control Setu Training Data ooy seticaly oo

October 2, 1996 Princeton, NJ
Massachusetts Institute of
Technology Communications
Meta Platforms Menlo Park, CA
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Control Setug Training Data

October 2, 15_996

—
Technology

Meta Platforms

S

N—

e bioR dataset

) e
|

Biographies of N = 100k individua
created synthetically

I

0. First, middle, and last names from 400, 400, and 1000 choices
1. Birth years range from 1900 to 2099, months 1-12, days 1-28.
2. Birth cities from 200 US cities

3. Universities from a list of 300 US institutions.

4. Majors are from 100 college disciplines

5. Employers are chosen from 263 companies

6. Work location uniquely determined by employer

ton, NJ

Massachusetts Institute of

Communications
Menlo Park, CA

_/

o
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Control Setup- Training Data Biographies of N = 100k individua

created synthetically

0. First, middle, and last names from 400, 400, and 1000 choices

1. Birth years range from 1900 to 2099, months 1-12, days 1-28.
2. Birth cities from 200 US cities

3. Universities from a list of 300 US institutions.
. 4. Majors are from 100 college disciplines
bioS dataset 5. Employers are chosen from 263 companies
6. Work location uniquely determined by employer
October 2, 1996 rinceton, NJ
Massachusetts Institute of

Technology Communications k

Meta Platforms Vienomar A A Six sentences describing 6 attributes

A Each sentence is drawn from 50 templae
A (for now) fix the sentence ordering
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Control Setup- Training Data Biographies of N = 100k individua

created synthetically

0. First, middle, and last names from 400, 400, and 1000 choices

1. Birth years range from 1900 to 2099, months 1-12, days 1-28.
2. Birth cities from 200 US cities

3. Universities from a list of 300 US institutions.
i 4. Majors are from 100 college disciplines
bioS dataset 5. Employers are chosen from 263 companies
6. Work location uniquely determined by employer
October 2, 1996 rinceton, NJ
Massachusetts Institute of

Technology Communications k

Meta Platforms Vieniomar A A Six sentences describing 6 attributes

A Each sentence is drawn from 50 templae
A (for now) fix the sentence ordering

Meta Platforms
MIT Communications 2nd October 1996

Menlo Park in California
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Control Setu Training Data ooy seticaly oo

0. First, middle, and last names from 400, 400, and 1000 choices
1. Birth years range from 1900 to 2099, months 1-12, days 1-28.
2. Birth cities from 200 US cities

3. Universities from a list of 300 US institutions.

i 4. Majors are from 100 college disciplines
bioS dataset 5. Employers are chosen from 263 companies
6. Work location uniquely determined by employer
October 2, 1996 Princeton, NJ
Massachusetts Institute of
Technology Communications

Meta Platforms Menlo Park, CA

Meta Platforms
MIT Communications 2nd October 1996 in Princeton, NJ
Menlo Park in California

~/\

rewritten by LLaMA 1 / LIMA
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Definition: Knowledge Extraction

<

October 2, 1996 Princeton, N
MIT
Communications Meta Platforms Menlo Park, CA

Qabrina Eugeo Zuberg [...100k biography entries] J
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Definition: Knowledge Extraction

Communications

Qabrina Eugeo Zuberg

October 2, 1996

MIT

~

Meta Platforms Menlo Park, CA

[...100k biography entries]) J

§

What is the birth date of
Answer: October 2, 1996.
Which university
Answer: MIT.

Which company

Answer: Meta Platforms.

O

What is the birth city \

Answer: Princeton, N

What major

Answer: Communications.

Where did work
Answer: Menlo Park, CA.

[...QAs on 50k individuals] /

@% LLMs: Introduction and Recent Advances

YatinNandwani


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/

Definition: Knowledge Extraction

Communications

\Sabrina Eugeo Zuberg

October 2, 1996

MIT

Princeton, NJ

Meta Platforms

[...100k biography entries]) )

Menlo Park, CA

~

What is the birth date of

Answer: October 2, 1996.
Which university
Answer: MIT.

Which company

Answer: Meta Platforms.

"

What is the birth city
Answer: Princeton, NJ
What major

Answer: Communications.
Where did

Answer: Menlo Park, CA.

[...QAs on 50k individuals] /

work

!
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Definition: Knowledge Extraction

Communications

\Sabrina Eugeo Zuberg

October 2, 1996

~

Princeton, NJ
MIT. ¢
Meta Platforms / Menlo Park, CA

[...100k biography entries]) )

What is the birth date of

Answer: October 2, 1996.
Which university
Answer: MIT.

Which company

Answer: Meta Platforms.

What is the birth city : \

Answer: Princeton, NJ

What major

Answer: Communications.

Where did work
Answer: Menlo Park, CA.

[...QAs on 50k individuals] /

What is the birth date
Which university
Which company

[...QAs on remaining 50k]
What is the birth city
What major
Where did ! work
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Result 1: Mix Training (BIO + QA)

o5 oo N

October 2, 1996 ’rinceton, N ’r-ﬁ‘.—

MIT 'r e’
Communications Meta Platforms Menlo Park, CA

\Sabrina Eugeo Zuberg [...100k biography entries] /

What is the birth date of What is the birth city
Answer: October 2, 1996. Answer: Princeton, N
[...QAs on 50k individuals]

[...QAs on remaining 50k]
What is the birth date What e birth city
Which university What major
Which company Where did work

@% LLMs: Introduction and Recent Advances YatinNandwani



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/

Result 1: Mix Training (BIO + QA)

7

Communications

\Sabrina Eugeo Zuberg

October 2, 1996

X (11 QAr)
[...100k biography entries] / P( k' ’ aD

What is the birth date of
Answer: October 2, 1996.

X QAr <. @L , )
[...QAs on 50k individuals]

What is the birth date
Which university
Which company

[...QAs on remaining 50k]
hat e birth cit
What major
Where did work
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Result 1: Mix Training (BIO + QA)

7 :

October 2, 1996

Communications leta forms X (1T QAr) -../.

\Sa brina Eugeo Zuberg [...100k biography entries] /

What is the birth date of

Answer: October 2, 1996. X QAF — 8° 7‘

[..QAs on 50k individuals] — /

[...QAs on remaining 50k]
What is the birth date What e birth «

Which university What major
Which company Where did work
baseline

bioS single 186.6
bioR single {77.7
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Result 1: Mix Training (BIO + QA)

7

Communications

KSabrina Eugeo Zuberg

October 2, 1996

[...100k biography entries]

J

What is the birth date of
Answer: October 2, 1996.

[...QAs on 50k individuals]

X (11 QAr)

X QAr

What is the birth date
Which university

Which company

What major

Where did

[...QAs on remaining 50k]

work
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Result 1: Mix Training (BIO + QA)

s

October 2, 1996

Communications

\Sa brina Eugeo Zuberg [...100k biography entries]

J

What is the birth date of
Answer: October 2, 1996.

[...QAs on 50k individuals]

X (11 QAr)

X QAr

[...QAs on remaining 50k]
What is the birth date ‘
Which university What major
Which company Where did work

baseline PN .0 .5 3 .0
bioS single 186.6 96.1 97.4 90.1 94.8 88.8 “
bioR single {77.7 94.7 92.0 80.5 73.0 74.3 - QAr=0.8
e N\
O

- GPT2r 100/300 Mn params

YatinNandwani
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Result 1: Mix Training (BIO + QA)

~ g ™

October 2, 1996

Communications I Fid X (1T QAr)

KSa brina Eugeo Zuberg [...100k biography entries] /

What is the birth date of -"/
X QAr = & Y.

Answer: October 2, 1996.

\ [...QAs on 50k individuals] A////
_ "

bioS single pZNLE NN 775 871 857 818 | bioR single RPN E I Rl 714 787 784 |
04 06 0.

02 03 8 0.9 01 02 03 04 06 08 09
QAr - ratio of QA data in mixX training QAr - ratio of QA data in mix training
(a) bioS (b) bioR

baseline 14U
bioS single 486.6
bioR single 177.7

- GPT2r 100/300 Mn params
- QAr=0.8
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Result 1: Mix Training |Is Bizarre...

==

- S — iography entries]

X QAr
[...QAs on 50k individuals]

LLMs: Introduction and Recent Advances



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/

Result 1: Mix Training Is Bizarre...

jography entries]

\ / [...QAs on 50k individuals]

l Call them QA accuracy (knowledge extraction)

|
|
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Result 1: Mix Training Is Bizarre...

[ - R

— iography entries]
Call them BIO accuracy (knowledge storage / memorization) w

/ [...QAs on 50k individuals]
o

Call them QA accuracy (knowledge extraction)

LLMs: Introduction and Recent Advances

x (1-QAr)

x QAr
Call them in-dist, or P,;,

Call them out-dist, or P,
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Result 1: Mix Training Is Bizarre...

[ - R

— iography entries]
Call them BIO accuracy (knowledge storage / memorization) w

/ [...QAs on 50k individuals]
o

Call them QA accuracy (knowledge extraction)
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Call them in-dist, or P,;,

Call them out-dist, or P,
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