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Deep Learning for SE Automation
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Learning from Existing Data

Huge amount of existing code (big code)

Programs are regular and repetitive

DL can learn “implementation patterns” from 
millions of examples .. complete partial code 

.. use an API 

.. fix programming errors
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Representing Programs
Sequence of characters
Sequence of tokens
Abstract Syntax Tree (AST)
Control Flow Graph (CFG)
etc.
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Using a Tokenizer
Splits sequence of characters into subsequences called tokens

E.g., for Java:
Identifiers, e.g., MyClass
Keywords, e.g., if
Separators, e.g., . or {
Operators, e.g., * or ++
Literals, e.g., 23 or “hi”
Comments, e.g., /* bla */

Sequence of Tokens
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Sequence of Tokens

If (flag == true){ 
name = “antonio”; 

} 
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Sequence of Tokens

If (flag == true){ 
name = “antonio”; 

} 

If ( flag == true ){ 
name = “Antonio” ; 

} 

keywords
separators
operators
identifiers
literals
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operators
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Abstract Syntax Tree
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Deep Learning for SE Automation

Tree representation of source code

Abstract because some details of syntax are omitted (e.g., { in Java)

Nodes: construct in source code

Edges: parent-child relationship
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var x = 6 * y;

program

Abstract Syntax Tree
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var x = 6 * y;

program

variable declaration 

Abstract Syntax Tree
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var x = 6 * y;

program

variable declaration 

variable declarator 
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var x = 6 * y;

program

variable declaration 

variable declarator 

identifier Binary exp

Abstract Syntax Tree
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var x = 6 * y;

program

variable declaration 

variable declarator 

X

identifier Binary exp

* Literal

6

identifier

y

Abstract Syntax Tree
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Control Flow Graph
Models flow of control through a program

Graph (N, E) with:
N nodes representing basic blocks which are always executed together
E edges representing possible transfer of control 
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Deep Learning for SE Automation

Control Flow Graph
if (c){ 
x = 5; 

} else { 
x = 7; 

} 
console.log(x);
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Control Flow Graph
if (c){ 
x = 5; 

} else { 
x = 7; 

} 
console.log(x);

if (c)

x = 5 x = 7

console.log(x)
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https://serokell.io/blog/deep-learning-and-neural-network-guide
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Feedforward Network
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x = input layer 
h = hidden layer 
y = output layer 
u, v = weight matrices 

Feedforward Network

x h y

u v

Feedforward Network
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x h y

u v

AI 4 S/ENG is …

(cool)
Feedforward Network
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u v

AI 4 S/ENG is …

(cool)
Feedforward Network

u v

AI 4 is

…

…
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u v

AI 4 S/ENG is …

(cool)
Feedforward Network

u v

AI 4 is

…

…

UNIGRAM
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Recurrent Neural Network (RNN)

x h y

u v

w
useful for representing 
sequences, since it can 
“store” information from 
previous inputs
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x h y

u v

AI 4 S/ENG is …

(cool)

w

RNN
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AI 4 S/ENG is …

(cool)

x

h

y

AI

4

RNN
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AI 4 S/ENG is …

(cool)

x

h

y

AI

4

4

S/ENG

RNN
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AI 4 S/ENG is …

(cool)

x

h

y

AI

4

4

S/ENG

S/ENG

a

RNN
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AI 4 S/ENG is …

(cool)

x

h

y

AI

4

4

S/ENG

S/ENG

a

is

cool

cool

</s>

RNN

Teacher Forcing
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Deep Learning for SE Automation

https://serokell.io/blog/deep-learning-and-neural-network-guide

RNN-based software analysis
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Given a partial program (i.e., the code has not been fully written),  we can model two different code 
completion scenarios and generate suitable code to fill the holes:
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suffix of the program (including the end of the method/file) and must synthesize the missing code 
that fits between them.
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1) Full-context (infilling / fill-in-the-blank) completion: the model is given both the prefix and the 
suffix of the program (including the end of the method/file) and must synthesize the missing code 
that fits between them. def normalize_and_join(words): 

    """ 
    … 
    """ 
    result = [] 
    # >>> FILL-IN-THE-BLANK START     
    # <<< FILL-IN-THE-BLANK END 
    return "-".join(result) 

def normalize_and_join(words): 
    """ 
    … 
    """ 
    result = [] 
    for w in words: 
        w = w.strip().lower() 
        if not w: 
            continue 
        result.append(w) 
    return Ground Truth
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that fits between them.

2) Autoregressive (left-to-right) completion: the model is given only the prefix , in other words (the 
code written so far) and must continue generating code forward to complete the program.
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Given a partial program (i.e., the code has not been fully written),  we can model two different code 
completion scenarios and generate suitable code to fill the holes:
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1) Full-context (infilling / fill-in-the-blank) completion: the model is given both the prefix and the 
suffix of the program (including the end of the method/file) and must synthesize the missing code 
that fits between them.

2) Autoregressive (left-to-right) completion: the model is given only the prefix , in other words (the 
code written so far) and must continue generating code forward to complete the program.

def normalize_and_join(words): 
    """ 
    … 
    """ 
    result = [] 
    for w in words: 
        w = w.strip().lower() 

def normalize_and_join(words): 
    """ 
    … 
    """ 
    result = [] 
    for w in words: 
        w = w.strip().lower() 
        if not w: 
            continue 
        result.append(w) 
    return Ground Truth

# >>> GENERATE TOKENS FOR COMPLETIONS 
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RNN-based Model

U1 V1

Wt

EMBEDDING MODEL

Stores information about  
(all) previous words
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4. DOGS

5. </S>
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Encodings help turn  
them into fixed-size inputs
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0. <S>

0 1 0 0 0

1.   I

0 0 0 1 0

3. LIKE

. . . . .

Sentences/documents 
have different lengths

Encodings help turn  
them into fixed-size inputs

Sparsity

No Notion of Similarity

High dimensionality
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Bag of Words

-0.2 1.4 2.4

1.   I 3. LIKE

-0.6 1.1 0.1 … … … … … …

…………. ………….

Dense vectors where similar words are close in space

Captures semantic similarity; low-dimensional

Transfers across tasks when pretrained

Less interpretable

Needs training

Model-dependent
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Sequence-to-Sequence Networks
Goal: Translate sequence of items into another sequence of items

Translation between natural languages

Generate image captions

Answer natural language questions

Examples of application:
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Encoder 
RNN

Sequence  
of length m

Context 
vector

Encoder 
RNN

Decoder 
RNN

Sequence  
of length m

Sequence  
of length n

Context 
vector

Sequence-to-Sequence Architecture *m may be 
different from n
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Encoder 
RNN

Decoder 
RNN

Context 
vector

*m may be 
different from n

La scadenza per 
l’assignment si avvicina

The assignment deadline is 
approaching
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Encoder 
RNN

Decoder 
RNN

Context 
vector

*m may be 
different from n

La scadenza per 
l’assignment si avvicina

The assignment deadline is 
approaching

Both networks are trained jointly: The context vector summarizes the input in such a way that it 
maximizes correct output generation (e.g., useless details from the input may be ignored)
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Encoder RNN

x t-1 x t x 𝝉

h t-1 h t h 𝝉
W W W W

u u u

v

y 𝝉

Context vector
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Encoder RNN

x t-1 x t x 𝝉

h t-1 h t h 𝝉
W W W W

u u u

v

y 𝝉

Context vector

ht = activation(W * ht-1 + u * xt + b) 
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Decoder RNN

h t-1 h t

y t-1 y t

W’ W’ W’
v’ v’

x
Context vector

Rt-1 Rt

ht = activation(W’ * ht-1 + Rt * x + b’) 
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Decoder RNN

h t-1 h t

y t-1 y t

W’ W’ W’
v’ v’

x
Context vector

Rt-1 Rt

ht = activation(W’ * ht-1 + Rt * x + b’) 
yt = softmax(V’ * ht + c’) 
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Deep Learning for SE Automation

Seq2Seq Training
Training data: N pairs of sequences (xi, yi)

End of sequence marked with <EOS>

Function to minimize: Translation mistakes from the training set.

Beam search: For many applications, we want the k most likely outputs (e.g., translations).
With beam size = k, at every step we keep the k most likely output tokens.
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La scadenza per l’assignment si avvicina

the

a

pr = 0.5 

pr = 0.2 

assignment
pr = 0.3 

deadline
pr = 0.2 

deadline
pr = 0.6 

assignment
pr = 0.1 
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La scadenza per l’assignment si avvicina

the

a

pr = 0.5 

pr = 0.2 

assignment
pr = 0.3 

deadline
pr = 0.2 

deadline
pr = 0.6 

assignment
pr = 0.1 
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deadline
pr = 0.6 

for
pr = 0.1 

assignment
pr = 0.4 

is
pr = 0.1 

<EOS>

… K=2

<EOS>
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https://serokell.io/blog/deep-learning-and-neural-network-guide

Using Seq2Seq for Fixing Bugs in 
Java Systems
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https://serokell.io/blog/deep-learning-and-neural-network-guide

Fixing bugs in Java systems might be a demanding and time-consuming tasks
On which line the bug is being exercised? 

Motivation

Is a multi-line o single-line bug?

Goal:
Automatically generate fix bug-fixes for buggy Java programs.

Input: Each input represent a sequence of Java tokens resembling the original buggy method

Formulate the problem as a translation problem:

Output: Each input represent a sequence of Java tokens resembling the original fixed method 
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TOSEM 2019

Neural-Machine-Translation
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1 Buggy method

Fixed method2

Input Target

~60K

1 Buggy method

Fixed method2

Fixed method2

1 Buggy method

1 Buggy method Fixed method2

…~60K



if

T
h
o
u
g
h
t 

v
e
c
t
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r

( control )

if ( !control )

<Code token>

… …

{

H(t-1) H(t) H(t+1) H(t+2) H(t) H(t+1) H(t+2) H(t+3) H(t+4)

ENCODER

DECODER
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Neural-Machine-Translation
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BLEU SCORE

EXACT MATCHES

CODE-BLEU

CRYSTAL-BLEU
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BLEU SCORE
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BLEU SCORE

• 	R1:  The cat is on the mat. 

• 	R2: There is a cat on the mat. 

• 	C1: The cat and the dog.
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BLEU SCORE

• 	R1:  The cat is on the mat. 

• 	R2: There is a cat on the mat. 

• 	C1: The cat and the dog.

• There are 3 unigrams appearing in the 
reference translations: “the”, “cat”, “the” 

• C1 has length 5, hence the precision (let’s 
call it BLEU*) is 

• BLEU*=3/5=0.6 
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BLEU SCORE

• What if C1 were: 

• C1 = The The The 

• Then, BLEU would be: 

• BLEU*=3/3=1 

• This doesn’t make sense— at all!
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BLEU SCORE

• What if C1 were: 

• C1 = The The The 

• Then, BLEU would be: 

• BLEU*=3/3=1 

• This doesn’t make sense— at all!

Deep Learning for SE Automation
• We should use as numerator the maximum number of 

times the word(s) appear in the reference translations 
 

• In this case, the word “the” appears at most twice. 
Hence 

• BLEU**=2/3=0.67 

• R1:  The cat is on the mat. 

• R2: There is a cat on the mat. 

• C1:  The cat and the dog.
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BLEU SCORE

• What if C1 were: 

• C1 = The The The 

• Then, BLEU would be: 

• BLEU*=3/3=1 

• This doesn’t make sense— at all!

Deep Learning for SE Automation
• We should use as numerator the maximum number of 

times the word(s) appear in the reference translations 
 

• In this case, the word “the” appears at most twice. 
Hence 

• BLEU**=2/3=0.67 

• R1:  The cat is on the mat. 

• R2: There is a cat on the mat. 

• C1:  The cat and the dog.

FIRST FIX
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BLEU SCORE
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• Let’s consider two references and two candidate generations: 

• 	 R1: The cat is on the mat. 

• 	 R2: There is a cat on the mat. 

• 	 C3: Mat the cat is on a there. 

• Let us now compute the bigrams too defining BLEU1** and BLEU2** for C4 

• BLEU1**(C3) = 7/7 = 1.0 

• BLEU2**(C3) = 0/6 = 0 

• The bigrams for C3 are “Mat the”, “the cat”, “cat is”, “is on”, “on a”, “a there” 

• They never appear in the references

antoniomastropaolo.com

aura-se-lab.github.io

Designing DL-based Models for  
Software Development Tasks



BLEU SCORE

Deep Learning for SE Automation

@AntonioMastro2

• Let’s consider:


• 	 R1: The cat is on the mat.


• 	 R2: There is a cat on the mat.


• 	 C5: There is a cat.


• The BLEU1** and BLEU2** for C5 are computed as follows:


•  BLEU1**(C5) = 4/4 = 1.0


•  BLEU2**(C5) = 3/3= 1.0


• It seems both indicate a perfect prediction, yet the candidates 
are different from the reference!

BLEU = BP ⋅ BLEU

We can penalize short 
sequences by adding a 

discount factor;  
Brevity Penalty

BI-GRAM
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CodeBLEU
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Hierarchical Neural Networks
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Hierarchical Neural Network
Useful when we want to reason about entities which are represented by multiple parts that:

Are too many to simply concatenate (e.g., in Feed Forward Network)

Are not a sequence, thus making them not suitable for an RNN

May each have a different structure
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Hierarchical Neural Network
Useful when we want to reason about entities which are represented by multiple parts that:

Are too many to simply concatenate (e.g., in Feed Forward Network)

Are not a sequence, thus making them not suitable for an RNN

May each have a different structure

Program crash: stack trace, error message, information about the user
Code function: code tokens, function name, comments describing the function
Commits in a repository: diff (possibly spanning multiple locations), commit message
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Text

Images

Plots

Vectors of words

Pixels in an image

Pixels in a plot
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Text

Images

Plots

Vectors of words

Pixels in an image

Pixels in a plot

+

Huge vector
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Text

Images

Plots

Pass/Fail

Vectors of words

Pixels in an image

Pixels in a plot

+

Huge vector

FFNN
Binary outcome
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Text

Images

Plots

Pass/Fail

Vectors of words

Pixels in an image

Pixels in a plot

+

Huge vector

FFNN
Binary outcome

Very slow
Low accuracy since  
we don’t exploit the input 
structure
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Hierarchical Neural Network
Neural model composed of submodels aligned into a hierarchy

Think of it as a tree where the inputs arrive at leaves

We will reason about different parts of the input individually, and then 
start aggregating this information towards the root of the tree

Prediction based on summarized information at the root
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Hierarchical Neural Network
Neural model composed of submodels aligned into a hierarchy

Think of it as a tree where the inputs arrive at leaves

We will reason about different parts of the input individually, and then 
start aggregating this information towards the root of the tree

Prediction based on summarized information at the root

Each submodule encodes specific part of the input and different 
submodules might be different kinds of neural networks 
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Text

Vectors of words

RNN

small vector 
summarizing text  
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Images
Pixels in an image

small vector 
summarizing image  

CNN

Text RNNRNN

small vector 
summarizing text  

Vectors of words
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Text

Images

Vectors of words

Pixels in an image

RNNRNN

small vector 
summarizing text  

small vector 
summarizing image  

CNN

CNN

small vector 
summarizing plot  

Pixels in an image

Plots
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Text

Images

Vectors of words

Pixels in an image

RNNRNN

CNN

CNN

Pixels in an image

Plots

Pass/Fail
Binary outcome+
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Training a Hierarchical Neural 
Network
Option 1: Train each submodule separately

Training focuses on a specific model and its input

Need training data for each submodel

Submodule isn’t aware of the overall task
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Training a Hierarchical Neural 
Network
Option 1: Train each submodule separately

Training focuses on a specific model and its input

Need training data for each submodel

Submodule isn’t aware of the overall task

Option 2: Train entire model jointly

Need training data only for the overall task

Submodels get optimized for the overall task

For large models, feedback from final prediction may get lost
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Training a Hierarchical Neural 
Network
Option 1: Train each submodule separately

Training focuses on a specific model and its input

Need training data for each submodel

Submodule isn’t aware of the overall task

Option 2: Train entire model jointly

Need training data only for the overall task

Submodels get optimized for the overall task

For large models, feedback from final prediction may get lost

Option 3: First training bout 
separate — Second training bout, 
we calibrate the whole network
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HNN-based Software Analysis
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The goal of this paper is to provide a proper 
representation of code changes that would 
allow us to automate tasks related to code 
changes. Predict what the commit message 
should be. In other words, it predicts whether 
a code change introduces a bug, etc.
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Given a new code change with an unknown log message, 
we find the code changes with a known log message that 
have the closest CC2Vec vector
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CC2Vec
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CC2Vec
line

line

hunk
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t1

tn

.

.

t1

tm

.

.

.

.

.

.

.

.

.

.

CC2Vec
line

line

hunk

hunk
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changes 
in a file  

potentially 
several 

files
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changes 
in a file  

potentially 
several 

files

RNN

.

.

.

.

.

.

.

.

.

line 
vector

.

.

.
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.
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changes 
in a file  

potentially 
several 

files

RNN

.

.

.

.

.

.

.

.

.

line 
vector

.

.

.

.

.

.

.

.

.

RNN

hunk 
vector

RNN

file 
vector
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file f1 
vector

file fn 
vector

.

.

.

.

.

.
+

change 
vector

FFN
commit 
message

A vector with one position for every word 
(most common words + unknown)

CC2Vec
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change 
Vectors

TEST CODE CHANGE

CC2Vec
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change 
Vectors CC2Vec

TEST CODE CHANGE
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change 
Vectors CC2Vec

FFN commit 
message
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