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Large Language Models

Definition (LLM)

A large language model (LLM) is a deep learning neural network, typically based on
the transformer architecture [1], trained on vast text corpora to learn statistical
patterns in language and generate, comprehend, and manipulate human-like text in
response to input prompts.

04834580 Software Engineering (Honor Track) 2024-25 / LLMs for Code 2/26



Data Collection ez K

FineWeb [2] is a dataset of 15-trillion tokens (44TB disk space) of text collected
from the internet.
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The Stack 2 [3] is a dataset of 900B tokens (32TB disk space) and 600+
programming languages.
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What is a Tokenizer?

» Converts raw text into tokens (units for models to process)
» Key part of preprocessing for Large Language Models (LLMs)

» Often reversible (can decode tokens back to text)

Example:

|
playing — [play, ing]
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Byte-Pair Encoding (BPE)

» Originally a data compression technique (Gage, 1994).
» Adapted for NLP as a subword tokenization algorithm.
> Repeatedly merges the most frequent pairs of bytes/characters.

» Produces a vocabulary of variable-length subword units.
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BPE Example EF e

Data to be encoded:
» aaabdaaabac

The byte pair “aa” occurs most often, so it will be replaced by a byte that is not
used in the data, such as “Z":

» ZabdZabac
» 7=aa
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BPE Example

Then the process is repeated with byte pair “ab”, replacing it with “Y":
» 7ZYdZYac
» Y=ab
» Z=aa
Recursive byte pair encoding, replacing “ZY" with “X":
> XdXac
> X=7ZY
» Y=ab
» Z=aa
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Autoregressive Language Models

» Model the joint probability of a sequence as the product of conditionals.
» Predict each token based on previous ones

» Given a sequence X = (X1, X2, ..., XT):
P(x) = P(x1) - P(xa|x1) - ... - P(xT|X1, ..o, X7—1)

» Examples: n-gram models, RNNs, LSTMs, Transformers (e.g., GPT)
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Pre-training LLMs

A sequence from the training data:

The children ran to the | playground.

Probability Distribution over next token Ground Truth

—b Cafe
—> Hospital E
@Hl 0.4 | Playground El

LLM —>{ 0.15 |park
——b School EI
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Post-training LLMs EI¥ B

Fine-tuning LLM on instruction data, e.g. synthetic data [4], to train an assistant.

Just use the pre-query template
as input. This will make Llama 3
generate an instruction.

Input: Output:
Step1l  <|start_header_id|>user > What materials should |
<|end_header_id|> use to build a nest?
Step2  <|start_header_id|>user Next, just use the instruction as
B <|end_header_id|> — :

input to generate the response
What materials should |
use to build a nest? L

Building a nest! That's a

<|start_header_id|> wonderful project! ......
assistant<|end_header_id|>

Then collect the instruction and
T response to create the dataset

What materials should |

Instruction: use to build a nest?

Building a nest! That's a

Response: wonderful project! ......

¥

z

04834580 Software Engineering (Honor Track) 2024-25 / LLMs for Code 10 / 26



Few-shot learning

LLMs are able to extract patterns and generalize from few examples.

Prompt N

This is awesome! // Negative

This is bad! // Positive

Wow that movie was rad! // Positive
What a horrible show! //

Response 2

Negative
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ez k¥

Standard Prompting

| Model Input

Q: Roger has 5 tennis balls. He buys 2 more cans of
tennis balls. Each can has 3 tennis balls. How many
tennis balls does he have now?

A: The answer is 11.

Q: The cafeteria had 23 apples. If they used 20 to
make lunch and bought 6 more, how many apples
do they have?

Model Output
(A: The answer is 27. € ]

Chain-of-Thought Prompting
Model Input

Q: Roger has 5 tennis balls. He buys 2 more cans of
tennis balls. Each can has 3 tennis balls. How many
tennis balls does he have now?

A: Roger started with 5 balls. 2 cans of 3 tennis balls
each is 6 tennis balls. 5 + 6 = 11. The answer is 11.

Q: The cafeteria had 23 apples. If they used 20 to
make lunch and bought 6 more, how many apples
do they have?

/

Model Output

A: The cafeteria had 23 apples originally. They used
20 to make lunch. So they had 23 - 20 = 3. They

bought 6 more apples, so they have 3 + 6 = 9. The

Cnswer is9. o )

Zero-shot-CoT [5] enables reasoning by adding “Let's think step-by-step” to the

prompt.
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LLM Temperature Parameter ez

Temperature is a parameter that controls the randomness of predictions in Large
Language Models (LLMs) during text generation.

How does it work?
» Lower temperature (T ~ 0):

»> Model outputs more deterministic and predictable text.
> Picks the most probable word almost every time.

» Higher temperature (T > 1):

» Model outputs more diverse and creative text.
P Increases likelihood of less probable words.
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Evaluating Code Models EY S

Pass@k is a metric used to evaluate the performance of code generation models [7].
Pass@k =E |1 — #
(¥)

where n is the number of samples, ¢ is the number of samples passing tests.
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Temperature vs Pass@K [7]

Pass@K vs K, Temperature
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Challenge of Code Generation: Ambiguous Requirements JezXx¥

A function that takes a list of integers as an input. It returns True if there
are three distinct elements in the list that sum to zero, and False otherwise.

distinct

N

different values different indexes
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Which Interpretation GPT-3.5-Turbo Chooses? — Both. aezx¥

i

Prompt

A function that takes a list of integers as an input. It returns True if there are three distinct elements in the
list that sum to zero, and False otherwise.

1l

Response

if len(l) < 3 or len(set(l)) < 3:

return False
for i in range(n-2):

for j in range(i+1, n-1):

for k in range(j+1, n):
if 1[i1+1[j]1+1[k]==0:
return True

return False

04834580 Software Engineering (Honor Track) 2024-25 / LLMs for Code 17 /26



Clarify Ambiguous Language With Example?

From a graph defined via a list of connections between nodes,
remove all connections that repeat between the same nodes. Keep order
of remaining ones the same as in the input.

remove repeating connections

— T~

disconnect nodes with repeating edges remove redundant edges

Clarifying example:
assert remove_connections([(1, 2), (2, 3), (2, 1)]) == [(2, 3)]
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DeepSeek-v3 Chooses Inconsistent Interpretation

l Prompt ]
—J

From a graph defined via a list ...
assert remove_connections([(1, 2), (2, 3), (2, 1)]) == [(2, 3)]

Response

1l

seen = set()
result = []
for a, b in numbers:
edge = (min(a, b), max(a, b))
if edge not in seen:
seen.add (edge)
result.append((a, b))
return result
if __name__ == "__main__":
input_data = [(1, 2), (2, 3), (2, DI
output_data = g(input_data)
print (output_data) # Output: [(2, 3)]

\

The probability of this behaviour is P=1 approximated over 20 samples.
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DeepSeek-v3 + Improved Requirements i LS

l Prompt ]
—J )

From a graph defined via a list of connections between nodes, remove all connections
that appear more than once (considering both (a,b) and (b,a) as the same connection).

Only keep connections that appear exactly once in the input, preserving their original order.

assert remove_connections([(1, 2), (2, 3), (2, 1)]) == [(2, 3)]

1l

Response

def remove_ connections(nodes):
count = {}
for a, b in nodes:
key = tuple(sorted((a, b)))
count [key]l = count.get(key, 0) + 1
return [(a, b) for a, b in nodes if count[tuple(sorted((a, b)))] == 1]

\ J

The probability of correct behaviour is P=1 approximated over 20 samples.
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Reasoning About Program Execution

Write a python function to find the surface area of a square pyramid with a
given base edge and height.

assert surface_area(3,4) == 33
height
slant height vertical height

slant .
helght helght
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uFix (ICSE’25) “Repairs” Reasoning Based on Examples aezx¥

The generated program mistakenly assumes that the height is the vertical height.

Prompt

i

assert surface_Area(3,4) == 33
Let's analyze the test cases step by step...

Response

1l

The slant height / can be calculated using the Pythagorean theorem: | = sqrt((b/2)? 4+ s%). For b = 3 and
s =4 | = sqrt((3/2)* + 4%) = sqrt(2.25 + 16) = sqrt(18.25) ~ 4.272, base_area = 3% = 9, lateral_area =
2 % 3 % 4.272 ~ 25.632, Surface Area = 9 + 25.632 ~ 34.632, However, the expected output is 33, which
suggests a discrepancy in the formula or rounding.
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Measuring LLM’s Uncertainty

Idea: compute the entropy of meaning-distribution.

Definition (Semantic Entropy by Kuhn et al. 2023)

Let m be an LLM, = be a semantic equivalence relation over responses, m= be the
corresponding conditional distribution over equivalence classes. The semantic
entropy is defined as

SE(m=(- | x)) & =Y m=(y | x)log m=(y | ).
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