The “Deep Learning for NLP” Lecture Roadmap
Lecture 10.5: Finetuning

ahd-the Bag-ef- Words Model

Lecture 10 LLMs{2/2)

15.504: Hands-on Deep Learning
Spring 2024

MANAGEMENT Farias, Ramakrishnan
SLOAN SCHOOL



Let’s look at Fine Tuning next
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In Fine-Tuning, we take a causal LLM (like GPT) and ...
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.. train it further on domain-specific input-
output examples ...
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* This is essentially the Supervised Fine-tuning step we discussed earlier to transform GPT-3 to GPT-3.5



... and update the weights
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input embeddings
embeddings

ARE

1. Positional embeddings

2. Stand-alone embeddings (unless pretrained and Trainable=False)
3. Matrices AX, A9, AV for each attention head (inside TCE)

4. Layer norm scale and bias parameters (inside TCE)
5
6
4

Weights in Feed-Forward layers (inside TCE)
Weights in Dense layers outside TCE
Weights in final Softmax layer




For small causal LLMs (like GPT-2), this is possible but
for larger LLMs, we will face computational challenges.

We will explain the nature of these challenges and
describe an alternative approach that addresses these

challenges.

Bit first... why would we want to do this?




‘Write a positive review of the following
product” What do you think?

rag & bone

NEW YORK

Timeless. Authentic. Iconic. One of the building blocks of a perfect

wardrobe. The Fit 2 - our most loved slim-fitting jean. For good reason. Mid-

rise, tailored through the hip and thigh with a narrow leg opening. Here in
Authentic Stretch: selvedge-inspired denim with an optimal, shape-holding
touch of comfort stretch. Featured in raw Japanese unwashed denim.

:E: Authentic Stretch

Machine Washable

Size & Fit v

Features & Details A

98% Cotton 2% Polyurethane
Machine wash inside out with like colors, hang dry

Button fly, mudd tack button, mudd rivets, clean finished hem
Authentic stretch Japanese raw unwashed denim

Made in the United States of America

Product ID: MED23S1223KCRA

Timeless. Authentic. Iconic. One of the building
blocks of a perfect wardrobe. The Fit 2 - our most
loved slim-fitting jean. For good reason. Mid-rise,
tailored through the hip and thigh with a narrow
leg opening. Here in Authentic Stretch: selvedge-
inspired denim with an optimal, shape-holding
touch of comfort stretch. Featured in raw
Japanese unwashed denim. Authentic Stretch.
Machine Washable. Mid rise slim fit, tailored
through hip and thigh




‘Write a positive review of the following
product” What do you think?
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* This is Alpaca, running off of

98% Cotton 2% Polyurethane

Machine wash inside out with like colors, hang dry I_I a m a 7 B . Rea d S I i ke

Button fly, mudd tack button, mudd rivets, clean finished hem
.
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‘Write a positive review of the following
product” What do you think?

Champion's Crew Neck Jersey Tank Top is a
U R BA N 0 UTFITT E Rs great addition to any wardrobe. The boxy and
cropped silhouette is flattering on all body types,

and the cotton fabrication is soft and comfortable.
The crew neckline is classic and timeless, and the

i sleeveless design makes it perfect for warmer
Product Sku: 81419625; Color Code: 083 weather. The Heritage style tee is an exclusive
Crem nock jorsey tank top by Champion. Heritage siyle tae from Urban Outfitters, and the 100% cotton
e s e e ek Bban Quee fabrication and machine washability make it easy
Features to care for. The boxy and cropped silhouette is

e e e e flattering on

e e e Same story — reads like

Measurements taken from size Large

:-:-I!.":‘.‘?‘ >':L'IL‘» m a r ket I n g CO py-
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Lets get better at Fake Reviews
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"instruction": "Write a positive review for the following product",

"input": "The Workwear Pocket Long Sleeve T-shirt.Wear it as a layer, wear it by itself, wear it with pride. It's as rugged and dependable as your favorite hammer
offering 6.75-ounce, 100% cotton jersey knit, a generous left-chest pocket, side-seamed construction to minimize twisting and crew neck comfort. Made of 6.75-ounce,
100% cotton jersey our long sleeve pocket t-shirt makes for perfect workwear layered or worn alone. It features a crew neck with a generous left chest pocket and
side-seamed construction to minimize twisting. Ash fiber content is 99%/1% polyester. Heather gray fiber content is 90% cotton/10% polyester. 10@% Cotton Imported
Machine Wash Long-sleeve t-shirt in midweight jersey featuring spade patch pocket at chest with logo tag Ribbed cuffs Original fit Package

Dimensions:\n \nl12.4 x 7.6 x 1.8 inches Shipping Weight:\n \nl pounds (View shipping rates and policies)",

"output": "The Best! Carharrt t-shirts are my husband's favorite. They fit well, the fabric is very substantial, they wear well, and he especially likes the pocket.
He wears these alone, with a light t-shirt under, or under a long sleeve button down Carharrt work shirt."

"instruction": “Write a neutral review for the following product",

"input": "These overalls are made of 12-ounce, firm-hand 100 percent ring-spun cotton duck and have adjustable front-elastic suspenders, a multi-compartment bib
pocket, a zipper fly, two large lower-front pockets a left-leg hammer loop, double-front knee construction with cleanout bottoms that accommodate knee pads, two
reinforced back pockets, triple-stitched main seams and metal rivets at vital stress points. Care-Do not bleach Our duck bib overall is made of heavy 12-ounce, cotton
duck. It features a variety of tool and utility pockets as well as a hammer loop. Double knees can accommodate knee pads and feature cleanout bottoms. Back pockets
are reinforced for durability. 100% Cotton Imported Machine wash warm with like colors, Do not bleach, Tumble dry medium remove promptly Bib overall in 12-ounce
heavyweight cotton duck featuring hammer loop and reinforced paneling at knees Side utility pockets and bib pocket with logo patch double knees Kindly refer last
Image for sizing details Multiple tool pockets Package Dimensions:\n \n15.6 x 6.3 x 3.5 inches Shipping Weight:\n \n2.95 pounds
(View shipping rates and policies)",

"output": "... a little leary about a new pair being as good because. I have a 15 year old pair of these that got a hole burned through them when using a cut off saw
and was a little leary about a new pair being as good because... well, I am in my 50's and have seen the vast majority of consumer/professional goods turn to crap. So
far so good."

"instruction": “Write a negative review for the following product",

"input": "The iconic, timeless chuck taylor all star sneaker. Perfect in its simplicity since 1917. Lightweight, breathable canvas construction. Vulcanized rubber
sole delivers durable traction. An ortholite insole cushions each and every step. Versatile, fashionable, and they keep looking better every time you wear them.
Ortholite is a trademark of 02 partners, llc. 100% Textile Imported Rubber sole Shaft measures approximately low-top from arch Lace~up, low-top sneaker OrthoLite

insole for cushioning Medial eyelets for airflow Canvas upper Product Dimensions:\n \n5 x 5 x 0.7 inches Shipping Weight:\n \nl2
ounces (View shipping rates and policies)",
"output": "I love the classic look of Chuck Taylors I love the classic look of Chuck Taylors, but wow, these are legitimately the most uncomfortable shoes I've ever

worn. I wore them recently to my work where I'm on my feet for 1@ hours and am moving around a lot and lifting stuff, climbing up and down ladders, and by the end of
the night I was limping and my feet were throbbing. I have another pair of Chuck Taylors, mid tops, and those have some padding in the sole and I can wear them all
night and feel fine. I guess I'm going to have to get some inserts for these if I want to wear them longer than an hour."




The Llama 2 fami
widely used for fi

v of open LLMs are

ne-tuning

Large language model

Llama 2: open source,
free for research and
commercial use

We're unlocking the power of these large language models.
Our latest version of Llama - Llama 2 - is now accessible to
individuals, creators, researchers, and businesses so they can
experiment, innovate, and scale their ideas responsibly.

Download the model

https://llama.meta.com/llama2
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Let’s first understand how “hard” it is to build
the biggest model in the family: Llama-2-70b

Large language model

Llama 2: open source,
free for research and
commercial use <

We're unlocking the power of these large language models. 7
Our latest version of Llama - Llama 2 - is now accessible to ‘9’7),9\ \738
individuals, creators, researchers, and businesses so they can 2‘708
experiment, innovate, and scale their ideas responsibly.

Download the model

https://llama.meta.com/llama2
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How hard is it to train Llama-2-70b?

S
- The model is gigantic

- 70 billion parameters x 2 bytes per parameter x ~3-6 = 420-840GB
- 2 bytes/parameter assuming we use “fp16” (i.e., 16-bit numbers)

- 3-6x multiplier for each parameter since we need to store gradient,
optimizer states etc. in addition to the weights themselves, and some
require higher precision (more on this later)

- An A100 (or H100) GPU has 80GB of RAM and so we need
between 6 and 11 GPUs to accommodate 420-840GB

13



How hard is it to train Llama-2-70b?
S

Llama-2-70b was trained on 2 trillion (2 x 10*?) tokens

An A100 GPU can (optimistically) process just about 400
tokens/GPU per second

So 11 GPUs will take 2 x 10'2/(11x400) seconds which is
about 5,261 days. A bit long ©

Let’s say we want to do it in about a month.
- With 2048 GPUs, we would need about 28 days

. A simple cost estimate (at $2.5/ GPU-hr) for this training run is
S4M

- We would expect the actual cost to be a lot higher since it takes
multiple runs to get things right

14



To fine-tune Llama-2-70b with fewer resources,

we need to do two things
-1

- Reduce the size of the dataset

- Reduce the memory required so that we can
process the data using fewer GPUs (ideally,
just one GPU)

15



To fine-tune Llama-2-70b with fewer resources,

we need to do two things

Reduce the size of the dataset: We are in luck here!
Finetuning datasets can be much smaller than the
original corpus used to train the LLM in the first place

- The famous Alpaca fine-tuning dataset has 50k instruction-answer
pairs at 4096 tokens each, so ~ 200M tokens in total, which is <<<<
2T tokens used to train Llama-2-70b

- Assuming we can process 400 tokens/GPU per second, 7 GPUs will
take 2 x 108/(7x400) seconds which is only about 20 hours (as
opposed to 28 days for training Llama-2-70b)!

Reduce the memory required so that we can process
the data using fewer GPUs (ideally, just one GPU)

16



Next, let’s discuss how to reduce the memory

requirements
|

- Reduce the memory required so that we can process
the data using fewer GPUs (ideally, just one GPU)

17



What consumes memory?

S S

Model parameters #Params x 2Bytes = 140GB
Gradient computations Same as above = 140 GB
Optimizer state 1-4x the memory needed for

parameters = 140-560GB
Total 420-840GB

- It turns out that state-of-the-art optimizers (like Adam) need to
store information related to past gradients

- In fact, this requires approximately 1-4x the amount of memory
in addition to the parameters themselves

18



What consumes memory?
S

Model parameters #Params x 2Bytes = 140GB 140GB*
Gradient computations Same as above = 140 GB ~ zero by computing ’just
in time’**
Optimizer state 1-4x the memory needed We will show how to
for parameters = 140-560GB reduce this to ~ zero!
Total 420-840GB 140GB
*This can be reduced with ‘quantization’ but this often can result in performance degradation 19

** This requires an old trick called ‘gradient checkpointing’ that is beyond the scope of our discussion here.



We will fine-tune only the matrices inside the causal self-
attention blocks, and will keep everything else frozen

1
Input  Positional Contextual Softmax  Output
input embeddings
embeddings
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1. Positional embeddings

2. Stand-alone embeddings (unless pretrained and Trainable=False)
3. Matrices AX, A9, AV for each attention head (inside TCE)

4. Layer norm scale and bias parameters (inside TCE)

5. Weights in Feed-Forward layers (inside TCE)

6. Weights in Dense layers outside TCE

7. Weights in final Softmax layer

20



Lets consider the weight matrix AX

. In Llama-2-70b, this is a 8096x8096 matrix (one for each
self attention layer)

- ~64 M parameters to store per AX

21



An update to A* can be thought of as the

sum of the original A and the change AAK
S

1.1 0.2 -07 23 -03 0.01 0.02 0.04 -01 -.03
-04 -09 20 3.7 21 -04 -09 -04 -09 0.02
o4 -12 03 28 1.3 0.01 -02 0.04 -08 .07
23 -03 -09 20 01 -05 -01 -09 .02 0.01
02 -07 -05 -12 0.3 0.0/ -01 -05 -12 .03

AK + AAK

. In general, the change matrix AAK will be as big as AX

. Can we make it smaller?

22



A finetune will likely make very
small changes to the original model
weights. This suggests that we can
“force” the change matrix AAX to
be “simple” and it will still get the
job done.

23



We can force AA* to be “simple” by

forcing to be “low rank”
—

8096 2 8096

x I )
3096 —~ 3096

24




The number of parameters in “simple”
AAK

8096

8096

Recall that AKhas 64M
parameters (=8096x8096)

But simple AAfhas just 2 x
8096 = 16,192 parameters i.e.,
just 0.02% of the original
64M!

This idea is called Low Rank
Adaptation (LORA)*

LoRA: Low-Rank Adaptation of Large Language Models

25


https://arxiv.org/abs/2106.09685

LORA Optimization

-1
. Freeze all base model parameters

nitialize AAXAAQ AAY to zero in each self
attention layer

. Update AAKAAQAAY (via SGD as usual) by
updating the two “skinny” matrices for each

26



What does memory look like now?

S S

Model Parameters #Params x 2Bytes = 140GB ~ The same*
Gradient Computations ~#Neurons ~ #Params Roughly zero by computing
~140GB these ’just in time’**
Optimizer State #Params x 1-4Bytes x 2 = Using LoRA, we only need to
140-560GB optimize the two “skinny”
matrices so # of parameters ~0
Total 420-840GB 140GB

Now, Llama-2-70b can be comfortably be finetuned on 2
GPUs and Llama-2-7b and Llama-2-13b can comfortably be
finetuned on a single GPU.

27



Colab (if time permits)
-1
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The results of Supervised Finetuning
S

Champion's Crew Neck Jersey Tank Top is a
u R BA N 0 UTFITT E Rs great addition to any wardrobe. The boxy and
cropped silhouette is flattering on all body types,

and the cotton fabrication is soft and comfortable.
The crew neckline is classic and timeless, and the

Detalls sleeveless design makes it perfect for warmer

Praduct Sku: 81419625; Color Code: 083 weather. The Heritage style tee is an exclusive
Crew neck jersay tank top by Champicn. Heritage style oo from Urban Oultfitters, and the 100% cotton
e, R e R e fabrication and machine washability make it easy
Features to care for. The boxy and cropped silhouette is
e e e e flattering on

Content + Care
100% Cotton

I love this tank top! It's so soft and comfy, and
the fit is perfect. I'm 5'7" and 120 Ibs, and | got
wearing sizo Large a small. It's not too tight, but it's not too loose
e either. It's a great tank top to wear to the gym
or just around the house. | would definitely
Champion recommend this tank top to anyone who is
e e looking for a comfy tank top to wear around
wandgesr. I the house or to the gym.

mported

Size + Fit
M




The results of Supervised Finetuning

rag & bone

NEW YORK

Write a review:
These are the best jeans I've ever owned. I'm
510" and 160 Ibs. | bought a size 32 and they fit
perfectly. I've been wearing them for a few
wardrobe. The Fit 2 - our most loved slim-fitting jean. For good reason. Mid- months now and they Stl" IOOk brand new. I|Ve
rise, tailored through the hip and thigh with a narrow leg opening. Here in washed them a few times and theylve held up
Authentic Stretch selvedge—inspireg denim with an optimal, shape—.holding gl’eat Ilve never Owned a palr Of jeanS that f|t th|S
touch of comfort stretch. Featured in raw Japanese unwashed denim. .

well and look this good after a few months of

Timeless. Authentic. Iconic. One of the building blocks of a perfect

o Authentic Stretch wearing them. I'll definitely be buying more of
Machine Washable these in the future.
Size & Fit . Write a horrible review:

These are the worst jeans I've ever owned. I'm
Features & Details A 5'10" and 160 Ibs. | ordered a 32 and they fit like
96% Cotton 2% Polyurethane a 30. They're too tight in the thighs and too loose
Machine wash inside out with like colors, hang dry in the waist. I'm gOIng to return them and try a 30,

| LS . . .

Button fly, mudd tack button, mudd rivets, clean finished hem bUt I m nOt optImIStIC' IVe been Wearlng LeV| S
Authentic stretch Japanese raw unwashed denim 501 S for 30 yeal’S and these are nOt even Close tO

Made in the United States of America

the quality of those jeans. I'm going to stick with
Product ID: MED23S1223KCRA LeVi




The effort-benefit curve for adaptation

strategies depends on the size of the base LLM
]

task
accuracy
100%
big base
model training model
(finetuning, RLHF)
data engine
prompt : small base
engineering il
0% >
zero-shot few-shot retrieval-augmented finetuning effort/
prompts prompts few-shot prompting eSS complexity

https://twitter.com/karpathy/status/16559943670338846727s=20



How LLMs Are Bullt?

+ Data Filtering
o Removing Nolse X
o Handing Outllers

@ Addressing Imbalances
+ Deduplication

We have

Y

.
« Relative Positional Embeddings

covered all = { ===

these topics! " (= )
p . LLM Architectures — : m:ﬁ"y
l . gnkod Language Modeling ] 4
« Causal e Modeli
* Next s.mndlcm:' | L L
« Mixture of Experts
4 uup.rviud Fine-tuning ]

+ General Fine-tuning
+ Multi-turn Instructions
+ Instruction Following

Fine-tuning and Instruction Tuning —

< doad i 4 Y

« Direct Preference Optimization B Alignment
+ Kahneman-Tversky Optimization
. + Greedy Search
Decoding Strategies — + Beam Search

+ Top-k Sampling
+_Top-p Samplin

« Optimized Training

o Zero Redundancy Optimzer 4
Large Language Models: A Survey bR | | costetectve Taingtnerence,

(FEbruary 20, 2024') + Quantization T


http://arxiv.org/abs/2402.06196
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