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Abstract

As the omnipresent machine learning models play increasingly important roles in our society,
powerful interpretation tools to uncover their black boxes are needed. On the other hand,
proven by psychological study, we humans are more likely to learn new concepts presented
with contrastive instances. Therefore, interpreting ML models using the contrast between
the original data instance and its counterfactuals has become a popular problem. Traditional
counterfactual interpretation approaches tend to generate counterfactuals faithful to the
ML model. However, they have little or no constraint on the meaningfulness of generated
counterfactuals. This thesis proposes an approach generating a meaningful counterfactual
interpretation of text classification models constrained with cosine similarity and POS (part-
of-speech) properties of tokens. In this thesis, I use the text CNN model based on Kims
Cnn[Kim14] with fine-tuned Word2Vec embedding layer as the model to interpret. Then
for the counterfactual generation, I leverage token-level HotFlip[ERLD18] and replace tokens
under several constraints. Lastly, I will present that my approach results in more meaningful
counterfactual interpretations compared with the vanilla HotFlip approaches using several
examples.
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Chapter 1

Introduction

1.1 Motivation

Text classification is a traditional task in Natural Language Processing (NLP) that is currently
widely employed in a variety of fields[WSC+16][LBS+16]. But when we introduce the machine
learning classifier to non-expert users in the business, one of the biggest problems we face is
interpretability. The interpretability is not only critical for understanding models’ faithfulness
and robustness but also very important for model debugging and improvement.

This problem is especially crucial today than any time before because a large number of
over-parameterized models are being proposed, e.g. BERT[DCLT19]. The most over-
parameterized model performs wonderfully and even exceeds human performance on specific
tasks. However, these models are getting much more complex, so we are easy to lose track
of understanding their behavior.

As models’ complexity and amount of data increase, it becomes intractable to generate a
global explanation of the models. Comparatively, it is more realistic to inspect in model’s
local behavior within the subspace around its input[RSG16, LL17, RSG18].

For this reason, together with traditional NLP interpretation approaches by selecting token
spans[ZRA21, LBJ16, LDBW19] or by assigning attribution scores to the tokens [LMJ17,
WFBG18], the interpret-using-counterfactual approaches have been a popular choice helping
model-debugging[WSS20]. The counterfactual-based interpretation approaches are naturally
more persuasive and helpful for human inspectors to understand models’ functionality. This
is because we humans are talented in learning from contrastive examples, as proven by much
psychological research.

Most of these approaches generate counterfactual instances that are highly accurate and
faithful to models’ local behavior. On the one hand, these generated counterfactuals are likely
to semantically similar to the original instance, since they are sampled from the close vicinity
of the original instance. On the other hand, however, they sacrifice humans’ readability and
are not necessarily syntactically correct. This hinges the approaches’ usefulness since users
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can barely answer questions like ”Why do the models fail on this instance” and ”What kind
of bias in the model do such explanation exposures”given such explanations

In this thesis, I introduce a model-agnostic interpretation approach that outlines the models’
decision boundaries using counterfactual instances. Different from related works before, the
outputs of my approach are not only accurate and faithful but also human-understandable.
This is achieved by applying POS (part-of-speech) constraints to the counterfactual genera-
tion. The constraint makes sure the generated counterfactuals are syntactically correct.

1.2 Problem Statement

The interpret-by-counterfactual approaches outline the decision boundary of an ML model
locally in the vicinity around a given instance. This is done by probing the model’s behavior on
the counterfactual instances generated (sampled) by the interpretation approaches. However,
the state-of-the-art interpretation-by-counterfactual approaches pay more attention to the
faithfulness of the interpretation regarding the model but care less about the meaningfulness
of the generated counterfactuals. The faithfulness here means that the interpretation reveals
the model’s real local decision boundary in the desired subspace. Our problem then becomes
whether we can come up with an interpret-by-counterfactual approach, whose output is not
only faithful to the model but also meaningful to humans. To achieve this goal, we need to
answer the following questions:

1.2.1 What is a counterfactual interpretation?

Counterfactuals are an interesting part of the interpretation. Counterfactual means expressing
what has not happened or is not the case, which can be used to change the feature of the
model, and then we can interpret the model by observing the change of the output. And
later in section 3.1, we can find a more detailed answer.

1.2.2 What is a meaningful interpretation?

A meaningful interpretation should include two aspects: First of all, a meaningful interpre-
tation could explain the result of the model. Secondly, it should be a human-understandable
interpretation.

1.2.3 How do we apply the constraints on the counterfactual inter-
pretation?

In general, in the process of producing a counterfactual instance, we need to erase or replace
some features with others. And during this process, we were able to make some constraints
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on the features, e.g. the similarity of the features before and after replacement should greater
than a threshold.

1.3 Organization of the Thesis

The structure of this thesis is as follows:

At first, in chapter 2, I will start by introducing some background knowledge of our work
briefly. They include Language modeling, text classification, word representation as well
as part-of-speech(POS) tagging. The building blocks of my approach, namely Kim’s CNN
model and HotFlip are also introduced in this section.

After that, in chapter 3, we go through some excellent related works on learning by contrast
and model explanation. These papers provide us with several similar ideas of interpretation.

In chapter 4, I will present my approach and the implementation. This part consists of my
counterfactual instances construction strategy, as well as the application of POS tagging
in my setup. It starts with the introduction of the model structure, which uses fine-tuned
Word2Vec[MCCD13] as the embedding layer. After that, I will introduce how does the
HotFlip works in our approach, followed by the application of the constraint. There I also
place a discussion about how does it improve the meaningfulness of generated counterfactual
instances.

In chapter 5 I will introduce my experimental setting, including model configurations, data
set used in the experiment, and other implementation details for the sake of reproducibility.
I will also compare the performance of several different models regarding the loss difference
of models with original and counterfactual instances. Together with that, I will also show
the meaningfulness of our generated counterfactual instances by presenting several anecdotal
examples.

At last, in chapter 6, I will focus on the Pros and cons of my approach as well as point out
several possible development and improvement in the future.
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Chapter 2

Theoretical Foundations

In this chapter, at first, we will briefly go through some basic theoretical knowledge that is
used within this thesis, including the introduction to the language model, word representa-
tions, text classification, and part-of-speech tagging. Next, we skip over Kim’s CNN, Kim’s
paper[Kim14], which was released in 2014, demonstrated that CNNs are not only useful for
images but also text classification. And then, I will introduce HotFlip paper[ERLD18], which
proposed an efficient method to generate white-box adversarial examples.

2.1 Language Model

Language modeling is used in question answering, sentiment classification, machine transla-
tion, part-of-speech tagging, named entity recognition, information retrieval, and many other
applications. In this section, we will go through the function of language modeling and skim
over several classic language models.

Language models (LMs) were created to solve the challenge of speech recognition, and
nowadays they continue to be used in speech recognition tasks. In addition, they are also
employed in a variety of other NLP applications. Simply put, the goal of a language model
is assigning a probability score to a given sentence or text, and then we can predict for a
specific task according to this probability score. Assume that we have a corpus C, which is a
set of sentences in a language, and the vocabulary V , which can be quite large. A sentence
in the language is a sequence of words s = (w1, w2, ..., wn).

For example, when we build a language model for English, we might have

V = {the, cat, dog, fish, eat, ....}

Language Models estimate the probability P (s) of the sentence s.

In the following, I will introduce some common LM types.
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2.1.1 Unigram and N-gram LM

Unigram model can seem like the combination of several one-state finite automata. It splits
the probability of sentence s into several words, i.e.

P (s) = p(w1, w2, ..., wn) ≈
∏
i

p(wi)

The probability of each word in the unigram model is only determined by that word’s own
probability in the corpus, thus, the different corpus has different unigram models. Because
unigram models ignore the relationship of contexts, they work not well as n-gram LM.

N-gram model not only consider the probability of the word’s own but also compute the
context history of the previous n− 1 words:

P (s) = p(w1, w2, ..., wn) ≈
∏
i

p(wi | wi−(n−1), ..., wi−1) (2.1)

N-gram models improve the disadvantage of the unigram model and perform much bet-
ter than unigram. For many tasks, n-gram LMs are useful, e.g. information retrieval
models[MM04]. But in general, these are usually insufficient for efficient and accurate LMs,
mainly due to the long-distance dependencies of the text, e.g.

”he hamburger I ate in the restaurant yesterday was yummy.”

When language models have to be trained on larger and larger texts, because of the increas-
ing amount of vocabulary and text length, the unigram and n-gram models are no longer
efficient. Thus, we need another type of LM, which can solve this problem and have a better
performance on many relevant tasks.

2.1.2 Neural network

Neural network uses word representations or embeddings to make their predictions. In
the neural network, by encoding words as non-linear combinations of weights (word vector),
neural networks overcome the problem of n-gram LMs. More specifically, neural network
language models are built as probabilistic classifiers, they are trained to learn a probability
distribution over the vocabulary or category. For example in sentence generating we learn a
probability distribution according to context:

P (wi | context) ∀wi ∈ V (2.2)

And in text classification we learn:

P (ci | text) ∀ci ∈ C (2.3)

There are many different neural network LMs, one of the most well known is RNN LMs
[MKB+10].
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Recurrent Neural Networks (RNNs)

RNNs Model and process sequential information (e.g. language modeling tasks), apply the
same processing to each element in a sequence. RNNs encode the memory from the pre-
viously processed elements through their parameters, and the output for a given element
in the sequence is dependent on the previous information. But Vanilla RNNs (standard
RNNs) suffer from vanishing and exploding gradients, to solve this problem, Long short-term
memory(LSTM)[HS97] has been proposed.

Long short-term memory (LSTM)

LSTM is an artificial recurrent neural network (RNN) architecture, which can solve the
problem of standard RNNs efficiently. LSTM consist of 4 main parts: forget gate, input
gate, cell state, output gate. Figure 2.1 depicts the LSTM architecture.

Figure 2.1: LSTM architecture 1

• Forget Gate: This gate determines whether information should be discarded or saved.
The information from the current input and the previous hidden state is passed through
a sigmoid function:

ft = σ(wf · [ht−1, xt] + bf ) (2.4)

• Input Gate: The information from the current input and previous hidden state are
also passed into a tanh function and another sigmoid function, it decides which value
should be updated, and c̃t helps regulate the network, i.e.:

it = σ(wi · [ht−1, xt] + bi) (2.5)

c̃t = tanh(wc · [ht−1, xt] + bc) (2.6)

• Cell State: Now we got enough information to update the status of the cell. First,
the cell state is pointwise multiplied by the forget gate vector, and then add it with
input information. The current cell state is:

ct = ft ∗ ct−1 + it ∗ c̃t (2.7)
1http://colah.github.io/posts/2015-08-Understanding-LSTMs/
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• Output Gate: The last part of LSTM is the output gate, this part output the hidden
state, and pass them into the next state:

ot = σ(Wo · [ht−1, xt] + bo) (2.8)

ht = ot ∗ tanh(ct) (2.9)

In neural network LMs, different models are suitable for different tasks, choosing a suitable
model is very important for the final performance. But at the same timëı¼ word representation
also plays an important role. We will introduce it in the next part.

2.2 Word Representations

To be able to process human language, at first we have to represent human words with
computer understandable data structures. This structure should express the meaning of the
word as much as possible, including semantic frames, sentiment, word relatedness, synonyms,
etc.

Although many different approaches to representing words were proposed, in general, there
are two main ways of representing embedding: sparse vectors, and dense vectors. here we only
skim over the two most famous representations for each way: One-hot word representation
and distributed word representation.

2.2.1 One-Hot Word Representation

One-hot word representation is sparse vector embedding. In this section, we will introduce
one-hot word representation roughly. Essentially, one-hot word representation maps each
word to an index of the vocabulary. Given a set of vocabulary V =

{
w1, w2, ..., w|V |

}
, the

word w is encoded with a |V |-dimensional vector, and each dimension of this vector wi is
either 0 or 1:

wi =

{
1 if w = wi

0 otherwise.

For several specific tasks, one-hot representation could be very efficient, but it lacks detail
about words, including semantic and syntactic information. Thus, it is not suitable for many
real-world tasks. For this reason, distributed word representation has been proposed.

2.2.2 distributed word representation

There are many different approaches to encoding words with a distributed representation. e.g
Brown Cluster[BDPD+92] and Latent Semantic Analysis[DDF+90]. And here I will introduce
one of the most famous word representations, word2vec[MCCD13].
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Word2vec

Representing words in vector space allows for linear algebra operators to find words that are
close in the vector space, and it is a good way to represent the meaning of a word in NLP.

Google released word2vec toolkit in 2013. It has two models, including Continuous Bag-
Of-Words (CBOW) and Skip-gram. They can learn word vectors from a big corpus quickly
and efficiently.

Figure 2.2: CBOW vs Skip-gram 1

Figure 2.2 present the architecture of CBOW and the Skip-gram model. The idea they
represent words like two sides of a coin. CBOW can predict the target word according to the
context, and Skip-gram predicts the context given the center word. Given a vocabulary V ,
and the dimension of the word vector m, CBOW will train a weight matrix M ∈ R|V |×m to
represent words. The probability of word wi given its contexts is:

P (wi|wj(|j−i|≤l,j ̸=i)) = Softmax

M

 ∑
|j−i|≤l,j ̸=i

wj

 (2.10)

From the trained weight matrix M , we can get a m-dimension word vector for each word
in the vocabulary, and these word vectors can be used as the word encoding in many NLP
tasks. Similarly, skip-gram represents words in the same process, so we will not go into the
details here.

1Exploiting Similarities among Languages for Machine Translation paper[MLS13]
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2.3 Text Classification

Text classification is one of the most common LNP tasks, given a text, and a model can
automatically analyze text and predict its label. Text classification is used for sentiment
analysis, topic detection, language detection, spam filtering̈ı¼ etc. There are mainly three
text classification approaches[Neu20]:

• Rule-based System: Using a set of fundamental linguistic principles, texts are divided
into an orderly group. This system is effective, but users need to define a list of terms
that are characterized by groups using these handcrafted linguistic standards, which is
very difficult to implement in complex tasks.

• Machine System: Machine-based models are trained to make a classification based
on past observations from the data sets. We can implement the classifier using different
kinds of machine learning algorithms: Naive Bayes, SVM, or Neural network.

• Hybrid System: Hybrid approach usage combines a rule-based and machine Based
approach. In this system, humans will improve the list manually, and use a machine
learning algorithm to train the model. It is the most effective method for text classifi-
cation.

2.4 Part-of-speech Tagging

The order of words in different languages is constrained, and these words are organized into
sentences. Thus, we can group them into different classes, which can be detected by their
syntactic ability, positions, etc. This is the main idea of POS tagging.

In part-of-speech(POS) tagging, we group words into the same classes which show similar
syntactic behavior, and these classes are labeled with grammatical categories or POS tags.
The most important classes are nouns (NN), verbs (VB), and adjectives (JJ):

• Nouns (NN): Nouns refer to entities in the real world.

• Verbs (VB): Verbs are used to describe actions, states, activities.

• Adjectives (JJ): Adjectives usually used to describe properties of nouns.

2.5 Kim’s CNN

Kim’s paper[Kim14] was published in 2014. As we know, at that time, LSTM was the best
model in text classification. But Kim presents that a simple model using the CNN network
can also have an outstanding performance in text classification.
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The architecture of Kim’s CNN is quite simple. First of all, the words in the text are encoded
with an embedding layer, the i− th word in the sentence wi is encoded as a k-dimensional
word vector xi:

xi = embed(wi). (2.11)

secondly, the sentence with n words can be represented as a matrix X ∈ Rn×k:

X = (x1 ⊕ x2 ⊕ ...⊕ xn), (2.12)

where ⊕ is the concatenation operator. And then, a convolution operation with filter W ∈
Rh×k is applied to a window of h words to produce a new feature map C ∈ Rn−h+1:

ci = f(w · xi:i+h−1 + b), (2.13)

C = [c1, c2, ..., cn−h+1]. (2.14)

At last, we apply a max-overtime pooling operation to capture the most important feature.
Up to this step, we have one feature value from each filter, and then these values will be
passed to a fully connected softmax layer to compute the probability distribution over the
label.

Figure 2.3: Kim’s CNN architecture with two channels for an example sentence 1

Kim’s CNN is simple, effective and shows that a simple CNN with only one layer of convolution
could also perform very well in text classification. Compare to BERT, Kim’s CNN is much
more simplified and suitable for our work.

2.6 Hotflip

The idea of HotFlip was proposed in the paperHotFlip: White-Box Adversarial Examples
for Text Classification[ERLD18]. In this paper, they proposed an efficient method to
generate white-box adversarial instances by tricking a character-level neural classifier.

1Kim’s paper[Kim14]
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Given a alphabet V and a sentence X = [(x11, ..., x1n); ...; (xm1, ..., xmn)], where xij ∈
{0, 1}|V | represents the one-hot vector of the j-th character of the i-th word in the sentence,
A flip of the j-th character of the i-th word (ab) can be represented by this vector:

v⃗ijb = (⃗0, ..; (⃗0, ..(0, ..,−1, .., 1, .., 0)j, .., 0⃗)i; 0⃗, ..), (2.15)

where -1 and 1 are in the corresponding positions for the a-th and b-th characters of the
alphabet. And for a given loss function J(x, y), we want to find the vector with the biggest
increase in loss:

max▽xJ(x, y) = max▽xJ(x, y)
T .v⃗ijb

= max
ijb

∂J

∂xij

(b)

− ∂J

∂xij

(a) (2.16)

The main idea of this method is to find a character-level position that increases the loss
maximal. In their paper, they also propose the possibility of token-level HotFlip. In chapter
4, I will present my token-level HotFlip method and implementation.
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Chapter 3

Related Work

In this chapter, I will introduce several related papers that gave us the basic ideas of this
thesis.

Firstly, we will have a review of Counterfactual Explanations for Machine Learn-
ing[VDH20]. In this paper, we can solve the problem that how to explain machine learning
by counterfactual instances. Secondly, we skip over a method that interprets classification
with Representation Erasure[LMJ17]. At last, we go through the paper Interpreting
With Nearest Neighbors[WFBG18], which provides us a method to solve the problem that
confidence is not a proper measure of model uncertainty.

3.1 Counterfactual Explanation

In this section, we can understand the main idea of Counterfactual Explanations from
the released in 2020 paper: Counterfactual Explanations for Machine Learning: A
Review[VDH20]. Machine learning is used in a variety of decision-making systems, but
humans often find it difficult or impossible to comprehend. So how can we get a human-
understandable link between machine learning models’ input and output becomes a pressing
and large challenge. In this article, the authors not only give us a vivid example, to explain
why we need to interpret the classifier and how can we explain the classification, but also
present the validity and actionability of counterfactual explanation.

Suppose Alice seeks a loan, but Alice is denied by a machine learning classifier, which considers
feature vector of {Income,CreditScore, Education,Age}. So why was the loan denied?
and what can she do to get this loan in the future? And go a step further, what small
changes could be made to Alice’s feature vector in order to be approved next time? This is
a typical counterfactual explanation question. If a possible counterfactual recommendation
is to get a new master’s degree, we can know that her education score is the main reason.
In this paper, they present us the main idea of counterfactual explanation, but for different
tasks, there are different implementations.
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The main idea of Counterfactual Explanations is to find a feature that can flip the classifi-
cation with minimal change:

argmin
x′

d(x, x′) subject to f(x′) = y′ (3.1)

where x is the real instance, x′ is counterfactual instance, f(x) is the model function, and
y′ is flipped class label.

3.2 Interpreting with Representation Erasure

There are many other ways to interpret the classification, and one of them is Representation
Erasure[LMJ17]. In their paper, they proposed a method that explains the neural network by
erasing various parts of the representation and observing the effects. The task of interpreting
can be seen as identifying the most important word of input. We may quantify the importance
of words by computing the change of log-likelihood of the correct label when the word is
erased.

Let M denote a trained model, given a example e ∈ E and its label c, the log-likelihood
assigned by model M denote by S(e, c). Now let w denote the erased word, S(e, c,¬w)
denote the log-likelihood when the word w is erased. The important value I(w) of word w
is:

I(w) =
1

|E|
∑
e∈E

S(e, c)− S(e, c,¬w)
S(e, c)

(3.2)

The more log-likelihood changes, the more important the word is. In this way, we can measure
the importance of each word.

3.3 Interpreting With Nearest Neighbors

In the paper Interpreting Neural Networks With Nearest Neighbors[WFBG18], they
proposed a method that interprets classification with nearest neighbors. Similar to Repre-
sentation Erasure, they compute the importance of a word by removing it, but rather than
measure the drop in confidence, they observe the drop in conformity, which is the percentage
of nearest neighbors belonging to the predicted class.
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Chapter 4

Model Training and Conterfactual
Instances Construction

Those 3 papers above in chapter 3 give us the basic idea that how to use hotflip to interpret
text classification. And in this chapter, we will go through the implementations, including
the detail of classifiers and the algorithm description.

4.1 Text Classification Models

In this section, I will present 2 models that we implemented as the text sentiment classifier.
One is Kim’s CNN, and the other is a Bidirectional LSTM.

4.1.1 Convolution Network

The CNN model implemented in this experiment is very similar to Kim’s CNN:

• Embedding layer: In this classifier, we employed the pre-trained word vector, Word2Vec
as the embedding layer. The word vector of Word2Vec has 300 dimensions, and we
only take the word vectors of the top 300000 most common words. The rest words will
be marked as unknown < unk >, which is a zero vector. In addition, we also have a
padding vector to mark the padding symbol < pad >, which is also zero vector. The
word vector will also be trained in the training process, in other words, the parameters
of the embedding layer will be fine-tuned for better performance.

• Convolution layer: This model has only one convolution layer with 3 different filter
sizes (3,4,5) and each size has 100 filters, which means we have 300 filters. The stride
of convolution is 1 so that we can get the information of each word. The text has been
encoded after the embedding layer and passed into the convolution layer. This layer
will convolute the text into a feature map, and send it to the max-pooling layer.
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• Max-pooling layer: Max-pooling layer reserves only the maximum value of each filter
as a feature, i.e. we have (3× 100) feature after max-pooling.

• Fully connected softmax layers: Unlike Kim’s CNN, this model has a 3 layers fully
connected network, with the help of fully connected layers, the dimension of the feature
map will be reduced from 300 to 2. At last, these values will be passed to a log softmax
function to compute the probability distribution over labels.

4.1.2 Bidirectional LSTM

We also implemented an LSTM network as the Text sentiment classifier. We chose a one-
layer bidirectional LSTM, which has been proved to be an excellent text classifier.

• Embedding layer: The initialization of the embedding layer in this model is the same
as the convolution network above. We employed Word2Vec and fine-tuning in the
training process.

• Bidirectional LSTM layer: In this bidirectional LSTM, the initial hidden state h0

and cell state c0 are both initialized as zero vectors.

• Fully connected softmax layers: The fully connected layers consist of 2 fully con-
nected layers and a log softmax function.

4.2 Algorithm Description

4.2.1 Token-level HotFlip

As the paperHotFlip: White-Box Adversarial Examples for Text Classification[ERLD18]
mentioned, we summarized the idea of token-level HotFlip: For a given text S = (w0, w1, ..., wn)
and a vocabulary V = {v0, v1, ..., vm}, we need to find a word wo in S and a word v form V ,
that makes our loss increase maximum, i.e. we replace the word wo with v and loss increase
maximum:

argmax
wo,v

(L(f(v), y′)− L(f(wo), y)), (4.1)

where y is the label of this sentence S, y′ is the label after token-level HotFlip, L is loss the
function and f represents the model.

But we can neither get all the label y′ nor compute the loss for each word in the vocabulary.
So we use the method that is used in character-level HotFlip: the value above can be
approximated using the gradient:

argmax
wo,v

∂

∂wo

L(f(wo), y) · (v − wo), (4.2)
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and the value (4.3) can be divided into 2 parts approximately:

argmax
wo,v

∂

∂wo

L(f(wo), y) · (v − wo)

≈ argmax
wo,v

{
∂

∂wo

L(f(wo), y) · v −
∂

∂wo

L(f(wo), y) · wo

}
.

(4.3)

Now the value is calculable theoretically. But even so, the complexity O(n × m) is still
unaffordable. Thus, we have to compute this value in 2 steps, and use beam-search to find
the word wo and v we need:

At first, we need to find the top k wo that has minimal value:

argmin
wo

∂

∂wo

L(f(wo), y) · wo. (4.4)

Secondly, for each word wo in our beam, we search the best word v:

argmax
v

∂

∂wo

L(f(wo), y) · v. (4.5)

At last, we can find the best wo and v easily.

Because k ≪ n, the complexity reduced from O(n × m) to O(k × m), which makes the
implementation of our method possible.

4.2.2 Pseudo-code

According to the description above, we can now illustrate the pseudo-code for our approach.
The pseudo-code of word-level hotflip is also divided into 3 parts: (1) Find k best wo (Al-
gorithm 4.1), (2) Find best v for each wo in beam (Algorithm 4.2), as well as (3) Find the
final wo and v (Algorithm 4.3).

Algorithm 4.1 Step 1: Find k best wo

Require: the document D
Ensure: k best w0

1: initialize a table T to sort k best wo

2: for each word w in D do
3: get the embedding vector w⃗ of word w
4: get the gradient ⃗grad of word w
5: estimate loss increase by l← ⃗grad · w⃗
6: if l is greater than a loss value in T then
7: replace that word with w

8: return the table T with k best wo
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Algorithm 4.2 Step 2: Find best v for each wo in beam

Require: the table T with k best wo; the vocabulary V
Ensure: best v for each w0 in T
1: initialize a table Q to sort best v for each wo

2: for each wo in T do
3: initialize vbest ← None; lbest ← 0
4: for each word v in V do
5: get the gradient ⃗grad of word wo

6: get the embedding vector v⃗ of word v
7: compute l← ⃗grad · v⃗
8: if l < lbest then
9: vbest ← v

10: lbest ← l

11: add (vbest, wo) into table Q

12: return table Q

Algorithm 4.3 Step 3: Find the final wo and v

Require: the table Q with k (wo, v) pairs
Ensure: the best (wo, v) pair that makes loss increase maximum
1: initialize (wbest, vbest)← None; lbest ← 0
2: for each (wo, v) pair in Q do
3: get embedding vector w⃗o of word wo

4: get embedding vector v⃗ of word v
5: get the gradient ⃗grad of word wo

6: estimate loss increase l← ⃗grad · (v⃗ − w⃗o)
7: if l > lbest then
8: (wbest, vbest)← (wo, v)
9: lbest ← l

return (wbest, vbest)
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In the experiment we can find that, sometimes the result of hotflip is weird, for example in
the process of the sentence ”there is no one to restrain oldman from making poor choices”,
the hotflip replaced ’poor’ with ’contact’.

In order to preserve the logical structure of the sentence, we have to make some syntactic
constrain: the word can be only replaced by those words that have the same POS-tag. Here
We point out 2 requirements, that a word w0 in the sentence S can be replaced by word
wi only if: (1) wi and w0 has the same POS-tag in history, and (2) wi can still remain this
POS-tag after replaced into the sentence S. Both of these 2 conditions need to be met.
Therefore, we demonstrate 2 more pseudo-code to present how we met these constraints
in our implementation. Algorithm 4.4 presents how to get the POS-tag dictionary, which
includes all the words in the dataset and their possible tag. And in algorithm 4.5, we can get
the idea of hotflip with POS-tag to constrain.

Algorithm 4.4 get POS-tag dictionary

Require: the dataset Dset

Ensure: a POS-tag dictionary dic
1: initialize a dictionary dic
2: for each document d in Dset do
3: for each sentence s in d do
4: for each word w in s do
5: get the POS-tag of this word t in the sentence s
6: add w and t into dic
7: return dictionary dic

In our experiment, we also make a cosine similarity constraint. The idea is quite easy: We
replace a word with another word when the cosine similarity of these two words is greater than
a threshold. The Algorithm of this constraint is almost the same as the POS-tag constraint,
so the pseudo-code is not repeated here.
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Algorithm 4.5 Step 2(with POS-tag constraint): Find best v for each wo in beam

Require: the table T with k best wo; the vocabulary V ; the POS-tag dictionary dic
Ensure: best v for each wo in T
1: initialize a table Q to sort best v for each wo

2: for each wo in T do
3: initialize vbest ← None; lbest ← 0
4: get the POS-tag to of the word wo in sentence
5: for each word v in V do
6: get the set of POS-tag t of v form dic
7: get the POS-tag t′ of v in that sentence
8: if to = t′ ∈ t then
9: get the gradient ⃗grad of word wo

10: get the embedding vector v⃗ of word v
11: compute l← ⃗grad · v⃗
12: if l < lbest then
13: vbest ← v
14: lbest ← l

15: add (vbest, wo) into table Q

16: return table Q
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Chapter 5

Evaluation

In this chapter, we will evaluate our experiment. This evaluation consists of three parts. At
first, we evaluate the experimental data set. Secondly, we will present the training process
of two classifiers and the performance of their text classification. At last, we will evaluate
the interpretation and produced counterfactual instances.

5.1 Dataset

The corpus we used in this experiment comes from ERASER[Era], it provides a diverse set
of NLP datasets for interpreting models. One of a dataset that ERASER provides is called
Movies, which is the dataset we used in our experiment.

The dataset is actually a corpus of movie reviews, it consists of 2000 documents, including
1000 positive review documents and 1000 negative. The length of these documents varies
widely, from 200 words to 800 words. So we did some pre-process including cleaning the
data, tokenization, padding, and so on.

In the training process, we used a training dataset with 800 positive and 800 negative doc-
uments. The rest documents are the valuation dataset with 200 documents and the test
dataset with 200 documents.

Because of the requirement of POS-tag constrain, we also counted the frequency of each
POS-tag in this corpus, and here we only present the frequency of 3 most important POS-
tag, as figure 5.1 shows, about 29.4% words in documents are Nouns (NN), 19.5% words
are Verbs (VB), and 11.5% words are Adjectives (JJ).

21



Figure 5.1: POS-tag distribution over dataset

5.2 Text Classifier

As we mentioned above, we implemented two classifiers: Text CNN and Bidirectional LSTM.
Figures 5.2 and 5.3 present the training process of them. Both of them were well trained, the
accuracy over the test dataset is 87.5% for Text CNN and 97.5% for Bidirectional LSTM.

Maybe the reason why Text CNN didn’t have excellent performance as in Kim’s paper is that
different dataset and embedding layer: As we mentioned in the previous section, the length
of documents vary widely, if a document with 700 words and a document with 300 words
are assigned to the same batch, there will be lots of padding token in the short document.
And in the embedding layer, we only take the top 300000 words of the vocabulary, which
can also reduce our accuracy.
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Figure 5.2: training loss and accuracy of Text CNN
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Figure 5.3: training loss and accuracy of Bidirectional LSTM

5.3 Interpretation and Counterfactual Instances

We implement word-level HotFlip on the two models we built. For each document, we choose
5 words to flip, and the beam width in beam search is 10. After HotFlip we calculate the
loss increase and predict a new label of counterfactual instances. (All the examples below
are from two documents to help us make a better comparison, the bold word was replaced
by the word in brackets.)
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5.3.1 Vanilla HotFlip

There are several counterfactual sentence examples we got from the word-level HotFlip with-
out any constraint:

• Document 1 sentence: but the other two – prom night and terror train – were the
uninspired(learn) knockoffs that came directly after the success of halloween.

• Document 2 sentence: this film reminds us that original approach can’t prevent
filmmakers from wasting(writer) too many opportunities.

5.3.2 HotFlip with POS constraint

From those counterfactual sentences above, we can find that most of these sentences make
no sense because the word was replaced by a word that can not be used in that position.
Thus, we implement word-level HotFlip with a POS-tag constrain using NLTK. Following are
some examples:

• Document 1 sentence: but the other two – prom night and terror train – were the
uninspired(learn) knockoffs that came directly after the success of halloween.

• Document 2 sentence: this film reminds us that original approach can’t prevent
filmmakers from wasting(learning) too many opportunities.

The counterfactual sentences look better now, but they are not good enough. We can find
that the first sentence did not change, because in this corpus, the word ‘learn’ was also
labeled as an adjective word in some sentences.

5.3.3 HotFlip with Cosine Similarity constraint

We can also constrain HotFlip with cosine similarity so that a word can only be replaced by
a similar word. The bigger similarity 2 words have, the more meaningful the counterfactual
sentence is. The threshold of cosine similarity is 0.3 in our experiment.

• Document 1 sentence: but the other two – prom night and terror train – were the
uninspired(mostly) knockoffs that came directly after the success of halloween.

• Document 2 sentence: this film reminds us that original approach can’t prevent
filmmakers from wasting(giving) too many opportunities.

25



5.3.4 HotFlip with both constraint

At last, we also implement HotFlip with both constraints:

• Document 1 sentence: but the other two – prom night and terror train – were the
uninspired knockoffs(drugs) that came directly after the success of halloween.

• Document 2 sentence: this film reminds us that original approach can’t prevent
filmmakers from wasting(giving) too many opportunities.

5.3.5 Summarize

We not only count the increase of loss before and after the HotFlip but also compute the
rate that the prediction of the model changed after HotFlip. In table 5.1 we can find, when
we make some constraints on token-level HotFlip, the increase of loss, as well as the flip
rate, will reduce. That makes sense because some meaningless possibilities are removed by
constraint.

HotFlip type Loss increase of each instance Prediction flip rate
vanilla HotFlip 4.924 61.54%

HotFlip with POS constraint 4.624 53.85%
HotFlip with similarity constraint 3.447 47.06%
HotFlip with both constraint 2.604 35.29%

Table 5.1: HotFlip result on the Text CNN model

But our approach works terrible on bidirectional LSTM. As table 5.2 presents, compare
to Text CNN, bidirectional LSTM got more trouble by token-level HotFlip process, maybe
because the gradient of each word in the sentence is not fair treated, and the gradient
vanishing is still a problem for LSTM to handle a very long sequence [Bro19].

Model Text CNN Bi-LSTM
loss Increase of each document 4.924 0.39

loss Increase of each word-HotFlip 0.948 0.078

Table 5.2: average loss increase on Text CNN and Bi-LSTM
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Chapter 6

Conclusions and Future Work

In this paper, we introduced an approach to interpreting text classification and proved that
even a simple classifier can also interpret its classification. The advantages and disadvantages
of this method are both very obvious:

• Pros: The method can make some models interpretable, e.g. Text CNN. We do not
need to change the structure of the model and retrain a new model, that can save
us a lot of time. At the same time, in this process, we can also get counterfactual
instances, which makes our model robust.

• Cons: This approach is not stable and widely applicable. For several models (e.g.
RNN), this approach is not so suitable for them. And the results of interpretation using
this method are not good as the state-of-the-art models. In the process of HotFlip, we
need more constrain to make sure the counterfactual instances are reasonable.

In the future, there are two possible ways to improve this method. We can first add more
constraints to the word-level hotflip, e.g. we replace two words only when they have the same
linguistics root. We can also improve the accuracy of our POS-tagging method. Secondly,
we can implement this method on other models e.g.[YKN+20] for better performance.
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