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Abstract

The Code Suggestion features of modern IDEs are invaluable productivity tools for
programmers. While they tend to be reasonably functional in statically-typed lan-
guages, they offer little assistance when it comes to writing idiomatic code, lack
functionality in dynamic programming languages and focus on single tokens rather
than sequences. Recent work has shown that NLP language models can be suc-
cessfully used to improve code suggestion systems by learning from repositories of
natural code. The aim of this project was to investigate whether the performance
of LSTM neural language models on code suggestion could be improved through
the addition of neural attention mechanisms, designed to improve learning of long-
range dependencies. It was found, on a new large Python corpus developed for
this work, that Python code exhibits very long-range dependencies relating to ref-
erences to previously declared identifiers. While standard neural language models
were found to be very effective at suggesting syntax and structure, they struggled
with these identifier references. The addition of attention mechanisms significantly
improved the models ability to suggest identifier references. Standard attention
models were found to outperform LSTMs in perplexity and in suggestion accuracy
by up to 4 points, and 6 percentage points respectively. A novel model that allowed
for multiple filtered attention mechanisms was also developed to more efficiently
deal with the long-range dependencies in source code. The novel model surpassed
the performance of a standard attention model with the same amount of memory by
2.5 perplexity points and 3 percentage points in suggestion accuracy. It also outper-
formed an attention model with more than double the attention memory while also

being more interpretable.
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Chapter 1

Introduction

This chapter introduces the problem of code suggestion, explains why it is amenable
to machine learning and then states the aims and key contributions of the disserta-

tion.

1.1 Code Suggestion

As part of their task of developing software, programmers are required to combine
the rich functionality offered by numerous frameworks and libraries with their own
project’s code. These projects may themselves be very large, potentially having
evolved over many years with the contributions of numerous other programmers.
The numbers of modules, classes and functions that programmers have access to
can easily reach into the thousands and they often need to be combined in specific
patterns or sequences in order to achieve the desired functionality. In order to help
deal with the inherent complexity of software development, programmers tend to
rely heavily on the tools provided by their IDEs. One of the most useful tools, pro-
vided in some shape or form by every modern IDE, is the code completion or code
suggestion system. Code suggestion refers to the recommendation of one or more
tokens! to extend a given sequence of complete tokens. Code completion on the
other hand refers to the slightly different problem of recommending a completion
to a partial token given a sequence of complete tokens and a partial token.

Existing code suggestion and completion engines are built using hand-coded

! A token is a sequence of characters that constitute a single logical or lexical unit
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heuristics. Nevertheless, they have evolved over many years to become quite ef-
fective, particularly at code completion. This is especially true when applied to
statically-typed languages where the type information can be leveraged to narrow
the list of recommendations. This is not quite the case in dynamically typed lan-
guages such as Python. Figures 1.1 and 1.2 highlight some of these differences in
capabilities using examples of suggestions made by the IntelliJ IDE for Java code
and suggestions made by the same IDE on similar Python code respectively. It
seems that the difference in capability is both due to a lack of type information in
dynamic languages as well as possibly less time and effort spent on the engines for
dynamic languages (as evidenced particularly by the first Python example, where
it would be relatively easy to think of a heuristic to make a sensible recommenda-
tion). Existing solutions also tend to recommend single tokens rather than entire
code snippets. Many IDEs have so called “live-template” features to partially ad-
dress this, but these templates are fairly rigid, determined manually by the IDE cre-
ators or by developers themselves and may not necessarily reflect common practice

or idiomatic code.

1.2 A machine learning perspective

A machine learning based alternative to the hard-coded heuristics was first pro-
posed by Hindle et al [1] in 2012, who noted that “code, despite being written in
an artificial language [...] is a natural product of human effort.” By exploiting the
predictable statistical properties they found in Java source code, they successfully
applied machine learning techniques from the Natural Language Processing (NLP)
community to build a code suggestion system. Such systems are capable of auto-
matically learning language syntax, API methods and common patterns based on
the analysis of source code written by actual programmers. The systems therefore
work entirely with idiomatic source code, that is, “code written in a manner that

other experienced developers find natural” [2].

Subsequent to the work of Hindle et al., who used fairly simple n-gram lan-

guage models, the NLP community has moved on to so-called deep learning mod-
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Figure 1.1: Java code completion recommendations from the IntelliJ IDE

els, spurred on by their tremendous success in language modelling with neural lan-
guage models [3, 4, 5], machine translation [6] and speech recognition [7]. These
models are based on artificial neural networks that were first introduced in the
late *50s [8], but have enjoyed a recent resurgence due to the availability of large
datasets along with the computing power necessary to exploit them in the form of
GPUs. More recently, attention mechanisms, which are a form of memory, have
been added to the deep learning mix in NLP. These mechanisms equip models with
an improved ability to deal with long-range dependencies, which occur when there
are interactions that are many steps apart in an input sequence. It was hypothesised

by Dam et al. [9] that programming language source code exhibits such long-range
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dependencies.

The task of code suggestion is particularly ripe for exploitation by machine
learning because of the availability of huge datasets on public source code reposito-
ries like Github. Many of the popular open-source projects on Github have contri-
butions from a large numbers of experienced developers. The scrutiny in the form of
pull requests and reviews and level of testing that occurs on many of these projects
suggests that they contain very high quality code.

In short, the availability of large volumes of high-quality code, coupled with
the inherent predictability of natural source code lends itself very well to modern

deep learning techniques.

1.3 Aims, Contributions and Key Results

The primary aim of this work was to investigate whether neural attention mecha-
nisms could be leveraged to deal with the long term dependencies in source code,
thereby improving the performance of neural language models on the task of code

suggestion. This aim can be broken down into the following key research questions.

* How effective are current deep neural language models on the task of code

suggestion when applied to a dynamic programming language?

* Do neural attention mechanisms improve the ability of language models to

deal with the long-range dependencies in source code?
* Can the long-range dependencies in source code be identified?

* Can attention mechanisms be adapted to better suit the particular dependen-

cies in source code?

In order to answer these questions, a corpus of source code written in a dy-
namic programming language was required. As none were available from previous
work, a contribution of this project was the creation of a new Python source code
corpus. This corpus will be made available for future work and is discussed further

in chapter 4.
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An analysis of the corpus revealed that the majority of long-range dependen-
cies in source code come from identifier references (tokens that refer to a previously
declared identifier). It was hypothesised that these are difficult for existing language
models to deal with and that focussing on improving a model’s ability to deal with
identifier references would provide the largest return in terms of suggestion accu-
racy. In this light, a new attention mechanism that is particularly well suited to the
long range dependencies in source code was developed and is discussed in chapter
5.

Key findings of this work were that deep neural language models were very
well suited to modelling programming languages and significantly outperformed
the older models used in previous work. In particular, they were very effective at
learning source code syntax and structure but struggled with long-range dependen-
cies found in identifier references. The addition of standard attention mechanisms
for language modelling significantly improved the performance of the models and
led to a 6 percentage point improvement in suggestion accuracy. Finally, by fo-
cussing on the long-range dependencies found in source code, a novel attention
model developed in this work outperformed the standard attention model, including
one with more than double the memory available to it. The new model was also

easier to interpret.

1.4 Outline

Chapter 2 describes the background in language modelling and deep learning nec-
essary to understand the contributions of this dissertation. Chapter 3 provides a
literature review of previous related work done in code suggestion using machine
learning. Chapter 4 describes the Python corpus developed for this work. Chapter
5 goes on to extend current state-of-the-art attention mechanisms to suit the ap-
plication to code suggestion. This new approach is evaluated alongside standard
attention mechanisms as well as various baselines used in previous work in Chapter

6 before concluding.



Chapter 2

Background

This chapter describes the background knowledge in both n-gram and neural lan-
guage modelling necessary to understand its application to code suggestion. Section
2.1 provides a short overview of n-gram language models, while section 2.2 moves
on to deep learning, neural language models and the practical techniques used to
train these powerful models on large datasets.

A language model, from the field of Natural Language Processing (NLP), is
used to measure the probability of observing some sequence of tokens in a language.
For example, for the sequence S = ay,ay,...,a,, the joint probability of S is given
by equation 2.1, where the individual terms are estimated from a corpus of written

or spoken language.

n

P(S) = P(ar)- [ [ Pasla;-1,...,a1) .1
=2

2.1 N-gram Language Models

A common form of language model which is both easy to train and to use is the
n-gram model [10]. This model makes the (unrealistic) assumption that language
follows the Markov property. The probability of occurrence of a particular token
is conditionally independent of all preceding tokens, except for a fixed prefix of
length n-1. For example, using a 4-gram model, the terms that make up the joint

probability of observing S, are approximated as follows: P(a;|a;—1,a;—2,...,a1) ~
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P(at|at—17at—27at—3>~
The simplest, maximum likelihood estimates, of the probabilities in an n-gram

model are obtained by counting observed token sequences. For example, the es-

#(ay ap az ay)

her
#(a] ay 613) where

timate of the probability P(a4las,az,ay) is P(aslas,az,a;) =
#(ay,..,a,) refers to the number of times the n-gram (sequence of n tokens) occured
in the training corpus.

In practice, the procedure is complicated by the fact that certain token se-
quences may not occur in the model’s training corpus, but may reasonably occur in
some other corpus against which the model is evaluated. Smoothing is used to ad-
dress this by combining Maximum A Posteriori estimation (incorporation of a prior
distribution) and interpolation with lower-order estimates [11]. Popular techniques
include the simple but effective Laplace [12] or “add-one” smoothing, which uses a
Dirichlet prior that effectively adds one to every count. A more advanced technique
called Kneser-Ney [13] smoothing, which uses interpolation, is also popular, along

with a practically useful modification called Modified Kneser-Ney, introduced by
Chen and Goodman [14].

2.2 Deep Learning and Neural language models

Recently, the best performing language models in NLP have been based on so called
deep neural networks, in particular the Recurrent Neural Network (RNN). A neu-
ral language model directly estimates each term in the probability distribution of
equation 2.1, without imposing a Markovian assumption. The models are able to
capture long-term dependencies in token sequences through the use of memory. In
order to understand these models, the rest of this section covers the development
of RNN language models, starting with the most basic form of neural network and
building up to the current state-of-the-art language models with neural attention

mechanisms.

2.2.1 Neural networks

Neural networks have been in existance since the ’50s when Rosenblatt introduced

the first Perceptron model [8], loosely modelled on neurons found in the mammalian
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A J
\-..h

Figure 2.1: A basic Perceptron unit, also represented in vector form where x = [x;...x,] and
W= [wi..wy]

brain. As seen in Figure 2.1, the Perceptron can be modelled as a simple unit that
takes in n distinct inputs (or an n-dimensional vector), computes a weighted sum
of the inputs and applies an activation function (f) to the result to obtain the unit’s
output [15]. By optimising the weights wy,...,w,, the unit can be used to learn a
linear function that separates its input data into two classes. While the traditional
activation function was a threshold function, modern implementations use smooth,
non-linear, differentiable activation functions such as the logistic sigmoid (equation

2.2), hyperbolic tangent or rectifier (equation 2.3). !

1
e

rectifier(x) = max(0,x) (2.3)

Multiple Perceptron units can be combined to form a Multi-Layer Perceptron
(MLP) also known as a feed-forward neural network. These consist of layers of
units with the outputs of each unit connected to the input of every unit in the next
layer. An example of a 3-layer feed-forward network, used for classification of a
4-dimensional input (x) into one of two categories (y), is illustrated in Figure 2.2.
A more succinct vector representation is illustrated on the right of the figure, which

will be the preferred form of illustration going forward. Finally, a matrix-vector

IThe rectifier function presented here is not differentiable at exactly 0, but this fact can often be
safely ignored in practice and it has been found to be effective in many applications. [16]
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Input layer Hidden layers Output layer

y

y = softmax(W; f(W, f(W, x))) X

Figure 2.2: A 3-layer feed-forward neural network.

equation is presented in which the weights between the input and first hidden layer
form a 5x4 parameter matrix W;. Similarly, the weights between the hidden layers
form the 4x5 matrix W, and the final set of weights, the 2x4 matrix W3. The function
f represents the activation function used in the units, applied in a point-wise fashion
to its vector input.

Training neural networks involves simultaneous optimisation of the numerous
weight parameters in order to minimise some loss function. The loss function quan-
tifies the cumulative error made by the network, or the difference between the net-
work’s final output and the correct target for each training example in a supervised
learning context.

A first-order, iterative optimisation algorithm called Gradient Descent is most
commonly used to find a local minimum of the loss function. The algorithm updates
each weight parameter in the direction of steepest descent along the loss function,
represented by the negative partial derivative of the loss function with respect to that
weight.

The partial derivatives themselves are calculated using the Backpropagation
algorithm [17]. As seen in Figure 2.2, a neural network can be represented as a set
of nested functions. The Backpropagation algorithm is then essentially the repeated
application of the chain rule to compute the derivative of the final loss function with
respect to each weight.

Gradient Descent requires the calculation of the loss over the entire training set
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Yt

T

RNN
hyq Cell hy

Xt

Figure 2.3: A basic RNN depicting the recurrent connection of an RNN cell

before updating any weights. For this reason, Stochastic Gradient Descent (SGD)
is preferred in practice, where the loss for one, or a small mini-batch of (random)
training examples are calculated and used to update the weights. Since the updates
in SGD are estimates, they are scaled down by a learning rate, which has been found

to reduce the chance of overshooting local minimums of the loss function [18].

2.2.2 Recurrent neural networks

Recurrent Neural Networks (RNNSs) are neural networks that contain cyclic connec-
tions between units. These models are useful when the input data has an inherent
sequential nature, such that the output of a particular unit may be influenced by the
computation done on previous inputs in the sequence. They are therefore partic-
ularly useful in modelling the sequential nature of natural language. One way to
think about RNNs is that they contain some internal memory representing the infor-
mation captured so far as they process an input sequence. This idea is made more
explicit when RNNs are combined with Long Short-Term Memory cells (LSTMs).
A simple RNN in vector form is depicted in Figure 2.3. The input vector at step ¢
in the input sequence is denoted X¢, the output vector y; and the recurrent state or
“memory” vector which feeds back into the network and is used in the calculation
of the next step is denoted hy (hg is also often referred to as the hidden state)

The calculations applied inside the RNN cell to the input and previous hidden

state in order to derive the current output and hidden state are shown in equations 2.4
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and 2.5. The matrices W;, W;, and W, represent a collection of weights, analogous to
the W matrices of Figure 2.2 and f is once again a piecewise non-linear activation
function. Note that the calculation of the output y; at any given step ¢ depends on
the recurrent state hy_1. The recurrent state therefore captures relevant information
contained earlier in the input sequence and can therefore be thought of as a simple

form of memory.

he =f(W; - x¢+W,-h¢_q) (2.4)

yt =f(W, - hy) (2.5)

SGD remains the most common method used to train RNNs in conjunction
with a variation of the backpropagation algorithm called Backpropagation Through
Time (BPTT) [19]. The network is unrolled to a fixed length, either the maxi-
mum length of possible input sequences, or some smaller fixed length in the case of
Truncated BPTT. An example of an RNN unrolled 3 steps is depicted in Figure 2.4.
Unrolling allows gradient information to propagate backwards through the network.
For example, the gradient of the loss at step # 4 1 can propagate back to step 7, t — 1
and further.

Figure 2.4 also shows how RNNs can be stacked in layers to form a deep
network. The output of one layer becomes the input to the next layer. Later layers
tend to learn more abstract representations of the input sequence or may operate on
different time scales [20].

RNNs can in theory learn long-range dependencies in sequences, which are
interactions between inputs that are many steps apart. In practice, however, it often
turns out that they struggle to do so because of the vanishing gradients problem [21].
This is a result of the common non-linear activation functions having gradients with
absolute value less than one. The use of backpropagation to compute gradients in
an n-step network, results in up to » multiplications of these small gradient values
for the error propagation from the last to the first step. The error signal, represented

by the gradient, therefore decreases exponentially with n, resulting in very small
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Figure 2.4: 3 steps of an unrolled RNN on which the BPTT algorithm can be run

(often negligible) updates to the parameters in earlier steps.

2.2.3 Long Short-Term Memory (LSTM) cells

LSTM cells were introduced by Hochreiter and Schmidhuber [22] in order to al-

leviate the vanishing gradients problem suffered by standard RNNs. These cells

introduce gating mechanisms that control access to an internal memory represen-

tation. By doing so, they are able to learn long range dependencies by protecting

important parts of their memory from being overwritten. The gates also help to

preserve the error signal, allowing it to propagate much further back in time. The

equations governing the output and hidden state vectors of an LSTM are shown in

equations 2.6 to 2.11 and the important components of the LSTM are illustrated in

Figure 2.5.
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Yt

Py Xe—— 9 ®

Figure 2.5: An LSTM cell showing the flow of data to the cell memory and out of the cell,
controlled by the 3 gates i, f and o

i=o(xW+he W) (2.6)
f=o(xW/ +h W) 2.7)
0= (xW{ +h_W/) (2.8)
g = tanh(xW¢ + ht_lW;f) (2.9)
ce=c¢c_10f+goi (2.10)
h¢ = tanh(c¢) © 0 2.11)

The 3 gates i, f and o are are calculated based on the current input and the pre-
vious recurrent state, using the same equation with different parameter matrices W.
The sigmoid function o ensures that the gates are vectors with elements between 0
and 1 (and are therefore smooth rather than digital gates). By taking the element-
wise product (®) of i with the transformed input g, the input gate, i, effectively
controls how much of the current input is used to update the cell memory (¢¢). The
forget gate controls how much of the previous cell memory (¢¢_1) should be forgot-
ten (decayed towards 0) and the output gate controls how much of the transformed

cell memory (tanh(c¢)) should be output.
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2.2.4 RNN:s for Neural Language Models

A modern neural language model can be built by combing RNNs with LSTM cells.
The input sequences consist of tokens (which could be sentences of words, words or
sentences of characters or the formally defined tokens of a programming language).
Since RNN cells take numerical vectors as inputs, the unique tokens in the language,
referred to as token types which make up the vocabulary, V, need to be encoded
somehow. One approach is to use the one-hot encoding scheme. Each token type is
assigned a unique, sequential, integer ID, T and encoded as a |V| dimensional vector
with 1 in position 7 and O elsewhere. The dimension of these vectors grows with
the vocabulary size and can therefore be extremely large. Their sparsity also makes

them inefficient.

A more efficient approach is to use a dense vector encoding, also known as
an embedding. Each token type T is mapped to a vector x; € R® where s refers to
the embedding size. These dense representations are considered model parameters
and can be trained. It was noted by Mikolov et al. [23], that learning these embed-
dings results in “high-quality distributed vector representations that capture a large
number of precise syntactic and semantic word relationships”. In other words, the
model learns to automatically organise concepts, and capture the relationships be-
tween words, by placing syntactically and semantically related words close together
in the embedding vector space. As a side note, this idea was extracted and used in
a model called word2vec that has the sole purpose of building word embeddings.
Mikolov et al. [23] found that certain semantic and syntactic patterns could be re-
produced using vector arithmetic on their English word embeddings. For example,
subtracting the vector representation of “man” from “brother” and adding “woman”

would produce a vector closest to the embedding of “sister”.

At each step, while processing the embedded input sequence, the RNN outputs
a fixed size vector in R®. These vectors are each projected to RIVI after which a
softmax [24] (Equation 2.12) can be applied to derive a probability distribution over
the token types in the vocabulary. During training, these distributions are compared

to the actual next token that occurred in the training set and the cross-entropy [25]
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loss is calculated as a summary of the success or failure of the model to predict the
next token. Equation 2.13 [26] shows the cross entropy loss for a single step using
the model’s predicted distribution y and the true target distribution y’, which in this
case is a one-hot encoding of the target token type. The symbols y, and yj refer to

the kth component of vectors y’ and y respectively.

exi
softmax(x); = S (2.12)
Zj:l el
V]
e(y,y)=—Y_ »logyi (2.13)
k=1

An illustration of a typical neural language model, where the RNN has been
unrolled for 3 steps, is provided in Figure 2.6. The input token type ids are labelled
71 to 73 and have corresponding trainable s-dimensional embedding vectors x; to
x3. Each LSTM cell receives the vector embedding of the current timestep as well
as the recurrent state of the previous timestep as input. The initial recurrent state
is set either to a vector of zeros or to the final state vector of a previous truncated
sequence. The output distribution at each step, obtained by applying the softmax
function to a linear projection of each output vector, is compared to the one-hot
encoding of the target next token.

The neural language model presented in this section forms the basis of the

neural models implemented for code suggestion in this work.

2.2.5 Practical Issues Related to Training

A number of practical issues arise when training RNNs on large, noisy datasets.
The first potential issue is that of exploding gradients, essentially the opposite of
the vanishing gradients problem discussed earlier, but not accounted for by LSTMs.
A heuristic approach of gradient clipping, introduced by Pascanu et al. [27], is
commonly employed to deal with this. Gradient vectors are rescaled whenever their

(Euclidean) norms exceed some threshold. For example, the gradient vector g is
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} targets
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Figure 2.6: An illustration of a neural language model unrolled for 3 steps.

reshold

replaced with & Whenever ||g|| is larger than the threshold.

Another issue commonly arising with complex machine learning models, par-
ticularly those as powerful as deep neural networks, is that of overfitting. Overfitting
occurs when the model starts to fit the noise in its training data rather than capturing
the true underlying signal. It is easily detected by noticing decreasing loss on the
training set coupled with increasing loss on a held-out test or validation set. Over-
fitting is traditionally dealt with by regularisation, a useful form of which called
dropout is common in deep neural networks. The key idea is that units are ran-
domly dropped from the network during training, which was shown by Srivastava
et al. [28] to “significantly reduce overfitting and give major improvements over
other regularization methods”. Dropout during training, effectively results in sam-
pling from a number of “thinned” networks. When making inferences at test time,

the use of the un-thinned network is akin to more traditional ensemble methods.
Finally, when dealing with large vocabularies, it is clear from equation 2.12,
that the calculation of softmax can become expensive due to the sum over the entire

vocabulary in the denominator. Hierarchical softmax [29] addresses this by structur-
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ing the softmax as a binary tree computation, thus requiring O(log|V|), rather than
O(|V|) operations to compute the probability of a single token. Sampled softmax
[30], another alternative that can be used during training, re-expresses the denom-
inator of equation 2.12 as an expectation. The expectation can then be estimated
using importance sampling where the proposal distribution is the log-uniform dis-
tribution for a vocabulary that follows a Zipfian distribution (it is shown in chapter 4
that the vocabulary associated with Python source code does indeed follow a Zipfian

distribution).

2.2.6 Attention

Attention mechanisms are a recent trend in NLP, having been successfully applied
to sequence-to-sequence tasks such as machine translation [31], question-answering
[32] and syntactic parsing [33]. Sequence-to-sequence models “consist of two
[RNNs]: an encoder that maps an input sequence of words into a dense vector
representation, and a decoder that conditioned on that vector representation gener-
ates an output sequence” [34]. Attention mechanisms were introduced to overcome
the bottleneck of the single vector representation of the input sequence by allowing
the decoder to refer back to, or attend to, output vectors generated by the encoder
for each part of the input sequence, at each step of output generation.

The use of attention implies that the vector representation between the encoder
and decoder no longer needs to capture the entire semantics of the input sequence,
but rather just a representation informing the second RNN which of the encoder’s
output vectors it needs to attend over [35].

Very recently, attention mechanisms were adapted for use in language mod-
elling by Cheng et al. [36], who considered attention as equipping LSTM cells with
an expanded, fixed-length memory tape rather than a single memory cell. They
achieved promising results in the standard Penn Treebank benchmark. In a similar
vain, Tran et al. [37] added a “memory block™ to LSTMs for language modelling
of English, German and Italian and outperformed both n-gram and standard neural
baseline models.

As they relate to a key aim of this work, attention mechanisms for language
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modelling as well as an extension making them more suitable to the long-term de-

pendencies in source code are developed and discussed further in chapter 5.



Chapter 3

Related Work

This chapter reviews and highlights previous related work done on the application
of NLP language models to the task of code suggestion. These works are compared

and contrasted to the approach taken in this dissertation.

3.1 N-gram models

The majority of previous work in code suggestion using language modelling, and
more generally the analysis of formal programming languages with NLP language
models, has focussed on the use of n-gram models. Many of these works were in-
spired by Hindle et al. [1] who argued that while in theory, programming languages
are complex, flexible and powerful, in practice, the programs that real people write
fall in a much smaller space. Real programs contain significant repetitiveness and
have sufficient predictable statistical properties that can be captured by statistical
language models. They tested this hypothesis by training n-gram language models
on a corpus of Java and C code and discovered that the models captured significant
local regularity within projects that was not the result of programming language
syntax. Regularity within a project refers to the “vocabulary, and specific local
patterns of iteration, field access, method calls, etc”. They applied their language
model to build a code suggestion system in Eclipse, which they found to perform
better than the standard Eclipse code suggestion system.

While Hindle et al’s work was pioneering on the task of code suggestion, the

NLP models they used have now become outdated. The key differences in this work
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are the use of more modern language modelling techniques, a significantly larger
corpus of source code and the application to a dynamic, rather than a static language.
As was noted in the introduction, existing code suggestion systems in IDEs are
already quite good for static languages. Dynamic languages could arguably benefit

more from machine learning.

Similar work to that of Hindle et al included Raychev et al [38] who used 3-
gram models along with a simple variant of an RNN language model to complete
“holes” in program snippets. While still technically code suggestion, it is unclear

what practical application this unusual variation of the task would have.

Other work involving the application of n-gram language models to program-
ming languages, albeit on different tasks to code suggestion, included those of Alla-
manis et al. [39] who used n-gram models to build a tool to suggest revisions to code
to improve its consistency with the conventions of the rest of the project. Campbell
et al. [40] noted that syntax errors should be surprising to a language model trained
on a corpus of compilable code (the language model should assign erroneous tokens
a low probability). They used this idea to build an improved error-reporting system

for Java.

Tu et al. [41] enhanced the standard n-gram model, which captures global reg-
ularity in software, by incorporating a cache. This cache allowed them to exploit
the high level of locality inherent in software that results from the specialisation
of modules. They empirically verified that code tends to take on special forms of
repetitiveness in local contexts, for example through the declaration of new iden-
tifiers and patterns of identifier usage. They evaluated their model against 2 small
Java and Python corpora consisting of 9 projects each and found that their model
was able to capture local regularity. This resulted in an accuracy improvement of

between 16% and 45% over standard n-gram models.

The introduction of attention mechanisms to language models compares to Tu
et al’s idea of adding a component to the language model that was specifically de-
signed to exploit the properties of source code. As will be seen in chapter 6, the ad-

dition of a standard attention mechanism improves upon a neural language model’s
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ability to model the locality in source code, particularly relating to identifiers. This
idea is taken a step further with the introduction of a novel architecture that further

focusses on the unique properties of source code.

3.2 Programming Language Grammar

Programming languages need to be understood by computers and are therefore in-
herently unambiguous. They have formal grammar specifications and well-defined,
deterministic parsers that can convert a lexed sequence of language tokens into an
Abstract Syntax Tree (AST). This inherent structure was exploited by both Maddi-
son and Tarlow [42] and Allamanis and Sutton [2] who used Probabilstic Context
Free Grammars (PCFGs) to build a generative model of source code and to ex-
tract idiomatic patterns (also known as templates) respectively. The PCFG model

allowed them to generate ASTs directly rather than working at the lexical level.

In particular, Maddison and Tarlow [42] argued that while the syntax of pro-
gramming languages can be represented by context-free grammars, conforming to
the grammar does not ensure that a program can actually compile. This is due to
additional rules, not represented in the grammar, such as the requirement that vari-
ables be declared before being used. To model these additional context-dependent
rules, they augmented their PCFG with traversal variables that maintained context
depending on the AST generated so far. The traversal variables modulated the dis-
tribution over child trees. Similar extensions to PCFGs were successfully applied

to a Javascript corpus by Bielik et al. [43].

These works, which involved direct modelling of ASTs, represent an alter-
native, and possible complement, to the purely lexical approach followed here.
Maddison and Tarlow used a form of log-bilinear model and Allamanis and Sut-
ton used Bayesian methods to implement their PCFGs, rather than neural models.
Some components necessary to build a neural architecture to do similar modelling
do technically exist though. In particular, Tai et al [44] introduced a generalisation
of LSTMS called Tree-LSTMs, a variation of which can be used to model ASTs.

While these models would be extremely useful for building a program represen-
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tation to use in program classification, for example, it is unclear how they can be
adapted for use in a generative context. Another notable related architecture called
Recurrent Neural Network Grammar (RNNG), which can be used in a generative
context, was developed recently by Dyer et al. [45]. The RNNG model operates
similarly to PCFGs, but the context-free assumption is relaxed by the use of RNNs
which condition on the entire history. They integrated a transition-based parser di-
rectly into their neural architecture, enabling their model to generate syntactic parse
trees of English and Chinese and outperformed sequential LSTMs in a language

modelling task.

Similar approaches to those mentioned were initially considered for this work,
but their complexity, relative lack of research and implementations, coupled with
the intuition that there was still large room for improvement in lexical-level mod-
els through the use of neural attention, led to the decision to focus on the lexical-
level approach for this work. Furthermore, Maddison and Tarlow showed that even
PCFGs don’t guarantee compilable code and additional mechanisms would be nec-
essary to ensure this. The excellent results already obtained by lexical-level neural
models leads to the question of whether modelling ASTs do provide practical gains
that would outweigh their complexity. This would be an interesting avenue for fu-

ture work.

3.3 Datasets

A feature common to the majority of previous work in the area is that of relatively
small datasets. This was addressed by Allamanis and Sutton [46] who constructed
a corpus of 352 million lines of Java and analysed it with n-gram language models.
They found that by using a sufficiently large dataset, they were able to construct a
single language model that was effective across multiple different project domains,
unlike Hindle et al. who found it necessary to build models on a per-project basis.
They verified that identifiers were the largest contributor to vocabulary size and that
the vocabulary grew by on average, 56 new token types per 1 000 lines of code

due to the introduction of new identifiers. Their observation is similar in spirit
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to Heap’s law [47], which states that the vocabulary size of a corpora of natural
language will grow in an unbounded fashion. By segregating groups of identifiers,
they established that method names tended to be more predictable than type and
variable names. Ultimately, their language model was used to build new data-driven

code complexity metrics.

Inspired by Allamanis and Sutton’s findings, this work also used a single model
trained on a large Python corpus, rather than training separate models on differ-
ent projects. Similar results relating to the vocabulary and identifier names were
found and are discussed in chapter 4. Their finding is particularly promising for the
prospects of developing the models of this work into a real code suggestion system
built into an IDE. It suggests that such a system can be pre-trained and does not
necessarily need to be updated or customised to every unique project. While the
project-based approach may be feasible for simple n-gram models, neural models
are significantly more difficult and time-consuming to train and it would be imprac-

tical to re-train or even update them on developers local machines in a real system.

3.4 Deep learning

Coinciding with the switch from n-gram to neural language models in the general
NLP community, White et al. [48] compared various n-gram models with modern
neural language models in the programming language context. The n-gram models
included those with n ranging from 2 to 9 as well as the cache-based model of Tu
et al. They performed their analysis on a large Java corpus collected from Github.
Their models were evaluated using Perplexity, an “intrinsic evaluation metric that
estimates the average number of tokens to choose from at each point in a sequence.”
They found that the neural language model beat their best n-gram baseline (an 8-
gram interpolated model with 100-token unigram cache) with a perplexity of 10.17
compared to 12.22. In the code suggestion task, they found their neural language
model to also outperform the best n-gram model in terms of top-k accuracy. The

neural model, in particular, scored 12 percentage points higher in top-1 accuracy.

Other research focussing on the use of deep neural language models for source
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code included that of Das and Shah [49] who compared an RNN model with GRU
cells (an alternative to LSTMs) to a feed-forward neural network with attention.
They noted that they were surprised that the feed-forward network with attention
performed better than the RNN, but their evaluation was based on a 2 very small
corpora, consisting of a single C and Python project respectively. The use of LSTM
cells was compared to standard RNN cells (as used by White et al.), by Dam et al.
[9] on the same dataset used by Hindle et al. They found that LSTMs significantly
outperformed standard RNNs, which they hypothesised was due to their improved

ability to learn long-term dependencies found in source code.

White el al’s work validated the premise that neural language models would
also outperform previous n-gram models on source code as they had done in other
areas of NLP. It is for this reason that new work, such as that presented here, can
largely ignore n-gram models and go straight to the more advanced neural models.
Nevertheless, in light of their explicit mention of not claiming that the same result
would apply to other programming languages, a selection of n-gram models were
still run to re-confirm that the same finding applies to Python source code in chap-
ter 6. The neural models used here were also more advanced than those used by
White et al, who used the standard RNN’s described in section 2.2.2. As explained
in chapter 2, standard RNNs suffer from issues such as the vanishing gradient prob-
lem which hampers their ability to deal with long-range dependencies. The LSTM
model which was found by Dam et al. to outperform RNN models forms the neu-
ral baseline used in this work. These models are then extended with the attention
mechanisms that Das and Shah found to significantly improve performance even on

less sophisticated feed-forward networks.

Other interesting applications of deep neural language models involving source
code have been used in contexts such as code summarisation using Convolutional
Neural Networks and an attention mechanism [50]. Mou et al [51] incorporated
information from the Abstract Syntax Tree to build a vector representation of pro-
grams that can be used for program classification. Finally, Ling et al. [52] used deep

neural networks with multiple attention mechanisms, each specialised to a partic-
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ular task, to automatically generate implementations of Magic the Gathering cards
in Java and Python. They generated a probability distribution over these attention
mechanisms and used the weighted average output of each mechanism when gen-
erating their output sequence. This idea served as a strong inspiration for the novel
architecture introduced in chapter 5, which like Ling et al. weighs the output of
multiple task-specific attention mechanisms, but does so in a language modelling
rather than a sequence-to-sequence context and also does so on a token level rather

than the character level used by Ling et al.



Chapter 4

Data

As mentioned in chapter 3, the majority of previous work in code suggestion fo-
cussed either on very small corpora, or on statically-typed languages, particularly
Java. For this reason, a new Python corpus was collected for this work. According
to the programming language popularity website Pypl [53], Python is the 2nd most
popular language after Java. It is also the 3rd most common language in terms of
number of repositories on the open-source code repository, Github, after Javascript

and Java [54].

4.1 Data Collection

Github is the largest hosting platform for source code in the world, with more than
14 million users and over 35 million repositories [55]. Coupled with the fact that it
offers numerous metrics on each repository it hosts and has an easy to use API for

data retrieval, it was the logical choice to obtain a new source code corpus.

It 1s difficult to automatically determine what constitutes good quality code.
For this reason, a number of heuristics were developed in order to increase the
likelihood of obtaining good quality code as well as to restrict the corpus to a man-
ageable size. To download the Python corpus, the Github API was queried for the
top 1000 projects with more than 100 stars and sorted by the number of forks de-
scending. Stars are similar to bookmarks by users, whereas forks are copies of a
repository that allow users to freely experiment with changes without affecting the

original repository [56]. The large thresholds applied to these metrics suggested
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a high degree of interest in the projects considered. It was assumed that projects
with a high level of interest tend to be of good quality as they are likely used and
analysed by many people. This methodology was similar to that used by Allamanis
and Sutton [46] and Allamanis et al [39].

Once the list of 1000 repositories were obtained, they were cloned using a
Python implementation of the git tool. The URL and exact commit SHA ! of each
repository was recorded and will be made available along with a script to clone the
repositories. This will allow anyone interested in doing future work using the same
corpus to easily reproduce it.

The constituent Python files from the downloaded repositories, were split at a
project level into a training set, validation set and test set (the lists of which will
again be made available). Hashes of files were compared across sets to ensure that
there was no leakage of information from the training set into the validation or test

sets.

4.2 Corpus Statistics

Basic statistics for the corpus are provided in table 4.1, which shows that this corpus
is significantly larger than those used in previous code suggestion work. Figure 4.1
shows the distribution of token types in the training set on a log-log scale. It indi-
cates, for example, that approximately 1 million token types occur only once in the
entire training set and another 1 million token types occur between 1 and 10 times.
It is clear that the distribution follows Zipf’s law, which states that given some cor-
pus of natural language, the frequency of any word is inversely proportional to its
rank in the frequency table [57]. It implies roughly that the vast majority of the
token types that make up the vocabulary, occur very infrequently in the corpus. A
Zipfian distribution was also found in a large Java corpus in an analysis by Linstead
et al. [58].

The majority of the long tale in the vocabulary of the corpus is made up of

unique identifiers in the source code. These are the names given by programmers

!Git uses an SHA hash to uniquely identify commits to a repository. Their tooling allows one to
restore a repository to the exact state it was in after a given commit
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Table 4.1: Python corpus statistics

Dataset Files Lines Tokens Vocab Size
Train 118298 26868 583 88935698 2323819
Validation 26466 5804 826 18 147 341
Test 43062 8398100 30178356
Total 187826 41071509 137261395 2323819
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Figure 4.1: Vocabulary distribution of the Python corpus training set

to the classes, variables, arguments, attributes and functions in a program. Out of
the vocabulary of 2.3 million token types, almost 1 million are identifier names.

Identifiers therefore warrant focussed analysis.

Figure 4.2 shows a box plot of the distances (in number of tokens) between
identifier declaration and usage, split by identifier group. The figure shows that the
dataset clearly exhibits the long term dependencies which Dam et al. hypothesised
to exist in source code. Not surprisingly, arguments and variables tend to be ref-
erenced a lot sooner than attributes, functions and classes which exhibit some very
long term dependencies as shown by the 3rd quartile of distances between 500 and
1000. It would not be surprisingly, therefore, for language models to struggle to

predict identifier usage due to these extremely long range dependencies.
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Figure 4.2: Token distances between identifier declaration and usage indicating long term
dependencies in source code

4.3 Normalisation of Identifiers

The Python corpus discussed in this chapter contains a large vocabulary with a long
tail of infrequent words. This presents a potential problem for language models
which require sufficient data to form sensible embeddings of every token type con-
tained in the vocabulary. Many of the tokens in the corpus occur only once and the

majority of the long tail consists of identifier names.

For this reason, as well as to enable a sensible analysis of model performance
on identifiers, a normalised dataset was derived. Each identifier name was replaced
with a new name indicating the identifier group (class, variable, argument, attribute
or function) and a number that makes the identifier unique within its enclosing
scope. This pre-processing step was performed by parsing each source code file
into an Abstract Syntax Tree (AST) from which the declaration points and scope of
each identifier could be determined. Using this information, the ideas of Hermann
et al. [59] were applied to generate a new name for each identifier by combining
the identifier group name with a random number. Random numbers were chosen
instead of sequential numbers to prevent models from learning any spurious pattern
in the number sequence. The new names were replaced in the AST and the code

regenerated. Note that only novel identifiers defined within the scope of a single file
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1 from git import Repo 1 from git import Repo
2 2

3 class PyRepo: 3
4 def __init__(self, name, full_name, clone_url): 4 class Class210:
5 self.name = name 5

6 self.full_name = full_name 6

7 self.clone_url = clone_url 7

8 8

def __init__(self, argl1633, arg2343, arg233):
self.attribute826 = argl633
self.attributel352 = arg2343

9 def clone(self, output_directory): 9 self.attributel72 = arg233
10 target = os.path.join(output_directory, self.full_name) 10
11 repo = Repo.clone_from(self.clone_url, target) 11 def function2766(self, argl556):
12 self.last_commit_sha = repo.head.object.hexsha 12 varl55 = os.path.join(arg1556, self.attributel72)
13 13 var2265 = Repo.clone_from(self.clone_url, varil55)
14 def checkout(self, output_directory): 14 self.attribute471 = var2265.head.object.hexsha
15 repo = Repo.clone_from(self.clone_url, 15
16 os.path.join(output_directory, self.name)) 16 def function1245(self, argl316):
17 git = repo.git 17 var4311 = Repo.clone_from(self.attribute172,
18 git.checkout(self.last_commit_sha) 18 os.path.join(arg1316, self.attribute826))
19 varl42 = var43ll.git
20 var142.checkout(self.attribute471)

Figure 4.3: A small example of a normalised Python file, with the original on the left and
normalised on the right

were affected by the normalisation process. Identifier references to external APIs
and libraries were left untouched. The process of regenerating the code from the
AST also had an additional benefit of ensuring consistent formatting across the cor-
pus. A small example of a normalised Python file is presented in figure 4.3. An
example of one of the test cases used in the development of the normalisation script
is presented in Figure 4.4. The code is not actually useful, but it is valid Python and
shows a number of different situations in which identifier names can occur as well
as difficulties such as inheritance. Note that once again, the script used to normalise
the corpus will be made available to future researchers.

The normalisation process resulted in a significant reduction in the vocabulary
size to 987 151 token types (after also replacing numbers with a special <num>
token). The normalisation has the added benefit of preventing models from predict-
ing common names in places where a reference to a previously declared variable
is called for, despite that name not being declared in the particular file. Finally,
by preserving the identifier’s group, neural models would still be able to sensibly
differentiate between the different identifier groups in the embedding space if nec-

essary.
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Figure 4.4: A test case used in the development of the normalisation process

import re 1 import re
2
myglobal = "Hello world" 3 varle4d = ‘Hello world’
=
class  ASTTest2: 5 class Class3ge:
def _init_ (self): 6
self.title = "Hello world" 7 def _init__(self):
8 self.attribute2208 = 'Hello world'
def dosomethingfun(self): 9
print(self.title) 10 def function25@3(self):
return False 11 print(self.attribute2208)
12 return False
class NestedClass: 13
def _init_(self): 14
print(“Helle world") 15 class Class146:
16
class Category(object): 17 def _init_ (self):
# This is a comment which the normaliser should remove 18 print('Helle world')
__single = None 19
20
def _init_(self, name, surname, install_dirsdetermine_install_dir(), 21 class Class342(object):
f1Enabled=False, anotherarg=None): 22 var3988 = None
23
it Category.__single: 24 def _init__(self, argl6l8, arglssl, argl266=function2407(), arg23ld=
raise RuntimeError("Category is singleton") 25 False, arg2216=None):
26 1t Class342.var3gss:
self.name = name 27 raise RuntimeError('Category is singleton'}
self.surname = surname 28 self.attributele72 = argl6ls
self.install_dir = install_dir 29 self.attributed3l = argls51
self.ffEnabled = self.deternine_ffEnabled(anotherarg, surname) if False \ 30 self.attribute2el = argl266
else ffEnabled 31 self.attribute786 = self.function1068(arg2216, argl551
32 ) if False else arg23ld
33
def determine_ffEnabled(self, anotherarg, stringarg): 34 def functionl06@(self, arg218, arg274):
def internal_function(internalarg): 35
keys = [] 36 def function1085(arg2019):
for category in self.name: 37 vari23g = [}
rank = self.install_dir[stringarg] 38 for vard24d in self.attributelo7a:
keys.append( (category[stringarg], category[internalargl)} 39 var32g8 = self.attribute2el(arg274]
return keys 40 var1238.append( (vard244(arg274], vard244[arg2019]))
a1 return vari23g
try: 42
otherclass = ASTTest2() 43 try:
return internal_function{otherclass.dosomethingfun()) 4 vards77 = Class398()
except ( Exception, KeyboardInterrupt ) as inst: 5 return function1e8s(vards77, function2503())
print{type(inst)) 6 except (Exception, KeyboardInterrupt) as var282s:
print(inst.args} 47 print(type(var2828})
x, y = inst.args 8 print(var2828.args)
print("split into %s %s" % (x, y)) 49 var3299, var3ese = var2828.args
except ArithmeticError as e: 50 print('Split into %s %s' % (var3299, var3650))
print("Arithmetic error!") 51 except ArithmeticError as varllsd:
52 print(‘Arithmetic error!')
def dosometningelse(self, foo, bar, moe=[{"nello","world"}1): 53
bark = ASTTest2() 54 def function8(self, arg78, arg6l, argld99=[('hella’, ‘world')]):
print(self.childattrib) 55 var2580 = Class39n()
56 print(self.attribute242)
it self.determine_ffEnabled(foo, bar): 57 1t self.functionlds8(arg78, argedl):
return [a+b for a, b in moo) 58 return [(var3648 + varloss) for var364s, varless in argldg)
elif len(moo) == 5: 59 elif len(argld99) == 5:
return [a for a in moo] 60 return [var3648 for var364s in arg1499]
elif bark.dosomethingfun(): 61 elif var2580. function2503():
for i, i in moo: 62 var3299 = [(var3648 + var1088) for var3648, var1@8g in arglds)
print(x(i] (i1} 63 for var3212, var3g37 in argld9g:
64 print(var3299[var3212] [var3837])
else: 65 else:
return len(moo(@]} - foo - bar 66 return len(argld99[0]) - arg78 - arg6el
67
68
class ChildClass(Category): 69 class Class141(Class342):
def _init_(self): 70
sup = super(ChildClass, self} 71 def _init__(self):
sup.__init_("Joe", "Bloggs", install_dir="c:/temp/hellowsrld.txt") 72 var1e87 = super(Classldl, self)
self.childattrib = "child attrbute" 73 var1887._init_ ('Joe', 'Bloggs', install_dir='c:/temp/helloworld.txt")
74 self.attribute242 = "child attrbute’
def helloworld{self): 75
self.dosomethingelse("foo", “bar") #Inheritance 76 def function2766(self):
77 self.functiong('foo', 'bar')
def determine_install_dir(): 78
with open(a) as 79 def function24e7():
files = f.read().splitlines() 80 with open(var1891) as varlss7:
return files[0] 81 vard545 = var1887.read().splitlines()
82 return vards4s[e]



Chapter 5

Neural Attention for Code Suggestion

This chapter discusses neural attention mechanisms for language modelling and
develops a new variation which, by leveraging the unique long-range dependencies

in source code, is particularly well suited to the task of code suggestion.

5.1 Attention for Language Modelling

Standard neural attention mechanisms for language modelling (such as those of
Cheng et al. [36] and Tran et al. [37]) utilize a fixed-sized rolling window of k token
embeddings that enter an attention memory (M;). At each step in the input sequence,
the current state of the network, represented by the LSTM’s recurrent state hy, is
used to determine a probability distribution (@;) over the vectors in memory. A
weighted average (Ma!) of the memory vectors is then added to the LSTM’s output
vector. In this way, the LSTM’s single state vector does not bear the full burden of
capturing all relevant information from the past. It can instead inform the attention
mechanism which of the previous m outputs to look back on to obtain relevant

information.

When modelling short sequences such as natural language sentences, it is prac-
tical to have a memory size that can capture the entire input sequence. However, as
noted in chapter 4, programming languages contain certain very long range depen-
dencies which can’t practically be captured by such fixed sized rolling windows.
For this reason, a new approach was considered that can explicitly capture these

long term dependencies.
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5.2 Attention for Code Suggestion

The key idea of the novel approach presented in this chapter was to allow for one
or more separate, filtered attention mechanisms, each with its own memory and
corresponding to some learned suggestion task. The suggestion tasks may have re-
duced vocabularies and can therefore specialise on different classes of suggestions.
Instead of relying on fixed token windows, the tokens that enter each independent
attention memory are indicated by an input flag. Since these flags may be sparse in
the input sequence, attention mechanisms can be specialised to deal with specific
forms of long-range dependencies that span larger distances than any practical fixed
window.

At each prediction step, the model outputs a distribution over the tasks, one
of them being to predict form the standard LSTM language model, which may be
considered a fall-back. The final prediction distribution consists of the weighted
average of the language model and each attention mechanism.

The specific task considered in this work, which may be considered a proof of
concept, was to predict a reference to a previously declared identifier. The tokens
corresponding to identifier declarations were flagged to enter the attention memory
for this task. When predicting the next token in a sequence, the model was free
to choose, based on the current state and input, whether to utilise the specialised
identifier attention mechanism (similar to a symbol table) or to fall back to the more
general language model. Other, more concrete developer use-cases may also be

modelled as tasks, such as the completion of a function call.

5.3 Formal Specification

5.3.1 Attention mechanisms

Suppose that there are n attention tasks, each with a fixed memory size of k. For
each step ¢ and for each attention task i, an attention distribution ¢,; and attention
vector a;; is calculated according to equations 5.1 to 5.4. M;; refers to the memory
accumulated for task i up to point ¢ in the sequence. Wl-V and Wl-h are parameters of

size R** ¥ and w; is a parameter of size R® where s refers to the size of the embed-
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ding vectors. Finally, note that 1; represents a k-dimensional vector of ones and ® a
point-wise product. Equations 5.1 to 5.4 are adapted from those used for sequence-
to-sequence attention by Rocktédschel et al. [35], with the key difference being the

addition of the i subscript to cater for multiple possible attention mechanisms.

The vectors entering the memory (e;, ...,€;) may be either the input embed-

ding vector at a flagged input step or the corresponding output vector.

M= [e;1 e ... €] e R¥ YK (5.1)
Gii = tanh(WMM,; + W, @1;) cRI*K (5.2)
a,; = softmax(w; Gy,) cRI*K (5.3)
a,; = Myal. €RS (5.4)

5.3.2 Attention for Language Modelling

The standard attention mechanism used in language modelling, such as those of
Cheng et al. [36] and Tran et al. [37], can be considered a special case of equations
5.1t0 5.4 ! where the i subscript is dropped as there is only one such mechanism per
time step. The vectors making up M; are set to a fixed window of the last Kk LSTM
output vectors. At each step, the attention vector a; is combined with the output
vector of the LSTM, o, (the equations for which were in section 2.2.3) according
to equation 5.5. Here W is a projection matrix of size R®* 2% and the non-linear
activation function f is optional, but was chosen to be tanh when implementing this
model. The resulting final output vector Oy is projected to size R"I and a softmax
is applied, as is standard in neural language models, to arrive at a probability dis-
tribution y; over the the token types in the vocabulary. This process is presented
in equations 5.6 and 5.7 where Wy and b,, are affine projection parameters of size

RVIxs and RIVI respectively.

IThe model was in fact implemented as a special case in this work



5.3. Formal Specification 43

hy.q, Xi——
t-1 t ht

Figure 5.1: An LSTM cell with built-in attention mechanism

0

O =ftWo | |) R (5.5)
ar

1, = WyO, +by c RV (5.6)

y; = softmax(l;) e RV (5.7)

The combination of the LSTM cell with an attention mechanism can be conve-
niently thought of as a single unit replacement for LSTM cells in a neural language
model. An illustration of an LSTM with integrated attention is presented in figure

5.1

5.3.3 A Novel Approach

The novel approach introduced here allows for n attention mechanisms as described
in section 5.3.1, with the addition of a memory component that tracks the vocab-
ulary id of each item in memory, referred to as M]; and presented in equation 5.8.
Items enter each attention memory only as a result of an input flag indicating that
they should do so, rather than through a fixed window. Instead of being integrated
into the LSTM cells, the attention mechanisms are considered separately. The stan-

dard LSTM output is projected to RVl and has a softmax applied to it to to obtain
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the standard neural language model probability distribution y; over the vocabulary.
A distribution A; over the n attention tasks and the language model itself, is then
calculated using equation 5.10. Here W* and b* are trainable affine projection pa-
rameters of size R+ ¥s apd R+ respectively. The state representation vector
hft, combines information from the recurrent state of the language model, the cur-
rent input and the n attention mechanisms. It is calculated according to equation

A — . )
5.9, where W"" is a projection matrix of size R* ¥ (+2)s,

Mt/i = [idtil idn'z idtik] c Nk (58)

h* =w"" |4, € ¥ (5.9)

am

A; = softmax(W*h* 4+ b*) e R*! (5.10)

The standard language model can be considered a special “suggestion task 0.
It assigns a probability P(t|task = 0,context;) = (y;)r = (softmax(Wyo; +by)); to
every token type with unique integer id 7 in the vocabulary. Note that (y, ) refers to
the tth component of the LSTM probability vector y; and 7 € [1,|V|]. Each of the n
attention probability vectors @, to @;, can also be thought of as a probability mass
function where P(7 = (M;;) j|task = i,context,) = (¢;;); for i € [1,n] and j € [1,k]
and is O for all other token types. Note that (14};) ; is the jth component of the vector

memory M’ of the ith attention mechanism at step z.

The final output probability of the model, Y; at step ¢ is then calculated as
the A, weighted average of the probabilities assigned by each of the tasks. Since

P(task = i|context;) = (A,);, the final probability assigned to token type 7 is deter-
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Figure 5.2: Illustration of the internal workings of the attention mechanisms

mined by the law of total probability as per equation 5.11. (Note again that the Oth

task is considered to be the standard language model’s prediction).

n
P(t|context;) = (Y;); = Z(l,)iP(ﬂtask =i,context;) id: € {1, ..., [V|}
i=0

(5.11)

The internal workings of a single task attention mechanism are illustrated in
figure 5.2. The figure depicts a single attention task, however for multiple tasks, ev-
erything except the components illustrated in green will be replicated. Note that un-
like the standard attention for language modelling, the attention mechanisms must
now be considered separately from the LSTM, as the results are only combined in
the very last stage of the language model process. The manner in which a task
attention mechanism fits together with the language model is illustrated in figure

5.3.



5.4. Initial Attempts 46

» Attention Lambda

N
Cotimax
C e

I

o

I i
—>| LST™ }—»| LSTM }——»
| i heq f hy

)((,1 | Xl }—

I f I
Input argl self .
Att Flag 1 U 0 0

Figure 5.3: Illustration of the integration between a single task attention mechanism and a
standard neural language model

5.4 Initial Attempts

The model of section 5.3.3 was initially designed to include the filtered attention
mechanisms as part of the LSTM cell as it is in the standard attention model. The
lambda weightings as calculated in equation 5.10 were then applied at the point of
combining the LSTM output vector o; with the attention output vectors a1, ...,a;,
per equation 5.12. As in the standard attention model, this combined output vector
then underwent the usual projection and softmax (equation 5.13) to derive the final

output probability vector.

O; = [0[ a1 - Ay cR¥¥ (n+1)
0, = 0/A, ER’ (5.12)
y; = softmax(Wy O; + by) (5.13)

A number of variations of the model were implemented and tested with the



5.5. Implementation Details 47

identifier tagging scheme. All of these variations resulted in either the model learn-
ing to assign the entire A weight to the language model and ignore the attention
mechanism, or resulted in no improvement in perplexity over the standard LSTM

language model. A short discussion of these results is provided in section 6.4.

For the embedding vectors that fed into the memory M, the use of input em-
beddings and output embeddings were tried. In addition to this, it was hypothesised
that because the purpose of the output embedding is to encode the next token in the
sequence, it may make more sense to split each LSTM output vector into two parts,
one used for the standard language model process and the other used to drive the at-
tention mechanisms. Different variations of the lambda state vector were also tried,
including setting hfL directly to hy, x; or a projection of a;{,...,a;, and every com-
bination thereof. Finally, different non-linear activation functions were included in
the calculation of A itself as well as a fixed uniform lambda to force the model to

use the attention vector at every time step.

These many variations were tried due to the strong intuition that the model
should have worked and should have been able to learn when to use the attention
mechanism. It was thought that some detail in the equations may have been what
prevented it from doing so. The revised model that removed the attention mech-
anism from the LSTM cell and combined the a vectors with the language model
probability was inspired in part by the work of Gu et al. [60] who built a sequence
to sequence copy mechanism. Their copy mechanism was capable of copying to-
kens directly from the encoders input sequence to the decoder’s output sequence by
combining decoder output probabilities with attention weights over the encoder’s

outputs.

5.5 Implementation Details

An implementation of the above model that could work with batched inputs was
required for efficient implementation of batched SGD. This version is specified in
informal notation below. All mathematical symbols carry the same meaning as

in the previous section and batch refers to the mini-batch size. The ¢t and i sub-
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scripts have been dropped to simplify the notation. Certain pseudo-code operations
have also been added for simplicity, such as R *? — R¢* 4 which indicates a re-
shape operation. The batch. mul operation splits its 2 3D tensor arguments along
the first dimension, performs a matrix multiplication of each corresponding matrix
and then combines the result into a 3D output tensor. The operation tile(h) repeats

the Rbarch x size giate matrix h, k times to form a matrix of size R(barch x k) x size

idyy idyp -+ idyy

idy) idyy --- id
V/ — 21 22 2k c Rbal‘ch xk (514)

idyy idpy - idp

€11 €2 - €k
V= e%l e?Z T e'Zk c Rbatch x k x size R(batch x k) x size (5.15)

|61 €2 o €

(5.16)

M = tanh(VWY +tile(h)W") e Rbarchx k) xsize (5 17)
o :softmax(MwT) ER(batchxk)x 1 _)Rbatchx lxk (5.18)
a; = batch.mul(a,V) c Rbalch x 1 x size N Rbalch X size (519)

A = softmax(hyW* + tile(b*)) € Rbarch x (n+1) (5.20)



Chapter 6

Experiments and Analysis

A series of experiments were conducted in order to assess the effectiveness of deep
neural language models on the code suggestion task for Python source code. In
particular the use of a standard neural attention mechanism and the novel approach
of chapter 5 were compared to standard neural and ngram models. This chapter
describes the experimental setup and goes on to analyse the results using both quan-

titative and qualitative criteria.

6.1 Experimental Setup

6.1.1 Preprocessing

Experiments were run on both the raw and normalised datasets of chapter 4. Some
additional preprocessing steps were applied in order to prepare the data for the ex-
periments. Comments and blank lines were removed in both datasets and numerical
constants were replaced with a special <num> token. Tokens which occurred fewer
than 10 times in the raw and 5 times in the normalised training sets, as well as tokens
in the validation and test sets that did not occur in the training set, were replaced
with a special <OOV> (out of vocabulary) token. Finally, it was ensured that all
identifier names were included in the vocabulary of the normalised dataset even if
they were under the threshold. This resulted in comparable vocabulary sizes of 210
117 and 221 313 token types for the raw and normalised datasets respectively.

The preprocessing steps applied here were consistent with those done in previ-

ous work ([9], [48]).
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6.1.2 N-gram baselines

While there was already a strong intuition based on the work of White et al. [48]
that even the simplest neural language model would outperform an n-gram model
on the code suggestion task, a number of n-gram model variations were included in
the experiments as baselines.

The variations included n ranging from 3 to 6 and the smoothing technique
being one of Kneser-Ney or Modified Kneser-Ney (MKN) smoothing. The models
were named “3-gram”, “4-gram”, “5-gram” and “6-gram” for those using Kneser-
Ney smoothing and “3-gram (MKN)”, “4-gram (MKN)”, “5-gram (MKN)” and “6-
gram (MKN)” for those using Modified Kneser-Ney smoothing. All n-gram models

were trained and evaluated using the Kyoto Language Modelling Toolkit [61].

6.1.3 Neural Language Models

The simplest neural language model used in this work, which can be considered
a baseline for the attention models, consisted of a standard RNN language model
with LSTM cells (referred to as “LSTM™). This model was trained with mini-batch
SGD with a batch size of 75 and Truncated BPTT with a sequence length of 50.
The gradient descent optimiser was initialised with a learning rate of 0.7 and this
rate was decayed by a constant multiple of 0.9 after each training epoch. !.

Two variations of the standard attention mechanism for language modelling
described in section 5.1 were implemented. These variations, referred to as
“LSTM+ALtt(20)” and “LSTM+Att(50)” used fixed-window attention memory sizes
of 20 and 50 respectively but were otherwise identical. The large attention memory
size of LSTM+Att(50) was used in the hope that it would be able to capture some
medium-term dependencies. They were trained with a smaller initial learning rate
of 0.2 due to numerical instability at higher learning rates.

The novel attention model of chapter 5, referred to as “LSTM+Att CS” was
implemented using the single task identifier tagging scheme described in section

5.2. The attention memory size was set to 20. Due to memory constraints, it also

A training epoch refers to a full iteration through the entire training dataset. Training a neural
model generally involves multiple epochs
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required a smaller batch size of 30 to train. Note also that this model was only run
on the normalised dataset because it is was developed particularly for use with iden-
tifier references. The raw dataset had the majority of identifier references replaced

with <OOV > tokens.

All neural models in this work were developed using TensorFlow [62] and
trained on an NVidia Tesla K80 or Geforce GTX 1070 GPU. Python source code
files were considered a single unit, and each was split into sequences of size 50.
While processing a single file, the last recurrent state of the RNN was fed as the
initial state of the subsequent sequence of the same file. The recurrent state was
reset to zero after completing a single file. All models used embedding and hidden
dimension sizes of 200, LSTM forget gate biases initialised to 1 ([63]), a threshold
of 5 for gradient norms and had all other parameters initialised random uniformly
in the range (-0.05, 0.05). To reduce the chance of overfitting, dropout was applied
to the inputs at a rate of 0.1. Sampled softmax using a log-uniform sampling dis-
tribution and a sample size of 1000 was also employed to reduce the performance
penalty of the fairly large vocabulary size. Unfortunately, due to the large amount
of time it took to train the models, it was not practical to conduct a grid-search to
determine optimal values for these hyper-parameters, but they were very similar to

those used in previous work, including by Tran et al. [37].

6.1.4 Evaluation metrics

Three key metrics were chosen for quantitative evaluation of the models. The first
metric was perplexity (sometimes abbreviated as PP) which is fairly standard for
language models. Perplexity is an intrinsic metric that estimates the average number
of tokens that the model thinks is likely at each step in the sequence. A more
certain model will have lower perplexity. The metric is easily derived from the
cross entropy loss of equation 2.13 using equation 6.1 where once again, y refers
to the predicted distribution of the model at each step and y’ is the corresponding

target distribution, a one-hot encoding of the target token type.
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PP — 2Lyy €Y 6.1)

The next two metrics were top-1 and top-5 accuracies which are commonly
used for recommendation systems. Top-1 accuracy measured the frequency with
which the true target token type corresponded to the one the model assigned the
largest probability. Top-5 accuracy measured the frequency with which the target
token type occurred in the top 5 highest ranked token types of the model (ranked by
probability).

These metrics (or variations of them) were also used in previous work ([1, 48,

46, 41])

6.2 Results and Analysis

The results for the n-gram baselines on the raw dataset and normalised dataset are
summarised in table 6.1 and 6.2 respectively with a summary of the test perplexities
in figure 6.1. It is clear that perplexity on the test set decreased with increasing n,
but the rate of decrease seemed to slow as n increased. Similarly, the top 1 and top 5
accuracies (both calculated on the test set only) increased at a decreasing rate with n.
It is expected that a minimum perplexity and maximum accuracy would be reached
at n equal to 7 or 8 as found in previous work ([48]). It is also noteworthy that even
though the modified Kneser-Ney smoothing technique performed slightly worse in
some instances on the training set (for example the 6-gram model), it performed
consistently better than Kneser-Ney smoothing on the test datasets for all n. The
modified technique therefore generalised better on this dataset.

Neural language model results are presented in table 6.3 for the raw dataset
and table 6.4 for the normalised. All models performed worse on the normalised
dataset than they did on the raw dataset. In terms of perplexity, even the best per-
forming model on the normalised dataset performed worse than the worst model
on the raw dataset, but this trend was not as pronounced in the accuracy scores.

On both datasets, adding an attention mechanism significantly improved the results
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Table 6.1: N-gram baseline model results on raw dataset with OOV threshold of 10

Model Train PP Val PP Test PP Top 1 Acc Top 5 Acc
3-gram 90.14 14.38 16.65 21.60% 54.11%
3-gram (MKN) 9.38  14.06 16.23 21.86% 58.69%
4-gram 5.65 1194 14.61 24.40% 57.42%
4-gram (MKN) 585 11.55 13.99 24.03% 58.80%
5-gram 354 10.26 12.32 24.85% 58.08%
5-gram (MKN) 3.70 9.87 11.81 24.53% 59.82%
6-gram 2.62 9.44 11.10 24.63% 57.86%
6-gram (MKN) 2.75 9.06 10.61 24.51% 59.74%

Table 6.2: N-gram baseline model results on normalised dataset with OOV threshold of 5

Model Train PP Val PP Test PP Top 1 Acc Top 5 Acc
3-gram 12.63 2454  27.33 12.94% 50.12%
3-gram (MKN) 1290 24.19  26.90 13.19% 50.81%
4-gram 740 2150  24.43 13.68% 50.51%
4-gram (MKN) 7.60 21.07  23.85 13.68% 51.26%
S-gram 439 19.77  21.73 13.78% 50.83%
5-gram (MKN) 452 1933  21.22 13.90% 51.49%
6-gram 326 19.18  20.68 14.65% 51.05%
6-gram (MKN) 337 1873  20.17 14.51% 51.76%

on all metrics, and this was particularly the case on the normalised dataset where
the LSTM+Att(20) model achieved a test perplexity score 2.27 points lower than
the LSTM model and the LSTM+Att(50) model achieved almost 4 points lower, a
very significant difference. This was also reflected in the top-1 accuracies which
saw a roughly 3 and 6 percentage point improvement for the LSTM+Att(20) and
LSTM+Att(50) models respectively. This trend was essentially the same for top-
5 accuracy on the normalised dataset, but the top-5 accuracies did not increase as
significantly on the raw dataset. This suggests that the highest top-5 accuracy of

85.73% may be close to the upper threshold achievable on the Python corpus.

The best performing model overall, on the normalised dataset, was the
LSTM+Att CS model which achieved almost 1 point lower test perplexity, and
1 and a half percentage points higher top-5 accuracy than the LSTM+Att(50)

model, but had a slightly lower top-1 accuracy. It significantly outperformed the
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Table 6.3: Neural Language model results on raw dataset with OOV threshold of 10

Model Train PP Val PP Test PP Epoch Top 1 Acc Top 5 Acc
LSTM 5.15 7.36 7.75 15 60.57% 82.52%
LSTM + Att(20) 4.80 7.01 7.17 10 63.13% 83.80%

LSTM + Att(50) 4.39 5.92 6.09 11 66.25 % 85.73%

Table 6.4: Neural Language model results on normalised dataset with OOV threshold of 5

Model Train PP Val PP Test PP Epoch Top 1 Acc Top 5 Acc
LSTM 929 13.08 14.01 15 57.91% 76.30%
LSTM + Att(20) 7.30  11.07 11.74 13 61.30% 79.32%
LSTM + Att(50) 7.09 9.83 10.05 12 63.21% 81.69%
LSTM + Att CS 6.41 9.40 9.18 7 62.97% 82.62%

LSTM+Att(20) model on all metrics, indicating that it made better use of its atten-
tion memory. It also outperformed the LSTM+Att(50) model despite having less

than half the attention memory available to it.

It is not surprising that even the worst neural model performed better than the
best n-gram model by a large margin on all metrics. The difference amounted to
almost 3 points in Test perplexity on the raw dataset and a large 6 points on the
normalised dataset. The differences were even more striking in the accuracy scores.
It is worth noting that the n-gram models tested here were not as powerful as the
models of Tu et al. [41], but even those models were outperformed in White et
al.’s work [48] by simpler RNNs than the LSTM model presented here. Another
interesting observation is that the 4-gram models achieved training set perplexities
comparable to even the attention models. Larger values of n resulted in lower train-
ing perplexities than the neural models. This suggests that the neural models were
able to generalise better than the n-gram models and that the n-gram models may

be more prone to overfitting.

In order to understand why the models performed worse on the normalised
dataset than on the raw, it is worth noting the key difference between the two
datasets. By replacing the almost a million unique identifiers noted in chapter 4

with a much smaller vocabulary of randomised identifier names, the normalised
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Figure 6.1: Perplexity of the N-gram models on test datasets

dataset ensured that all identifier names were included in the vocabulary on which
the models were run. When run on the raw dataset, the majority of identifier names
fell outside the vocabulary threshold of 10 and were replaced with OOV tokens. The
models run on the raw dataset could therefore suggest the OOV token whenever
any uncommon identifier name was called for and be correct in the vast majority
of those cases. The models run on the normalised dataset did not have this ad-
vantage and were forced to suggest the correct identifier name, particularly when an
already-declared identifier was referenced. In the test set, around 9% of tokens were
references to identifiers previously declared in the file. By flagging these identifier
references, it was possible to split the accuracy figures into accuracies on identifier
references and other tokens. The results of this analysis are presented in table 6.5.
All models achieved significantly higher accuracies on other tokens than they did
on identifier references. The result explains why the models performed worse on
the normalised dataset than they did on the raw. The particularly poor performance
of the LSTM model on identifier references also provided a strong motivation for
the introduction of mechanisms that could better equip the model to deal with the
long-term dependencies present in identifiers. The table also shows that the vast ma-

jority of the improvement in performance of the attention models over the LSTM
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Table 6.5: Accuracies on the normalised dataset split between identifier references and
other tokens

Model Top 1 Acc Top 5 Acc
Identifiers Other Identifiers Other
LSTM 21% 62.8% 4.5% 82.6%

LSTN + Att (20) 21.4% 64.8% 299% 83.7%
LSTM + Att (50) 30.2% 65.3% 41.3% 84.1%
LSTM + Att CS 273% 64.9% 43.6% 84.5%

model came from a significant improvement in performance on identifier reference
suggestions.

As a final point, the top 5 accuracy score of 82.62% achieved by the LSTM+Att
CS model on the normalised dataset bodes very well for a real code suggestion
implementation in an IDE. It indicates that the vast majority of the time, the actual
token used by the developer was in the list of the top 5 suggestions offered by the
model. Of course real code suggestion systems do not offer suggestions for every
single token, so by combining this with heuristics such as when to invoke the model
and a threshold on the models certainty, a very accurate code suggestion system

could be built.

6.3 Qualitative Analysis

This section presents an analysis of some qualitative test cases in order to gain a
better insight into the differences between the models and also a better intuition of
why the attention models performed better than the LSTM model. The focus of this
section is on the neural models only, as n-gram models have already been analysed
in past work and were shown once again in the previous section to be inferior to the
neural models on the task of code suggestion. The LSTM+Att(20) model was also
excluded from this analysis as it was identical to the LSTM+Att(50) model other

than the smaller attention memory.

6.3.1 Attention

Figure 6.2 shows a visualisation of the attention weights of the LSTM+Att(50)

model on the simple Python source code file of listing 6.1, in order to get a bet-
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ter insight into the differences between the attention models and the LSTM model.
The token corresponding to each step of the input sequence is presented on the y-
axis and the top 10 largest weights assigned in the attention memory are presented
in the grid. A darker shade of blue indicates a higher weight. Tokens which the
model predicted successfully (as the first suggestion after reading the previous to-
ken) have a ** next to them and interesting steps in the sequence are underlined and

tagged in red.

Listing 6.1: Code example used for attention visualisation

import os
class Class253:

def __init__(self, arg651):
self.attribute943 = arg651

def functionl1690(self, arg2004):

var4040 = os.path.join(self.attribute943 , arg2004)

with open(var4040, ’r’) as var2496:
var3334 = var2496.readlines ()

return var3334

var25 = Class253(’ /home/myuser’)
var1200 = var25.function1690(  myfile. txt’)
print (len(var1200))

__9

The step tagged as 1 shows the attention weights after reading the “="" token in
the line self.attribute943 = arg651. The model goes on to suggest the
argument arg651 correctly, which the LSTM model did not do on the same input
(it suggested “[”’]). The visualisation shows that the majority of the attention weight
was on the output vector corresponding to the input token . after se1f .. While
this does not immediately make intuitive sense, it must be the case that the output

vector at this step contained some information that the model had captured from the
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Figure 6.2: A visualisation of the attention weights of the LSTM+Att(50) model on a nor-
malised code sample
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arg651 declaration of the previous line. This information was likely stored in the
LSTM cell memory, was output after reading *“.”” and was used to bias the model’s
suggestion to the correct identifier name. A similar unintuitive situation is observed
in the step tagged 6, where the model successfully suggested a class attribute (which

again the LSTM model failed to do), by placing attention on the “.” token between

path and join of the same line.

Cases 3, 4 and 5, seemed at first to be more intuitive. Here the model placed
a large attention weight on the preceding API or function name. This seemed to
suggest that the model used the name of the API or function as a clue to what might
follow. While it did not correctly suggest path following os. as the top sugges-
tion, it did correctly suggest join. However, the top suggestion it made following
os. was var4040, which does not make sense. Furthermore, the LSTM model
actually suggested this entire snippet correctly. In this case the attention weights,

which at first glance seemed to be more intuitive, turned out to hamper the model.

The step tagged 8 shows the weights in another instance where the model cor-
rectly predicted an identifier reference that the LSTM model did not. The weights
were again on the seemingly unintuitive preceding indent token. Again in step 9
a large weight was placed on the “)” token when the correct class name was sug-
gested. One possible explanation for this behaviour is to do with the dual-purpose
nature of the output vectors at each step. The output vector needs to encode suf-
ficient information to inform the model which token to suggest at a particular step
and it also needs to encode information that will be useful to the attention mecha-
nism in later steps. It is possible that the model keeps certain relevant information
in its cell memory and avoids outputting this information until signalled in some

way by a relatively common input like a period or bracket.

Finally, step 9 shows an example of a long-range dependency, where the class
name Class253 was declared 74 tokens before being referenced. This is outside the
attention window, but the model was still able to suggest it correctly. Again the
LSTM model did not suggest this class name correctly. This shows an example of

attention mechanisms improving upon an LSTMs ability to deal with long range
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dependencies.

The attention weights of the LSTM+Att CS model are presented in figure 6.3.
Here, the filtered attention window is presented along with the weights the model
assigned to the Language Model or Attention mechanism. The attention weights
were scaled by the weight assigned to the attention mechanism. Interesting steps
are again highlighted with red lines and tagged with a number (which may not cor-
respond to the previous figure). The first step of interest is tagged 1 and shows that
the model chose to place a large weight on the attention mechanism following the
snippet self.attribute943=. Furthermore, it placed a large attention weight
on the only argument to the function, arg651 which turned out to the be the cor-
rect suggestion. Tag 3 shows another case where the model placed weight on the
attention mechanism at a very appropriate point, after the ““.” following self.. It
also placed the vast majority of the attention weight on attribute 943, ignoring

the other non-attribute tokens in its memory.

Step 8 shows an example where the LSTM+Att CS model was unable to suc-
cessfully suggest a class name, which the LSTM+Att(50) model was able to do.
Step 6 also shows a case where the weight placed on the attention mechanism was
unexpected because the token following as would generally be a new identifier

rather than a reference to an existing one.

Overall, a glance at the LM/Att column shows that the model learned to place
weight on the attention mechanism at very appropriate and intuitive places where
one would expect an identifier reference to follow. These were following an =,
following self., the opening bracket of a function call as well as the comma
separating the arguments of the function call and following a return. In the ma-
jority of other cases, the model fell back to the suggestions of the standard language
model, which was already very good at suggesting Python syntax, code structure
and API references (this point is explored further in the next section). This allowed
the model to correctly suggest path following tag 2, which the LSTM+Att(50) did
not. It is also clear to see how the weights applied to the attention memory directly

correspond to the suggestions made by the model.
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Overall, the suggestions made by the 2 models on this particular example were
very similar, with the LSTM+A(tt(50) suggestions perhaps being slightly better by
capturing the long-term dependency of the class name. Of course no conclusion can
be drawn in this respect from this single example, and the situation was reversed in
other test cases involving long-range dependencies, one of which is presented in
the next section. What is fairly clear from this example though is that the attention
weights of the LSTM+Att CS model are far more intuitive and interpretable than
those of the LSTM+Att models.

6.3.2 Code Suggestion Evaluation

This section presents a small sample of interesting code suggestion test cases that
highlight the similarities and differences between the various neural models.

Figure 6.4 shows sample predictions involving language syntax or structure
from the LSTM model on the raw dataset. In each example, the code context is
provided, followed by a box indicating the top 5 predictions of the model and their
respective probabilities. In cases where a multi-token suggestion would be useful,
the most likely sequence of tokens, as determined by a beam search [64], is pre-
sented in bold. The results for the other neural models on these examples were
near identical (except of course with identifiers not being out of vocabulary in the
normalised dataset) and are therefore not presented. It is interesting to note that the
models correctly tracked levels of indentation and suggested the correct number of
dedent tokens in examples (a) and (c). The models also learned that functions
take self as their first argument when inside a class, but not when outside a class
as seen in examples (d) and (e). Finally, the models were aware that an except must
come after a try in example (f). Also of note in example (f) is that the models sug-
gested the correct exception type raised by shutil.rmtree. Neural language
models, including even the simplest version evaluated here, are clearly very well
suited to learning Python syntax and code structure

Suggestions for examples generated by the LSTM model on the raw dataset,
illustrating a few cases of common API usage scenarios are shown in figure 6.5.

Of particular interest is the suggestion of the correct function, read or write in the
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Figure 6.3: A visualisation of the attention weights of the LSTM+Att CS model on a nor-
malised code sample
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Figure 6.4: A sample of suggestions made by all neural models involving Python syntax or
structure

file IO examples (b) and (c). Suggestions by other models and on the normalised
dataset were mostly the same except for the 2 examples in figure 6.6 for the LSTM
model on the normalised dataset. The difference between example (a) in this figure
and example (c) in figure 6.5 seems to suggest that the identifier name f was a
strong signal to the model which could be exploited on the raw dataset but not
on the normalised one. The suggestion in figure 6.5 makes more sense as it is
unlikely that a file would be closed immediately without doing anything with it.
The LSTM+Att(50) model did fix this problem as illustrated in figure 6.7. The

figure also shows that the attention models were also much more certain about their
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suggestions of read and write for the two file IO examples. It was expected that the
attention weights would indicate a large amount of attention being placed on the ’r’
and 'w’ tokens, which would explain the difference in certainty of the suggestions.
Unfortunately an analysis of the attention weights for these particular examples
revealed that the attention weights were mostly spread out, with the largest being
on the as token. As noted in the previous section, the attention weights are difficult
to interpret. It is possible that the output vector at the as token captured some
useful information from the preceding ‘w’ and ‘r’ tokens which allowed the model

to improve its suggestions.

The next set of test cases involved identifiers or identifier references in some
form. Unsurprisingly given the quantitative analysis of the previous section, these
cases provided the most variation in suggestions between the models. The sugges-
tions made by the LSTM model on the raw and normalised datasets are presented in
figure 6.8 and 6.9 respectively. Cases (a) and (b) show clearly why the models per-
formed better on the raw dataset than the normalised one. The majority of unique
identifiers were out of vocabulary in the raw dataset, allowing the model to correctly
suggest the OOV token in these cases, which while technically correct, would not be
useful in a real usage scenario. On the normalised dataset, the models were forced to
suggest an existing identifier name, which the LSTM model was incapable of doing
on these examples. Cases (c), (e) and (f) investigate whether the model was capable
of generating unique identifiers. This is not something one would generally expect
of a code suggestion system and was therefore not taken into consideration in the
design of the models. The LSTM model did however make the useful suggestion of
__init__1in case (c) and suggested the very commonly used pattern of using i as
a loop index in the for loop in case (e) on the raw dataset. The model was able to
complete the pattern on both datasets, suggesting the multi-token snippet var741
in range (NUM) : on the normalised dataset for example. Finally cases (d) and
(i) show common patterns of identifier naming which the model was able to learn on
the raw dataset. On the normalised dataset, the model was not surprisingly unable

to suggest a novel identifier in case (d) and was not able refer to the argument in
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(a) (d)

import numpy as np from datetime import datetime
size = [§NUM§, §NUMS§] now = datetime.
§OOVS§ = np. datetime 1 os0
array 1 o35 timedelta K 0.16
ones l 0.08 now 1] 0.13
asarray 0 0.07 utcnow ] 0.10
zeros [ 0.07 fromtimestam| 0.05
empty H 0.07

datetime ( §NUM§ , SNUM§

(b) (e)

def §O0OV§ (§O0OVSE): def §O0OVE (§OOVE):
with open (§00V§E, "r") as f: os.path.
§OOV§ =1. join B s
read Fl o2 add [ 0.03
§00VE D 0.12 isfile | 0.02
replace 1 0.11 exists | 0.01
write U 0.04 expanduser 0.01
copy ﬂ 0.02
read ()
§<dedent>§
(c)
def §O0OV§ (§O0OVSE):
with open (§00V§, "w”) as f:
f.
write B bes
close [ 0.06
read [ 0.06
seek [ 0.03
§00V§ \ 0.02

Figure 6.5: A sample of suggestions made by the LSTM model on the raw dataset involving
common APIs
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(a)
def function234 (arg289):
with open (§O0VS§, 'w’) as var76:

var76.
close ] 0.24
read i 0.23
write I 0.15
send | 0.02
connect | 0.02

(b)

from datetime import datetime
now = datetime.

date I | 0.51
datetime ] 0.22

timedelta [ 0.09
time [ 0.04
utcnow ﬂ 0.04

Figure 6.6: Differences in suggestions made by the LSTM model on the normalised dataset
involving common APIs

case (1). The difference between the suggestions of the same model on the different
datasets in case (i) suggests that the success of the model on the raw dataset was
more the result of learning a very common pattern from the training data rather than

learning to reference previously declared identifiers.

The suggestions made by the LSTM+Att(50) (and the LSTM+Att(20)) model
on the raw dataset were nearly identical and are not presented here, except to note
that the model was more certain about its suggestion in cases (b) and (c), and a
lot more certain in case (d). The suggestions of the LSTM+Att(50) model on the
normalised dataset are presented in figure 6.10. Cases (a), (b) and (i) show the
correct suggestion of recently declared identifiers. The model was capable of learn-
ing short-term dependencies in identifiers. Strangely, the model did not suggest
__init__incase (c), which the LSTM model did and it was also not able to suggest

the very common loop pattern in case (e). It was expected that the model would
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Raw Dataset Normalised Dataset
(a) (@)
def §O0OV§ (§OOVSE): def function234(arg289):
with open (§00V§, "r") as f: with open (§00V§, 'r’) as var76:
§O0OV§ =1. var91 =var76.
read [ 0.74 read [ 0.61
readline (1 0.15 readlines ] 0.07
readlines I 0.05 reader | 0.02
tell \ 0.01 readline | 0.02
open 0.00 internal | 0.02
(b) (b)
def §OOV§ (§00VE): def function234(arg289):
with open (§O0VE, "w”) as f: with open (§O0VE, "w”) as var76:
f. var76.
write [ YY) write B oB1
read [ 0.04 read ] 0.07
close \ 0.01 info | 0.01
readline \ 0.01 close | 0.01
seek 0.01 writelines 0.00

Figure 6.7: File 10 suggestions made by the LSTM+Att(50) model on the raw and nor-
malised datasets

refer to the class name in case (h) as it did in a more complex setting with the atten-
tion weight example of section 6.3.1, however in this particular case the model was

unable to do so.

Figure 6.11 shows the suggestions made by the LSTM+Att CS model on the
same set of the examples. The model made the correct suggestions in cases (a)
and (b), albeit with less certainty than the LSTM+Att(50) model in case (a). In
case (c) it suggested __init__, the same as the LSTM model and an improvement
over the LSTM+Att(50) model. Cases (d) and (f) show that the model was unable
to generate novel identifiers, just like the other models. Strangely the LSTM+Att
CS model was also not able to complete the for loop pattern even though it could
fall back to essentially the same model as the LSTM when not using the attention
mechanism. The multi-token suggestion of case (g) was particularly interesting and
showed a very appropriate and common pattern where a format string (in this case
out of vocabulary) is used with a parameter after a $ token. None of the other

models suggested this pattern.
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(@) (d) )
class §00V§:
def §O0VS ( self, §O0OVE, §O0VS): class §00VS§:
§0O0V§ = §OOV§ + §00V§ def _init_ (self, name): def §OOV§(s):
return self. print(
§00V§ ] os3 name E] o023 §00V§ I los7
self o022 value 1 0.12 msg ] 0.07
( I 0.04 §00V§ 0 0.07 ) I 0.05
[ | 0.03| _data I 0.04 s I 0.04
False | 0.02 type | 0.03| str | 0.02
(b) name = name <newline> <newline>
class §00V§: (h)
def __init__(self, §OOVS): class MyClass:
self . §00V§ = §O0V§ (e) pass
def §O0V§(self, §OOVE):
return self. for §O0V§ =
§00V§ [T i 1 o2 §00V§ ] o037
factory | 0.04 X 1] 0.10, [ i 0.14
get | 0.01] name ] 0.07 self I 0.07
_class__ | 0.01 ( ] 0.06 ( I 0.04
_root 0.00 c | 0.04 §NUMS§ | 0.03
(C) i in range(§NUMS§): <newline> <indent> (I)
class §00VS:
class §00V§: (F) def__init__(self, name):
def def self.
__init__ | 1 0.65 §00V§ [ 0.69 name R g9d
§00V§ 1] 0.12] ¢ I 0.04 §00V§ 0.00
index | 0.04 index I 0.03 ( 0.00
__getitem__ | 0.01 get \ 0.01 None 0.00
_getattr___| 0.01 test 001 'Name' 0.00

__init__(self, *args, **kwargs):

Figure 6.8: A sample of suggestions involving identifiers made by the LSTM model on the
raw dataset

On the whole, the identifier examples show that the LSTM model was unable
to refer to previously declared identifiers. The addition of an attention mechanism
either in the form of the standard language model attention or the new filtered atten-
tion for code suggestion allowed for references to identifiers in the nearby context.
This explains to a large degree the improvement in performance of the LSTM+Att

models and LSTM+Att CS as compared to the LSTM model.

A major motivating factor for the introduction of the LSTM+Att CS model
was to deal with the long range dependencies that exist in source code. Figure 6.12
shows the suggestions made by the LSTM and LSTM+Att (50) models on both the
raw and normalised datasets on an example of a type of long range dependency
that is very common in source code, that of a reference to a previously declared

class attribute. Both models suggested OOV for the raw dataset, which may be
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(a)
class Class234: (d) (g)
def function123(self, arg645, arg631): class Class23: ]
var209 = arg645 + arg631 def __init__(self,arg932): def function20(arg123):
return self. print(
self 1] 0.11] attribute74 0.01 §00V5 T Joe3
getattr | 0.02] attribute393 0.00 ) I 0.07
§00V§ \ 0.02 attribute899 0.00 repr | 0.01
[ \ 0.01 attribute777 0.00 self 0.01]
super | 0.01] attribute1838 0.00 SNUM§ 0.01
attribute899 = [ ] <newline>
(b) h)
class Class234:
def __init__(self, arg123): class Class291:
self.attribute353 = arg123 (e) pass
def function123(self, arg645):
retumn self. for var821 =
attribute474 | 0.02 self 0.00 §NUMS [ o016
attribute899 | 0.01] var741 0.00 §00VE 1 0.13
attribute1010 | 0.01] varl566 0.00 { I 0.06
attribute1880 0.01] var3514 0.00 None I 0.05
500V§ 0.01 <newline> 0.00 False | 0.03
(c) var741 in range (§NUM§): <newline> <indent> (I)
class Class133: (f) class Class23:
def def def _init__(self, arg932):
self.attribute453 =
__init__ I 0.05 §00V§ \ 0.01 [ [ 0.21]
§00V§ | 0.02 function141 0.00 { I 0.17
__getitem__ 0.00] function1987 0.00 §NUMS§ | 0.03
__new__ 0.00 function2340 0.00 arg932 | 0.03
~call 0.00 function956 0.00 §00V§ | 0.01]

__init__ (self): <newline> <indent>

Figure 6.9: A sample of suggestions involving identifiers made by the LSTM model on the
normalised dataset

technically correct, but is meaningless, while the models were completely uncertain
of any suggestion on the normalised dataset. The distance of the dependency, while
outside the attention window of the LSTM+Att(50) model, is certainly within range
of real code as was shown in figure 4.2 of chapter 4, so one would reasonably expect
a code suggestion system to get these suggestions right. In fact the IntelliJ IDE does
correctly suggest the only attribute on the class as the most likely next token (see

figure 6.13).

Figure 6.14 shows that the LSTM+Att CS model did correctly suggest the class
attribute as being most likely. Figure 6.14 also shows the attention memory and their
weights for the input token “.”, as well as the weights assigned to the language
model and attention mechanism. The model not only knew that an identifier was

likely as evidenced by the bias towards the attention mechanism, but also that the
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(a) (d) Q)
class Class234:
def function123(self, arg645, arg631): class Class23: )
var209 = arg645 + arg631 def __init__(self, arg932): def fgnctlonZO(arg123):
return self. print(
var209 | o046 assertEqual | 0.01 §00V§ I 0.64
self I 0.04 attribute1775 0.01 <newline> [l 0.08
theano \ 0.02 attribute1162 0.01 B | 0.02)
getattr | 0.02 attribute476 0.00 ) | 0.02
[ | 0.01 MergeFromstri 0.00 S§NUM$§ 0.00
(b) h)
class Class234:
def __init__ (self, arg123): class Class291:
self.attribute353 = arg123 (e) pass
def function123(self, arg645):
return self. for var821 =
attribute353 [ 0.14 arg1232 I 0.05 §NUMS$ 1] 0.11
attribute1491 | 0.02 var1081 | 0.01 [ 1] 0.08
§00V§ \ 0.01 var2372 0.01 { I 0.06,
attribute756 | 0.01 var741 0.00 lambda | 0.04
attribute1934 | 0.01] var602 0.00 True H 0.03
arg1232 in arg1232 . (i)
(c) (f) class Class23:
class Class133: def _initl_(self,ar9932):
def self.attribute453 =
def
function1068 0.00] function440 0.01 arg932 | 0.80,
function2886 0.00] function1942 0.01 S§NUM$§ | 0.03
function2528 0.00 self 0.00 [ | 0.02]
function427 0.00 function1153 0.00 np 0.01
function1942 0.00 __repr__ 0.00 var870 0.00]

Figure 6.10: A sample of suggestions involving identifiers made by the LSTM+Att(50)
model on the normalised dataset

only possible identifier to follow after self. was an attribute, as evidenced by
almost all of the weight being placed on the attributel72 token. While the
result was very promising, it would also have been good to have the class’s member
functions in the top 5 suggestions. It is unclear why the model did not include these
in the top 5, as they did appear in the attention memory. It may be the case that
the training data contained insufficient instances of class member functions being

referenced inside other class member functions.

In summary, all of the neural models evaluated in this work were capable
of making good suggestions in cases involving Python syntax or structure. The
addition of attention mechanisms improved suggestions slightly for common API
test cases and significantly improved suggestions in cases involving identifier refer-
ences. The LSTM+Att CS model was found to be able to deal with the long-term

dependencies it was designed for, while being more interpretable and more efficient
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(a) (d)
class Class234: (g)
def function123(self, arg645, arg631): class Class23: , .
var209 = arg645 + arg631 def __init__(self, arg932): def flunct|on20(arg123).
return self. print(
var209 1 o023 attribute371 0.00 §00V§ | | 0.54]
self K 0.18 attribute780 0.00 arg123 [ 0.20]
arg645 1] 0.13 attribute160 0.00 <newline> | 0.02
arg631 I 0.04 attribute1879 0.00) type | 0.01
§00V§ | 0.01 attribute1205 0.00 ) | 0.01]
§OOV§ % arg123 ) <newline>
b
(b) (h)
class Class234:
def __init__(self, arg123): class Class291:
self.attribute 353 = arg123 (e) pass
def function123(self, arg645):
return self. for var821 =
attribute3s3 [ 0.20] <newline> 0.01] ( [ 0.20
§00V§ | 0.03] §PAD§ 0.00, None 1] 0.16
_class__ | 0.01 arg1714 0.00 §00V§ 1] 0.12
function269 | 0.01 arg850 0.00 SNUME 1] 0.11
attribute1325 0.00 ( 0.00 False ﬂ 0.07
(i)
(C) (f) class Class23:
class Class133: def __init__ (self, arg932):
: def self.attribute453 =
def
init__ 1 020 500V§ 0.01] arg932 | o047
__repr__ 0.00 _init__ 0.01 attributeds3 | 0.05)
__new__ 0.00 ( 0.00 §NUMS I 0.04
_ getitem__ 0.00 function1877 0.00 Class23 | 0.03
_all_ 0.00 function1591 0.00 ( | 0.02

Figure 6.11: A sample of suggestions involving identifiers made by the LSTM+Att CS
model on the normalised dataset

in its use of attention memory than the standard attention language models.

6.4 Results from Initial Attempts

This section provides a brief discussion of the results for the initial attempts at
model building prior to the LSTM+Att CS model, as discussed in section 5.4.

Figure 6.15 shows an attention visualisation, similar to figure 6.3 that was typi-
cal of the majority variations of the initial model that were tried. The majority of the
initial model variations very quickly learned to assign full weight to the language
model task and none to the attention mechanism. The attention weights showed
that the models tended to track one or two items in their memory, but this of course
made no difference to the final output as a result of the zero weight assigned to the
attention mechanism.

In some variations, the model did learn to sporadically assign weight to the
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Raw Dataset Normalised Dataset
class MyClass: class Class210:
def __init_ (self, §O0OV§): def __init_ (self, arg233):
self.attribute = §O0OV§ self.attribute172 = arg233
def §O0V§(self, §OOVE): def function1234(self, arg635):
§<indent>§ return §00V§ if §O0OV§ else §OOVE return §O0V§ if arg635 else §O0OV§
def §O00V§(self, §OOVE): def function651(self, args36):
§<indent>§ return §O0V§ if §O0OV§ else §OOVE return §O0V§ if arg536 else §O0OV§
def func(self, arg1): def function2766(self, arg1556):
§0O0V§ = os.path.join(arg1, self. var155 = os.path.join(arg1556, self.
§00V5 I loes attribute1874 | 0.03
E env | 0.03 E attribute1010 | 0.02
o |_cass_ | 0.02 o |attribute660 | 0.02
— Jtype I 0.02 — |attributeds | 0.02
dest | 0.02 §00V§ | 0.02
3 3
= |s00vs I bes — |s00vs I 0.02
Z |data I 0.01 Z |arg2129 0.01
+ |dest 0.01 + [attribute1892 0.01
E theclass 0.01 E config 0.01
G_I") env 0.01 9 var4618 0.00

Figure 6.12: Suggestions made by the LSTM and LSTM+Att models on a typical long-
range dependency example

Class210:
( arg233):
.attributel72 = arg233

functionl234( arg635):
arg635

function651( arg536):
arg536

function2766( argl556):
= 0s.path.join(argl556

Figure 6.13: IntelliJ IDE correctly suggesting the class’s members
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attribute172 B 0.68
attribute1572 | 0.01
attribute2260 | 0.01
_path 0.01
attribute2390 0.01

attribute172) <newline> self.

Class210 arg233 attribute function1234 arg63s function651 arg536 function2766 arg1556 var155

o -
Figure 6.14: Correct suggestion made by the LSTM+CS Att model

LM At
dass
() Class204
§<indent>§
g
_init__ Class204
{ Class204
self Class204
Class204
(*) arg201 Class204
) Class204 arg201
Class204 arg201
Class204 [ETPLY]
§<indent>§ m ag201
self [FEECLEN  arg201

(*) attribute317 ag01
= Class204 @g201  attribute317

(*) arg201 @g201  altribute3!7

Class204 ag201  atribute317  arg201

[
2

Qlass204 arg20 attribute317  arg201

§<dedent>§ Class204  ag201  attributed17 | arg201
def Class204  arg201  attribute317  arg201
(*) function2405 Class204  arg201  attribute317  arg201

( Cass204  arg201  alibule317  arg201  tunction2405

) Class204 arg201  attibute317  @g201  function2405

Class204 arg201  atibuted17  ag201  function2405

Class204  arg201  altibule317  @g201  hnclion2405

§eindent>§ Class204 arg201  aftibute317  arg201  tunction2405

(") var242 Class204  arg201  alfiribute317  ag201  function2405
= Class204 ag201  attribute317  arg201  function2405  var242
self Class204 ag201 altribute317 = arg201  funclion2405  var242
Class20d4  arg201  altribuled17 | arg201 function2405  var242

attribute317 Class204 arg201 attribute317  arg201  function2405  var242
* Class204 arg201  attribute31?  arg201  function2405  var242
§00VE Class204 ag201  altribute317  arg201  function2405  var242

Class204 arg201  altibuled17 | &rg201  Wnction2406  var242

print Class204  arg201  aftributedi? | arg201  lunction2405  var242

{ Class204 ag201  aliribute317 = arg201  function2405  var242
var242 Class204 ag201  attibute317  arg201  function2405  varzaz
) Class20d4  ag201  altribuled17 | ag201  function2405  var242

Figure 6.15: Attention weights of a variation of the initial attempt
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E

(*) Class204 B
Class204 -
Class204 -
§eindent>§ Class204
def Class204 -
init__ Class204 -
{ Olass204 -
salf Class204 -
Class204
)] Class204 arg201 -
Class204  arg201 -
Class204 arg201
§<indent>§ Class204  arg201 -
self Class204  arg201 -
Cass204  ag201 -
(*) attribute317 Class204  arg201 -
= Class204 ag201 attribute317
(*) arg201 Class204  arg201  atiribute3 7 -
Class204  arg201  atiribute31?  arg201 _
Class204  arg201  attribute317  arg201 -
§ededent>§ Class204  ag201  altributed17  arg201
def Class204  arg201  alfributed17  arg201 -
(*) function2405 Class204  arg201  aftributed3t?  arg201 -
( Cass204  ag201  aibute317  arg201  Rnclion2405 -
) Class204  arg201  eltibule31?  arg201  Minclion2405 -
Cass204  arg201  eftribute317  a@rg201  Mnction2405 -
Class204  arg201  atibuted1?  arg201  Munction2405 -
g<indent>§ Qlass204 arg201  atibute317  arg201  Mnction2405 -
(*) var242 Class204  arg201  aftribute317  arg201  Munction2405 -
= Class204  ag201  mtrbute317  arg201  Wnction2405  var2a2
self Class204  arg201  altribute317 @201  Wnction2408  var242 -
Class204 wg201  alributed?  arg201  Mnclion2405  var242 -
attribute317 Class204  arg201  atirbute317  arg201  Unction2406  var242
. Class204  arg201  mtiribute317  arg201  function2405  var242 -
§O0OV§ Class204 ag201 aitributed17  arg201  unction2408  var242
Class204 wg201  alributed?  arg201  Lnclion2405  var242
print Class204  arg201  atributed17  arg201  Mnclion2408  var242
( Class204  arg201  atirbute317  arg201  function2405  var242 ’—|
varz42 Class204 ag201  attribute317  arg201  nction2405  var242
) Class204  ag201  altribute317 @201  Wnction2408  var242 -

Figure 6.16: Attention weights of a different variation of the initial attempt showing spo-
radic weights applied to the attention mechanism

attention mechanism, but this was done at unintuitive times and was coupled with
uniformly distributed weights over the attention memory and worse validation set
perplexity than the LSTM model. An example of this is shown in Figure 6.16

One speculation as to why the initial models always strongly favoured the lan-
guage model was that unlike in the standard attention for language models, the
input to the attention mechanism was very sporadic. As noted by Allamanis and
Sutton [46] on their corpus, 56 new identifiers were introduced per 1000 lines of
code. Combining this with even a conservative average length of 10 tokens per line,

would mean that only 0.5% of all tokens get flagged as being new identifiers that
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should enter the attention memory. It was thought that this sporadic nature meant
that the parameters relating to the attention mechanism (such as those determin-
ing the attention component of a split output vector), remained random a lot longer
than the parameters for the language model. This may have resulted in the model
learning to ignore the attention mechanism as its contribution remained a lot noisier
than the language model’s which was able to learn much faster. The LSTM+Att
CS model, on the other hand, would have been able to avoid this issue. Even early
in training, the LSTM+Att CS could make a meaningful contribution to the final
output probabilities. For example, consider the case where one identifier was in the
attention memory. The model, through the use of softmax, would have assigned
some not insignificant probability to this identifier’s token type. Since there was
only one identifier declared, it is certain that any reference to a pre-declared iden-
tifier would be to that identifier. The attention mechanism, through assigning this
identifier a probability larger than say a uniform probability over the entire vocabu-
lary of an untrained LSTM language model, would already be able to significantly
improve the model’s prediction.

The attention visualisation of the LSTM+Att(50) model of figure 6.2 also pro-
vided a hint as to why the initial model may not have worked. As noted in the
discussion of that figure, the attention weights assigned by the standard language
model attention mechanism were somewhat unintuitive. Even in cases where the
model was able to successfully suggest an identifier reference that the LSTM model
could not, the attention weights were focussed on points later in the input sequence
than the step at which the identifier declaration occurred. By forcing the model to
only look at identifier declaration points, it may have failed to capture the informa-

tion necessary to make these identifier references.



Chapter 7

Conclusions and Future Work

This chapter concludes by summarising the key findings of this dissertation as they
relate to the stated aims of section 1.3. A few avenues for possible future work are

then briefly discussed.

7.1 Conclusion

This dissertation looked into the effectiveness of modern deep neural language mod-
els on the task of code suggestion and in particular whether neural attention mod-
els would improve their ability to deal with the long-range dependencies found in
source code. The majority of past work involved small corpora and focussed on
static programming languages like Java. Since dynamic languages arguably have
the most to gain from an improved code suggestion system, this work used Python
as its target language. A new, large, Python corpus was developed using code ob-
tained from Github and will be made available to future researchers. An analysis of
the corpus showed that there were clear long-range dependencies, particularly when
it came to references to previously declared identifiers.

It was found that even what is now considered a fairly straightforward neural
language model, the RNN with LSTM cells, was very effective at making useful
suggestions, particularly when it came to Python syntax and structure as well as
common API usage.

The addition of neural attention mechanisms to the language model signifi-

cantly improved upon its ability to deal with identifier references, the source of
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long-range dependencies in source code. The LSTM+Att(50) model, a standard
neural attention language model, achieved a perplexity score 4 points lower than
the LSTM model. It also achieved close to 6 percentage points better top-1 and

top-5 accuracies.

Finally, a novel model was developed that allowed for multiple filtered atten-
tion mechanisms, each focussing on a different task. The idea being that by provid-
ing control over which embeddings entered the attention memory, rather than using
a fixed lagging window, the unique long-range dependencies of source code could
be more efficiently modelled. The model could also learn when to use each atten-
tion mechanism based on the state representation of the input sequence it had read
so far. To test the concept, a single task was used which involved tagging all iden-
tifier declarations to go into the attention memory. The model was able to identify
appropriate points at which to invoke the attention mechanism and was also able
to differentiate between the different groups of identifiers. For example, it learned
to use the attention mechanism following the tokens self. and assigned weight
only to the attribute identifiers in that case. The novel model significantly outper-
formed a standard attention language model with the same size of attention memory
across all metrics. Not only that, it was also able to outperform a standard attention
model with more than double the attention memory while also being much more

interpretable.

7.2 Future Work

The promising results of the neural language models, particularly the accuracies of
the various attention models, presents an opportunity to develop this work into an
actual code suggestion system integrated into an IDE. This was done, for exam-
ple, by Hindle et al. [1] who found their n-gram based code suggestion engine to
be superior in many respects to the heuristic-based one in the Eclipse IDE. Since
Python code suggestion systems are not necessarily as advanced as their static lan-
guage counterparts, this suggests that a code suggestion system for Python built

using more advanced language models should be very effective. In addition to this,
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language models are capable of providing more than a single token as a suggestion,
and are able to capture common idiomatic patterns as observed in the qualitative

analysis of chapter 6.

It should be noted, however, that the focus of this work was on the code sug-
gestion task, which is subtly, but importantly different from the code completion
task. Code completion involves the recommendation of a completion and extension
to the sequence, given a sequence of complete tokens and a partial token. As it
stands, the models presented in this work are incapable of modelling partial tokens.
The principled way to achieve this would be to use a character-level model that is
capable of modelling these partial tokens [65]. However, it may also be possible
to model the code completion task a special case of the code suggestion task and
use some variation of a hierarchical softmax [29] to restrict the suggestions of the

model to those containing a particular prefix.

Extending these models into a practical code suggestion system would also
require some further development, particularly around the unit of operation, which
is currently at the file level. Existing IDE code suggestion systems generally also
provide suggestions involving other files in a project, so the models would need to

incorporate project-level information to compete.

The novel attention model of chapter 5 also presents a number of unexplored
avenues for future work. In particular, it would be good to test other tagging
schemes and attention tasks. For example, one task could specialise in global iden-
tifiers, while another specialises in local identifiers. Tasks relating to different iden-
tifier groups could also be separated. For example, attribute references generally
only follow a reference to self or another object. While the attention model investi-
gated did learn to differentiate attributes from other identifiers, it could potentially
further benefit from being treated separately. It would also be interesting to evaluate
the effect of using different embeddings for the filtered attention memories. One of
the approaches tried in the initial model building attempts was to split the LSTM
output vector into two parts, one used for the language model and the other used

to drive the attention mechanism. Intuitively, this should work well as it allows for
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further specialisation of components, but this remains to be tested.

It would also be worthwhile investigating to what extent the results found in
this work also apply to other dynamic languages such as Javascript, which has a
syntax more similar to Java which was primarily used in previous work.

Finally, the works of Maddison and Tarlow [42] and Allamanis and Sutton [2]
provide another interesting avenue for further exploration. They modelled source
code using PCFGs, which makes sense given that programming languages have
formally defined grammars and unambiguous parsers. Recent neural architectures
such as the TreeLSTM of Tai et al [44] and the Recurrent Neural Network Grammar
model of Dyer et al. [45] provide some of the components that would be required

for a similar neural implementation.
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