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Supervised Self-Supervised

AN /

Expected Risk Minimization

All learning minimizes expected risk.
The difference is in what we know!

ming ‘E(x,y)ND [5(93 L, y)] A

Unsupervised

- For supervised: We have data samples x with labels y. Loss ¢ (fo(2), ¥).
»  For unsupervised: We only have data samples x. Loss defined on x alone, I.e., {(fo(x)).

-  For semi-supervised. We have data samples x and few labeled but many unlabeled samples.
The loss is a mixture of fsup + A Lunsup,

»  For self-supervised: We only have data samples x but will create synthetic labels from Xx.
We will create the task from x itself, I.e., € (fo (Tpartial) s Thidden),
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Supervised

Supervised Learning N

Goal: Learn a mapping x — y from labelled data.

Data: ((xl,yl), e (X yn)), i.e., pairs of data points and corresponding label.

Model: find function f with parameters 6 such that f, : x > fy(x).

If label y is discrete:  classification Classification Regression
y Is continous: regression » &S
000
X 4
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-00
® @
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Supervised

Supervised Learning N

Data: ((xl,yl), e (X yn)), i.e., pairs of data points and corresponding label.

Model: find function f with parameters @ such that fg : © — fo(x).

If label y is discrete:  classification

Loss: For classification, e.g., Cross-Entropy Loss or Negative Log-Likelihood (NLL) K classes

n K ~
Lcg = _% si=1 Zk:1 Yi,k log (yzk)

Y; k- true label
Yik = Do (k | xl-): predicted probability for class k

For binary classification e.g., Binary Cross-Entropy (BCE)

l mn

LBcE = —5 D iy Wilog (9:) + (1 —y;) log (1 — 9;),
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Supervised

Supervised Learning N

Data: ((xl,yl), e (X yn)>, i.e., pairs of data points and corresponding label.

Model: find function f with parameters @ such that fg : © — fo(x).

If label
y Is continous: regression

Loss: For regression, e.g., Mean Squared Error (MSE)

L==1>(yi— fo (24))°

or Mean Absolute Error (MAE), Huber loss (for outliers), etc.
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Unsupervised Learning

Goal: Discover structure in unlabeled data x. /
Unsupervised

... Clustering.
... dimensionality reduction.

... generative modeling.
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Semi-Supervised Learning

Goal: Combine small labeled and large unlabeled datasets. \

L = Lsupervised + A - Lunsupervised

0o

supervised ;  Standard loss on labeled data
LUHSUPervised . Consistency/pseudo-label loss on unlabeled data
Key ldea: Adding unlabeled data does more than just increase dataset size.

The unsupervised learning component reveals the underlying structure of the data distribution,
enabling more refined decision boundaries than labeled data alone could provide.

Key Assumptions: 1. Smoothness: Similar inputs should have similar outputs

2. Cluster: Data points in same cluster likely share same label
3. Manifold: Data lies on lower-dimensional manifold in high-dimensional space
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Self-Supervised

/

Self-Supervised Learning

¢¢ The dark matter of intelligence. - LeCun and Misra (2021)

As babies, we learn how the world works
largely by observation.

Later in life, we observe the world, act on it,
observe again, and build hypotheses to
explain how our actions change our
environment by trial and error.

Generalized knowledge about the world, or
common sense, forms the bulk of biological
intelligence in both humans and animals.

Common sense is the dark matter of
artificial intelligence.
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https://ai.meta.com/blog/self-supervised-learning-the-dark-matter-of-intelligence/

Self-Supervised

/

Self-Supervised Learning

... IS the basic training principle of foundation models.

{ Thomas G. Dietterich
& @tdietterich

| propose that we adopt the term "Large Self-Supervised Models
(LSSMs)" as a replacement for "Foundation Models" and "LLMs". "LLMs"
don't capture non-linguistic data and "Foundation Models" is too

grandiose. Thoughts? @percyliang

2:58 am - 13 Aug 2022

Percy Liang & @percyliang - 13 Aug 2022 (A oo

9 The beauty of language is that you can have multiple terms that highlight
different aspects of the same object. You don't have to choose. | use "LLM"

to talk about LLMs, "self-supervised" for their construction, and
"foundation model" for their function. No term can be replaced.

O 1 124 Q 33 il N &
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Self-Supervised

/

Self-Supervised Learning

Goal: Create surrogate tasks from raw data, no human labels.

Data: Unlabeled data (z1,...,x,) but we create supervision from the data itself.

Core Idea: Design pretext tasks that force the model to learn useful representations without labels y.

Key Insight: The data contains its own supervisory signal through structure, context, transformations.

How? Use unlabeled data for initial pretraining of a model to learn general features,
which are then adapted to specific tasks through fine-tuning with a smaller labeled dataset.
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Self-Supervised

Self-Supervised Learning /

1. Pretraining Data (x1,...,%,)

Model g : x — Yg(x) € R™ <«——— representation / embedding

1 n
Optimize ﬁpre(é’) — E ngre(wé’aaji)
1=1

to obtain 6 (F o7
and pretrained model I

L
Rm
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Self-Supervised Learning

CS-461

Self-Supervised

/

Evaluation  Data ((xﬁaSk, T (wfiSk, yfffk)) n: : number of downstream
task samples
nyg =0 zero-shot learning Model performs new tasks without any task-specific
examples, using only pretrained representations
n: = few few-shot learning Model adapts to new tasks with just a handful of

labeled examples (typically 1-10 per class)

— Tests true generalization:;
Can the model understand and solve novel tasks beyond its training distribution?
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Self-Supervised

Self-Supervised Learning /

2. Evaluation Data ((2i™F yliask) | (pfask yfasky)

Downstream task via linear probing / linear head

L. T m ~+k< foundation model
prediction model W %(3’5)7 w e R 0 " parameters are frozen

— train w via min,, nit > it Leask (yfa’Sk, wTwé (anSk))

3. Finetuning  Optimize both w and @ on downstream task

Initialize @ < & and w randomly
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Self-Supervised

A

Self-Supervised Learning

1. Contrastive Learning

2. Masked Learning

3. Autoregressive Learning

4. Clustering-Based Methods

5. Distillation-Based Methods
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Self-Supervised

/

Self-Supervised Learning: Contrastive Learning

Principle: Learn representations by contrasting
similar (positive) and dissimilar (hegative) pairs.

Defining Positive and Negative Pairs Without Labels

Q Positive Pairs: Different views of the same semantic content

* Created through augmentations that preserve meaning
* Assumption: these transformations do not change the underlying concept

‘ Negative Pairs: Views from different instances

* [ypically all other samples in the batch
* Assumption: random samples are likely semantically different
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Self-Supervised

/

Self-Supervised Learning: Contrastive Learning

Defining Positive and Negative Pairs Without Labels

Q Positive Pairs ‘ Negative Pairs

reflection

original color-jitter

¥ (different

. -5 W
[ ] ] ] : \ 5
St
" En CRERE AN
\ AN \\'\:.‘(" ’ ;‘Jz‘
) 15%

Why? A cropped dog photo is still a dog;
different photos are likely different objects.

... In language different

(44 29
The cat meowed. centence

embedding of the same sentence Why? “The dog barked" = “The dog woofed”
with different dropout masks z random other sentences
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Self-Supervised

/

Self-Supervised Learning: Contrastive Learning

Evolution of Contrastive Learning Objectives

Early Approaches: Single Pairs

before
Contrastive Loss ‘\‘
- - > o—©
Leontr (Xi,X5,0) =1 [y; = y;| || fo (xi) — fo (Xj)HQ ‘
_ - 2
+1 [y; # y;) max (0,€ — || fo (xi) — fo (%))
after
hyperparameter defining the lower bound distance
between samples of different classes

Chopra et al., (2005)
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https://ieeexplore.ieee.org/document/1467314

Self-Supervised

/

Self-Supervised Learning: Contrastive Learning

Triplet loss considers an anchor, a positive, and a negative sample simultaneously.
The contrastive loss works with pairs (positive or negative) independently.

— Triplet loss is less greedy, as it considers relative distances between all three samples.

Triplet Loss margin parameter

rgin par
Loipier (.37, x7) = 3 mac (0, £() — 7 (<M)|[; [ £(0) — £ (x7)||3 +€) «—— offset between

xEX distances of similar

vs. dissimilar pairs
before/a after

©

Schroff et al., (2015) anchor
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https://arxiv.org/abs/1503.03832

Self-Supervised

/

Self-Supervised Learning: Contrastive Learning

Modern Approaches: Multiple Pairs
Generalizes triplet loss to include comparison with multiple negative samples.

N-Pair Loss
LN - pair (X xto {x7 ) ) 1og( 1 Z exp f(x;) —f(X)Tf(X+))>
exp (f( )Tf( ))

Sohn (2016)

before

Note: If we only sample one negative sample per class, it is equivalent to the softmax loss for multi-class classification.
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https://papers.nips.cc/paper_files/paper/2016/file/6b180037abbebea991d8b1232f8a8ca9-Paper.pdf

Self-Supervised

Self-Supervised Learning: Contrastive Learning ./

Derivation: Noise Contrastive Estimation (NCE)

l.e., a method for estimating parameters of a statistical model

Idea: Instead of learning p4...(X), it learns to distinguish data from noise <+ contrastive!

How? Logistic regression with binary crossentropy loss

log-odds ratio NCE Loss

D) o = ~Eampun 080 (39(2))] — k- Eanp, [log (1~ 0 (s9(2)))]

Pn () [

so(x) = log

number of noise samples
CS-461 - Foundation Models and Generative Al Charlotte Bunne per real sample 21



Self-Supervised Learning: Contrastive Learning

Generalize binary classification in NCE to N-way classification.
INfONCE asks 'which one of these N samples is the positive one?’

INfONCE Loss

EIHfONCE —

4‘|

“crp(c)

 encodersf, f’

“x~p(x|c)

i rop(a) | 108

Self-Supervised

/

exp (f'(z) ' f ()/T)
exp(f’(:li) ()/T)+Zz 1 exp (f’ (CEZ) f(C)/T)_

van den Oord et al., (2018)

» context ¢ (anchor) and positive sample x (e.g., its augmentation)

N-1
. positive pair: (¢, x) where x ~ p(x | ¢) and negative samples: {x} | where x; ~ p(x)

. score function: s(x, c) = exp (f (x)! f(C)/T)

CS-461 - Foundation Models and Generative Al

T

temperature that controls how "sharp” or — connection to

"smooth"” the similarity distribution is

information theory
Charlotte Bunne 22


https://papers.nips.cc/paper_files/paper/2016/file/6b180037abbebea991d8b1232f8a8ca9-Paper.pdf

Self-Supervised

Self-Supervised Learning: Contrastive Learning /

Example from Vision: SImCLR Framework

... framework for contrastive learning of visual representations by maximizing
agreement between differently augmented views of the same image

Strategy: Data Augmentation as Supervision Key to Success: Large Batch Sizes
®xS sed *SimCLR (4
batch of /V, X; —> Sz _7s upervise *S,mCLR(zx) im (4x)
data augmentation to 2N = oCRCvo.L
with 2(N — 1) negative examples X — — 2 S 70F AgimCLR some dMoCo @)
<<(‘3 oPIRL-c2Xx AMDIM’
T 65 PIRL-eng 100 (X
Loss: Symmetric version of InfoNCE S | BR”? -
= MoGo eBigBiGAN
» | 5 gof oM
ﬁ(z,j) _ 10g exp(sim(z;,z;)/T) S
: — 2N . .
SImCLR D 1 L[k=4) €xp(sim(z;,zx)/T) £ 55 R eRotation
25 50 100 200 400 626
Chen et al., (201 8) Number of Parameters (Millions)
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https://proceedings.mlr.press/v119/chen20j/chen20j.pdf
https://proceedings.mlr.press/v119/chen20j/chen20j.pdf

Self-Supervised Learning: Contrastive Learning

Example from Language: SImCSE Framework

... applies contrastive learning to create high-quality sentence embeddings
using dropout as minimal augmentation

Loss: Symmetric version of InfoNCE X;, X! [ Two dogs are running. ]»
) iy "
Here, Z;, Z; is the positive pair. X, X | A man surfing on the sea.
A kid is on a skateboard.

. Encoder
— Positive instance

. —— Negative instance

CS-461 - Foundation Models and Generative Al Charlotte Bunne
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/

Different hidden dropout masks

in
)

two forward passes

Gao et al., (2021)

24


https://aclanthology.org/2021.emnlp-main.552.pdf

Self-Supervised

/

Self-Supervised Learning: Masked Learning

Principle: Hide parts of the data and train the model to predict what is missing.

This forces the model to understand the structure and relationships within the data.

special token

e.g., In language
Data (x;, X,, ..., x,) and mask M C {1,...,m}. ° I l
A quick [MASK] fox jumps over the [MASK] dog
Predict masked parts from unmasked parts p(x;; | X%/)- | .

A quick brown fox jumps over the lazy dog

Design choices between random  simple and unbiased e.g., in vision
structured mask semantically meaningful units E o
adversarial mask the most informative parts Iy

curriculum  start with easy masking, increase difficulty
masking — 15-75% depending on domain. T
patch

CS-461 - Foundation Models and Generative Al Charlotte Bunne 25



Self-Supervised

Self-Supervised Learning: Masked Learning /

General Formulation position-wise loss function

dependent on domain
A

Masking Loss

£mask — ﬂazer <1:]\4 ‘M‘ ZEZ]WK (xia 5%2)

\ 4
X. = [y (x\M) _is the model’s prediction based on
l

unmasked parts for position 1

For Language.: For Vision:
Lym = —EonpBa |M\ Z log po (5 | 2\ ar) LMAE = EzpEpg |M| Z |wi — fo (z\01), H
1eM l | €M l |
cross-entropy between true distribution O, (one-hot at true token) pixel/patch
xl

and predicted distribution py( - | x,,/) reconstruction
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Self-Supervised

Self-Supervised Learning: Masked Learning /

Example from Vision:

Masked Autoencoder (MAE)
Example from Language:
Bidirectional Encoder Representations from Transformers (BERT)
(—
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Self-Supervised

/

Self-Supervised Learning: Autoregressive Learning

Principle: Learn by predicting next elements in sequence.

Autoregressive Loss

T j prefix/history
Lar = —Egzop Zlngg (T¢ | T<t) Tt = (T15- - Te—1)
=1 | |
T
Any joint distribution can be factored as a product of conditionals:  p (z1,...,27) = | [ p(a: | 2<:)

t=1

Characteristics: 1. Exact factorization, i.e., no approximation, allows to objectively compare
models, detect anomalies, etc.

2. Causal structure that enforces temporal/sequential dependencies, i.e.,
foundation to generate sequences, one token at a time, left to right.

3. Deep connection to information theory, i.e., ideal AR model achieves
Shannon-optimal compression.
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Excursion: Perplexity

Perplexity (PPL) is the exponential of the average negative log-likelihood per token:

Perplexity

T
1 _
ST e (f > logp (x| x<t>) = (o, on) T

Intuition: How "surprised”’ =1

the model is on average

* PPL =10 — Model is as confused as choosing uniformly from 10 options
* PPL =1 — Perfect prediction (no surprise)

Historical Origin:

* Information Theory (1948): Claude Shannon introduced as DHX) (exponential of entropy H)
 Language Modeling (1970s-80s): Frederick Jelinek and IBM team popularized for speech recognition
* Modern NLP: Standard metric since statistical language models replaced rule-based systems
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Excursion: Pseudo-Likelihood

Autoregressive strategies directly learn the joint probability through the chain rule,
allowing to compute the exact likelihood and perplexity — direct way to evaluate models!

What probability distribution do approaches based on masking learn?

— Masked language models (MLM) optimize something called the pseudo-likelihood!

What is the difference? True joint probablilty: p (xl,xZ, x3) = (xl

Pseudo joint probability: pedo (xl,xz, x3) =P (xl | X5, x3)

Pseudo- Likelihood

)
P

(x2 | x1) P (x3 | xpxz)

X, | xl»’%) P (x3 | x1»x2)

— approximation to the
Ppsendo (21, Hp vl o) joint probability distribution

CS-461 - Foundation Models and Generative Al Charlotte Bunne
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Excursion: Pseudo-Perplexity

Masked language models learn the pseudo-likelihood

Negative Pseudo-Log-Likelihood

T
Lyviv = q - NPLL(Q) =—q- i Zlogpe (mt \ $\t)

=1

Following the same structure as perplexity:

Pseudo-Perplexity

T
1
Pseudo-PPL = exp (T ;logp (a‘ft | x\t))

Note: These metrics are not comparable to each other despite similar names and formulas.

Remark: For continuous data (e.g., image patches), pseudo-likelihood extends by assuming Gaussian conditionals p (xt | x\t) =N ( 0 (x\t), 02>,
making MSE minimization equivalent to maximizing pseudo-likelihood.
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Self-Supervised

/

Self-Supervised Learning: Autoregressive Learning

Example from Language:
Generative Pretrained Transformer (GPT)

Radford et al., (2018)
2 Autoregressive
Example from Vision: X e
Image GPT (iGPT) v
000000000

Chen et al., (2020)

1. Pre-process raw images by
resizing to a low resolution and
reshaping into a 1D sequence.

2. Train via auto-regressive next pixel
prediction.

Target
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http://proceedings.mlr.press/v119/chen20s/chen20s.pdf
https://cdn.openai.com/research-covers/language-unsupervised/language_understanding_paper.pdf

Self-Supervised

/

Self-Supervised Learning: Fusions of Learning Principles

Combining multiple self-supervised learning strategies leverages their complementary
strengths to learn richer, more versatile representations than any single approach alone.

Masked language models:

e.g., ELECTRA learn from 15% of tokens
A quick [MASK] fox jumps over the [MASK] dog
Combines: Masked Learning + Contrastive Learning v v

A quick brown fox jumps over the |azy dog

How: Generator creates replacements for masked tokens,
discriminator distinguishes real vs. replaced tokens.

ELECTRA:
Benefit: More sample-efficient than pure masked learning. learns from 100% of tokens
A quick [MASK] fox jumps over the [MASK] dog
Clark et al., (2020) original or e, .
replacement? A quick brown fox jumps over the |azy dog
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https://openreview.net/pdf?id=r1xMH1BtvB

Self-Supervised

From Learning Principle to Architecture S/

Important!

The self-supervision objective is not a training detail but the fundamental constraint
that shapes many architectural choices from attention patterns to encoder-decoder asymmetry.

1. Contrastive = Must compare — Needs batch/memory full
. _|_ ] .
» Requires denominator with many negatives: exp( sim ) /57 exp(sim) attention
* Solution: Large batches (SImCLR: 4096) or memory banks (MoCo: 65K queue)
2. Masked — Must see all @ Needs bidirectional ] bidirectional
+ Predict from full context: P (Tmask | Zleft; Zright) — masked
attention
* Solution: Full attention patterns
3. Autoregressive = Must generate = Needs causality causal
+ Factorization chain: P(2) = [ [ p (z¢ | <) attention

* Solution: Causal self-attention to avoid future leakage
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Self-Supervised

From Learning Principle to Architecture S/

Important!

The self-supervision objective is not a training detail but the fundamental constraint
that shapes many architectural choices from attention patterns to encoder-decoder asymmetry.

1. Contrastive - full

1 attn = (Q @ K.T) / sqrt(d_k) attention
2 attn = softmax(attn)

3 out =attn @V

2. Masked ythor ] bidirectional

1 attn = Q @ K.T . attention
2 attn[mask_idx, :] '
3 attn[:, mask_idx]

3. Autoregressive causal

attention

torch.tril(torch.ones(n, n))
(Q @ K.T).masked_fill(mask == 0, -1inf)
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Self-Supervised

From Learning Principle to Architecture S

Important!

The self-supervision objective is not a training detail but the fundamental constraint
that shapes many architectural choices from attention patterns to encoder-decoder asymmetry.

1. Contrastive L.
Encoder + projection head

Encoder for comparing global features

2. Masked _
Encoder-decoder split that

Encoder | Decoder can be asymmetric

3. Autoregressive Unified decoder-only architecture

with causal masking

Decoder
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and Genera

GPT-2
1.5B

Language Models are Unsupervised Multitask Learners

Model Size Evolution of GPT

GPT-3
1758

Abstract

Natural language processing tasks, such as ques-
tion answering, machine translation, reading com-
prehension, and summarization, aré typically
approached with superv1sed learning on task-
specific datasets. We demonstrate that language
models begin 10 learn these tasks without any €Xx-
plicit supervision when trained on 2 new dataset
of millions of webpages called WebText. When
conditioned on 2 document plus questions, the an-
SWers generated by the language model reach 55
F1 on the CoQA dataset - matching or exceeding
the performance of 3 out of 4 baseline systems
without using the 127,000+ training examples.
The capacity of the language model is essential
to the success of zero-shot task transfer and in-
creasing it improves performance in a log-linear
fashion across tasks. Our largest model, GPT-2,
isa1.5B parameter Transformer that achieves
state of the art results on 7 out of 8 tested lan-
guage modeling datasets in a zero-shot setting
but still underfits WebText. Samples from the
model reflect these improvements and contain cO-
herent paxagraphs of text. These findings suggest
a promising path towards building language pro-
cessing systems which learn t0 perform tasks from
their naturally occurring demonstrations.

1. Introduction

Machine learning Systems now excel (in expectation) at
tasks they arc trained for by using 2 combination of large
datasets, high—capacity models, and supervised learning
(Krizhevsky et al., 2012) (Sutskever et al., 2014) (Amodei
et al., 2016). Yet these systems are brittle and sensitive tO
slight changes in the data distribution (Recht et al., 2018)
o S e oo (Kirkpatrick et al., 2017). Current 8y~
. —ather than

Alec Radford ~ I Jeffrey Wu~ 1 Rewon Child! David Luan! Dario Amodei ' 1lya Sutskever '

competent generalists. We would like to move towards more
general systems which can perform many tasks — eventually
without the need to manually create and label 2 training
dataset for each one.

The dominant approach to creating ML systems is to col-
lect a dataset of training examples demonstrating correct
behavior for 2 desired task, train a system t0 imitate these
behaviors, and then test its performance on independent
and identically distributed (1ID) held-out examples. This
has served well to make progress on narrow experts. But
the often erratic behavior of captioning models (Lake et al.,
2017), reading comprehension systems (Jia & Liang, 2017),
and image classifiers (Alcorn et al., 2018) on the diversity
and variety of possible inputs highlights some of the short-
comings of this approach.

Our suspicion is that the prevalence of single task training
on single domain datasets is a major contributor 0 the lack
of generalization observed in current systems. Progress
towards robust systems with current architectures is likely
to require training and measuring performance on a wide
range of domains and tasks. Recently, several benchmarks
have been proposed such as GLUE (Wang et al., 2018) and

decaNLP (McCann et al., 2018) to begin studying this.

Multitask learning (Caruana, 1997) is a promising frame-
work for improving general performance- However, mul-
titask training in NLP is still nascent. Recent work ré-
orts modest performance improvements (Yogatama et al.,
2019) and the two most ambitious efforts to date have
trained on a total of 10 and 17 (dataset, objective )
pairs respectively (McCann et al., 2018) (Bowman et al,,
2018). From 2 meta-learning perspective, each (dataset,
object ive) pairisa single training example sampled
from the distribution of datasets and objectives. Current
ML systems need hundreds t© thousands of examples 10
induce functions which generalize well. This suggests that
multitask training many need just as many effective training
pairs to realize its promise with current approaches. Tt will
be very difficult to continue t0 scale the creation of datasets
and the design of objectives 0 the degree that may be re-
oL o™= there with current techniques.

et (T

@ sparse attention In
alternating layers

N .
architecture changed minimally

— S
cale can be more important

than architecture
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The Scale Breakthrough

GPT-2's 1.5B parameters in 2019 marked a dramatic 2-3x leap in model scale
compared to previous architectures, signaling the start of the large language model era.

How much data do we need?
How big should our model be?

How much compute should we use?

... In a principled way.

CS-461 - Foundation Models and Generative Al
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Hyperparameter Tuning vs. Scaling

Classic approach: Hyperparameter tuning on big models.

Wouldn’t it be great to tune hyperparameters on small models
and extrapolate to large ones?

10%
—%— Nhead = 8 —e— 50M Params —o— dogel = 256

8% Jmodel/Nhead = 64 - 274M Params dmodel = 512
% - —+— 1.5B Params - —¥— dmodel = 1024
g 6% / A wide range of architectures /
O N achieve similar performance 4 N
< 1% - I 22% additional compute
7 - compensates for 1% loss increase
3 2904 / .% /

100 10! - 10* 102 103 10 | 102
Feed-Forward Ratio (dii / dmodel) A t Ratio (d / P Attention Head Dimension (Jmodel / Nhead)
50M Parameters Spect Ratlo (Gmodel /- Miayer 25M Parameters

CS-461 - Foundation Models and Generative Al Charlotte Bunne *Excluding embedding parameters such as token or positional embeddings. 39



Sample Complexity and Rates

Learning Theory Fundamentals: Generalization Bounds

True Error < Training Error + Complexity

SL(F) §£(f)+0 (\/g) T VC dimension d,

T T l.e., model capacity

loss of number of
VC Dimension (d): model f training samples

 Measures model capacity

e Linear: d =n + 1

params

Rademacher Complexity:
* Expected correlation with random labels
 Neural nets: O(W log W) « Data-dependent measure

Key Insights: More data — Less overfitting
But fixed model = Performance plateau

CS-461 - Foundation Models and Generative Al Charlotte Bunne
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Scaling Laws for Neural Networks

Neural scaling laws establish a mathematical relationship between the following variables
in training a model.

: _ L prediction loss
Performance has a power-law relationship

with each of the three scale factors N, D, C
when not bottlenecked by the other two.

N number of model parameters

D size of the dataset used to train the model
C' total compute used to train the model

4.2

5.6 —— L=(N/8.8-10!3)70.076

4.8 1

—_— L= (D/5.4 . 1013)—0.095

3.9

> o O J

3.6 10

3.3 39

Test Loss

W

3.0
2.4

L = (Cmin/2.3-108)70.050

10 1077 10~ 1073 107! 101 108 10° 10° 107 10°

Compute Dataset Size Parameters
PF-days, non-embedding tokens non-embedding

Kaplan et al., (2020)
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https://arxiv.org/pdf/2001.08361

Pmie Bottleneck 1: Number of Parameters

1. Fix the number of parameters N. Dataset size D = 6. | =(N/8.8-1013)-0.076
and amount of compute C are not considered a 18-
bottleneck. '
D40
2. Train model until convergence. O
5 3.2
3. Plot test loss £ as function of the number of =
parameters V. -
7 | | |
[~ (]Xf)aN 6 10° 107 10°
.7 Parameters
24' —— 1 Layer A non-embedding
©

—e— 2 Layers \\

31 —— 3 Layers
6 Layers
> 0 Layers

... Specifying the number of parameters does
not uniquely specify model architecure but

model size matters more than model shape e
103 104 10° 106 107 108 10°
Parameters (non-embedding)
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Pmie Bottleneck 2: Dataset Size

1.

Fix the number of training examples D. Number of
parameters /N and amount of compute C are not

considered a bottleneck.

2. Train a model until test loss stops decreasing.

3. Plot test loss £ as function of the number of

CS-461

training examples D.

- Foundation Models and Generative Al

Charlotte Bunne

4.2

3.9-

Test Loss

3.0

2.7 1

3.6

3.3

—_— | = (D/5.4 : 1013)—0.095

108 109
Dataset Size
tokens

47



Pme Bottleneck 3: Amount of Compute

1. Train models of various sizes /V with a very large

dataset of size D.

2. For each model, plot the test loss as function of

the compute used.

3. Plot minimum test loss £ as function of the amount

CS-461

of compute C used.

— (%)

Measuring Compute (in a Transformer)

e Forward compute =~ 2ND
« Backward compute ~ 4ND

- Foundation Models and Generative Al

Charlotte Bunne

Test Loss

single training run with different
number of model parameters

|

i0-® 107 10-® 103 10-! 10!

Compute
PF-days, nhon-embedding

48



Language Model Sizes

Huge models and massive training costs dominate the hottest area of Al.

State of Al, ‘Report 2020°.

Published online at ‘https://www.stateof.ai/2020'.

2018 (left) through 2019 (right) 2020 onwards 175B

8.3B

FEL S8 ETSLE LS
v O o & XY 9o o < K Q
“ Y8 S Y -
& &£ < O 5 2
G Q@ s & 9
Q S 0O

CS-461 - Foundation Models and Generative Al Charlotte Bunne
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Caution: Model Size Is Not Everything

Researchers noticed giant models seemed undertrained ...
... Kaplan et al., (2020) had fixed one entity and varied the others.

But what if we systematically vary both model size and dataset size?

1T _ _
Chinchilla: 70B parameters, 4x more data than GPT-3,
outperformed GPT-3 using same compute
—— Approach 1
1008 —— Approach 2
wn —— Approach 3
3 108 --- Kaplan et al (2020) —> those scaling prediction proved quite
= N different from empirical estimates
& Chinchilla (70B)
© 0.73 0.27
A 1.0B % Gopher (280B) NxC"'>,DxC
| % GPT-3 (175B)
Y Megatron-Turing NLG (530B)
100M
1()'\1"017/ 1019 1021 1023 102°
£l OP< Hoffmann et al., (2022)

CS-461 - Foundation Models and Generative Al Charlotte Bunne 50


https://arxiv.org/pdf/2203.15556

Estimating Optimal Parameter/Training Tokens Allocation

Approach 1: Fix model sizes, vary training tokens

* Trained models (70M to 10B) for different durations
* Found training duration that minimized loss per FLOP
* Extracted the "envelope" of best performance at each compute

. Finding: N & C%°, D « CV>Y

CS-461 - Foundation Models and Generative Al Charlotte Bunne

6.0 -10B
5.5 e
5.0
-2.5B
4.5
0
3 4.0 -1B
235 -500M
= -250M
© 3.0
|_

-/5M

N
Ul

®
2.0 o envelope of minimal loss per FLOP —7

1017 1018 1019 1020 1021 1022
FLOPS

°se — USe envelope points to estimate
the optimal model size
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Estimating Optimal Parameter/Training Tokens Allocation

Approach 2: Fixed compute budgets

CS-461

Fixed 9 compute budgets, varied model size at each
Found the “valley": optimal model size that minimizes loss
Clear parabolas showing sweet spot between "too small/large”

Finding: N o« C%*, D « CY>!

- Foundation Models and Generative Al

Charlotte Bunne

Training Loss
N
@)

3.2

w
o

N
o

—>990 ¢

2.0

6eld
1el9
3el9
6el9
1e20
3e20
6e20
le21
3e2l

100M 300M 1B 3B 6B 30B
Parameters

training FLOP

counts
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Estimating Optimal Parameter/Training Tokens Allocation

100B
40B === I
|
:
10B I
¢ :
2 |
8 |
O 1B
=
1
|
— Efficient frontierE
100M e Empirical data =
IsoFLOPs slice =
——

1018 101° 1020 1021 1022 1023 Gopher

budget
Training FLOPs
= 00 ISOFLOPs slices
4.00- ,’/ Train. FLOPs
Approach 3: Parametric fitting [|oo; Sevis
- 3e+19
* Fit equation L(N,D) to >400 training runs 3 3 00 eiz
* Minimized loss equation under compute constraints B | e
* Predicted optimal allocation mathematically + le+21
. Finding: N o C%%°, D « CY>* " conmer
2.00

100M 1B 10B 40B
CS-461 - Foundation Models and Generative Al Charlotte Bunne Model size



It’s Also About Data

Scaling Laws under Distribution Shifts

* Different datasets follow the same power law slope * Data mixture composition affects

. erformance non-linear!
* Only the vertical offset changes between datasets P Y

* Optimal performance often requires diverse

e Models can transfer across domains with data sources

performance penalties
 As g changes from pure (g = 0) to mixed

7 - datasets (g > 0), performance improves
\ —o— WebText2 (Test)
6 - Internet Books
—o— Books
5 N —e— Wikipedia
N Common Crawl
z 100 -
— A | -
ks = — 0.00
V)]
3 \\\\ g 10—2 _
X
Kaplan et al., (2020) L Hashimoto (2021)
~10* 105 106 107 108  10% 102 103

Parameters (non-embedding) Training data size

CS-461 - Foundation Models and Generative Al Charlotte Bunne
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Similar Patterns for Beyond Language

... for generative modeling ... for vision transformers ... for molecular representation learning

Uncovering Neural Scaling Laws
in Molecular Representation Learning

Dingshuo Chen'* Yangiao Zhu?* Jieyu Zhang® Yuanqi Du*
Zhixun Li’ Qiang Liu' Shu Wu!' Liang Wang!
!Center for Research on Intelligent Perception and Computing
Institute of Automation, Chinese Academy of Sciences
Department of Computer Science, University of California, Los Angeles
*The Paul G. Allen School of Computer Science and Engineering, University of Washington
“Department of Computer Science, Cornell University
SDepartment of Systems Engineering and Engineering Management
The Chinese University of Hong Kong

Darj, . . . .
Amoqe; Likelihood-Based Diffusion Language Models

Op enqy B3 Primary contact: dingshuo.chen@cripac.ia.ac.cn
b;‘;e g‘:m Y cmnp; A Abstract
lem g, "Odelip, €Al gop; Str. Ishaan Gulrajani Tatsunori B. Hashimoto
Inod,:]oi‘f‘“g. Igg’u"’deo mjg:g lay for Act Stanford UniveJrsity Stanford University Molecular Representation Learning (MRL) has emerged as a powerful tool for
lay, '2e ang o Caseg aug, ling, ulpir. € Crog igul222@email . com thashim@stanford.edu drug and materials discovery in a variety of tasks such as virtual screening and
With c Optin, omp’lte Oreg’ess' tim da] s~em"0p gu & ' ) inverse design. While there has been a surge of interest in advancing model-
Xponay, Tl mog. Oudgey SiVe Try, o Mage, Y losg ; &! . g X - &
The cro Cats at o €l size oS incpe,  MSfory, ey m 1 foyy, centric techniques, the influence of both data quantity and quality on molecular
DKL (Truss. trop,, are 7 51s0 de n;e’ f0110W1 S Smooyy, Iy S and representations is not yet clearly understood within this field. In this paper, we delve
qata djsmz/ /MOde1 ) losg h 1 Versay ., > On the C"g a poy, ej; ”Dprove Abstract into the neural scaling behaviors of MRL from a data-centric viewpoint, examining
liong Wiy, Clon’g 7, 20d g infy,. 1088 ajy o “OMpuge , *law ply, four key dimensions: (1) data modalities, (2) dataset splitting, (3) the role of
Of the Vith ;S €ntrgy € empjy M0rmy, daty bugge, Pl . - - : .
or, YFCCI o \lerpy, P ang th, el s alj o theo, Mg ‘ thro, Despite a growing interest in diffusion-based language models, existing work has pre-training, and (4) model capacity. Our empirical studies confirm a consistent
o Ccagt the p, Ooprg i etatj(,n’ bilﬁ diven lay SUG C inte A ph gth ¢ thg del ttai rivial % K % hood » rand % X power-law relationship between data volume and MRL performance across these
We Other reg Iuofjel Size ngee disl‘libutilon‘Par 8ence betige“" a pgg Clatjop, nooci lc?wn bea hrflse lino Ie St}fjan a a]in non ari:” h 1 g 00ds on stan dar 1 apguz:}gle dimensions. Additionally, through detailed analysis, we identify potential avenues
TeIatﬁnda topy, ded acho'n downseter Trang foeen the tm’cflon f iT‘k liehm% ncb arks. In thus work, wedtd'feft © rbst Stglis towards ¢ gslmg ! ﬁ for improving learning efficiency. To challenge these scaling laws, we adapt seven
Showlon forg, Of agy leve any AMmpleg to o erg are € ang 1kelihood gap between autoregressive and diffusion-based language models, wit popular data pruning strategies to molecular data and benchmark their performance.
OF W to an’nutuaI infy, 0 scqy; 1ven Teducyp, . X 8 re Carly p, the gc?al of building and relea§1ng a diffusion model Wthh outperforms a sma‘ll Our findings underline the importance of data-centric MRL and highlight possible
ex trap he, ticals Wer the : :Ha.ti(m bet“g law, )/ SOIun'On’ !out widely-known agtoregresswe rr}odel. We pursue this goal through algqnthmlc directions for future research.
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A scajj, ge”era;t'oﬂ ang g 8 distry, entify, SCa(I)I'Th a tbo,_,fes in 'Du1t-e Idenyy, training of diffusion language models. We then study scaling laws for our diffusion 1 Introduction
on dOWnstrg lawg ha Ve logg Ievﬂ sm Otbutlo,,’. © wmg layg foalld Worg, s’{){l’oda1 m models and find compute-optimal training regimes which differ substantially from
am agp < 1m €ls ofy Tazcali"g o felﬁnetune gg el Péni ®) jn autoregressive models. Using our methods and scaling analysis, we train and The research enthusiasm for Molecular Representation Learning (MRL) is steadily increasing,
ImPIicaa-o 1 togeg, or. Slassi; cne"'l‘tzv i Omap, release Plaid 1B, a large diffusion language model which outperforms GPT-2 124M attributed to its potential in expediting drug and materials discovery processes compared with
s ”eurr’] these ,eSU‘I'OH logg "’fe mg in likelihood on benchma{k datasets and generates fluent samples in unconditional conventional in vitro and in vivo experiments [1-4]. Within the context of MRL, the central objective
nlrfbuzio He‘Work pets Slre,,gthd err and zero-shot control settings. E] is to leverage specific featurizations, or modalities, of molecules in order to learn continuous vector
Pking Ifo, ee’{ thy rqpresentatiops. These representatigns aim to capture cqmprehensive chemical semantics and exhibit
CIsity an o > Iy high expressiveness, thereby effectively addressing various downstream tasks [5—-17].
*lo; [beuigb Penqy 1 Introduction A trend in the field is developing neural architectures and training strategies to improve the ex-
iong I an’jared, san ) ) o . pressiveness of the learned rgpresenlatioqs. Howe\(er, }he influence of varying data scales on the
at gng oF J ®peny i Large language models lie at the center of recent advances in artificial intelligence. Shared across performance of MRL under different learning scenarios is yet to be fully understood. To fill this gap,
Paper, *Cop nearly all such language models is a common recipe: learn a model that maximizes data likelihoods we draw attention to the following questions: What are the neural scaling behaviors of molecular

representation learning? Do they align with the previous scaling laws such as the power-law, es-
tablished in other domains [18-20]? Beyond common research objects in neural scaling laws such
as the impact of pre-training and model parameter sizes [21, 18, 22], MRL further presents unique

using an autoregressive, left-to-right factorization. Maximum-likelihood pretraining has been a
remarkably successful paradigm, leading to models that perform well on a range of downstream tasks
and display complex behaviors like in-context learning [1}[28].

*These authors made equal contribution to this research.

Thus far, autoregressive modeling has been a core part of this process due to its computational
fCorresponding author: Shu Wu (shu.wu@nlpr.ia.ac.cn).

efficiency and empirical performance. However, this choice carries drawbacks. Autoregressive models
generate tokens one at a time, making it difficult to perform long-range planning or controllable
generation [17,(19,/21]. In addition, certain sequence distributions may be fundamentally more

. N X 37th Conference on Neural Information Processing Systems (NeurIPS 2023) Track on Datasets and Benchmarks.
difficult to model autoregressively [22]. g Sy (

A Given the importance of language modeling, these potential drawbacks motivate us to explore
alternatives to the autoregressive approach. As a promising candidate, we turn to continuous diffusion
models [32}12], which have achieved state-of-the-art results in image modeling [5) 30} 31]. In
language, prior works on diffusion models exist [e.g.(21,10}6], but these optimize non-likelihood-
based objectives. Without the ability to use standard likelihood-based benchmarks [25,|14, 2; ], it

. is difficult to say precisely how these models compare to autoregressive models (see Section [7]for

C S - 4 6 1 * FO u n d at I a discussion). Somewhat concerningly, there is no work showing that it is possible for diffusion C h al I Otte B u n n e 5 5

language models to achieve any nontrivial likelihoods on standard benchmarks.

In this work, we explore the limits of likelihood-based diffusion language models. Our goal is to
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Scaling Laws in Histopathology Foundation Models
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from 800,000+ patients with over 1 billion parameters
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https://www.bioptimus.com/h-optimus-1

Scale is not Intelligence: The end of scaling laws?

Al scaling laws are showing signs of diminishing returns

* Leading Al labs are seeing models improve more slowly than before

 Simply adding more GPUs and data during pretraining is not yielding

the exponential improvements it once did test-time scaling
“long thinking”

From One to Three Scaling Laws
post-training scaling

pre-training scaling

“Intelligence”

Compute
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This Week’s Exercise Sheet
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InNfoONCE in Contrastive Learning: Explores the InfoNCE loss from a probabillistic
perspective, connecting it to cross-entropy loss and NCE, while analyzing how the
number of negative samples K affects mutual information learning.

Masked Language Modeling as Pseudo-Likelihood: Establishes the mathematical
relationship between MLM training objectives and pseudo-likelihood, including
connections to pseudo-perplexity and comparisons with autoregressive models.
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This Week’s Code Demonstration

>—

Exploring Contrastive Learning with SImCLR: Hands-on implementation and
exploration of the SIMCLR framework for self-supervised visual representation learning.
— Jupyter notebook exercise

Exploring Scaling Behaviour of LMs with Pythia Models: Empirical investigation of
how language model performance scales with model size using the Pythia model series.
— Jupyter notebook exercise

CS-461 - Foundation Models and Generative Al Charlotte Bunne
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