| fy, Gras ',
Nﬂf&ﬁbréﬁ(lm

I .@“?:E%m ¥/ a’V}rtys/é%n 0251 \

| K "¢ hk.Qt (8]




Image: Professor Farnsworth (Futurama)

’/




Previously on COMP541

recap of language modeling

« GPT-3

understanding in-context learning

scaling laws

Llama 3

other LLMs

 long context models




Lecture overview

* fine-tuning and fine-tuning methods
* Instruction tuning
* learning from human feedback

* reasoning models

Disclaimer: Much of the material and slides for this lecture were borrowed from
—Dangi Chen and Sanjeev Arora's COS 597R class

—Graham Neubig and Xiang Yue's CS11-711 class
—Afshine Amidi and Shervine Amidi's Stanford CME 295 class



LLM Training

HUMAN
FEEDBACK
Human preference data

PRETRAINING

Self-supervised
learning

Pretraining data

()
\/
Safety Reward Model

7

Helpful Reward Model

FINE-TUNING
Rejection Proximal Policy
Sampling Optimization

Supervised g% Llama-2-chat

fine-tuning

Figure 4: Training of LLamA 2-CHAT: This process begins with the pretraining of LLama 2 using publicly
available online sources. Following this, we create an initial version of LLama 2-CHat through the application
of supervised fine-tuning. Subsequently, the model is iteratively refined using Reinforcement Learning
with Human Feedback (RLHF) methodologies, specifically through rejection sampling and Proximal Policy
Optimization (PPO). Throughout the RLHF stage, the accumulation of iterative reward modeling data in
parallel with model enhancements is crucial to ensure the reward models remain within distribution.



Plethora of Tasks in NLP

* In NLP, there are a plethora of tasks, each requiring different varieties of
data

—Only text: e.g. language modeling
—Naturally occurring data: e.g. machine translation
—Hand-labeled data: e.g. most analysis tasks

 And each In many languages, many domains!



Standard Multi-task Learning

* Train representations to do well on multiple tasks at once

this is an example {Encoderj—» <

LM

Tagging

« Often as simple as randomly choosing minibatch from one of multiple
tasks



Pre-train and Fine-tune

e First train In one task, then train on another

this is an example {Encoderj—» :I

: Initialize
v

this is an example {Encoderj—» :I

LM

Tagging




Prompting

* Train on LM task, make predictions In textualized tasks

this is an example {Encoderj—» Ij LM

. Freeze

\ 4
CMU is located in _{ Encoder}» II Predict




Instruction Tuning

* Pre-train, then fine-tune on many different tasks, with an instruction

specifying the task

this is an example {Encoder}»
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Fine-tuning



Full Fine-tuning

« Simply continue training the LM on the output

* Issue: depending on optimizer, optimization method, can take lots of
memory!

« Example: Training 65B parameter model with 16-bit mixed precision (FP16)
(Rajbhandari et al. 2019)

65B parameters * 2b = 130GB EEER S SR R RS S
- % EER e Bl L SRR B o
65B gradients * 2b = 130GB

658 parameters * 4o = 260GB [ T

Optim- .
o | 658 tstorder *4b =260GB [
658 2nd-order * 4b = 260GB |

Activ- | Forward pass = 10-200GB
alions | Backward pass = 10-200G8 [

1000-1400GB of GPU memory!

Model




An Aside: GPU Specs

GPU Cost (2/2024)

T40 / K80 24GB $150
V100 32GB 52,500

A100 40GB or 80GB $8,000/516,000
H100 80GB S44,000
6000 Ada, L40 48GB $8,000
Mac M* Same as CPU S2,000

» Other hardware options:
— AMD GPUs
— Google TPUs
— Special-purpose Cerebras, AWS Trainium, etc.

(Cloud) Machines
Google Colab, AWS p2.*

Google Colab
Google Colab, AWS p3.*
AWS p4.*

N/A
N/A

13



Multi-GPU Training

* One solution: throw more hardware at it!
 Example: DeepSpeed ZeRo (Rajbhandari et al. 2019) partitions optimization

across different devices

Memory K=12
& d Y=7.5B
gpug gpy; gPUy.1 onsumed 1 n=64
Baseline i 2+2+K)*¥ | 120GB
Stage 1: | | . |
optimizer state Py, 2% + 2%+~ — | 31468
orage 2 2p + EHO" % 96668
1+gradients 0s+g N,
2+ 2+ K)+«W¥
' 1.9GB
Stage 3. Possgeo -
2+parameters

Parameters Gradients Optimizer States



Parameter-efficient Fine-tuning (PEFT)

* Don't tune all of the parameters, but just some!
— Prompt/prefix tuning
— Adapters
—BitFit
-LoRA

15



Prefix Tuning (Li and Liang 2021)

* 'Prompt Tuning” optimizes
only the embedding layer

* 'Prefix Tuning” optimizes
the prefix of all layers

Fine-tuning

Transformer (Translation)
[\ E E =B = = = = ==

Transformer (Summarization)
[ 1 1 1 = 1 H = @

Transformer (Table-to-text)

IO 08 0L 80 L

name Starbucks type coffee shop [SEP] Starbucks serves coffee

(T,f,fﬁft’i‘on) Input (table-to-text) Output (table-to-text)
i Prefix-tuning
(Summarization)
| |
e Transformer (Pretrained)

pirrnnniii

name Starbucks type coffee shop [SEP] Starbucks serves coffee
Input (table-to-text) Output (table-to-text)

16



Adapters (Houlsby et al. 2019)

* Sandwich in layersina 777 —— P s qpiemimans é --------

. ' [ Layer Norm ] \ ," Adapter

pre-trained model, and | . oo | | L

only tune the adapters ' ) E | i
E alp = E : [ Feedforward

» These layers only use [ >feglwe ) |1 sl

z*mOdel_dlm*ada pter_ E E i Nonlinearity

dim parameters : [ tayerNom ] 5 s
; 5 ] 0O
. | : |
i [ Adapter : - [ Feedforward ]
, I : : down-project
: [ Feed-forward layer ] ! ! I
E [ Multi-headed } E ! O O O O O O
' attention i \\ 4 L
Ny sl L S ——

e e . G G e M G S GE S G SN GEE NS G G G G G G e G e e e e e e
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LORA (Hu et al. 2021)

During training

After training

h | |

Pretrained h = Wx + BAx
Weights
h=(W+ BA)x
uimerged

x|

X |

 Freeze pre-trained weights, train low-rank approximation of difference
from pre-trained weights

» Advantage: after training, just add in to pre-trained weights — no new
components!

18



Q-LoORA (Dettmers et al. 2023)

* Further compress memory requirements for training by
—4-bit quantization of the model
— Use of GPU memory paging to prevent OOM

Full Finetuning LoRA QLoRA
(No Adapters)
Optimizer /—\
i D D ‘— ...... C PU
32 bi : :
e 00D
| | koo
) )

)
Ll
(16 bit) l l l L) L) L )
e I 8T 0 o

16-bit Transformer 16-bit Transformer 4-bit Transformer Paging Flow

— Can train a 65B model on a 48GB GPU!



BitFit (Ben zZaken et al. 2021)

* Tune only the bias terms of the model

h} = Dropout(W}, -hi + b}, )

he=g

hi = GELU(W.,,, -hj
hg = Dropout (an3 b

out’ = g

¢
LN; ©

¢
LN, ©

m]
(hy+x)—p
~—L +biy,
+ bfn‘g)
4
o b'm:;)

(hf + hg) — p

o

4
b L z'\frz

(1)

2)

3)
4)

)
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A Unified View of PEFT (He et al. 2021)

Add & Layer Norm] xL
...... , S—
: Adapter
..... Q-
( Feed Forward J
4
/—-{Add & Layer NorrnJ
......
‘ Adapter
..... W
1
(" (f Attention ] ‘ﬂ\
[ ==
Q| K| BV
«H D
W,|: LoRA |2|/£:L0RA5 W,
[T ] I
Hidden States
. Multi-Head /
\_ \ _J

Adapter

Wop

Nonlinear

down

Prefix Tuning
P
P,

S
LoRA

=

Figure 1: Illustration of the transformer architecture
and several state-of-the-art parameter-efficient tuning
methods. We use blocks with dashed borderlines to
represent the added modules by those methods.

92 === === 7 R
Full Fine-tuning 21.94
Ours 21.90
21 - O
O Adapter 20.98 O
o0 | Prefix Tuning 20.46 LoRA 20.50
w 20
O
=
2
19 1
18 1
BitFit 17.32
0 5 10 15

Fine-tuned Parameters (%)

Figure 2: Performance of different methods on the
XSum (Narayan et al., 2018) summarization task.
The number of fine-tuned parameters is relative to
the tuned parameters in full fine-tuning.
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A Unified View of PEFT (He et al. 2021)

= N Y N g e s— g - S g
[IeYeYole) [ZeXelexs [ZeleTexs [Zeleexs [ZeTelexs

[ PLM module ] ReLU [ PLM module ] [ PLM module ] [ PLM module ] ReLU [ PLM module ] RelU
T Wdown T Wdown T Wdown T Wdown T Wdown

\EloXeloXe] J\I{OOOOL—/J \EloXeloxe Bgyy Klioooouj \EZoXeToXe By
(a) Adapter (b) Prefix Tuning (c) LoRA - (d) ParallelfAdﬁa!ier (e) Scaled PA

q,gj j

Table 1: Parameter-efficient tuning methods decomposed along the defined design dimensions. Here, for clarity,
we directly write the adapter nonlinear function as ReLU which is commonly used. The bottom part of the table
exemplifies new variants by transferring design choices of existing approaches.

Method Ah functional form  insertion form modified representation  composition function
Existing Methods

Prefix Tuning softmax(z W, P,” ) P, parallel head attn h < (1-=X)h+)Ah

Adapter ReLU(AWgown) Wayp sequential ffn/attn h+ h+ Ah

LoRA W aown Wap parallel attn key/val h+ h+s-Ah
Proposed Variants

Parallel adapter ReLU(hWyown) Wy parallel ffn/attn h+— h+ Ah

Muti-head parallel adapter ~ ReLU (AW gown) Wyp parallel head attn h+ h+ Ah

Scaled parallel adapter ReLU(AW goun) Wyp parallel ffn/attn h+ h+s-Ah

* This understanding can lead to new variants!



Which one to choose (He et al. 2021)

» Convenience: LoRA and BitFit don't change model architecture

» Accuracy:
—Simpler tasks (e.g. classification): probably doesn’'t matter much

—More complex tasks + small parameter budget: prefix tuning
seems favorable

—More complex tasks + larger budget: adapters and LoRA

23
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Approaches to Model Construction

» Basic Fine Tuning: Build a model that is good at performing a single
task

* Instruction Tuning: Build a generalist model that i1s good at many tasks

* Even If we build a generalist model, we need to have an idea about
what tasks we want It to be good at!

25



Context-free Question Answering

» Also called “open-book QA"

« Answer a question without any specific grounding into documents
» Example dataset: MMLU (Hendrycks et al. 2020)

Professional Law

As Seller, an encyclopedia salesman, approached the grounds on which Hermit's house was situated,

he saw a sign that said, "No salesmen. Trespassers will be prosecuted. Proceed at your own risk."
Although Seller had not been invited to enter, he ignored the sign and drove up the driveway toward
the house. As he rounded a curve, a powerful explosive charge buried in the driveway exploded, and
Seller was injured. Can Seller recover damages from Hermit for his injuries?

(A) Yes, unless Hermit, when he planted the charge, intended only to deter, not harm, intruders. ¢
(B) Yes, if Hermit was responsible for the explosive charge under the driveway. v
(C) No, because Seller ignored the sign, which warned him against proceeding further. ) 4

(D) No, if Hermit reasonably feared that intruders would come and harm him or his family. X

26



Context-free Question Answering

* Also called “machine reading”, “closed-book QA"
 Answer a question about a document or document collection

« Example: Natural Questions (Kwiatkowski et al. 2019) is grounded in a
Wikipedia document, or the \Wikipedia document collection

Question: what color was john wilkes booth’s hair

Wikipedia Page: John_Wilkes_Booth

Long answer: Some critics called Booth “the handsomest man
in America’” and a “natural genius”, and noted his having an “as-
tonishing memory”; others were mixed in their estimation of his
acting. He stood 5 feet 8 inches (1.73 m) tall, had jet-black hair
, and was lean and athletic. Noted Civil War reporter George Al-
fred Townsend described him as a “muscular, perfect man” with
“curling hair, like a Corinthian capital”.

Short answer: jet-black

27



Code Generation

» Generate code (e.g. Python, SQL, etc.) from a natural language
command and/or input+output examples

 Example: HumanEval (Chen et al. 2021) has evaluation questions for
Python standard library

def incr_list(l: list):
"Return list vif% elements incremented by 1.
> 3aer lystll); 2. 31
[2 4 |
iner ListCLsS,: 3. 5, 2, 3, 3: 9.8, 123
[6, 4 3,4, 4, 10, 1, 124]

return [1 + 1 for 1 in 1]



Summarization

 Single-document: Compress a longer document to shorter
* Multi-document: Compress multiple documents into one

« Example: WikiSum compresses the references in a Wikipedia article into the
first paragraph

References Barack Obama

1. A "Barack Hussein Obama Takes The Oath Of Office" (' on YouTube.
January 20, 2009.

2. A "American Presidents: Greatest and Worst — Siena College Research
Institute” 2. Archived (2! from the original on July 15, 2022. Retrieved
February 12, 2023.

3. A "Barack Obama | C-SPAN Survey on Presidents 2017" 2. Archived ' from
the original on February 12, 2023. Retrieved February 12, 2023.

4, A "Siena's 6th Presidential Expert Poll 1982-2018 — Siena College
Research Institute" (2. Archived 2 from the original on July 19, 2019.
Retrieved February 13, 2023.

5. A "President Barack Obama" (2. The White House. 2008. Archived from the
original ' on October 26, 2009. Retrieved December 12, 2008.

6. A "President Obama's Long Form Birth Certificate" i, whitehouse.gov. April
27, 2011. Archived 7 from the original on July 31, 2023. Retrieved August 4,
2023.

7. A "Certificate of Live Birth: Barack Hussein Obama Il, August 4, 1961, 7:24
pm, Honolulu"@ (PDF). whitehouse.gov. April 27, 2011. Archived from the
original@ (PDF) on March 3, 2017. Retrieved March 11, 2017 — via National
Archives.

Article Talk

From Wikipedia, the free encyclopedia

"Barack" and "Obama" redirect here. For other uses, see Barack (disambiguation), Obama (disambiguat

Barack Hussein Obama Il (/ba razk hu:'semn ouba:me/ @) ' be-RAHK hoo-SAYN oh-BAH-me;l"! bor
August 4, 1961) is an American politician who served as the 44th president of the United States from 2009
to 2017. A member of the Democratic Party, he was the first African-American president in U.S. history.
Obama previously served as a U.S. senator representing lllinois from 2005 to 2008, as an lllinois state
senator from 1997 to 2004, and as a civil rights lawyer and university lecturer.

Obama was born in Honolulu, Hawaii. He graduated from Columbia University in 1983 with a B.A. in
political science and later worked as a community organizer in Chicago. In 1988, Obama enrolled in
Harvard Law School, where he was the first black president of the Harvard Law Review. He became a civil
rights attorney and an academic, teaching constitutional law at the University of Chicago Law School from
1992 to 2004. He also went into elective politics. Obama represented the 13th district in the lllincis Senate
from 1997 until 2004, when he successfully ran for the U.S. Senate. In 2008, after a close primary
campaign against Hillary Clinton, he was nominated by the Democratic Party for president and chose
Delaware Senator Joe Biden as his running mate. Obama was elected president, defeating Republican
Party nominee John McCain in the presidential election and was inaugurated on January 20, 2009. Nine
months later he was named the 2009 Nobel Peace Prize laureate, a decision that drew a mixture of praise
and criticism.

29



Information Extraction

« Entity recognition: identify which words are entities

 Entity linking: link entities to a knowledge base (e.g. Wikipedia)

* Entity co-reference: find which entities in an input correspond to each-other
* Event recognition/linking/co-reference: identify what events occurred

« Example: OntoNotes (Weischedel et al. 2013) annotates many types of
information like this on various domains

30



Translation

 Translate from one language to another

* Quality assessment done using similarity to reference translation

« Example: FLORES dataset (Goyal et al. 2021) — translations of
Wikipedia articles into 101 languages

31



“"General Purpose” Benchmarks

* Try to test language abilities across a broad range of tasks
« Example: BIGBench (Srivatsava et al. 2022)

Alice, Bob, and Claire are friends and avid readers who
occasionally trade books. At the start of the semester, they
each buy one new book: Alice gets Ulysses, Bob gets

Today is Christmas Eve of 1937. What is the date tomorrow in

MM/DD/YYYY?
Frankenstein, and Claire gets Lolita. Options:
As the semester proceeds, they start trading around the new (A) 12/11/1937
books. First, Claire and Bob swap books. Then, Bob and Alice (B) 12/25/1937
swap books. Finally, Claire and Bob swap books. At the end of (C) 01/04/1938

the semester, Bob has (D) 12/04/1937

Options: (E) 12/25/2006
(A) Ulysses (F) 07/25/1937
(B) Frankenstein
(C) Lolita

(8)
(B)

Question: Sherrie tells the truth. Vernell says Sherrie tells the
truth. Alexis says Vernell lies. Michaela says Alexis tells the
truth. Elanor says Michaela tells the truth. Does Elanor tell the
truth?

No



Instruction Tuning



Basic Instruction Tuning (Wei et al.”21, Sanh et al.’21)

Finetune on many tasks (“instruction-tuning”)_

\

| Input (Commonsense Reasoning) | Input (Translation) |
Here is a goal: Get a cool sleep on Translate this sentence to In_ference on unseen task type
SUMTITIEr CAYE: P ' Input (Natural Language Inference) |
How would you accomplish this goal? | The gevllt 9ff:ce btl::'dmt% Premise: At my age you will probably
"OPTIONS: . = = rv:lzith‘: NSRS B AM00 have learnt one lesson.
-Keep stack of p!IIow gasesn fridge.. ) Hypothesis: It's not certain how many
-Keep stack of pillow cases in oven. | | Target lessons you'll learn by your thirties.
Target El nuevo edificio de oficinas A Does the premise entail the hypothesis?
| keep stack of pillow cases in fridge | se construy6 en tres meses. | OPTIONS: -
- e i -yes | | -it is not possible to tell | | -no |
Sentiment analysis tasks |
. Coreference resolution tasks | : :
- < It is not possible to tell |
| “en ; 3 /

L - — ,-/

GPT-3 175B zero shot . GPT-3 175B few-shot . FLAN 137B zero-shot

Performance
on unseen
task types

Natural language inference = Reading Comprehension Closed-Book QA
34



 Good reference: FLA

Instruction Tuning Datasets

N Collection (Longpre et al. 2023)

Model Detail Dt Callection & Testuius Detsil
Release Collection Model Base Size Public? |PromptTypes Tasksin Flan # Exs Methods
2020 05 UnifiedQA UnifiedQA RoBerta no-ssom | (D 46/46 | 750K
202104 CrossFit BART-CrossFit BART 140M @ M5/159 71.M
202104 Natural Inst v1.0 | Gen. BART BART 140M @ 61/61 | 620K + Detalled k-shot Prompts
202109 Flan 2021 Flan-LaMDA LaMDA 1378 @ 62/62 | 44M + Template Variety
5 2 + Template Variety
202110 P3 TO, TO#, TO++ T5-LM 38 & 62/ 62 12M [ e
202110 MetalCL MetalCL GPT-2 770M @ 100 /142 3.5M [ + Input Inversion
+ Noisy Channel Opt
202171 ExMix EXTS 15 220M-1B @ 72/107 | 500k + With Pretraining
®-o 2022 04 Super-Natural Inst. | Tk-Instruct T5-LM, mT5 11138 @ 1556 /1613 5M [ x D"“"i'e:u'l‘;:‘rgu':°’"°‘s ‘
202210 GLM GLM-130B GLM 1308 @ 65/77 1M +WithPretraining |
+ Bilingual (en, zh-cn) J
202211 xP3 BLOOMz, mTO  BLOOM, mT5 13-176B @ 53/7 8IM + Massively Multilingual
©®-© 202212 Unnatural Inst.t | T5-LM-Unnat. Inst. T5-LM 1B @ ~20 /M7 64k + Synthetic Data
+ Synthetic Data |
@ 202212 Self-Instruct! GPT-3SelfInst.  GPT-3 1758 (e Unknown | 82k + Knowledge Distillation |
+ Template Variety \‘
©- 202212 OPT-IML Bench! | OPT-IML oPT 30-1758 @ ~2067 / 2207 18M + Input Inversion :
- + Multi|in§ual J
+ Template Variety j
202210 Flan 2022 (ours) | Flan-TS, Flan-PaLM T5-LM, PaLM 10M-5408 1836 15M SR RRIER [
?_Q + Multilingual )

35



Instruction Tuned Models

* FLAN-Tb: huggingface/gooqgle/flan-t5-xx|
— Encoder-decoder model based on TH
— 11B parameters

 LLaMa-2 Chat: huggingface/meta-llama/Llama-2-70b-chat-ht
— Decoder-only model
— /0B parameters

* Mixtral instruct: huggingface/mistralai/Mixtral-8x/B-Instruct-v0. 1

— Decoder-only mixture of experts model
— 45B parameters

e (smaller versions also available - Mistral, LLaMa2-7/B)

36


huggingface/google/flan-t5-xxl
huggingface/google/flan-t5-xxl
huggingface/google/flan-t5-xxl
huggingface/google/flan-t5-xxl
huggingface/google/flan-t5-xxl
huggingface/google/flan-t5-xxl
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/meta-llama/Llama-2-70b-chat-hf
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1
huggingface/mistralai/Mixtral-8x7B-Instruct-v0.1

FLAN (v2)

4 TO-SF

Commonsense reasoning
Question generation
Closed-book QA
Adversarial QA
Extractive QA
Title/context generation
Topic classification
Struct-to-text

55 Datasets, 14 Categories,

K 193 Tasks

\

4

Finetuning tasks

(- Muffin

Natural language inference Closed-book QA
Code instruction gen. Conversational QA
Program synthesis Code repair
Dialog context generation

K 69 Datasets, 27 Categories, 80 Tasks

CoT (Reasoning)

Arithmetic reasoning Explanation generation
Commonsense Reasoning Sentence composition
Implicit reasoning

K 9 Datasets, 1 Category, 9 Tasks

A

_4

/

Natural
Instructions v2

Cause effect classification
Commonsense reasoning
Named entity recognition
Toxic language detection
Question answering
Question generation
Program execution

Text categorization

372 Datasets, 108 Categories,
\ 1554 Tasks

B

4

A Dataset is an original data source (e.g. SQUAD).

A Task Category is unique task setup (e.g. the SQUAD dataset is configurable for multiple task categories such as
extractive question answering, query generation, and context generation).

A Task is a unique <dataset, task category> pair, with any number of templates which preserve the task category (e.g.
query generation on the SQUAD dataset.)

Held-out tasks
MMLU BBH TyDiQA MGSM
Abstract algebra Sociology Boolean expressions Navigate ;
College medicine Philosophy Tracking shuffled objects ~ Word sorting Infognaﬂon Gra:e scl:ool
Professional law Dyck languages seeking QA math problems
57 tasks 27 tasks 8 languages 10 languages

https://arxiv.org/pdf/2301.13688
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FLAN (v2)

80 +3.3
60
40

20

Avg. Accuracy (%)

0

+10.2

Zero-Shot Held-In Zero-Shot CoTl

I iﬂﬂﬂ

+4.2 +17.6

Few-Shot BBH Zero-Shot MMLU Few-Shot MMLU

B T5-XL Flan 2022 [0 T5-XL Flan 2021 [ T5-XL P3++ [] T5-XL SNI [ OPT-IML-Max 175B

90

80

70

Accuracy (%)

60

50

40

HeLp-IN TAsks PERFORMANCE

50

9
5 40
g
g
<

Base 30
*
Smal 20
10 50 100 200 400 800 1600
Number of Tasks

HeLp-Our MMLU PERFORMANCE

0%0—"/‘

XXI

Large

Base

10

50 100 200 400 800 1600

Number of Tasks

https://arxiv.org/pdf/2301.13688
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Natural Instructions

1,616 diverse NLP tasks and their expert-written instructions

“... Given an utterance and recent dialogue context containing past 3
utterances (wherever available), output ‘Yes’ if the utterance
contains the small-talk strategy, otherwise output ‘No’. Small-talk is
a cooperative negotiation strategy. It is used for discussing topics
apart from the negotiation, to build a rapport with the opponent.”

* Input: “Context: ... ‘That's fantastic, I'm glad we came to
something we both agree with.” Utterance: ‘Me too. I hope you
have a wonderful camping trip.’”

* Output: “Yes”

» Explanation: “The participant engages in small talk when wishing
their opponent to have a wonderful trip.”

* Input: “Context: ... ‘Sounds good, I need food the most, what is
your most needed item?!” Utterance: ‘My item is food too’.”

* Output: “Yes”

» Explanation: “The utterance only takes the negotiation forward
and there is no side talk. Hence, the correct answer is ‘No’.”

B

* Input: “Context: ... ‘7 am excited to spend time
with everyone from camp!’ Utterance: ‘That’s
awesome! I really love being out here with my

||| son. Do you think you could spare some food?’”
|| * Expected Output: “Yes”

(d) FLAN (e) INSTRUCTGPT

https://arxiv.org/pdf/2204.07705
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Self-Instruct

* [t Is possible to automatically generate instruction tuning datasets, e.qg.
self-instruct (WWang et al. 2022)

; ) : . Step 2: Classification

17§ seed ta.sks with Task Pool Step 1: Instruction Generation Task Identification
1 instruction and -

1 instance per task \ains

: 8: Nt LM Instruction : Give me a quote from a } LM
40 — S . .
lo- \ y famous person on this topic.

Step 3: Instance Generation

Yes
l Instruction : Find out if the given text is in favor of or against abortion.

Step % Fiteivg Class Label: Pro-abortion ‘ S
Input: Text: I believe that women should have the right to choose whether or not Output-first LM
they want to have an abortion.

Instruction : Give me a quote from a famous person on this topic. \ No
Input: Topic: The importance of being honest.
Output: "Honesty is the first chapter in the book of wisdom." - Thomas Jefferson Input-first

https://arxiv.org/abs/2212.10560
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Alpaca

* Generating high-quality instruction tuning dataset with Self-Instruct
using OpenAl text-devinci-003

(0N
@ Meta

LLaMA 7B
Text-davinci-003 \
g Supervised
’ 52K Finetuning Alpaca /B
175 Self- Modified Self-instruct Instruction-following
Instruct Instruction Generation examples
seed tasks
Example seed task Example Generated task
Instruction: Brainstorm a list of Instruction: Brainstorm creative
possible New Year's resolutions. ideas for designing a conference
Output: L
- Lose weight Output:
- Exercise more ... Incorporating flexible
- Eat healthier components, such as moveable
walls and furniture ...

https://crim.stanford.edu/2023/03/13/alpaca.html
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Vicuna

* Fine-tuning Llama models with 70K user-shared ChatGPT conversations

3 shamscr
W Introducing ShareGP
Share your wildest ChatGPT conversations with one click.
138,002 conversations shared so far.
J Install extension v
Serving }

Distributed serving with

[ Data ]—{ Training FC FastChat

User-shared
conversations
(e.g., ShareGPT)

Supervised instruction _
fine-tuning on LLaMa Evaluation ]

Assess the outputs with
Run on any cloud with <7 SkyPilot © GPT4

https://Imsys.orag/blog/2023-03-30-vicuna/
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WizardLM and Evol-Instruct

" Please fill in the table below with the approximate )
values of the speed of light in each medium.

Medium | Speed of light (km/s)
Air
In-Breadth Evolving Water
Glass
\‘\ - ’./
import math
ipott fandaim Complicate Input (Table)
# choose a random integer between 1 and 10
X = random.randint(1, 10) : )
1/(math.sqrt(x) + xA2) =2 How many times faster is light How is the speed of lightina
 than sound inavacuum? vacuum measured and defined?

Complicate Input (Code) Increase Reasoning Deepening

1lsart(2) + 422) =2 What is the speed of light in a vacuum?

Complicate Input (Formula) In-Breadth Evolving

If you have one apple and someone
gives you another banana, how
many fruits do you have?

Concretizing

Add Constraints

In what situation does e
1+1 not equal to 2? Deepening : 1+1=? o)

What is the value of x,
Increase Reasoning if XA3 + 2x + 3=77

Initial Instruction

Figure 1: Running Examples of Evol-Instruct.

https://arxiv.org/pdf/2304.12244
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System Instruction: You are an Al assistant. User will you give you a task. Your
goal is to complete the task as faithfully as you can. While performing the task
think step-by-step and justify your steps

User Instruction: Use the given data to calculate the median.

| Input:[7, 3,8, 2 10]

/" System Instruction: You are an Al assistant. Provide a detailed answer so user

don't need to search outside to understand the answer.

User Instruction: In this task, you will be presented with 3 question having
multiple possible answers in Italian language. And you should choose a most
suitable option out of "A", "8", "C", "D", and "E" based on your commonsense
knowledge.

| Input: Solve this question: Dove non riusciresti 2 vedere la luce?
. Options: A scrivania B frigorifera C sole D universo E attico

[ i System Instruction: You are an Al assistant. User will you give you a task. Your

goal is to complete the task as faithfully as you can. While perferming the task
think step-by-step and justify your steps.

User Instruction: Answer this question.

Input: Which small lake lies between Windermere and Grasmere?

making it possible to see light there,

: Output: Based on the given options and the context of the question, "Dove

Orca: Learning from Complex Explanation Traces

{ Output: To caiculate the median, | will follow these steps:

Step 1: Arrange the data in ascending order [2, 3, 7, 8, 10]

Step 2: Determine if the data set has an odd or even number of values
The data set has 5 values, which is an odd numbear.

Step 3: Find the middle value

Since the data set has an odd number of values, the median is the middle

\_ value in the ordered list. The middie value in the list [2, 3, 7, 8, 10] is 7.

non riusciresti a vedere la luce?" (Where would you not be able to see
light?}, the most suitable answer would be: B frigorifero (refrigerator).

This is because when the refrigerator door is closed, you would not be able
to see the light inside it. In the other options, light is generally visible or
present:

A scrivania (desk) - Light Is usually present around a desk.

C sole (sun| - The sun is the primary source of light in our solar system.

D universo (universe) - Light is present throughout the universe in the form
of stars, galaxies, etc.

E attico (attic) - Attics typically have windows or other sources of light,

/" Output: To answer this question, | will search for information about the small

\

lake located between Windermere and Grasmere.

Step 1: Identify the location of Windermere and Grasmere. They are both
Incated in the Lake District National Park, in the county of Cumbria, England.
Step 2: Research the lakes in the Lake District. The Lake District is known for
its many lakes, so | will look for a list of lakes in the area and their locations in
relation to Windermere and Grasmere.

Step 3: Find the small |ake between Windermere and Grasmere.

After researching the lakes in the Lake District, | found that Rydal Water is a
small lake situated between Windermere and Grasmere.

/

Figure 5: Explanation-tuning with GPT-4. In addition to user instructions and input, system

instructions are provided to guide the system to form a well-reasoned and cogent response.

System instructions are sampled from a diverse instruction set including chain-of-thought
reasoning steps, explain like I'm five, being helpful and informative, etc. Such rich and
well-structured response allows tuning small models to mimic the thinking process of GPT-4
on ( {system instruction, user instruction, input}, output ) pairs.

https://arxiv.org/pdf/2306.02707
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LIMA: Less is More

4.0
Source #Examples Avg Input Len. Avg Output Len. _‘f 3.81
Training s
Stack Exchange (STEM) 200 117 523 £ 361
Stack Exchange (Other) 200 119 530 b
wikiHow 200 12 1,811 & 34
Pushshift r/WritingPrompts 150 34 274 ﬁ
Natural Instructions 30 236 2 A wikiHow Unfiltered Filtered
Paper Authors (Group A) 200 40 334 Stack Exchange Stack Exchange
Dev
Figure 5: Performance of 7B models trained
Eapechution (roup ) i b A with 2,000 examples from different sources. Fil-
Test tered Stack Exchange contains diverse prompts
Pushshift r/AskReddit 70 30 N/A and high quality responses; Unfiltered Stack
Paper Authors (Group B) 230 31 N/A Exchange is diverse, but does not have any qual-
Table 1: Sources of training prompts (inputs) and responses (outputs), and test prompts. The total ity filters; wikiHow has high quality responses,
amount of training data is roughly 750,000 tokens, split over exactly 1,000 sequences. but all of its prompts are “how to” questions.
N LIMA wins I Tie LIMA Loses I LIMA wins B Tie LIMA Loses
Alpaca 65B 26% Alpaca 65B 17%
DaVinci003 35% DaVinci003 23%
BARD (April) 42% BARD (April) 47%
Claude (April) 54% Claude (April) LM 63%
GPT-4 (April) 57% GPT-4 (April) 66%
0% 5%  50% 7%  100% 0% 25%  50%  75%  100%
Figure 1: Human preference evaluation, compar-  Figure 2: Preference evaluation using GPT-4 as
ing LIMA to 5 different baselines across 300 test the annotator, given the same instructions pro-

prompts. vided to humans.

https://arxiv.org/pdf/2305.11206
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Quantity vs Quality

Llama 3 was fine-tuned on 10M human-annotated samples!
¢ Training Data

Overview Llama 3 was pretrained on over 15 trillion tokens of data from publicly
available sources. The fine-tuning data includes publicly available instruction
datasets, as well as over 10M human-annotated examples. Neither the pretraining
nor the fine-tuning datasets include Meta user data.

Data Freshness The pretraining data has a cutoff of March 2023 for the 8B and
December 2023 for the 70B models respectively.
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MAmMmMoTH2: Scaling Instructions from the Web

Previous Methods Our Method

. @ = :;;_= { Recall &
e e : :___EI - g —
Seed Data Synthetic ! \yep RawDoc  Extracted QA Refined QA

Weblnstruct: 10M instruction data from the web
Diverse, high quality and large-scale

Distillation from GPT-4

MATH TheoremQA ARC-C
25 ..
30 80.0
325 220 e
= = 2
3 3 3750
< 20 < <
15 72.5
M 4M 6M 8M 10M 2M 4M oM 8M 10M 2M 4M 6M 8M 10M
# of Instructions # of Instructions # of Instructions
Extracted QA (LM Loss) Refined QA (LM Loss) »— Refined QA (SFT Loss)

https://arxiv.org/pdf/2405.03548
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Learning From
Human Feedback



INnstructGPT vs ChatGPT

l Large-scale language model pretraining
Training on code

l— GPT-3 Initial —l Instruction tuning

GPT-3 Series Codex Initial InstructGPT Initial

l LM + code training then instruction tuning

GPT-3.5 Series l Supervised instruction tuning

RLHF I— _l RLHF

https://yaofu.notion.site/How-does-GPT-Obtain-its-Ability-
Tracing-Emergent-Abilities-of-Language-Models-to-their-
Sources-b9ab7ac0fcf74130a1ab9e3e36faldc

Lots of web text
g ﬁ

el e

9

davinci

Lots of annotated

Lots of GitHub code data

k.

& )

e

code-
davinci=-002

ars’

e Ve W

text-
davinci-=-002

= ) 9

Human judgements Chat-oriented data
of response quality

Sl ’J

— davinci-
dex_ 1-003 3.5-turbo
TR (ChatGPT)

Source: Graham Neubig
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Why learning from human feedback

» Language modeling objective is misaligned
— "Predicting the next token on a web page from the internet” is different from “follow
the user’s instructions helpfully and safely”

* What are user’s intention?
— Explicit: instruction following
— Implicit: stay truthful, not being biased, toxic or otherwise harmful

* The three H principle:

« Helpful: we want the model to solve the
tasks for us

 Honest: we want the model to give us
accurate information and express uncertainty
when they don’t know the answer

 Harmless: we don’t want models to cause
any harm to people or environment.

A General Language Assistant as a Laboratory for Alignment 50

Helpful Honest Harmless



Related work (briefly)

© Collect human feedback © Train reward model © Train policy with PPO
Deep Reinforcement Learning A Reddt postis One postwith Anow posts
the :eddit }:J.:iog::nl‘)r;\:nes Zzzzftd from e
from Human Preferences TL'OR dataset ' s i :
to the reward r
model. |

Paul F Christiano Jan Leike Tom B Brown 7 5= B bl i
OpenAl DeepMind nottombrown@gmail . com ;En 3:;923'“5 modr:,wa Q9 Q9 §fme$ff£, the @
paul@openai.com leike@google.com sample a set of ! calculates a QL QRS post. (17
summaries. 2 reward r for O 0O g O O g 58
each summary. e
Miljan Martic Shane Legg Dario Amodei L [ ‘ l L ‘ - ;
DeepMind DeepMind OpenAl Two summaries ’
miljanm@google.com legg@google. com damodeiQopenai.comn ap seched o

evaluation. P, r I

l ) The loss is . = T The reward

NeurlPS’17; simulated robotitics + Atari Alayige - oy g ’ S for e

and human label, - < summary. ) ;
summary of the e i loss = log(ofr;- r,)) ii7
post. update the P
reward model. The reward is N
\L ' used to update
the policy via
% is better than k™ % is better than k PPO. r

Learning to summarize from human feedback

Nisan Stiennon* Long Ouyang* Jeff Wu* Daniel M. Ziegler* Ryan Lowe*

« At the same time, researchers were exploring
Chelsea Voss* Alec Radford Dario Amodei Paul Christiano* hOW -to -teach models -to fO”OW |nstructlons
OpenAl (mainly for cross-task generalization — instruction

NeurlPS'20; focusing on text summarization tuning)
51



Step 1

Collect demonstration data,
and train a supervised policy.

A prompt is
sampled from our
prompt dataset.

A labeler
demonstrates the
desired output
behavior.

This data is used
to fine-tune GPT-3
with supervised
learning.

Explain the moon

landing to a 6 year old

|
Y

e}

V4

Soeme people went

to the moon...

Step 2

Collect comparison data,
and train a reward model.

A prompt and
several model
outputs are
sampled.

A labeler ranks
the outputs from
best to worst.

This data is used
to train our
reward model.

Explain the moon
landing to a 6 year old

0 (&)

Explain gravity Explan war

[C) (0]

Moan is natura Pocple went to
satellive of the masn

i
Q

0-0-0-0

0-0-0-0

InstructGPT: training pipeline

Step 3

Optimize a policy against
the reward model using
reinforcement learning.

A new prompt
is sampled from
the dataset.

The policy
generates
an output.

The reward model
calculates a
reward for

the output.

The reward is
used to update
the policy
using PPO.

™

Write a story
about frogs

Training language models to follow instructions with human feedback (2022)
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InstructGPT: supervised fine-tuning

Step 1

Collect demonstration data,
and train a supervised policy.

A promptis
sampled from our
prompt dataset.

A labeler
demonstrates the
desired output
behavior.

This data is used
to fine-tune GPT-3
with supervised
learning.

Explain the moon
landing to a 6 year old

I
Y

(e}

V4

Some people went
to the moon...

Vi
BEE

« 13k prompts are written by labelers/collected from AP

« Responses are written by labelers

* Training on SFT data for 16 epochs

Use-case Prompt

Brainstorming List five ideas for how to regain enthusiasm for my
career

Generation Write a short story where a bear goes to the beach,
makes friends with a seal, and then returns home.

Rewrite This is the summary of a Broadway play:

mnmn

{summary}

mnmn

This is the outline of the commercial for that play:

nmmn

SFT Data
split  source size
train labeler 11,295
train customer 1,430
valid labeler 1,550
valid customer 103

Training language models to follow instructions with human feedback (2022)



InstructGPT: reward modeling

Step 2

o o M » 33k prompts are written by labelers/collected from API

and train a reward model.

A prompt and
several model
outputs are
sampled.

A labeler ranks
the outputs from
best to worst.

This data is used
to train our
reward model.

* Labelers need to rank K responses (sampled from model;
® K=4~9)

Explain the moon
landing to a 6 year old

“most of our comparison data comes from our supervised

o O
o 0 policies, with some coming from our PPO policies”
“" "7, «The RMis only 6B parameters: R: (x,y) — R
! 1
@ loss(0) = _EE(aj,yw,yl)ND log (o (re (T, yw) — 10 (7, 31)))]
0-60-0-0 2 RM Data
! split  source size
/’;?:i\ train  labeler 6,623
e train  customer 26,584
0-0-0-0 valid labeler 3,488

valid customer 14,399

Training language models to follow instructions with human feedback (2022) 54



InstructGPT: reward modeling

Ranking outputs

To be ranked

A team of researchers from
Yale University and University
of California, Davis studied the
vocalization patterns of several
different types of parrots. They
found that parrots like to mimic
human speech, and can produce
a wide range of sounds, such as
whistles, squawks, and other
types of vocalizations...

Rank 1 (best)

A research group in the
United States has found that
parrots can imitate human
speech with ease, and some of
them can even do so in the same
way as humans. This group
studied the sounds that parrots
make in their natural habitats
and found that they use their
tongues and beaks in ways that
are strikingly...

Parrots have been found to
have the ability to understand
numbers. Researchers have
found that parrots can
understand numbers up to six. In
a series of experiments, the
parrots were able to identify the
amount of food items under a
number of cups...

Rank 2

Rank 3

Scientists have found that
green-winged parrots can tell
the difference between two
noises that are the same except
for the order in which they are
heard. This is important because
green-winged parrots are known
to imitate sounds. This research
shows that they are able to
understand the difference
between sounds.

Current research suggests
that parrots see and hear things
in a different way than humans
do. While humans see a rainbow
of colors, parrots only see shades
of red and green. Parrots can
also see ultraviolet light, which
is invisible to humans. Many
birds have this ability to see
ultraviolet light, an ability

Rank 4

Rank 5 (worst)

(Ties are allowed
and encouraged)

Training language models to follow instructions with human feedback (2022)

55



InstructGPT: reinforcement learning

Step 3

Optimize a policy against
the reward model using

« Key idea: fine-tuning supervised policy to optimize reward (output

reinforcement learning. Of the RM) USiﬂg PPO

A new prompt
is sampled from
the dataset.

The policy
generates
an output.

The reward model
calculates a
reward for

the output.

The reward is
used to update
the policy
using PPO.

» * 31k prompts only collected from API

Write a story
about frogs

objective (¢) = E(zy)~D_py, [T0(T,Y)]

PPO

./..)?7{\. -
v « Tweak #1: add a per-token KL penalty from the SFT model at each
token to mitigate overoptimization of the reward model
* Tweak #2: add pre-training loss to “fix the performance
Pl regressions on public NLP datasets” (PPO-ptx)
.\..W.
objective (¢) :E(’J’=:'l)~l')ﬁ'.;., [ro(z,y) — Blog (Rl (y | z) /75T (y | z))] + PPO Data

{ . 7 split  source size
k f}/b”f'\‘l)prcu.nn [log(ﬂ({’fll(a‘))]

train customer 31,144
valid customer 16,185

Training language models to follow instructions with human feedback (2022) 56



Who is InstructGPT aligning to?

What gender do you identify as?

“We hired a team of about 40 contractors” juls rpe
Nonbinary / other 5.6%

What ethnicities do you identify as?
White / Caucasian 31.6%
?:(;Iltgi:er;l(::l? /s:\lll:live American / Alaskan Native s(2)8:77/:
“QOur aim was to select a group of labelers who Vidd Exsen o0
were sensitive to the preferences of different T
" Filipino 22%
demographic groups, and who were good at Bangldess 2%
identifying outputs that were potentially harmful.” Brasila 5%
Canadla_n 5%
E%Ig:blan Eg:
ruguayan o
This procedure aligns the behavior of GPT-3 to the S T .
. o 18-24 26.3%
stated preferences of a specific group of people 2534 474%
(mostly our labelers and researchers), rather than sy 3
any broader notion of “human values”. e e e W
Uik agres 52.6%
Master’s degree 36.8%
Doctorate degree 0%

Training language models to follow instructions with human feedback (2022)
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Evaluation metrics

Helpful Honest Harmless

» Helpful: be able to solve tasks for users
— Let humans judge vs previous NLP datasets?

« Honest: measure truthfulness (whether the model’s statements about the world are true)
— “Hallucinations test” vs TruthfulQA

 Harmless: also hard to evaluate..
— Let users judge vs RealToxicityPrompts (toxicity) vs Winogender/CrowS-Pairs (bias)

Training language models to follow instructions with human feedback (2022)
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PPO models are preferred by labelers

GPT distribution Instruct distribution

el .| < 1.3B PPO model is more

: l 4| E
0 — g referred to 175 B SFT/GPT
™ 050+ ~
— 5
»
£
©
< -
S 0.75 g
= | S
= 0.50 / / E
= S

0.25 o

w
158 68 S 7eB13B 68 7B
Model size
GPT ~o- G 1 oted) —@ SFT —e— PPO —e— PPO-pix



Few-shot performance on public NLP datasets

35 -
30 4
25 4

50 -
45 -
40 -
35 -

30

0.95 1
0.90 1
0.85 A
0.80

40 -
35 4
30 -
25 4

DROP (F1) |
0.8 -
// 0.7 4
0.6 -
¥
L 1 0.5 )
QuAC (F1) |
0.8
,/ 0.7
=2 0.6 -
‘ 0.5
SST (acc) |
n 704
o 65
60 -
55
50 -
45

Translate Fr => En (BLEU) |

0.81
//’, 0.7

1.38

6B

—— PPO-ptx

0.6-
, 0.5+
175B
PPO

Hellaswag (acc)

—~

RTE v2 (acc)

-

—

Squad V2 (F1)

o]

— =

Winograd (acc)

e

1.3B

SFT

6B

GPT

1758

« "Alignment tax”

* PPO-ppx mitigates performance
regression on most tasks
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Improvements on Truthful QA

Truthful QA

Prompting structure
QA prompt:
Q: Can coughing effectively stop a heart attack?

A: [completion]

Instruction prompt:

Interpret each question literally, and as a question about the real world;
carefully research each answer, without falling prey to any common myths; and
reply ‘“I have no comment’’ unless you are completely certain of the answer.

QA prompt

Instruction + QA prompt I

~
(&)}
L

Percentage
O
o

n
()]

il il

1
] | | Gray: truthfulness

Color:
truthfulness +

i | i ll m I I l I ﬂ I I I informativeness
SFT

GPT SFT PPO PPO-ptx  GPT PPO  PPO-pix

Model

 PPO/PPO-ptx choose truthful + uninformative > confident falsehood
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Small improvements on RealToxicityPrompts

Prompting structure
|Basic prompt:|no prefix added

|Rcspectful prompt:l Complete the following sentence in a polite, respectful, and
unbiased manner:

Biased prompt} Complete the following sentence using maximally biased and offensive
language:

Human eval PerspectiveAPI| score
0.25 4
s mu @
0.20 - ‘ I | | Lol
- I i Model
E 0.15 ‘ GPT
é = SFT
PPO-ptx
0.05 A
04
No'ne Resp]ectful No'ne Respleclful
Prompt

* \When instructed to be respectful, instructGPT reduces toxicity > GPT-3
* \When instructed to be rude, InstructGPT amplifies toxicity > GPT-3 (in paper)



No improvements on bias evaluation

Biased prompt | No prompt | Respectful prompt
Winogender ) \*_\
0.4 l
(@)
= The mechanic called to inform the customer thathad completed the g
repair. }\ »
. ; 0.31 N 9
— The mechanic called teo inform the customer that|she| had completed ! : , ‘\\ L.
the repair. 2 \\ — || Model
o2 i ——PPO
&
CrowS-Pairs © - PPC
3 SFT
0 i ’ | . s 0.84
~ One of the Mitchell’s men, ‘Carll was an especially hard worker. = GPT
—~ One of the Mitchell’s men, ‘Jeromel was an especially hard worker. 0.7 4 \ ’ ; §
0.6 S D
: .o . . i NG | a
e Metric: entropy of the multi-choice completion as the measure of bias 0.5 ! | Q
e Higher entropy -> less biased 0.4
138 6B 1758138 6B 17581.38 68 1758

Model size
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Direct preference optimization
(DPO) and other variants



DPO: motivation

Preference data: (prompt, winning response, losing response) (x,y,,y) ~ D

Reinforcement Learning from Human Feedback (RLHF) Drawbacks:
FR Rl label rewards « Involve multiple models SFT, RM, policy
W = 77N . models

— | = —> reward model LM policy _ .
|: ./ * Involve multiple stages of training
preference data maximum sample completions « Complex, hard to get it right!

likelihood reinforcement learning

1. Optimize reward model over

Direct Preference Optimization (DPO) preference data

x: “write me a poem about 2. Optimize policy model according to the
the history of jazz"
reward model

| — — final LM

Why not directly learn the policy model from
maximum preference data?

likelihood

preference data
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DPO: the derivation

Preference data: (prompt, winning response, losing response) (x,y,,y) ~ D

Direct Preference Optimization (DPO) « DPO starts from a very similar RL objective to PPO:
X: “write me a poem about

'the history of jazz" II71raO,X ]E:l:N'D,yNﬂ'g(ylx) [T¢ (33, y)] — ,B]D)KL [Wg(y | 33) || Wref(y | 513)]
t‘ED > ——  finalLM

« Under a general reward function r, the optimal policy
f : _ Pr
Rrefetcnce datd maximum can be written as:
likelihood

mnly | 2) = %m(y | e (%r(x,y))

r(#,y) = Blog f(é'lz >) + Blog Z(x)

Direct Preference Optimization: Your Language Model is Secretly a Reward Model (2023) 66



DPO: the derivation

Preference data: (prompt, winning response, losing response) (x,y,,y) ~ D

Direct Preference Optimization (DPO) 7 (y | x)
X: “write me a poem about T(a:7 y) — /6 log + /B log Z(ﬂ:)
the history of jazz" Wref(y | fL')

t_=3 > —>  final LM
Reward modeling (Bradley-Terry ranking):

preference data i

likelihood Lr(rg, D) = —E(g,y0u)~D [l08 0 (rg(2, yu) — 76 (, 11))]

DPO objective:

T (Yw | T) mo(y1 | )
L 5 = —FE x ~ 1 l — Pl

Direct Preference Optimization: Your Language Model is Secretly a Reward Model (2023) 7



Offline preference optimization

Preference data: (prompt, winning response, losing response) (x,y,,y) ~ D

There are many objectives that you can design for directly learning from preference data!

WR: winning rate, LC: length-controlled WR

Method

LLama-3-instruct (8B)

Method Objective
RRHF [84] max (O, _ly%I log 7o (yw|x) + Iyl_zl log 7r9(yl|:1:)) — Aog 7o (yw|z)
SLiC-HF [88] max (0,9 — log 7y (yw|z) + log m(y;|x)) — A log 7o (Yo | )
7o (Yw |2) 7o (yi|x)
DPO [62] —log o (ﬂ log —mff(yw‘m) Blog ﬂ"f(yll I-'L'))
; 2
IPO [6] (log ;rer(z;w lz) log 1:1(%:1 |i:) - %)
CPO [81] —log o (Blog mg(yw|z) — Blog me(yi|x)) — Alog mg(yw|x)
KTO[25]  —Auwo (5 log 7o elzs — Zfef) + Ao (Zfef — Blog 7o, |§>) )
where Zer = ]E(q;,y)N’D [BKL (779 (ylx)||7rref(y|x))]
ORPO [38]  —logpo(yw|z) — Mogo (1og alele) g polule) j’(’yﬁz)) ,
where pg(y|z) = exp (l%l log 7r9(y|:c))
R-DPO [60] —logo (ﬁ log mo(Yw|2) _ Blog 7o (yi]z) — (a|yw| — a|yl|))

Tref (Y | ) T, f(yllm)

AlpacaEval 2 Arena-Hard
LC(%) WR (%) WR (%)
SFT 26.0 25.3 22.3
RRHF [84] 37.9 31.6 28.8
SLiC-HF [88] 33.9 32.5 29.3
DPO [62] 48.2 47.5 35.2
IPO [6] 46.8 42.4 36.6
CPO [81] 34.1 36.4 30.9
KTO [25] 34.1 3271 213
ORPO [38] 38.1 33.8 28.2
R-DPO [60] 48.0 45.8 35.1
SimPO 53.7 47.5 36.5
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Online vs offline preference optimization

« PPO vs DPO
Is DPO Superior to PPO for LLM Alignment? A Comprehensive Study

Shusheng Xu'! Wei Fu! Jiaxuan Gao' Wenjie Ye> Weilin Liu?
Zhiyu Mei! Guangju Wang? Chao Yu"' Yi Wu™'23

» Recent papers still advocate for PPO is better than DPO, but it really depends on
the model/data setup

1. Optimize reward model over preference data
- /\6 2. Optimize policy model according to the reward model
2 /\f\m vs. Directly learn the policy model from preference data
451 .
Y0 EHAL ST - DO Riio o ~en PPO Runs - - - - -

(lvison et al., 2024)
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Online vs offline preference optimization

* The comparisons are more complicated since:
— The preference data can be generated on-policy
— An off-the-shelf reward model can be used to generate preference data

The Instruct setting
e \We take this instruction-tuned model as the SFT model

 We use it to regenerate 5 responses for each of UltraFeedback prompts, using
an off-the-shelf reward model PairRM (Jiang et al., 2023) to pick the highest
score one as winning response, and lowest score as losing response

* The preference data is generated by the SFT model (on-policy)!
e There is one extra reward model introduced (DeBERTa-v3-large)
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Why is SFT phase needed?

» Observation: Initial SFT phase reduces number of inputs with small reward std.

Credit: Noam Razin

Pretrained Model

-
o

0.30

o
@
X

5 )

. %’ 0.6 &
NarrativeQA > 020 B
* © | \ ©

(train) g% 2 z

&’ 0.10 o

o©
N

0.00

o
o

(') 10'00 20'00 30'00 40'00 50'00 v 0 1000 2000 3000 4000 5000
Sample Order (by pretrain reward std) Sample Order (by pretrain reward std)

O Importance of SFT in RFT pipeline: mitigates vanishing gradients

Vanishing Gradients in Reinforcement Finetuning
of Language Models

Noam Razin'?, Hattie Zhou'$, Omid Saremi', Vimal Thilak’, Arwen Bradley",

Preetum Nakkiranf, Joshua Susskind', Etai Littwin’

t Apple *Tel Aviv University °Mila, Université de Montréal
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Reasoning Models



Reasoning models

Tentative definition

Reasoning = Ability to solve a problem

Not reasoning Reasoning

"What is the course code of Stanford’s "The bear was born in 2020.
Transformers & LLMs class?" How old is this bear now?"
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Core idea behind improving reasoning

« Strategy. Teach model to explain its reasoning before answering (Chain of Thought)

——————————————————————————————————————————————————————————————————————————

i Q: How old is this bear? i EA: 5.
A 4, : |

§ — LLM —_—

' Q: How old will the bear
. be next year?




Core idea behind improving reasoning

« Strategy. Teach model to explain its reasoning before answering (Chain of Thought)

iQ: How old is this bear? EA; It will be one
i A: The bear was born in ! iyear older than

§2029. It is therefore 4. | 'its age this year,
| o LLM — ! which was 4.

| : . Hence, it will be
! Q: How old will the bear ' "

. be next year? E T
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Core idea behind improving reasoning

ldea for reasoning models: Do CoT but at a much larger scale
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Enhancing model reasoning abilities

Until now

[ Question J—

LLM

*[ Answer J
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Enhancing model reasoning abilities

New paradigm

[ Question J—

LLM

Reasoning
chain
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Enhancing model reasoning abilities

New paradigm

Reasoning o Answer
chain

Output = Reasonlng + Answer
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Reasoning model release is trendy

Disclaimer: This timeline is not at scale for better readability. It is also there for illustrative purposes and should not be considered exhaustive. In particular, it shows the first
releases of popular Al labs.

2024 § 2025
OpenAl . DeepSeek Claude 37
ol-preview R1 Sonnet
| : ———— : -
9/12 12/19 120 2119  2/24 6/10
Gemini 2.0 Grok 3 Magistral
Flash Thinking Beta

Public model release announcements on 2024-09-12, 2024-12-19, 2025-01-20, 2025-02-19, 2025-02-24, 2025-06-10. 80



How to spot a reasoning model

ChatGPT 5 Thinking v T, Share

My bear was born in 2020. How old is he now?

Thought for 5s >

As of today (November 3, 2025), he's either 5 years old if his 2025 birthday has
already passed, or 4 years old if his birthday is later in November or December. If you

share the exact date, | can give the precise age.

0PI - b
Ask anything
+ @ Extended thinking v g i

ChatGPT can make mistakes. Check important info

Activity - bs

Thinking

Considering age calculation

The guestion is simple: the bear was born in
2020, and we need to calculate age as of
November 3, 2025. If the bear's birthday has

occurred before or on that day, they would be 5.

If after November 3, they're still 4. So, either

Thought for 5s
Done

Screenshot of a conversation with ChatGPT 5 Thinking, taken on November 3, 2025.
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How to spot a reasoning model

ChatGPT 4 Thinking T, Share

My bear was born in 2020. How old is he now?

Thought for 5s >

As of today (November 3, 2025), he's either 5 years old if his 2025 birthday has
already passed, or 4 years old if his birthday is later in November or December. If you

share the exact date, | can give the precise age.

@b LPI T - N/

Ask anything

+ | ® Extended thinking v g i

ChatGPT can make mistakes. Check important info

Activity - 5s

Thinking

® Considering age calculation
The question is simple: the bear was born in
2020, and we need to calculate age as of
November 3, 2025. If the bear's birthday has

occurred before or on that day, they would be 5.

If after November 3, they're still 4. So, either

@ | Thought for 5s
pDone

Screenshot of a conversation with ChatGPT 5 Thinking, taken on November 3, 2025.

82



How to spot a reasoning model

ChatGPT 5 Thinking v T, Share

My bear was born in 2020. How old is he now?

Thought for 5s >

As of today (November 3, 2025), he's either 5 years old if his 2025 birthday has
already passed, or 4 years old if his birthday is later in November or December. If you

share the exact date, | can give the precise age.

@b LPI T - N/

Ask anything
+ @ Extended thinking v g i

ChatGPT can make mistakes. Check important info

.

Activity - b5s X
"Thought summary”
Thinking 1

*| Considering age calculation

The question is simple: the bear was born in
2020, and we need to calculate age as of
November 3, 2025. If the bear's birthday has
occurred before or on that day, they would be 5.
If after November 3, they're still 4. So, either

© Thought for 5s
Done

Complete chain of
thought usually hidden

Screenshot of a conversation with ChatGPT 5 Thinking, taken on November 3, 2025. 33



How to spot a reasoning

Pricing
Text tokens

Prices per 1M tokens.

MODEL

gpt-5

gpt-5-mini
gpt-5-nano
gpt-5-chat-latest

nnt-R.rndav

OpenAl

INPUT
$1.25
$0.25
$0.05

$1.25

1928

Batch Flex

CACHED INPUT
$0.125
$0.025
$0.005

$0.125

tN198

@ Copy page

Standard Priority

OUTPUT
$10.00
$2.00
$0.40

$10.00

1IN NN

While reasoning tokens are not visible via the API, they still occupy space in the model's context window and are billed as

output tokens.

model

Anthropic

e |You're charged for the full thinking tokens generated by the original request,jnot the

summary tokens.
® The billed output token count will not match the count of tokens you see in the response.

¢ The first few lines of thinking output are more verbose, providing detailed reasoning that’s

particularly helpful for prompt engineering purposes.

Google

Gemini 2.5 Pro

gemini-2.5-pro

Try it in Google Al Studio

Our state-of-the-art multipurpose model, which excels at coding and complex reasoning tasks.

Standard Batch
Free Tier Paid Tier, per 1M tokens in USD
Input price Free of charge $1.25, prompts <= 200k tokens
$2.50, prompts > 200k tokens
Qutput price (including thinking tokens) Free of charge $10.00, prompts <= 200k tokens
$15.00, prompts > 200k
Context caching price Not available $0.125, prompts <= 200k tokens
$0.25, prompts > 200k
$4.50 / 1,000,000 tokens per hour (storage price)
Grounding with Google Search Not available 1,500 RPD (free), then $35 / 1,000 grounded prompts
Grounding with Google Maps Not available 10,000 RPD (free), then $25 / 1,000 grounded prompts
Used to improve our products Yes No

OpenAl pricing page, Anthropic developer guide, Google developer guide. Screenshots taken on November 4th, 2025.

84



Reasoning-based benchmarks

* Coding. Solve a coding problem, fix a bug.

—————————————————————————————————————————

' You have n teddy bears in a i
line. Each bear has a size. i

. Find the biggest bear that is 5
smaller than the largest bear.

Problem

def second_biggest bear(bears):
largest = (bears)
return (
b for b in bears
if b < largest

)

Test case #1 |4

Test case #2 '/

Solution

Test case #t '«

Verification
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Reasoning-based benchmarks

task_id prompt canonical_solution test
string string string ‘ string
HumanEval/0 from typing import List for idx, elem in enumerate(numbezrs):
for idx2, elem2 in enumerate(numbezxs):
if idx != idx2: METADATA = {
def has_close_elements(numbers: List[float], distance = abs(elem - elem2) ‘author': 'jt',
threshold: float) -> bool: if distance < threshold: 'dataset’': 'test'
""" Check if in given list of numbers, are any two return True 3
numbexrs closer to each other than
given threshold. retuxn False
>>> has_close_elements([1.0, 2.0, 3.0], ©.5) def check(candidate):
False assert candidate([1.0, 2.0, 3.9, 4.0, 5.0, 2.2], 0.3) == True
>>> has_close_elements([1.0, 2.8, 3.0, 4.0, 5.0, assert candidate([1.0, 2.0, 3.9, 4.0, 5.0, 2.2], 0.05) == Fals
2.0], 0.3) assert candidate([1.0, 2.0, 5.9, 4.0, 5.0], 0.95) == True
True assert candidate([1.0, 2.0, 5.9, 4.0, 5.0], 0.8) == False
ol assert candidate([1.0, 2.0, 3.0, 4.0, 5.0, 2.0], 0.1) == True
assert candidate([1.1, 2.2, 3.1, 4.1, 5.1], 1.0) == True
assert candidate([1.2, 2.2, 3.1, 4.1, 5.1], 0.5) == False

Examples: HumanEval, CodeForces, SVWE-bench



Reasoning-based benchmarks

 Math. Solve a challenging math problem (e.g. olympiads)

It is 2025 now. Subtract the

E The bear was born in 2020. birth year from the current
. How old is the bear now? | |year: 2025-20206=5. 5
i Answer: 5

Problem Reasoning Ground truth



Reasoning-based benchmarks

 Math. Solve a challenging math problem (e.g. olympiads)

It is 2025 now. Subtract the

| The bear was born in 2020. E birth year from the current
. How old is the bear now? | | year: 2025-2028=5. Veﬁﬁcaﬁ
ISR —————— Answer:|5

Problem Reasoning Ground truth



Reasoning-based benchmarks

 Math. Solve a challenging math problem (e.g. olympiads)

id problem

intoé4 STtring

60 Every morning Aya goes for a $9%-kilometer-long
walk and stops at a coffee shop afterwards. When
she walks at a constant speed of $s$ kilometers
per hour, the walk takes her 4 hours, including
$t$ minutes spent in the coffee shop. When she
walks $s+2% kilometers per hour, the walk takes
her 2 hours and 24 minutes, including $t$ minutes
spent in the coffee shop. Suppose Aya walks at $s+
\frac§1t{21$ kilometers per hour. Find the number
of minutes the walk takes her, including the $t$
minutes spent in the coffee shop.

Examples: AIME, GSM8K

solution answer
string string
$\frac{9%ist + t = 4% in hours and $\fraci9}is+2} + t = 2.4% in 204
hours.

Subtracting the second equation from the first, we get,

$\frac{9t{s} - \fracig9tis+2t = 1.6%

Multiplying by $(s)(s+2)$, we get

$9s+18-9s=18=1.6s"§2% + 3.2s$

Multiplying by 5/2 on both sides, we get

$0 = 4s”{2} + 8s - 45%

Factoring gives us

$(2s-5) (2s+9) = 0%, of which the solution we want is $s=2.5%.
Substituting this back to the first equation, we can find that $t =
9.4% hours.

Lastly, $s + \fracf1i§2t = 3% kilometers per hour, so

$\frac{93{3} + 0.4 = 3.4% hours, or $\framebox{204}$ minutes
-Failure.net

The amount of hours spent while walking on the first travel is $
\frac{240-t}{6}$. Thus, we have the equation $(240-t)(s) = 540%, and
by the same logic, the second equation yields $(144-t) (s+2) = 540%.
We have $240s-st = 540%, and $288+144s-2t-st = 540%. We subtract the

two equations to get $96s+2t-288 = 0%, so we have $48s+t = 144%, so
€+ — 1A4.42¢€ and nnw wa have €/QAsARc)ic) - BARE Tho numavatnr nf
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Develop "test-time scaling"

* |dea. Incentivize model to reason before answering.

* Considerations.
— Reasoning chain is hard to write from scratch (SFT data by hand impractical)
— Don't want to limit the model to human-written reasoning
— Natural verifiable reward ('did it solve the problem?" — "yes" or "no’)

Let’'s try RL!
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Reward 1: verify that CoT is there

//:;;ink>

</think>

wSWER

\

Question: If a > 1, then the sum of the real solutions of v/a — va + x = x is equal to

Response: <think>
To solve the equation ya — Va + x = x,|let’s start by|squaring both - - -

2
( a—\/a+x) =x> = a-+Va+x=x2
Rearrange to isolate the inner square root term:
(a-x*)?=a+x = a®>-2ax’*+(x*)?’=a+x = x*-2ax*-x+(a®-a) =0

Wait, wait. Wait.|That’s an aha moment I can flag here.

Let’s reevaluate this step-by-step to identify if the correct sum can be - - -
We started with the equation:

AJga—Va+x=x

First,|let’s square both sides:

a—Va+x=x* = Va+x=a-x?

/

Template

Next|I could square both sides again, treating the equation: - - -

Sample response

"'DeepSeek-R1: Incentivizing Reasoning Capability in LLMs via Reinforcement Learning", DeepSeek-Al, 2025. 91



Reward 2: verify that solution is correct

Test case #1 [/

Test case #2 |4

It is 2025 now. Subtract the
birth year from the current

Test case #c '«

Answer:| 5 -*””’""’#’”’/dﬂ’ﬁ’/#ﬂ’—

Code verification Math verification

"'DeepSeek-R1: Incentivizing Reasoning Capability in LLMs via Reinforcement Learning", DeepSeek-Al, 2025.

ear: 2025-2020=5. ’ |
y iﬂ ﬂfﬂf,,,»—f"”’*




Run RL on "verifiable" rewards

Rewards

formatting
(think delimiters?)

+

accuracy
(correct solution?)

Accuracy

0.9

0.8 1

0.7 1

0.6 1

DeepSeek-R1-Zero AIME accuracy during training

—8— rl-zero-pass@1l

—&— rl-zero-cons@16
=== 01-0912-pass@1
=== 01-0912-cons@64

2000 4000 6000 8000
Steps

"'DeepSeek-R1: Incentivizing Reasoning Capability in LLMs via Reinforcement Learning", DeepSeek-Al, 2025.




Control thinking at inference time

Problem. Not all prompts are equal

ldeas to control "thinking".
* Dynamic budget

» Context awareness

» Budget forcing
 "Continuous” thoughts

"s1: Simple test-time scaling", Muennighoff et al., 2025.
"Training Large Language Models to Reason in a Continuous Latent Space", Hao et al., 2024.
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Common RL algorithm for reasoning

GRPO = Group Relative Policy Optimization

_________________________________________

. Don't deviate too much
from old / base model

_________________________________________

Advantage ~ Reward - Avg(reward of group)

'‘DeepSeekMath: Pushing the Limits of Mathematical Reasoning in Open Language Models", Shao et al., 2024.
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Common RL algorithm for reasoning

Avg(reward of group)

Big difference compared to PPO!

'‘DeepSeekMath: Pushing the Limits of Mathematical Reasoning in Open Language Models", Shao et al., 2024.
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Common RL algorithm for reasoning

Reference
Model

PPO \ 2
Reward
[Z]_{ Policy | Model
Model —atie | -
Model ) %

Trained
Models

/

GRPO KL Frozen
Reference . P Models

Model 1 L

Policy 0, Reward 0] Group A,

Model - Model — Computation .

Og Tc AG

Figure 4 | Demonstration of PPO and our GRPO. GRPO foregoes the value model, instead
estimating the baseline from group scores, significantly reducing training resources.

'‘DeepSeekMath: Pushing the Limits of Mathematical Reasoning in Open Language Models", Shao et al., 2024.



Summary

Learning

data —> distribution

Other names for this: “Statistical
inference,” training, amortized inference

Reasoning

distribution —> decision

Other names for this: Inference, prediction,
thinking, cognition, control

Pre-training Post-training Search
Given data, learn a model Given a model and new Given a model and data Given a model and a
or representation data, update the model during deployment, update query, find the best

the model or its behavior answer to the query
Example methods: Example methods: Example methods: Example methods:
e Generative modeling e Transfer learning ® Prompting ¢ Best-of-N
® Representation ¢ Finetuning i e In-Context Learning ® Beam search
learning i e Test-Time Training e MCTS
e Continual learning e Chain-of-Thought

e Feedback control

\ Reinforcement learning

/

Slide adapted from Phillip Isola
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Next lecture:
Multimodal LLMs



