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Till now…

• Motivation – Inference is sequential, memory bound and slow, with high latency  

• KV caching – avoids re-computation of Keys and Value matrices

• Paged Attention and vLLM -  efficient memory management

• Can we speed up attention computation?
 
• Flash Attention?
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• “I/O aware” implementation of Attention

Flash Attention - Recap

Standard Attention Implementation I/O aware attention implementation
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• “I/O aware” implementation of 
Attention

• Write a fused kernel to avoid multiple 
read / writes b/w HBM and SRAM

• Tiling – decompose large softmax into 
smaller ones by scaling

𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1, 𝐴2
𝑉1

𝑉2
= 𝛼 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1 ∗ 𝑉1 + 𝛽 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴2 ∗ 𝑉2

𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1, 𝐴2 =  𝛼 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1 , 𝛽 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴2  

Flash Attention - Recap
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Flash Attention - Recap
• Tiling – decompose large softmax into smaller ones by scaling

1. Load inputs by blocks from HBM to SRAM
2. On chip, compute attention output w.r.t that block
3. Update output in HBM by scaling

𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1, 𝐴2
𝑉1

𝑉2
= 𝛼 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1 ∗ 𝑉1 + 𝛽 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴2 ∗ 𝑉2

𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1, 𝐴2 =  𝛼 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴1 , 𝛽 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 𝐴2  
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Flash Attention - Recap
• 2-4x Faster, 10-20x memory reduction
• Flash Attention for training – parallelizes across 

batch size and query length dimension to avoid 
memory bandwidth bottleneck
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• Parallelize computation
• split the keys/values in smaller chunks
• compute the attention of the query with each of these splits in parallel (using Flash Attention)
• 1 extra scalar per row and per split: the log-sum-exp of the attention values
• Use the log-sum-exp to scale the contribution of each split

Flash 
Decoding

Source: https://princeton-nlp.github.io/flash-decoding/
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Benchmarking on 
CodeLlama-34B
• Pytorch: Running the attention using 

pure PyTorch primitives (without using 
FlashAttention)

• FlashAttention v2

• FasterTransformer: Uses the 
FasterTransformer attention kernel

• Flash-Decoding

Flash-Decoding - 8x speedups in 
decoding speed for very large 
sequences

To
ke

ns
 / 

se
c

Prompt Length
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Till now…

• KV caching – avoids re-computation of Keys and Value matrices

• Paged Attention and vLLM -  efficient memory management

• Flash decoding –  efficient attention for very long sequences

• Generation is still sequential  

What if we can generate multiple tokens in one iteration?
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Generating multiple tokens in one iteration
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Transformer based LLM (⍬)

<s> The cat sat

Inference through 
an LLM

0 1 2 3 4 5 6 7

• Input prompt: “The cat sat”Can we use a guess output to speed up 
inference?
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Transformer based LLM (⍬)

<s> The cat sat

Inference through 
an LLM

0 1 2 3 4 5 6 7

• Input prompt: “The cat sat”

• Guess: “on the chair”
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Transformer based LLM (⍬)

<s> The cat sat on the chair </s>

Inference through 
an LLM

Run a forward pass with the 
guess completion

0 1 2 3 4 5 6 7

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)

…

𝑝(𝑡1)

…

𝑝(𝑡𝑖)
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𝑝(𝑡𝑣)

…

𝑝(𝑡1)

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

Inference through 
an LLM

We get prob. dist. at each 
step

0 1 2 3 4 5 6 7

<s> The cat sat on the chair </s>

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)

…

𝑝(𝑡1)

…

𝑝(𝑡𝑖)

…

𝑝(𝑡𝑣)

…

𝑝(𝑡1)

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

Inference through 
an LLM

Focus on distribution at the 
last token in the prompt

0 1 2 3 4 5 6 7

<s> The cat sat on the chair </s>

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)

…

𝑝(𝑡1)

…

𝑝(𝑡𝑖)

…

𝑝(𝑡𝑣)

…
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…

𝑝(𝑡𝑣)

…

…
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…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

Inference through 
an LLM

Token with the max prob. 
Matches with the guess 

token

0 1 2 3 4 5 6 7

Token with the max prob. 

<s> The cat sat on the chair </s>

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Transformer based LLM (⍬)

…
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Inference through 
an LLM

Token with the max prob. 
Matches with the guess 

token

0 1 2 3 4 5 6 7

Token with the max prob. 
Matches with the guess 

token!

<s> The cat sat on the chair </s>

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Transformer based LLM (⍬)

…

𝑝(𝑡1)
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<s> The cat sat on the chair </s>

Inference through 
an LLM

Token with the max prob. 
Matches with the guess 

token

0 1 2 3 4 5 6 7

Accept!
• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)
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…
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Inference through 
an LLM

0 1 2 3 4 5 6 7

<s> The cat sat on the chair </s>

Token with the max prob. 
• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)
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Inference through 
an LLM

0 1 2 3 4 5 6 7

<s> The cat sat on the chair </s>

Token with the max prob. Token with the max prob.
Does not match the guess 

token 

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)

…
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Inference through 
an LLM

0 1 2 3 4 5 6 7

<s> The cat sat on the chair </s>

Reject the guess
• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)

…
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Inference through 
an LLM

0 1 2 3 4 5 6 7

<s> The cat sat on a chair </s>

Replace with the token 
selected by the model

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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Transformer based LLM (⍬)

…

𝑝(𝑡1)

…
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Inference through 
an LLM

0 1 2 3 4 5 6 7

<s> The cat sat on a chair </s>

✓ 1 forward pass

✓ 2 tokens generated!

• Input prompt: “The cat sat”

• Guess: “on the chair </s>”
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<s> The cat sat on the chair </s>

Guess completion

Verification by the LLM

New Input Prompt
<s> The cat sat on a

New Guess
<s> The cat sat on a table </s>

Can’t use rest of the completion as it was dependent on 
token “the” that has been rejected
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Transformer based LLM (⍬)

…

𝑝(𝑡1)
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𝑝(𝑡𝑣)

…
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𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

…

𝑝(𝑜𝑛)

…

𝑝(𝑡𝑣)

…

𝑝(𝑎)

…

𝑝(𝑡𝑣)

Inference through 
an LLM

0 1 2 3 4 5 6 7

• Input prompt: “The cat sat on a ”

• Guess: “table </s>”

✓ Make a new guess with 
the updated input prompt

❑ Updated input: “The cat 
sat on a”

❑ Guess:  “table </s>”

<s> The cat sat on a chair </s>
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Transformer based LLM (⍬)
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Inference through 
an LLM
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• Make a new guess with 
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• Run forward pass again
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• Input prompt: “The cat sat on a ”

• Guess: “table </s>”

• Make a new guess with 
the updated input prompt

• Run forward pass again

<s> The cat sat on a table </s>
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Transformer based LLM (⍬)
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Inference through 
an LLM
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• Input prompt: “The cat sat on a ”

• Guess: “table </s>”

• Make a new guess with 
the updated input prompt

• Run forward pass again

<s> The cat sat on a table </s>

…

𝑝(𝑚𝑎𝑡)

𝑝(𝑡𝑣)

Token with the max prob.
Does not match the guess 

token 

Reject the guess
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Transformer based LLM (⍬)

…

𝑝(𝑡1)
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𝑝(𝑡𝑖)
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𝑝(𝑡𝑣)

…

𝑝(𝑡1)

…

𝑝(𝑡𝑣)
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…

𝑝(𝑡𝑣)

…

𝑝(𝑜𝑛)
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𝑝(𝑡𝑣)

…

𝑝(𝑎)

…

𝑝(𝑡𝑣)

…

…

𝑝(𝑡𝑣)

Inference through 
an LLM

0 1 2 3 4 5 6 7

• Input prompt: “The cat sat on a ”

• Guess: “table </s>”

• Make a new guess with 
the updated input prompt

• Run forward pass again

<s> The cat sat on a mat </s>

…

𝑝(𝑚𝑎𝑡)

𝑝(𝑡𝑣)

Token with the max prob.
Does not match the guess 

token 

Reject the guess
But we still get 1 token!
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Speculative decoding

✓  Guess – “on the chair</s>”

✓  Verify  
✓ Accept:  “on”
✓ Reject:  “the chair </s>”

✓  Repeat with the updated prompt:   “The cat sat on a”

  How to guess?

Input prompt:  “The cat sat ”

Token selected by the model in 
place of the 1st rejected token
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How to Guess?

100 B 
Model

A group of flamingos
 is called …

Content credit: https://youtu.be/S-8yr_RibJ4?si=-u2dh3PRBwTnXBOZ

Very easy

flamboyance

100 B 
Model

A group of flamingos
 is called a …

Difficult

a 
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How to Guess? a

100 B 
Model

A group of flamingos
 is called …

Content credit: https://youtu.be/S-8yr_RibJ4?si=-u2dh3PRBwTnXBOZ

Very easy

flamboyance

100 B 
Model

A group of flamingos
 is called a …

Difficult
Can use a small “draft” model to guess!

a flock

Verify & correct it using the “target model”

a flock

https://www.lcs2.in/
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Example from 
HumanEval dataset
• Only red tokens are 

generated by the bigger 
target model!

Content credits:: Leviathan et al. 2023, Fast Inference from Transformers via Speculative Decoding

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Speculative Sampling
• Greedy decoding

• Target model selection:  Token with max. probability
• Easy to verify with the “proposal” generated by the “draft model”

• But what about sampling by varying – top-p, top-k, or temperature?
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Speculative Sampling

Google Research

Content credits: https://youtu.be/S-8yr_RibJ4?si=Kv8xyyTsJvu8oKLV
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Algorithm

Content credits: https://youtu.be/S-8yr_RibJ4?si=Kv8xyyTsJvu8oKLV
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Algorithm

Content credits: https://youtu.be/S-8yr_RibJ4?si=Kv8xyyTsJvu8oKLV

Sample
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Content credits: https://youtu.be/S-8yr_RibJ4?si=Kv8xyyTsJvu8oKLV

A distribution at each step over entire vocabulary
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Draft Model

Target Model
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Rejection Sampling

Draft Model

Target Model
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Rejection Sampling

Draft Model
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Rejection Sampling

Draft Model

Target Model

Similar to 
Importance 

Sampling
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Content credits: https://youtu.be/S-8yr_RibJ4?si=Kv8xyyTsJvu8oKLV

Draft Model

Target Model
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Rejection Sampling

(Target Model   --   Draft Model)+
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Rejection Sampling

Tokens

Pr
ob

ab
ili

ty Draft Model
Target Model
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Wall time speedup: 
Illustration on an encoder-decoder model

Wall Time →

K = 0

K = 3

K = 7
•    Target encoder
•    Draft   encoder
•    Target decoder
•    Draft   decoder
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Results
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How to guess?

• Speculative decoding:  
• Smaller model from the same family – Draft model: Llama-7B, for target model: Llama-70B

• Is 7B small enough?
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How to guess?

• Speculative decoding:  
• Smaller model from the same family – Draft model: Llama-7B, for target model: Llama-70B

• Is 7B small enough?

• Is it easy to host two models?
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• Can we somehow generate multiple candidates from the target model itself?

• What if you are allowed to further fine-tune using PEFT?
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Medusa

• Multiple LM heads to predict next-next 
tokens
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How to train multiple LM heads?

• Each Medusa head is as a single layer of feed-forward network, augmented 

with a residual connection.

• Keep the backbone architecture frozen and train the heads using PEFT.

• Can use the same corpus that trained the original model.

• On Vicuna-7B, Medusa Head 1 get

• top-1 accuracy rate of approximately 60%

• Top-5 accuracy rate of ~ 80% (hence we use top-k approach)
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Tree 
Attention

• Head 1: “ It ”   “ I ”

• Head 2:  “ is ”   “ ’  ”   “ the ” 
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Tree 
Attention

• Head 1: “ It ”   “ I ”

• Head 2:  “ is ”   “ ’  ”   “ the ” 

• Attention mask exclusively 
permits attention flow 
from the current token 
back to its antecedent 
tokens. 

• The positional indices for 
positional encoding are 
adjusted in line with this 
structure.
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Prune the tree!
• Cartesian product is 

expensive. 
• Based on expected top-k 

accuracy for each head, 
create a static tree
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Prune the tree!

acceleration rate speed (tokens/s)

Randomly sampled dense trees

Randomly sampled dense trees

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Medusa

• Multiple LM heads to predict next-next 
tokens

• Take the Cartesian product to create 
multiple potential candidate sequences
• With top-k=4, and 3 heads, we get 

4(3+1)= 256 candidates

• Process all the candidates in parallel
• Enabled by Tree attention

• Accept the “largest” sub-sequence
above a threshold prob.

https://www.lcs2.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/
https://home.iitd.ac.in/
https://lcs2-iitd.github.io/ELL881-AIL821-2401/


Tanmoy Chakraborty

LLMs: Introduction and Recent AdvancesLLMs: Introduction and Recent Advances

Yatin Nandwani
LLMs: Introduction and Recent Advances

LLMs: Introduction and Recent Advances

Acceptance criteria
• Device their own sampling method, instead of supporting standard nucleus sampling
• Aim to pick candidates that are likely enough according to the original model
• Always select the 1st token greedily
• For the rest of the tokens:

• Select the longest sub-sequence in which all tokens satisfy the above criteria

Minimum of a hard threshold and an entropy-dependent threshold
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Impact of the threshold
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Results

Model Size
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Speed up on different model sizes
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How to guess?

• Speculative decoding  -- uses a small draft model with same tokenizer

• Medusa – trains multiple LM heads to predict next-next tokens

Think about tasks like 

• Content grounded QA, 

• RAG, 

• Summarization…

Where should you look for 
potential candidate 
completions?
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Prompt Lookup Decoding
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Content credits: https://github.com/apoorvumang/prompt-lookup-decoding
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Results 
Summarization and Context-QA Performance Comparison

•     Greedy
•     PLD
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How to guess?

• Speculative decoding  -- uses a small draft model with same tokenizer

• Medusa – trains multiple LM heads to predict next-next tokens

• Prompt-lookup decoding: Search for n-grams in the prompt as potential completions

Can we create potential candidates (n-grams) 
• Without relying on the input prompt, and 

• Without additional finetuning ?
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Lookahead Decoding
Another way of generating n-gram candidates and verifying them

• No need to train "additional” LM heads for next-next token predictions

• Doesn’t rely on input prompt to search for n-grams

• Inspired by Jacobi iteration method

• Starts with a random guess completion and maintains a pool of n-grams generated by the model.

• Heavily relies on tree-attention to verify as well as generate multiple n-gram candidates in parallel, 

starting from the random guess
• Checkout the blog - https://lmsys.org/blog/2023-11-21-lookahead-decoding
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Summary
• Motivation – Inference is sequential, memory bound and slow, with high latency  

• KV caching – avoids re-computation of Keys and Value matrices

• Paged Attention and vLLM -  efficient memory management

• Flash decoding –  efficient attention for very long sequences

• Breaking sequential generation
• Speculative decoding – guess and verify paradigm
• How to guess?

• Smaller draft model with same tokenizer
• Medusa

Addresses memory issues 

Makes it fast! 

Addresses sequential 
generation
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Continuous batching
• Continuous batching

• ORCA - https://www.usenix.org/conference/osdi22/presentation/yu
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Content Credit: https://www.slideshare.net/slideshow/julien-simon-deep-dive-optimizing-llm-inference-69d3/270921961
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Slides Credit
• For all topics

• Papers and official blogs

• Paged attention
• https://www.youtube.com/watch?v=5ZlavKF_98U&t=1646s&ab_channel=Anyscale [ Ray Summit 23 Talk]
• https://youtu.be/yVXtLTcdO1Q?si=XO2Dk-VYOShUMH1u [ Waterloo lecture]

• Speculative Decoding
• https://www.slideshare.net/slideshow/julien-simon-deep-dive-optimizing-llm-inference-69d3/270921961
• https://youtu.be/S-8yr_RibJ4?si=Kv8xyyTsJvu8oKLV [ Efficient NLP ]
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