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Abstract

Counterfactual Explanation is an Explainable AI (XAI) technique used to study the
behaviour of the model in reference to a given instance, which is also termed as local
explanations. In an image classification scenario where attributes of images are not known,
there are various techniques used to generate counterfactual images, but the problem lies
with the plausibility of these images. The generated images have a different prediction,
but they appear to be out of the training data distribution. Therefore, the aim of this
thesis is to explore possibilities of generating plausible counterfactual images by exploring
the applicability of discriminator trained via Generative Adversarial Network (GAN) as
a plausibility regulator that might ensure the generated images are closer to the training
data distribution. Also, provide the user with a transformation map that be used to
attain the counterfactual image from the given image
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Index of Notation

In a lot of cases it makes sense to give an overview over your mathematical notation.

Mathematical

x Point in 3D space
−→xy Normalized direction vector from x to y
v Direction vector in 3D space
px, vx x component of point / vector
v · w Dot product of vectors v and w
(v · w)+ Dot product of vectors v and w with negative values clamped to zero
v × w Cross product of vectors v and w
||v|| Euclidean length of vector v
v̂ Normalized vector v

Quantities & Functions

A Area
ω Solid Angle
ϕ Radiant Flux, light power
I Radiant Intensity, flux density per solid angle
E Irradiance, flux density per area
L Radiance, flux density per area per solid angle
ρ Reflectance, ratio between incoming and outgoing flux
fr BRDF, function on the relation between irradiance and outgoing radiance
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1 Introduction

Classifying things, objects or places in specific categories has always been a pivotal task.
Many of the real world use cases and applications rely on the concepts of classification.
Classification has found its use cases in all fields and domains ranging from simple to
complex applications. Imagine you visit the nearest grocery store, there you can find
the staff members classifying the items into different categories and arranging them, this
helps the customers to find items they are looking for. Now think of a complex use case,
where you visit the hospital and you observe the doctors analysing the MRI scans and
classifying them as tumour and non tumour. Before the insurgence of machine learning
based applications, all these tasks were done manually, in simple use cases it was done
by the humans will little training, but in cases of complex use cases like brain tumour
detection, metal wear and tear detection, anomaly detection it was pretty expensive as it
required a subject matter expert to classify them and training an individual to become
subject matter expert was time taking and expensive at the same time. This gave the rise
to usage of machine learning algorithms for the task of classification. These algorithms
required data that contains label for each instance in it, this data was used for training the
classification algorithms. After training these algorithms, they were able to predict the
label of the categories. These machine learning algorithms were quite successful in cases
where the data was structured and available as tabular datasets. Soon, these techniques
found their applications in domains of unstructured data like text and images. classical
machine learning algorithms were replaced by advanced machine learning techniques, this
further motivated the research in the field of deep learning. The basic computational
unit of a deep learning network is a neuron that takes a certain input and provides
a transformed output. Multiple neurons are used together to form a layer, there are
numerous layers used in succession to form one deep learning network. Initial research
promised groundbreaking results by means of usage of deep learning architectures, soon
it gave rise to number of different architectures explored. There were some deep learning
architectures that promised great results when used in image classifications, while other
set of networks were preferred in text classifications.

These deep learning architectures were expensive to be trained, but in turn they promised
results that outperformed the existing techniques, this motivated the various business
ranging from retails industry to pharmaceuticals industry to invest in the applications
that use deep learning. In this fast-paced era of data science, the focus has been on build-
ing classification models that have astounding performance. Complex machine learning
and deep learning are the techniques that are leveraged in most scenarios to attain ground-
breaking results. These techniques have increased the performance of the classification
task in various data domains like text, speech images or tabular data as well, but all of
this has come at the cost of lack of interpretability. The models built using these tech-
niques are inherently complex and difficult to interpret or explain, which is why they are
termed as black-box. When these models are used in sensitive applications like banking,
medical systems, or criminal justice the interpretability of the models takes the front seat:
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users of the application have to understand the decision-making process of the models,
no matter how accurate the AI model claims to be.

Consider the credit scoring situation, where the bank uses a complex machine learning
or deep learning model to decide whether the loan application of the candidate has to be
approved or rejected. In earlier phases, these decisions were taken by the committee of the
bank, where the committed would analyse all the details of the candidate’s application
like ongoing loans, income, age or number of family members etc. After considering all
these factors the committee would decide the creditworthiness of the candidate and in
case if it rejects the loan, the candidate would be informed on why the bank chose to
reject their application. Now the bank has aggregated all these past records in form of
a tabular dataset and then train a complex machine learning or deep learning model to
decide the status of the applications. The model is efficient in imitating the decision
making based on the dataset provided for training. Now, if the bank rejects the loan
application of the candidate based on the model’s decision as shown in Fig 1.1, then
it is critical to explain the decision made by the model as the candidate tend to ask
questions "Why was I rejected?" or "What can I change in my application to get the loan
approved?". Answering these questions is pivotal for both the stakeholders- candidate and
bank, the banks can leverage this to showcase transparency of the decision taken by the
banks. On the other hand, if these questions are answered the users can attain deep trust
into the banking system and apply for the loan by accommodating the changes in their
application. This also helps the candidate to remain loyal customer of the bank, as they
got their application status quicker, owning to the usage of machine learning techniques
and secondly the ease of explanations that boost their confidence in the functioning of
the bank.

Figure 1.1: Credit Scoring using Machine Learning techniques

1.1 Introduction to Explainable AI (XAI)

The second decade of the twenty first century witnessed sudden rise in the number of
applications using machine learning algorithms. The concepts of classification, regression
and clustering models found their use cases in multiple domains and industries. Clas-
sification models were used for classifying the creditworthiness of the user in banking
scenario, the screening rounds of the job decided the results of the recruitment process
based on these models, further financial sectors used classification model for identifying
fraudulent transactions. Similarly, regression was extensively used to understand complex
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relation between market factors and prices of items, clustering techniques were used to
develop models that can cluster customer groups and run tailored campaigns on these
clusters. Further the advanced machine learning algorithms and deep learning techniques
provided capability of building models that can operate in the avenues of unstructured
data domains like text and image. This surge in use cases and applications of machine
learning also gave rise to the questions being asked regarding these models. Questions
like "Why should we trust the model?", "Does the model discriminate?", "Can you explain
the decision making of the model?" started stirring discussions among the research com-
munities. Very soon it was realised that the applications involving machine learning are
great in mapping input to output, but very few of these algorithms provide transparency.
Most of the complex models are built intricately, that even the developer of these models
cannot answer the above questions. This motivated to the beginning of a research field
termed as "Explainable AI" (XAI).

Explainable AI techniques aim to answer all the questions that deal with the transparency,
fairness and trust of the model. The XAI techniques break down the explanations in two
parts- global and local explanations. First the global explanations attempt to answer
the question "What features are deemed important by the model?". In simple cases,
the XAI techniques can leverage the usage of feature importance scores to provide such
explanations. There are a few machine learning methods that are built using mathematical
modelling like the linear regression model, these models generate weights for the features
used in the training, these weights can be indicator in understanding what features are
useful in taking decisions. But with the complex models, it is difficult to derive such
insights. So in such cases, the XAI techniques use surrogate methods to answer these
questions. A simple model is trained over the predictions of the complex model, these
simple models provide features importance scores, these scores are used to interpret the
feature importance of the complex models. Providing the answers to the above questions,
helps the user in understanding what is deemed important by the model. If the application
is used in sensitive domain like credit worthiness, it is critical for the application developers
to understand that the model is fair across the sensitive features age, sex and religion.
So in cases like these the global explanations helps the application developers to assess
the fairness of the model before they are used in the real world. When the explanation is
derived externally that is without exploiting the inner working of the model it is termed
as post hoc explanations [1].

Local explanations attempt to answer the question "What features are important in mak-
ing decision on the given instance?". Here, the focus of the XAI techniques is to understand
the vicinity of the given instance and understand the factors that influence the decision
making. Now, understanding why these explanations are important is crucial, the models
overall behaviour based on all instances can be understood by global explanations but
the model tends to behave differently based on the instance at hand, so it is crucial to
answer what is relevant in this case rather than overall behaviour. Many time the user of
the application is unhappy with the decision made by the model and tend to ask "What
should I do now to get desired outcome?" in such cases it is irrelevant to answer the user
based on global explanations, here the explanations should be tailored to user’S use case
and hence they should be local explanations.

Consider the earlier case of creditworthiness, when the loan application is rejected the
user tend to ask different set of questions and they can be answered by the global and
local explanations shown in Fig. 1.2. The global explanations answers what are the most
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important factors in rejecting the loan application based on overall instances, while the
local explanations answer the user on what needs to be changes to attain desired results.
Further the Fig 1.2 also names various XAI techniques used to attain global and local
explanations.

Figure 1.2: Counterfactual Explanations for Credit Scoring application

1.2 Introduction to Counterfactual Explanations

Counterfactual explanations [2] is one of the post-hoc explanation technique that attempts
to justify the prediction of the model over a single instance which makes it a local expla-
nation technique. Considering our credit scoring example, when the bank rejects the loan
application, here the focus of the counterfactual explanation is to acquire understanding
on what needs to be changed to get the loan approved. So, the counterfactual situation
would be getting the loan approved, so as seen in Fig 1.3 the counterfactual explana-
tion is understanding what changes are to be made to the profile of the user so that the
counterfactual situation can be achieved. As seen in the Fig 1.3, the box highlighted in
yellow shows the counterfactual explanation for the given scenario. These Counterfactual
Explanations are intuitive and provide reasoning behind the prediction which makes it
easier for the humans to comprehend in a lucid way.
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Figure 1.3: Counterfactual Explanations for Credit Scoring application

These techniques are also used in other domain of data like text where the users want
to understand what needs to be changed in the text, so that the text classifier alters its
prediction. Imagine you have a text classifier that classifies the tone of the text message,
if the classifier predicts the text to be rude, it is crucial for the user to understand what
needs to be changes in the text to bring down the tone. In applications like these where
prediction alone is not enough for user experience, it has become integral to incorporate
the explanations along with the trained model. Further, deep learning based applications
for image classification are prevalent in all fields, medical practitioners are using it for
tumour classification, identification of disjoint in X-Ray, engineers in production indus-
try are using it for metal defect classification. For these applications, the explanation
and transparency of the decision taken by the model is super critical which is why coun-
terfactual are leveraged in the image classification domain. The usage of counterfactual
answers the question "What should be changed in the given image to attain an alternate
prediction?". This has helped the application developers to showcase the efficiency and
transparency of the model, the users get to see real time about the changes to be made
to the image to attain a certain prediction.

Counterfactual explanations are useful for all the stakeholders involved in the use case, the
users attain more clarity in the system. The application developers can use counterfac-
tual for assessing their models against bias and provide fair models to the real world, the
business owners experience increased trust from users in their business on account of the
transparency provided to the users. Counterfactual explanations have been used to iden-
tify bias in image classification scenarios, they also help in understanding regions of the
images that are supremely important for a given prediction.

1.3 Motivation

The usage of Explainable AI techniques for interpreting the complex models is on the
rise. All the sensitive applications using complex models need explanations to support
the decision made by these models. The applications might use standard data structures
like tabular data or unstructured data like text and images. Counterfactual Explanation
is an XAI method used to provide explanations at an instance level, as in it helps us to
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interpret the decision making of the model over a single instance. But these explanations
have to be human acceptable, else they

Consider the earlier application of credit scoring, when the user asks for what changes are
to be done from their end to get the loan approved, there are 2 counterfactual explanations
generated as shown in Fig 1.4. The first explanation makes sense and the user accepts the
decision made by the model, now look at the second explanation, if you use the inputs
suggested by the second explanation, the complex machine learning model would change
the status of the loan application of the user to "Accepted", but it does not convince
the user. In other case it removes the trust of the user from the model, because the
counterfactual explanations are suggesting the user to make some impossible changes to
their profile. These kind of explanations can also take away the trust of the user from
the system, which means these techniques would shatter the trust of the user rather
than building trust into the system. This is one of the motivation to start exploring
methods for deriving plausible counterfactual explanations. Generating counterfactual
explanations that are plausible is important, so that the users can derive actual value
from these explanations.

Figure 1.4: Counterfactual Explanations for Credit Scoring application

Consider the application of deep learning for image classification as seen in Fig 1.5, the
medical practitioner is provided with a deep learning model, that is trained by a com-
puter scientist on MRI images of the brain. The model has learnt to classify images into
"tumour detected" and "without tumour", upon evaluating the model, it is sent as an
application to the medical practitioner. Now the medical practitioner is unaware of the
underlying techniques used in training the model, this might raise suspicion about the
usage of it. The medical practitioner has been trained for years to attain this capacity
of classifying MRI scans, so at such times it is important to provide explanations to the
user on the decision making science of the model. The global techniques in Explainable
AI might produce explanations around what regions are mostly classified as tumour. But
the medical practitioner here is looking for an explanation based on the prediction of the
model on the current instance of interest. In such cases counterfactual methods produce
local explanations that can be consumed by the user. As shown in Fig 1.5, the medi-
cal practitioner can query the Explainable AI system regarding the current instance and
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ask what should be changed in the given image to alter its prediction. The counterfac-
tual method will generate results based on the user’s input, if these results are in line
with the user’s evaluation of the images, it helps in building trust of the user into the
model. Secondly, if the user does not agree with the model’s decision these instances
can be marked and further used for retraining the model. In such cases if the counter-
factual images generated does not really look like brain scans, the medical practitioner
would strait away withdraw their interest from these classification model. This acts as
a motivation to explore methods of generating plausible counterfactual images so that it
assists the user in gaining trust in the system, and in case there is disagreement these
plausible counterfactual images can be further used to retrain the model and boost its
performance.

Figure 1.5: Counterfactual Explanations for tumour classification

Further considering the similar sensitive applications like face detection, it is important
to evaluate the performance of these models on counterfactual images to understand the
bias in the system and make them fair. Even in these applications, it is crucial to generate
plausible images so that the fairness of the model can be evaluated on real images rather
than unreal instances. Looking at all these applications, the motivation is to explore
methods for plausible counterfactual image generation which can be useful to attain trust
in the image classification model, provide the feedback to the model in case the user
disagrees with the results and also help in fairness evaluation of image classifiers. Therefore
we explore the usage of discriminator trained via Generative Adversarial Network (GAN)
as a plausibility regulator which would ensure the generated images are closer to the
training data distribution. Further,we intend to explore visualisation techniques that can
provide us with transformation maps from the original image to counterfactual image, so
that it is easier to provide explanations to the user.

12



1.4 Goals

We will answer the following research questions:

Research Question-1 [RQ-1] What is the effect of using a Discriminator trained with Gen-
erative Adversarial Network (GAN) as a plausibility regulator in Counterfactual Image
generation?

The generated image set using plausibility regulator will be compared with the results of
existing methods to explore if the proposed method improves the plausibility(closeness to
real image) of the images.

Research Question-2 [RQ-2] What are the effective methods of visualisation in attaining
the transformations from the given image to the counterfactual image?

The acquired plausible counterfactual images will be used along with the original image
to derive the image registration, this will help us to get the transformation map that
transforms the original image into counterfactual image.

1.5 Main Contribution

In answering the research questions formulated in 1.4 this thesis contributes the follow-
ing:

• Provide a novel Generative Adversarial Network architecture to generate high qual-
ity images on the MRI dataset in comparison to Deep Convolutional GAN (DC-
GAN) and Wasserstein (WGAN)

• Provide analysis on the usage of plausibility regulator in counterfactual image gen-
eration to attain plausible images in comparison to baseline methods in simple and
complex datasets

1.6 Thesis Outline

The rest of this thesis is structured as follows:

• In Chapter 2, we visit some related work on convolutional neural network, Genera-
tive Adversarial Network (GAN) and counterfactual image generation techniques

• Chapter 3 deals with fundamental and background concepts, further the baseline
are discussed in this chapter

• Chapter 4 introduce the proposed method for generating plausible counterfactual
images

• Chapter 5 discusses the datasets used and the experimentation and evaluation of
the techniques over these datasets

• Chapter 6 is dedicated in reviewing and discussing evaluation results obtained and
analysing the overall utility of the proposed method

13



• Finally, in Chapter 7, we conclude this thesis with the study results, highlight few
limitations and discuss future improvements.
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2 Related Work

2.1 Convolutional Neural Network for Classification

Advanced machine learning models and the deep learning based models have provided
ground breaking results in terms of classification,segmentation and fraud detection tasks
[3, 4, 5]. These tasks are widely used to build applications in variety of domains like
healthcare, criminal justice and banking. These domains are sensitive in nature, which
is why they demand in depth knowledge on the decision making process of these models.
This has encouraged the computer science experts to look for techniques that can help
the users to interpret these advanced models. All these techniques are combined and
placed under the research area termed as "Explainable AI" [6] . XAI has introduced
"post-hoc methods" [7] for interpreting the models, these methods operate on the already
trained model and attempts to explain it without tinkering with the internal working of
the model. Christopher Molnar in his report [7] categorises these techniques into global
and local methods. The global method tend to answer "What features are important in
making a decision over majority of data", while the local methods answer "What features
are important in decision making on a single instance".

In [8], Marco et all introduce the LIME technique which is used for providing local expla-
nations. This technique uses a sample instance as reference and then considers samples
from its neighbourhood to predict the outcome. The prediction on the neighbouring sam-
ples is weighted as per the distance from the original sample. This prediction is modelled
using a linear model to understand the feature importance of the classifier in the vicinity
of the original instance. Further this technique is utilised in image classifiers to highlight
the pixels that govern the decision of the classifier. In [9], the authors propose using SHAP
based kernels for providing local explanations in cases where the dimensionality is higher
eg: text or image classification. SHAP values use the game theory concept of rewarding
the features that are primal in determining the outcome.

In Explainable Artificial Intelligence Approaches: A Survey [6], the authors mention the
recently introduced post-hoc methods for XAI like - Partial Dependence plots (PDP),
Individual Conditional Expectation(ICE), Accumulated Local Effects (ALE). Further the
survey mentions "Counterfactual Explanations" which are similar to example based ex-
planations that are part of local explanation.

2.2 Conterfactual Explanation

Judea Pearl in [10] introduced the concept of Structural Causal Model(SCM), where the
author defines "counterfactual" as "minimum deviation from reality", these deviations
helped them to calculate the probabilities of an outcome based on an action. But for the
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scope of this thesis, the definition of "counterfactual" is inline with Shusen Liu et al [11]
who define it as minimum change to the input instance to alter the outcome. As it can be
understood here that in SCM the focus lies on understanding the outcome of an action,
on the contrary our focus is on defining the outcome and then finding an action that helps
us achieve it. This definition can be considered inline with "contrastive explanations" [1].
In a machine learning setting, constrastive explanations tend to explain why a particular
event occurred as opposed to another. This reasoning is intuitive and human friendly,
which is why it is deemed as important by cognitive science. The other case that didn’t
happen is termed as a "counterfactual" in literal sense, this term is short form of of the
phrase "countering the factual".

Explanations that are based on the counterfactual are widely used to explain the predic-
tion of classification models [11, 12, 13]. These explanations can point out the feature
changes that could alter the prediction of the model. In a sensitive application like
banking, if a advanced machine learning model rejects the loan for a specific applicant. A
counterfactual explanation would narrate the applicant on what changes are needed to the
applicant’s profile to get the loan approved. These explanations provide human-friendly
reasoning thereby making the decision making a transparent process. These explanations
are also used to evaluate the fairness of the model in such sensitive situations. As Coun-
terfactual Explanations assist in reasoning the decision making process they have earned
the stature of being GDPR friendly [14].

2.3 Conterfactual Explanation in different data domains

The definition of Counterfactual remain same in ever domain of data, but the techniques
used to calculate the counterfactual instances varies. For tabular data in [2], the authors
provide a way to generate faithful counterfactual instances, along with that they introduce
the degree of difficulty required to generate a specific counterfactual.

In Interpretable ML book [7], the author suggest that the naive way of searching for a
counterfactual is the trial and error method where we vary the features until the desired
class is attained by the classifier. Further in [15] Wachter et al, defined it in a mathematical
form as a minimising loss that is two fold, firstly reduce the distance between the original
instance and the desired instance, secondly reduce the distance between the desired class
and predicted class.

In [16], the authors answer the question for a generic text classifier "What changes can
be done to the sensitive attribute to alter prediction". Finding answer to these question
allows them to evaluate the fairness of the model with respect to sensitive attributes.
This is how counterfactuals are also used for evaluating model fairness. In Generate Your
[17], the authors use the GPT-2 to generate text samples to test the ML systems. These
text are plausible and goal oriented. These text samples can be used to evaluate the text
debasing algorithm.

In the image domain, an image can be termed as a counterfactual image, if it is closer to the
reference one and has alternate prediction. But the closeness of images can be calculated
using various distance measures. Also, there are numerous methods used to identify coun-
terfactual instances. In [13], Yash et all introduce the idea of using distractor image that
has an alternate prediction. This image is compared with the original image to identify
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the regions in the image that needs to be changed to attain alternate prediction. In other
words, the authors provide a specific region in the image that is most relevant in altering
the prediction which they term it as "Counterfactual Visual Explanations". Further they
use this technique for human teaching, where they explain how an image can be trans-
formed from one class to another using visual explanations.

In [12], the authors leverage the SEDC technique to explain image classifiers. This tech-
nique segments the given image in smaller segments using image segmentation algorithm,
further it identifies upon removal of which of these irreducible segment or set of segment
the prediction of the image is altered. These image segments are produced as visual
explanations.

Chun-Hao Chang, in [18] takes one step further in explaining the image classifiers by
means of saliency maps. They remove a random patch in the image and in fill it with
the generative networks and then identify the significance of that patch in determining
the prediction of the given image. They answer the question "What part of the image if
not seen by the classifier affects its decision significantly?". The earlier techniques [19]
utilised random blurring or adhoc noise to in-fill these patches, thereby creating images
that do not lie in data distribution. Generating in-fill images using generative networks
helps the classifier to predict on images that are closer to data distribution and this results
in attaining useful information about the image regions that are significant for the given
prediction.

In "Open Set Learning with Counterfactual Images" [20] by Lawrence Neal, the counter-
factual image generation using Generative Adversarial Networks was leveraged to generate
samples that are close to data distribution. The aim of the authors was to improve the
performance of open set recognition. The classifier was supplied with these generative
images along with the real data so as to train it to identify images that do not belong to
any of the classes even after close resemblance. Using Counterfactual image generation
for open set recognition they outperformed the other traditional methods used for open
set recognition.

In [11], Liu et all leveraged the Generative Adversarial Networks to generate image that is
close to the given image yet has different prediction. This image was used to identify the
minimum change required in the original image to alter its prediction. They termed it as
Counterfactual Introspection because this techniques allows us to interpret the decision
making of the deep learning model upto certain extent. They also introduce the concept
of prototype and criticism, where prototype means the image that is closer to the original
one but the prediction of the class is stronger, while criticism means an image that is
closer to the original image but has alternate prediction.

2.4 Plausibility of generated counterfactual images

All these methods have provided the research community a set of new lenses for identify-
ing counterfactual images as well as evaluating the models fairness. But these techniques
do not consider the plausibility of the generated images. Imagine in the bank loan clas-
sification setting, the counterfactual explanation is "Increase age by 100" and "Increase
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income by two million dollars", the user of the application will question the decision mak-
ing of the model. To avoid these problems, it is important to consider plausibility of the
identified counterfactual instance.

To attain plausible counterfactual in tabular datasets, one can specify rules and con-
straints over the feature values while generation of counterfactual class.

Generating Plausible Counterfactual Explanations for Deep Transformers in Financial
Text Classification, the authors leverage the transformer to generate human like sentences
to generate plausible counterfactual explanation for the prediction. They utilise these
techniques to explain the text classifier in fin-tech domain.

In "Auditing Deep Learning Classifiers with Realistic Adversarial Examples"[21], the au-
thor uses the Counterfactual techniques to audit the model for non experts. As a first
objective, Generative Adversarial Network is used to generate images and then certain
attributes of the images are varied to generate image closer to the original one. Second
objective is to make sure these images belong to the alternate class. Lastly he discrimina-
tor is used to determine the plausibility of the generated images. All these objectives are
combined to pose this as a multi objective optimisation problem that can be solved using
evolutionary algorithms. The success of their work lies in auditing the model on plausible
samples that a human could supply to the model rather than assessing the model on non
real samples.

In [1], Kenny et all, introduced the method called "PlausIble Exceptionality-based Con-
trastive Explanations (PIECE),". The authors use the penultimate layer of the classifier
to learn the logit distribution of various classes. Upon receiving a query image, the logits
are calculated and compared with the distribution to identify the exceptional features,
these features are modified to reach the counterfactual class. These modified logits are
fed to the GAN to generate the counterfactual image. Further they utilise this technique
to identify the semi- factuals as well. Unlike other methods, the counterfactual class
need not be specified. This is the state of the art method for generating counterfactual
images.
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3 Fundamentals and Concepts

3.1 Convolutional Neural Network for Classification

Convolutional Neural Network(CNN) belong to the family of Deep Neural Networks.
They have produced groundbreaking results in image classification tasks. Convolution is
a mathematical operation where a new function is derived by multiplying two functions.
In a deep learning setting, a layer is called as convolutional layer if it performs convolution
of image matrix with weight matrices(kernels) to output feature maps. A deep learning
architecture having such layers is termed as CNN. CNNs can have numerous convolutional
layers. The layers in the beginning are responsible for learning low level features in the im-
age eg edges, shapes and boundaries while the successive convolutional layers learn rather
complex features like texture and unique identifiers of the image. The spatial dimension
of the image is reduced by pooling operation so that only the important information is
retained while performing successive convolution operation. Optionally, dense layers are
stacked after the last convolutional layer for mapping the extracted features to the image
classes. These dense layers output the logits for each class. The loss is calculated by
comparing the logits against the ground-truth. This loss is then back-propagated to train
the network weights.

ResNet, Inception Net, Dense Net are the popular CNN architectures that are used for
image classification tasks.

Figure 3.1: Block diagram of general CNN)
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3.2 Generative Adversarial Network (GAN)

Generative methods are classified as unsupervised methods because they learn the in-
herent distribution of the provided samples. These methods can generate new samples
that resemble the original ones. Generative Adversarial Network (GAN) is one such
generative method that was introduced by [22]. These Networks are comprised of two
competing models Generator G and Discriminator D. The Generator is responsible for
generating images that are closer to the images from original distribution, while the Dis-
criminator is responsible for identifying whether the sample provided to it came from the
generator or the original distribution. In other words, the task of the Generator is to
fool the Discriminator, while the task of the Discriminator is to precisely distinguish the
images. The competition provides two fold impetus, firstly it encourages Generator to
produce images that are close to reality and on the other hand it allows the Discrimina-
tor to become stronger in identifying the real samples by focusing on complex features
that are traits of the real image. The block diagram of a generic GAN is shown in
Fig.4.3.

In mathematical terms, a noise vector z is sampled from the Gaussian distribution pz(z)
and provided as input to the Generator G that learns to map z to the image space
G(z,θg). G is differential function and learns the hyper-parameters θg during training.
The Discriminator D acts as a classifier D(x,θd) that receives the sample x and scores it
as D(x), this score denotes the probability that the sample belongs to real distribution.
Now both these functions play the mini-max game with the value function V(G,D) as
shown in the below equation.

min
G

max
D

V (G, D) = Ex∼Pdata(x)[logD(x)] + Ez∼Pz(z)[log(1 − D(G(z))] (3.1)

Figure 3.2: Block diagram of Generative Adversarial Nets (GANs)

3.2.1 Deep Convolutional GAN (DC-GAN)

As the name suggests, the Generator and the Discriminator in this network consist of
convolutional layers. Layers in the Generator perform transposed convolution and produce
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images from a given Gaussian noise vector. Layers in the Discriminator use convolutional
blocks to construct a classifier that identifies whether images provided to it are real or fake,
the convolutional blocks give the discriminator more power to extract complex features
that separate real images from fake images. As a result, DC-GAN produces more realistic
images than basic GANs.

The architecture of the DC-GAN is shown in Figure

Figure 3.3: Block diagram of Deep Convolutional Generative Adversarial Network (DC-
GANs)

3.2.2 Wasserstein GAN (WGAN) and WGAN with Gradient Penalty
(WGAN-GP)

It takes a lot of work to train GAN. The model might not converge and modes collapse
frequently. As we move forward, incremental improvements are possible or we can pursue a
new route to reduce costs. Let us first try to understand the problems in detail. GANs use
Jensen Shanon Divergence to calculate the distance between the distribution of real images
and the generated images. This learning process is fruitful if the discriminator network
is optimal, if the discriminator is bad it does not provide information for the generator
network to generate better images, while if the discriminator is perfect it provides almost
zero loss and the generator network faces the problem of vanishing gradients. The second
problem is mode collapse which means that the generator is generating same type of
images and is able to trick the discriminator.

There are various incremental methods performed to improve the training of GANs. One
such method is using Wasserstein distance for calculating distance between both distri-
butions. Wasserstein Distance is a measure of the distance separating two probability
distributions. It is also known as Earth Mover’s distance, or EM distance, because it can
be interpreted as the minimum energy cost of moving and transforming a pile of dirt from
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one probability distribution to another. Compared to JS divergence, Wasserstein distance
can still be meaningful and smooth even when two distributions are located in manifolds
of lower dimension without overlapping.

The Wasserstein GAN (WGAN) proposes using Wasserstein distance in the loss calcu-
lation and the "discriminator" isn’t classifying how to tell fake samples from real ones
anymore. Instead, it learns to compute Wasserstein distance using a K-Lipschitz con-
tinuous function, this is why it is termed as "critic". When the loss function decreases
during training, the Wasserstein distance gets smaller, and the generator model’s output
gets closer to the real data distribution. To maintain the continuity of the K-Lipschitz
function, the WGAN authors offer 2 variants, first they suggest on clipping the weights
of the critic after every gradient update and they term this as WGAN and secondly they
suggest to clip the gradients after every gradient update and they term it as WGAN
gradient penalty (WGAN-GP).

Compared to the original GAN algorithm, the WGAN makes these changes:

• Clamp the critic weights to fixed range after every gradient update

• The loss function will now be derived from the Wasserstein distance, no longer based
on the logarithm. "Discriminator" model does not use direct criticism, but assists
in estimating Wasserstein metrics for real versus generated data distributions.

• Recommend using RMSProp optimiser on the critic, rather than a momentum based
optimiser such as Adam

3.3 GAN based methods for Counterfactual Images

In this section, we look at the various methods that are used for Counterfactual Image gen-
eration using GANs. Let us look at the problem definition.

We have an image classifier(C,S) based on CNN, that is trained on a specific train set and
it predicts the class of the image I. The architecture of the classifier is shown in Figure
3.4. This classifier could be a binary or multi-class classifier. The first part C of the
classifier consists of CNN that extracts features from the image and then these features
are flattened to get layer X. Along with X we have a linear network that connects to the
Soft max output layer which outputs the probability vector Y which is used to predict
the class c of the image. Yc is the vector corresponding to largest probability of class c
(predicted class is c). The linear network along with X is termed as S. Now as shown in
Figure 3.5,the classifier predicts the class of the image I to be c. The question posed to the
proposed system is to identify a plausible counterfactual image I’ corresponding to latent
input z’ that has the classifier prediction of class c’. The proposed system uses GAN that
has a Generator G and Discriminator D trained on same train set that was used for training
classifier. The latent input (noise vector) to the G is z.
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Figure 3.4: CNN in our use case

Figure 3.5: Problem definition

We intend to find the zorg that corresponds to the given query image I. This zorg will
prove to be the starting point during the optimization process when we are searching for
z’. We use the below given equation to find zorg. The term d(G(z), I) measure the distance
between the query image and the generated image. Pixel loss, L1 loss or perceptual losses
are used as distance function to calculate this distance.

zorg = argmin
z

d(G(z), I) (3.2)
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3.3.1 Baseline 1: Constrained Minimum Edit Method (C-Min Edit)

This is a modified method derived from [11] paper. Here, our objective is to find an image
that is closer to the given image and has the classifier prediction as c’. This is why we
have the loss function with two terms, the first term ensures the prediction on generated
image is closer to c’ while the second term constrains the distance between the images in
the latent space to be as small as possible. The λ is annealed from a lower value to higher
value to find the optimum z. The optimisation process is immediately stopped when the
generated image G(z) attains prediction as c’. As it is evident from the below equation,
this method do not consider plausibility of the generated image. This is one of the pioneer
technique in finding counterfactual images using GANs, which is why I have chosen this
technique to be a baseline-1 method for my analysis.

z′ = argmin
z

max
λ

λ||S(C(G(z)) − Yc′||22 + d(zorg, z) (3.3)

3.3.2 Baseline 2: PlausIble Exceptionality-based Contrastive
Explanations (PIECE)

As the name suggests, PIECE tries to modify the exceptional features of the given im-
age and tries to change these feature to their normal value to find a counterfactual im-
age. PIECE exploits the distributional properties of the data to help guarantee plau-
sibility. The method can be broken down as a three step process. (i) Identify the
exceptional features (ii) Modify these features (iii) Visualize the resulting image using
GAN.

In multiiclass classification scenario there are many options for choosing the he counter-
factual class, but PIECE automates this process by using the gradient ascent method
to reach the closest class. The equation for finding the counterfactual class is shown in
Eq 3.3.2 where the optimisation stops once the closest class is achieved and that class is
termed as the counterfactual class.

counterfactualclass = argmax
z

||S(C(G(z))) − Yc||22

(3.4)

Suppose that the Query Image I is passed through C and the resulting representation is
termed as x. Let us understand the three steps in detail

Identify exceptional features

Here, we need to identify the exceptional features in x, so that we can modify it to x′.
We examine the statistical properties of x in training distributions of c′. We pass all
the data instances through C and record their representation at X layer. Suppose these
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representations consists of n neurons, we learn one distribution for each Xi and for each
class in the dataset. So after receiving the vector x corresponding to image I, we compare
the values in x with the statistical distributions using the hurdle model with Bernoulli
distribution to understand the features that would highly shift the prediction from class
c to c’.

Modify exceptional features

The exceptional features identified from the previous steps are classified into positively
and negatively affecting. The negatively affecting features are chosen and checked against
various conditions and modified only if they bring x’ closer to the counterfactual prediction
c’. So at the output of this step we get the vector x’.

Visualise the images with GAN

At the last step, we have identified the exceptional features and also modified those
that satisfied the criteria. Now we need to visualize the image that corresponds to x’
representation after being passed through C. We use the following equation to generate
the image using Generator G.

z′ = argmin
z

max
λ

λ||C(G(z) − z′||22 (3.5)

The z′ obtained from the above equation is fed to the Generator G to achieve G(z′) or
which is equivalent to I′.

This technique uses distributional properties of the data to introduce plausibility when
finding counterfactual images. This is the state-of-the-art method used to generate coun-
terfactual images using GANs, which is why I am using this method as a baseline-2 for
my analysis.

3.4 Evaluation Metrics

It is a tricky question to assess the plausibility of generated counterfactual images be-
cause we want to assess how likely it is that the given image belongs to the training
distribution. When evaluating qualitatively, images can be looked at and compared with
images in training data. This can be easier for simpler datasets, however with complex
datasets, it can be difficult. In qualitative evaluation, most of the research papers [cited]
have computed the reconstruction errors using autoencoder-based metrics and then used
the results to demonstrate how close a particular image is to the training distribution.
Others have used the Monte Carlo Dropout based metrics to detect images that are out
of distribution

25



3.4.1 IMI1

In [23] the author trains autoencoders for each class in the training data. Now to evaluate
using this metric, the autoencoder trained on class c (AEc)is used to calculate the recon-
struction error for that class, while another autoencoder trained on counterfactual class c’
(AEc’) will be used to calculate the reconstruction error for the counterfactual class. The
ratio of reconstruction error for a counterfactual class to reconstruction error for given
class is termed as IMI1 and this metric should be lower in value to so that generated coun-
terfactual are plausible. The formula for calculating the IMI1 is shown in equation eq 3.6.
The I’ represents the generated counterfactual image.

IMI1 = ||I ′ − AEc′(I ′)||22
||I ′ − AEc(I ′)||22

(3.6)

3.4.2 MC-Mean and MC-Std

The authors of [23] used the Monte Carlo Dropout method for the first time to detect
out-of-distribution images and thereby measuring the plausibility of the generated images,
using a thousand forward passes and enabling the dropout layers in the classifier to collect
the MC Dropout values. MC-Mean is the posterior mean of the MC Dropout on the
generated image. In order for the generated counterfactual images to be plausible, the
metric needs to be higher in value. The MC-STD can be defined as the posterior standard
deviation of the MC Dropout on the generated images. This metric MC-Mean should
be higher in value so that the generated counterfactual images are plausible, while the
MC-STD should be lower so that it denotes the lesser fluctuations in the MC-Mean
values.

3.4.3 U-Net based perceptual loss

The pixel based losses are ineffective in generating high quality images, which is why we
observe the surge in the usage of non-pixel loss functions. Pre trained networks are used
to derive features from the images and then these feature are used to calculate the loss
value. In U-Net based perceptual loss, we consider a pre trained U-Net on the MRI images
for tumour segmentation. This U-Net model will act as a pre trained network in our loss
calculation. The images are passed to the U-Net and it provides the features at each level
of upscale, which means we get four set of features for each image passed through the U-
Net. We calculate the overall loss by summing up the loss at each set of the features. The
eq. 3.7, shows the mathematical equation to calculate the loss value. I and I’ represent the
original image and reference image respectively. UNetln represents the features extracted
at the nth level of the pre trained U-Net architecture.

PerceptualLoss = ||UNetl1(I) − UNetl1(I ′)||22 + .... + ||UNetl4(I) − UNetl4(I ′)||22 (3.7)
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3.4.4 Fréchet Inception Distance (FID)

The Fréchet Inception Distance (FID) score was termed by Heusel et al. in [24], it is used
for measuring the quality of the images generated by the GAN [25, 26]. The FID score is
based on using statistics from the real images and the generated images and then calculat-
ing the score. Lower the value of FID points to the high level of quality of the images. The
Inception v3 model by Szegedy et al. [27] is used to compute the embeddings of the real
images and the generated images. These embeddings are derived from the penultimate
layer of the per trained model and the dimension of these embeddings is 2048. The images
from both synthetic and real datasets are passed through the model, and the obtained
statistics are used to calculate the FID as in Eq. 3.4.4

d2 ((µr, Cr), (µs, Cs)) = ∥µr − µs∥
2 + Tr

(
Cr + Cs − 2 (CrCs)1/2

)
(3.8)

In the above ??, µr and µs are feature-wise mean for real and synthetic images, Cr and
Cs are respective covariance matrices. Tr is the Trace linear algebra operation, which is
the sum of main diagonal elements.
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4 Method

4.1 Proposed GAN architectitures for high quality images

4.1.1 U-Net and Wasserstein GAN (U-Net WGAN)

U-Net is an extensively used convolutional neural network architecture used for precise im-
age segmentation tasks, it has outperformed several other convolutional models in terms
of its performance in biomedical image segmentation. The U-Net can be viewed as a
combination of encoder and decoder architecture. The encoder architecture performs
convolution and pooling at every stage to contract the image to obtain the most impor-
tant features, the decoder part uses these features along with the skip connections from
the encoding stages to upscale the image using transposed convolution operation. The up-
scaled image is then compared with the true segmentation mask to calculate the loss and
then it is backpropagated to train the U-Net architecture.

In this U-Net WGAN, we propose to replace the generator network with the U-Net ar-
chitecture to understand if the image quality of the generated images can be improved.
The discriminator is the classical deep convolutional network and then we calculate the
loss using the Wasserstein distance. The input to this GAN is a Gaussian noise vector
with the same dimension as that of the original image. The architecture of the proposed
U-Net WGAN is shown in Fig.
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Figure 4.1: Block diagram of U-Net and Wasserstein GAN (U-Net WGAN)

Also, to try the gradient penalty variant of WGAN, we alter the training of this network by
clipping the gradients of after every iteration of gradient descent and term it as U-Net and
Wasserstein GAN Gradient Penalty (U-Net WGAN-GP)

4.1.2 ReconResNet and Wasserstein GAN (ReconResNet WGAN)

To improve the quality of MR image reconstruction, a deep learning framework called
ReconResNet is presented in this paper[28] by Chatterjee et al, this regularised version of
ResNet as the network backbone reduces artefacts from the under sampled image, as well
as data consistency steps to fusing the network output with data already available from the
under sampled k-space to further improve reconstruction quality.

To understand if the quality of the images generated by generator can be improved,
we use the ReconResNet as the generator in the GAN architecture, we term it as the
ReconResNet Wasserstein GAN (ReconResNet WGAN) as we use the loss function for
training it based on the Wasserstein distance. The architecture of this GAN can be seen
in Fig.
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Figure 4.2: Block diagram of ReconResNet Wasserstein GAN(ReconResNet WGAN)

4.1.3 U-Net and Inception Net Wasserstein GAN (U-Net Inception
Net WGAN)

In this GAN architecture, we use the U-Net as the Generator network and replace the
Discriminator with the Inception Net. The motivation is to make both the networks
powerful so that the GAN training can be efficient and this GAN can generate better
quality images. We use the loss function based on Wasserstein distance hence we term
it as U-Net and Inception Net Wasserstein GAN (U-Net Inception Net WGAN. The
architecture can be seen in Fig.
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Figure 4.3: Block diagram of U-Net and Inception Net Wasserstein GAN (U-Net Incep-
tion Net WGAN)

4.2 Proposed method for Plausible Counterfactual
Images

xxx say that we need the info mentioned in fundamentals

Figure 4.4: Block diagram of Proposed method
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In the proposed method , we need the user to specify the counterfactual class c′ and also
the plausibility threshold Plthres. This method uses two steps to attain the counterfactual
images.

4.2.1 Step 1: Identify the GAN representation of the original image

The initial step is to identify the latent vector that corresponds to the original image. We
term this latent vector as zorg, this will be provided as the starting value of latent vector z
in the optimisation process for counterfactual generation in step 2.

To compute the zorg that that represents an original image I, we define a loss function
that has compromises of two terms, first the loss term that defines the reconstruction
loss between the original image and the generated image. Secondly the loss term that
makes sure that the prediction of the classifier(C,S) on the generated image is close to its
prediction on the original image. By optimising the equation 1.5, the zorg can be obtained.
The lambda value is adjusted to be on higher level so that the priority is given to the first
term to generate an image that is close to the original one.

zorg = argmin
z

max
λ

λ||G(z)) − I||22 + ||S(C(I) − S(C(G(z)))||22 (4.1)

4.2.2 Step 2: Counterfactual Image generation

The focus of the proposed method is to generate plausible counterfactual images, which
is why during the optimisation process we also include a plausibility based loss term.
This term forces the optimisation process to generate highly plausible images. Unlike
baseline-2, we do not use statistical distribution techniques to determine plausibility, we
use the Discriminator D as a plausibility scorer, because it can provide a score in between
0-1 whether the given image is real or fake. All the other loss terms are as it is in
baseline-1. As shown in Figure 4.4, the orange colour boxes are the entities provided to
us, while the blue color boxes are the GAN entities that we have trained. The red colour
boxes denote the loss terms, the distance between the prediction of the generated image
and the counterfactual prediction forms the first loss term, while the distance between
the generated image and the query image forms the second loss term and the last term
acts as the plausibility regulator. All these terms are combined to form the below given
equation.

z′ = argmin
z

max
λ

λ||S(C(G(z))) − Yc′ ||22 + d(zorg, z) + |logD(G(z))| (4.2)

The optimisation process stops when the generated image G(z) has attained counterfactual
prediction c′ and plausibility score D(G(z)) > Plthres.
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5 Experiments and Evaluation

The baseline as well as the proposed method discussed in the fundamentals and the
method section are implemented on two different datasets. The motivation to perform
evaluation on two data sets is to analyse the performance of the proposed method on
range of datasets. This will help us to understand if the proposed method outperforms
the baselines in all types of datasets and would further assist us in evaluating the gener-
alisation of the proposed method. Secondly, if the performance of the proposed method
differs on various datasets, we can look into what affects the performance of the proposed
method and also it would assist us in understanding the scenarios where the proposed
method can be used. Owing to this we have chosen two different datasets for experimen-
tation and evaluation. Firstly we use the MNIST dataset which consists of handwritten
digits and we classify it as "simple" dataset as it contains images with simple shapes and
curves. Secondly, we use the BraTS MRI dataset that contains MRI scans of brains and
we classify it as a "complex" dataset because it consists of complex structures that are
minutely intertwined .

Another reason to choose the MNIST dataset is, the images in the dataset are well known
and the digits can be understood by everyone, and when we perform qualitative evaluation
over teh results from this dataset, we can easily understand the performance of the pro-
posed method by merely comparing the generated images against the baseline methods.
imagine we choose an image of digit "0" and we want to generate a counterfactual image
with target class as "8". We can look at the generated image and be convinced whether
the digit looks like "8" or not. Further we use the BraTS dataset that contains brain
MRIs with and without tumour. When we use the BraTS dataset for experimentation,
it is difficult to comment on the results of the proposed method as we are not the sub-
ject matter expert in detecting tumours. Imagine we consider an image with prediction
"tumour deteted" and provide the counterfactual class as "tumour not detected", the pro-
posed method would generate an image without tumour, but the decision on these images
has to be taken under the supervision of MRI experts. This is why we have chosen two
completely different datasets that will help us in through experimentation and evaluation
of the baselines and proposed method.

5.1 Experiment 1: MNIST Handwritten Digits Dataset

5.1.1 Dataset

The MNIST dataset by LeCun et al. (2010), is the well known dataset of handwritten
digits. It is widely used to train image classifiers [29]. Each image is made up of 28x28
pixels. The pixel value is between 0-255, denoting the intensity of the pixel where 255
denotes full intensity and 0 denotes dark pixels. It contains 60000 images and has almost
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equal number of images for each digits "0", "1", "2", "3", "4" , "5 ", "6", "7", "8", "9". The
sample images of the MNIST dataset are shown in fig. ??.

Figure 5.1: Samples of MNIST Handwritten Digits Dataset [? ]

5.1.2 Experimental Setup

Pixel values in the MNIST dataset are normalized to be between 0 and 1. Additionally,
the dataset is split into train and test sets. The train set contains 50,000 images while the
test set contains 10,000 images. For training a classifier that can recognise handwritten
digits, a Convolutional Neural Network of 4 Convolutional blocks is used. The Classifier
is evaluated over the test set and it achieves 98% test accuracy. As per the concepts
discussed in section 3.3 and section 4.2 , we will use GAN-based methods to generate
counterfactual images. In order to train a GAN, we employ the Deep Convolutional
GAN architecture, where the generator uses a set of convolutional layers to generate a
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28x28 image from a one-dimensional Gaussian noise while the discriminator uses the set
of convolutional layers to build a classifier.

We use the baseline and the proposed method to to generate counterfactual and to visu-
alise them. First we consider the image for which the prediction is digit "0". We specify
the target class from 1 to 9 and show the results for the baseline 1: C-Min Edit method
in the first column, while results using the proposed method with plausibility threshold
as 0.5 in second column and with threshold as 0.8 in third column as shown in Fig 5.2,
5.3 and 5.4.

The results for the baseline method doesn’t seem to be digits from the MNIST dataset
in most of the cases, while the images generated by proposed method with plausibility
threshold=0.8 seem closer to the actual digits from training data. These results point
out that in the given case of the image with prediction of digit "0", the proposed method
can be used to generate plausible counterfactual images for most of the target classes
ranging from 1-9 in the MNIST dataset. Consider the Fig 5.2, it can be said that the
images generated by the baseline hardly qualify as digits as assessed by the human ob-
server, The case where the target class is 1, the baseline generates a blur image , while
the proposed method generates something that cannot be qualified as digit "1", but it
looks like digit "2" that is still a plausible image. The difference in the baseline and pro-
posed method results is clearly visible in the case where the target class is provided as
"3".

Figure 5.2: Counterfactual Image Generation for target class (1,2,3) given image of digit
0

Consider the Fig 5.3, that shows the counterfactual image generation for the target class
between 4-6, for the case with target class as digit "4", the baseline generates an im-
age that cannot be credited as "4" by the human observers, while the proposed method
gets the outline correct for it, this example shows that it is indeed difficult to achieve
all counterfactual classes with precision using the proposed method, yet the proposed
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method outperforms the baseline in most of these cases. In case of counterfactual class
of digit "5", the results obtained by the baseline and proposed method seem accept-
able.

Figure 5.3: Counterfactual Image Generation for target class (4,5,6) given image of digit
0

Consider the Fig 5.4, that shows the counterfactual image generation for the target class
between 7-9, in each of these cases the results of proposed method are favourable in
comparison to baseline. In case of digit "9", the baseline result cannot be credited as digit
"9" by the human evaluator. Overall when we observe the results in Fig 5.2, 5.3, 5.4 it can
be asserted that the proposed method outperforms the baseline method in most of cases
by human evalaution. Also notice that the images become more plausible as we increase
the plausibility threshold.
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Figure 5.4: Counterfactual Image Generation for target class (7,8,9) given image of digit
0

For the detailed evaluation in terms of quantitative and qualitative, the test set has been
divided into two categories - correctly classified and misclassified instances. Using this
category-wise evaluation, we will be able to determine how effective the proposed method
is in each category. This evaluation will also help us understand the cases that bring out
the shortcomings of the proposed method.

5.1.3 Evaluation on correctly classified instances

For the evaluation on this category of data, we have considered six images per class which
sums up to 60 images. These images were correctly classified by the trained classifier.
In this multiclass classification scenario, there are many options to choose as the coun-
terfactual class. But we use the Eq 3.3.2 to determine the closest class and tag it as
the counterfactual class for a particular image. This will help us in assessing the per-
formance of the baselines as well as the proposed method when the original image and
counterfactual class are fixed only the techniques used for counterfactual generation are
varied.

We calculated the values of evaluation metric discussed in section 3.4 for plausibility
evaluation on these images to understand if the proposed method is better in comparison
to the baselines. These evaluation metrics provides quantitative evaluation of the proposed
method.
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Table 5.1: Comparison of evaluation metrics for baseline and proposed method for Cor-
rectly classified images

Type Method IMI1 MC-Mean MC-STD
Baseline C-Min Edit 5.2558 0.4013 0.1890
Baseline PIECE 7.4811 0.1527 0.0540
Proposed Method Plausibility Regulation 3.2678 0.5715 0.1388

The table 5.1 denotes that for the Correctly classified images, the proposed method is
favourable considering the IMI1 score while the scores of MC-Mean and MC-STD favours
the second baseline method that uses the PIECE algorithm. To get an overall per-
spective, we visualise the results so that we understand the qualitative aspect of the
evaluation,

We consider a case where the given image corresponds to digit "8" and has the same
prediction by the classifier and we want to generate the counterfactual image with target
class as "3". As shown in Fig 5.5, the baseline methods generate the images that does not
seem to be digits, while the proposed method generates plausible results. This example
is in line with our quantitative evaluation.
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(a) Original Image (b) Baseline - C-Min Edit Method

(c) Baseline - PIECE Method (d) Proposed Method

Figure 5.5: Results of Baseline methods and Proposed methods when generating coun-
terfactual image for original image of digit 8 to target class 3

Further qualitative analysis also showed us some cases where the proposed method didn’t
show promising results. Consider the case shown in Fig 5.5, we have an image with
prediction as digit "9" by the classifier. The results produced by Baseline C-Min Edit
method are favourable than other methods even though none of the evaluation metrics
favoured it.

39



(a) Original Image (b) Baseline - C-Min Edit Method

(c) Baseline - PIECE Method (d) Proposed Method

Figure 5.6: Results of Baseline methods and Proposed methods when generating coun-
terfactual image for original image of digit 9 to target class 3

After taking a look at both types of evaluation, we can infer that the proposed method is
preferred over the baseline considering the correctly classified instances and this is nacked
up by the quantitative and the qualitative analysis discussed above.

5.1.4 Evaluation on misclassified instances

For the evaluation on this category of data, we have considered 41 images. These images
have incorrect classification when compared with their true labels. The counterfactual
class for these images is the true label of the given image. Again here We calculated
the values of evaluation metric on these images to understand if the proposed method is
better in comparison to the baselines.
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Table 5.2: Comparison of evaluation metrics for baseline and proposed method for mis-
classified instances

Type Method IMI1 MC-Mean MC-STD
Baseline C-Min Edit 3.8434 0.0993 0.0583
Baseline PIECE 2.6309 0.6139 0.1670
Proposed Method Plausibility Regulation 2.7827 0.6134 0.1660

The table 5.2 denotes that the baseline C-Min Edit method is favourable considering the
IMI1 score while the scores of MC-Mean and MC-STD favours the proposed method.
In order to understand the qualitative aspect of the evaluation, we chose a few cases to
visualise the results. As seen in Fig 5.7, we have an original image whose prediction is
"4", but the true label is "9", which is why we generate the counterfactual using all the
methods by specifying target class as "9". The counterfactual generated by the proposed
method seems more plausible in comparison to others by human observation. Further,
we chose an image of "8" that was misclassifeid as "3". We generate counterfactual for
this image as shown in Fig 5.8. The results generated by PIECE method are much more
plausible than the other two methods.
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(a) Original Image (b) Baseline - C-Min Edit Method

(c) Baseline - PIECE Method (d) Proposed Method

Figure 5.7: Results of Baseline methods and Proposed methods when going from original
image of digit "4" to "9"
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(a) Original Image (b) Baseline - C-Min Edit Method

(c) Baseline - PIECE Method (d) Proposed Method

Figure 5.8: Results of Baseline methods and Proposed methods when going from original
image of digit "3" to "8"

The qualitative evaluation points out the performance of PIECE is better than the pro-
posed method but in a few cases proposed method outperforms the PIECE results. Con-
sidering both the quantitative and the qualitative evaluation, it can be inferred that
the PIECE method is favoured while dealing with misclassified instances. On further
analysing the misclassified instances we realise that these instances are the boundary line
cases where the classifier makes mistakes in classifying them in the right category. The
PIECE method uses the class distribution information to move to the counterfactual class
and the boundary line cases are very well suited to the use case of PIECE and that is
evident in the evaluation. But when we consider the correctly classified instances, these
instances are away from the boundary line which is evident from the higher value of pre-
diction probability. This makes it difficult for the PIECE method to alter the pixels in
the original image and push it to the counterfactual class. But in cases like these the
proposed method is able to reach the counterfactual class because it uses the optimisa-
tion function that stops the image generation process only when the particular class is
reached.
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5.1.5 Journey of original image to counterfactual image

After analysing the performance of the proposed method on the different sets of data, here
we explore the journey of the images when going from original image to the counterfactual
image. The images are captured at every steps of the optimisation to discover how the
proposed method differs from the baseline method.

In Fig 5.9, we use the baseline C-Min Edit and the proposed method to understand the
difference in the journey of the original image of digit "0" that changes to the counter-
factual image of digit "3". As seen in Fig 5.9 (a), the optimisation process stops when
the image is predicted as "3" by the classification model. On the contrary, as seen in
Fig 5.9 (b) the proposed method stops only when the digit is classified as "3" and the
plausibility threshold is achieved. It is also evident that the digit "0" changed to digit "6",
"7" and then to "3". These images show the diversion in the optimisation process of these
methods

(a) Optimisation steps by baseline C-
Min Edit method

(b) Optimisation steps by proposed
method

Figure 5.9: Journey of the original image to counterfactual image
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5.1.6 Detecting the changes by analysing the transformation of
images

Generating the plausible counterfactuals will help the stakeholders in developing trust
into the classifier, in other cases it might also help the application developers to evaluate
the fairness of the model or in some cases understand how the model behaves in cases of
uncertainty. But, we cannot simply offer the original image along with the counterfactual
image side by side to the user to analyse what changed. The user must be provided
with transformation maps or diff images so that they understand what set of pixels were
altered to attain the counterfactual prediction. In case of MNIST, we decided to explore
the pixel difference technique as it provides simple visual explanation interpretable to
humans. Consider the case where the original image has the prediction of "3" and the
counterfactual image has the prediction of "8" as shown in Fig.5.10 (a) and (b) respectively.
The difference image is shown in Fig.5.10 (c). The pixels highlighted in green is the
change in the counterfactual image with respect to the original image. In this case it is
evident that the green pixels are surrounded around the upper circle of digit "8" which
is incomplete in the original image, but in the counterfactual image, the upper circle is
attempted to be complete so as to reach the perfect shape of "8". If a human was provided
with this example and asked to transform the image from "3" to "8", the human would
have taken similar approach. This points in the direction of human interpretability of the
pixel difference technique and also assists to build trust of the user in the system as they
can relate to the changes denoted by the difference image.
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(a) Original Image with prediction of
"3"

(b) Counterfactual Image with pre-
diction of "8"

(c) Difference Image with respect to
original image

Figure 5.10: Detecting the change in images using pixel difference technique

Next, consider the case of unsure digit detection as shown in Fig 5.11(a), the digit can
be "4" or "9". In such case the prediction probabilities of these digits are closer to each
other. In this case imagine the classifier detects the digit to be "4" and now you want
to understand what should be modified to make it "9". We provide the counterfactual
class to be "9" and generate the plausible counterfactual using the proposed method as
shown in 5.11(b). In cases like these, the pixel difference can highlight the addition or
reduction of pixels. As seen in 5.11(c) the pixel difference image shows the green pixels
that needs to be added to the original image to make it "9". The green pixels are around
the upper part of original image that joins both the curves making it a "9" as interpretable
to human.
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(a) Original image (b) Proposed Method

(c) Difference Image

Figure 5.11: Difference Image

5.2 Experiment 2: BraTS MRI Dataset

5.2.1 Dataset

The BraTS dataset [30] provides a collection of Magnetic Resonance Images(MRI) of the
brain for studying the segmentation of Brain tumours. It consists of 220 images of brain
with High Grade Gliomas(HCG). These images are available in four modalities T1, T2,
Flair and T1Ce sequences. We decided to use the T1Ce modality for our experimentation.
The 220 volumes were divided into train, validation and test set. The trainset had 180
volumes while the validation and the test set had 20 volumes each. These volumes were
available as the set of 2D slices. The tumour labels were available on the slice level. Each
slice had either a label 0, 1 or 2. The label 0 denoted slice with no tumour, while slice
with label 1 and 2 denoted presence of tumour of different types. To make this a binary
classification task, we selected the slices of label 0 and 2 for this experiment. The slices
without any bright pixel values were removed. The pixel values of the slices were were
normalised using min-max normalisation based on the value of each slice, this made the
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values of the pixels bounded between 0-1. The Fig 5.12 shows the samples of images from
the BraTS dataset.

Figure 5.12: Samples of BraTS MRI Dataset [30, 31, 32]

5.2.2 Experimental Setup

The 2D slices from BraTS dataset were available as 240x240 pixel wide. We intended to
train a classifier to identify whether the 2D slice contains tumour or not and based on the
prediction of the classifier the slices were classified as "tumour detected" or "no tumour
detected". We used the classical Convolutional Neural Network with 4 Convolution blocks
to train the classifier over the training set. Upon testing the performance over the test set,
the classifier gave an accuracy of 53%, which is almost similar to random guessing. To get
a better accuracy we decided to switch to powerful classifiers like VGG Nets and ResNets
that have numerous convolutional blocks stacked on top of each other. We implemented
the ResNet-101 which uses 101 deep layers of residual network to train the network.
ResNets have proven to be effective [33] in comparison to traditional network given their
skip connections that solves the vanishing gradient problem in deep neural networks. The
ResNet-101 model gave an accuracy of 82% over the test set. This accuracy is better
in comparison to the classical neural networks and also it also helps us in classifying
the images of tumour and non tumour with some degree of confidence. So we decided
to finalise on this classifier for sake of experimentation with counterfactual on BraTS
dataset.
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5.2.3 Experimentation and Evaluation of GANs

We have termed the BraTS dataset as a complex dataset, because of the images of brain
that have complex structures. To generate counterfactual over this dataset, we need a
GAN model that can generate these complex images as closer to reality as possible, also
the matter of concern here is not only the brain images, but the GAN should also be able
to generate the tumour sections precisely.

We decide to train various GAN models to understand their performance over the BraTS
model and then choose the suitable GAN for further experimentation. We started with
the DC-GAN, where we use the latent vector of 128 dimension as input to the GAN.
We trained this network until convergence and noticed that it generated images of the
MRI dataset as seen in Fig 5.13(b). But when we compare this image with the original
image Fig 5.13(a), it can be inferred that the generated image is mostly blur and DC-
GAN lacks the ability to generate complex brain structures in case of this dataset. The
problem of DC-GAN is that it faces the problem of vanishing gradients and that is why
to tackle this problem, we decided to change the loss function of the GAN, so we decided
to train the WGAN as it offers better quality of images by reducing the problem of
vanishing gradients. The images generated by WGAN are shown in 5.13(c), these image
is better than DC-GAN, yet it is blur and did not contain all the complex structure of
the brain.

At this point we hypothesised that the GANs were not able to map all these complex
structures to the input latent dimension of 128, so we increased the latent dimension
to 1000 and then to 2000 for assessing its effect over the quality of images. Even after
using higher dimension latent vector, we did not observe noticeable change in the quality
of generated images. The authors of WGAN research paper [34] also suggests gradient
penalty version of WGAN and mentions the improvement in performance, which is why
we trained the WGAN-GP and the results of it can be seen in 5.13(d). The results did
not offer any kind of improvement over DC-GAN or WGAN. This motivated us to think
in the direction of making the generator architecture in the GAN more powerful along
with the increased latent size. The U-Net architecture has proved to be outstanding
in biomedical image segmentation [35], further the skipped connections in U-Net helps
in reducing the problem of vanishing gradients and also promises improved performance
even with smaller sizes of training datasets. This motivated us to use the U-Net as the
generator in the WGAN. We term this as U-Net GAN, as seen in 5.13(f). As seen in
the U-Net WGAN results the generated image contains complex brain structures upto
certain extent and it outperforms all the other GANs. At this point we wanted to explore
further powerful architectures like ReconResNet [28] by Chatterjee et al. In this case we
replace the U-Net with ReconResNet and the result generated is shown in 5.13(e). The
results of ReconResNet WGAN are better than other GANs as it succeeds in generating
complex structures upto certain extent yet it does not surpass the performance of the
U-Net WGAN. We tried this qualitative comparison on many other images to conclude
that the U-Net WGAN outperforms all other GANs tried by us and hence we decided to
use it in the proposed method
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(a) Original Image (b) DC-GAN

(c) WGAN (d) WGAN-GP

(e) ReconResnet WGAN (f) U-Net WGAN

Figure 5.13: Comparison of Original image along with images generated by various
GANs

The summary of the experimentation with GAN can be seen in the table 5.3. We calculate
the FID scores that point towards the quality of the images generated by the GAN, FID
score represents the distance between the original distribution and the distribution of the
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generated image. That is why lower FID score represents high quality images. Further
we calculate the perceptual loss between the original image and the generated image.
We consider test set of 20 volumes and calculate the FID score and the perceptual loss
over these images over all the trained GANs to assess the performance of these GANs.
The FID score in this case points out the performance of the DC-GAN which promises
lower value of the FID in comparision to the other GANs, considering the perceptual
loss values, the ReconResNet seems to provide lower values of the loss and is preferred
over the other GANs. But looking at the qualitative results of the GAN, we prefer to
go ahead with the U-Net WGAN as it generates images that seem closer to the original
distribution.

Table 5.3: Comparison of evaluation metrics for baseline and proposed method for Un-
sure instances

GAN Perceptual loss (mean) Perceptual loss (std) FID
DC-GAN 0.0186 0.0061 405.62
WGAN 0.0200 0.0041 475.30
WGAN-GP 0.0189 0.0050 490.66
ReconResNet WGAN 0.0145 0.0061 506.75
U-Net WGAN 0.0189 0.0067 470.54

We performed a through evaluation on MNIST in the prior section by splitting the test
set in 2 parts. Again here we aim to split the test set in two parts, correctly classified
instances and misclassified instances. These parts help us in understanding how the pro-
posed method performs in comparison to the baselines in different sets of test data. The
baseline2: PIECE method requires the class distribution information about the given
dataset, in case of BraTS we could not acquire this information and that is why the
evaluation is performed by comparing the performance of baseline 1: C-Min Edit method
and proposed method. To attain a complete perspective, we have compared the values of
evaluation metrics to get an understanding of the quantitative evaluation while we com-
pare the results by looking at the results side by side to attain the qualitative evaluation
of these methods.

5.2.4 Evaluation on correctly classified instances

As the title suggests, we have considered 50 images here, these images are correctly
classified by the trained classifier. There are 25 images that have the label "tumour
detected" while the remaining 25 images have the label "tumour not detected". This
equal distribution of the correctly classified images will help us to understand how the
proposed method performs over the balanced test set.

The evaluation metrics were calculated on the results derived from baseline 1: C-Min Edit
method and proposed method, the results are documented in the table 5.4. The quanti-
tative evaluation points out that the proposed method is favourable considering the MC-
Mean and MC-STD metrics, as we see a significant difference in the values. The IMI1 met-
ric values shows no significant changes in the performance of these two methods. We fur-
ther perform mannwhitney statistical test on these results for IMI1 and realise that there
is no statistical significant difference in the IMI1 values.
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Table 5.4: Comparison of evaluation metrics for baseline and proposed method for cor-
rectly classified instances

Type Method IMI1 MC-Mean MC-STD
Baseline C-Min Edit 1.006 0.7556 0.1610
Proposed Method Plausibility Regulation 1.011 0.8052 0.1460

For the qualitative analysis we consider two cases, first a case where the prediction of
the classifier on the given image is "no tumour detected" as shown in Fig 5.14(a), we
provide this image to the baseline and the proposed method with the counterfactual class
as "tumour detected". Looking at the results by baseline in 5.14(b) and 5.14(c), it can be
inferred that there is not much difference noticed in the results of these methods by human
observation. Also, the results do not seem distinct from the original image. This seems
like a case where certain pixels were altered to get the classifier to avert its prediction.
Let consider another case where the prediction on the given image is "tumour detected" as
shown in Fig 5.15(a), we specify the counterfactual class to be "no tumour detected" and
pass on these inputs to the baseline and the proposed method. The results are shown in
Fig 5.15(b) and Fig 5.15(c) respectively. In this case we can realise that the tumour like
black circular patch in the side of the brain slice has disappeared in the counterfactual
image. The counterfactual images from both these methods looks similar and attempt to
vanish the tumour like parts from the original image.

Considering the quantitative and qualitative evaluation over the classified instances, it can
be inferred that there is no significant improvement in the performance of the proposed
method in comparison to baseline.
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(a) Original image (b) Baseline - C-Min Edit Method

(c) Proposed Method

Figure 5.14: Results of Counterfactual image generation over a given image with pre-
diction "no tumour detected"
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(a) Original image (b) Baseline - C-Min Edit Method

(c) Proposed Method

Figure 5.15: Results of counterfactual image generation over a given image with predic-
tion "tumour detected"

5.2.5 Evaluation on misclassified instances

Here, we have considered 50 images as well, these images are misclassified by the trained
classifier, which means if the classifier predicts that the given image has "no tumour
detected", the true label of the image is "tumour detected". This is why we provide the
true label as the counterfactual class in generating the counterfactual images for these
instances.

The table 5.5, provides quantitative evaluation over the misclassified instances by pro-
viding the values of evaluation metrics over the baseline and the proposed method. The
values suggest that the proposed method outperforms the baseline method in terms of
MC-Mean and MC-STD metrics, but when we compare the IMI1 score the performance
seems similar. We use the mannwhitney statistical test to determine if there is significant
difference in the IMI1 scores. The test confirms that there is no significant difference
in the IMI1 scores and which is why we can ascertain that the proposed method does
outperform the baseline method in terms of IMI1.
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Table 5.5: Comparison of evaluation metrics for baseline and proposed method for mis-
classified instances

Type Method IMI1 MC-Mean MC-STD
Baseline C-Min Edit 0.972 0.7999 0.1553
Proposed Method Plausibility Regulation 0.980 0.8423 0.1272

For qualitative evaluation we consider two cases and visualise the results to get an under-
stand the performance of baseline and proposed method. Consider the first case where
the image is predicted as "tumour detected" as shown in Fig (a), but the true label is "no
tumour detected" and that is why the counterfactual class is "no tumour detected". The
results of the baseline and the proposed method are shown in Fig (b) and Fig (c) respec-
tively. The counterfactual results show that the black regions in the original image are
blurred to switch the prediction to "no tumour detected".

(a) Original image (b) Baseline - C-Min Edit Method

(c) Proposed Method

Figure 5.16: Results of counterfactual image generation over a given image with incor-
rect prediction of "tumour detected" but the true label is "to tumour De-
tected" and that is why the Counterfactual class is "no tumour detected"

Consider the second case, where the prediction of the classifier for the given image is

55



"no tumour detected", but the true label is "tumour detected". We provide this as the
counterfactual class to derive the results using the baseline and proposed method as shown
in Fig . The results of the proposed method suggests that there is addition of black regions
in the original image which inverts the prediction of the image to "tumour detected". Also
we see a irregular structure added at the left side of the brain MRI which majorly pushes
the prediction to presence of tumour.

(a) Original image (b) Baseline - C-Min Edit Method

(c) Proposed Method

Figure 5.17: Results of counterfactual image generation over a given image with in-
correct prediction of "no tumour detected" but the true label is "tumour
detected" and that is why the counterfactual class is "tumour detected"

5.2.6 Detecting the changes by analysing the transformation of
images

In the tumour classification applications, it is critical to explain the stakeholders on how
the classification model makes a decision, the counterfactual image generation methods
discussed above provide an overview on how the counterfactual image generation can
provide local explanations eg: consider one image that consists of tumour and the coun-
terfactual image generation method outputs an another image that is close to the given
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image but has alternate prediction. These explanations can be made better by provid-
ing the user with the transformation maps that assist the users in understanding what
changed in the image so that the prediction altered. For the BraTS dataset we intended
to use the image registration techniques to attain the transformation maps that assist the
users in attaining better understanding of how counterfactual images are derived from
original image.

The generated images by the U-Net WGAN are better in comparison to the other GANs
we discussed earlier, but these images are not closer to the original images. This impedes
the usage of image registration techniques as it cannot accurately map the original image
to counterfactual image. This motivated us to look for other techniques that can help
the users understand what changed in the image. The simplest concept that we started
with was the difference image or mask. We implemented the difference mask by visu-
alising the image that is obtained from subtracting pixels of one image from another.
Further, we use the manual thresholding technique to attain the mask that explains the
key regions of difference in the counterfactual image when compared to the original im-
age. In Image segmentation we often use Otsu’s thersholding technique to segment the
image into foreground and background, We utilise this method to derive the explanation
mask.

We have considered the case of an image that has the prediction as "tumour detected"
and we provide this image to the proposed method given the counterfactual class as "no
tumour detected". The results can be seen in Fig 5.18, we showcase the original image
as well as the counterfactual image in Fig 5.18(a) and Fig 5.18(b) respectively. Further
we visualise the difference mask as shown in Fig 5.18(c), upon further thresholding using
manual and Otsu’s method as shown in Fig 5.18(d) and Fig 5.18(e) it can be understood
that the major changes were noticed in the upper region of the image that had tumour
like black region.

Further, we consider the case of an image that has the prediction as "tumour detected"
and it is an incorrect prediction given the true lable and we provide this image to the
proposed method given the counterfactual class as "no tumour detected". The results can
be seen in Fig 5.19, we showcase the original image as well as the counterfactual image in
Fig 5.19(a) and Fig 5.19(b) respectively. Further we visualise the difference mask as shown
in Fig 5.19(c), upon further thresholding using manual and Otsu’s method as shown in
Fig 5.19(d) and Fig 5.19(e) it can be understood that the major changes were noticed in
the central region of the image that had tumour like black region and is now replaced by
mass like region in the counterfactual image.

57



(a) Original image (b) Proposed method

(c) Difference mask

(d) Difference mask with
manual threshold

(e) Difference mask with
Otsu’s threshold

Figure 5.18: Results of difference mask and further thresholding of the mask for image
with prediction "tumour detected"
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(a) Original image (b) Proposed method

(c) Difference mask

(d) Difference mask with
manual threshold

(e) Difference mask with
Otsu’s threshold

Figure 5.19: Results of difference mask and further thresholding of the mask for image
with prediction "tumour detected"
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6 Discussion

In this chapter, we discuss the merits and limitations of the proposed method based on the
evaluation chapter. We analyse the performance of the proposed method in terms of two
different datasets, first MNIST dataset which contains simple shapes and structures and
then BraTS dataset that has brain MRI images which contains complex structures. We
also consider different set of instances in these datasets to understand how the proposed
method performs when the instances are correctly classified or misclassified by the trained
classifiers. At last we intend to use this chapter to answer the research questions one by
one.

6.1 MNIST Dataset

The MNIST dataset contains of handwritten digits and it is widely used for assessing the
performance of counterfactual explanations in images [1, 11]. The study of the perfor-
mance of the proposed method on MNIST helps us to understand the effectiveness of the
method on simple datasets, also it motivates us to further assess the method on complex
datasets. The evaluation on MNIST dataset is performed quantitatively and qualitatively,
the quantitative evaluation uses various metrics to denote which method outperforms the
other, while the qualitative evaluation visualises all the results so that the results from
the quantitative evaluation can be validated by observing these visualisations. The qual-
itative evaluation is subjective yet simpler in the case of MNIST, as the user can look
at the generated images and provide feedback whether the image actually looks like a
digit.

We performed the quantitative and the qualitative evaluation by splitting the test set
into two parts, correctly classified and misclassified instances. The section 5.1.3 shows the
evaluation on the correctly classified instances, the quantitative evaluation shows that the
proposed method outperforms both the baselines in terms of evaluation metrics IMI1 and
MC-Mean as shown in table 5.1. The qualitative evaluation in cases similar to discussed
in Fig 5.5 shows that the results of proposed method actually outperform the baselines,
then we consider the case as shown in Fig 5.6 where the proposed method did not show
promising results in comparison to baseline 1 C-Min Edit method but still efficient as
compared the state-of-the-art baseline 2 PIECE method. In case of correctly classified
instances we can conclude that the proposed method performs significantly better in
comparison to the baselines.

Then we consider the misclassified instances, we perform quantitative evaluation as shown
in 5.2 and it point that the baseline 2 PIECE method outperforms the other methods
in these set of instances. We visualise the results to understand the qualitative aspect
of evaluation, we visualise the first case as shown in Fig 5.7, and the performance of
baseline 2 and proposed method is found to be similar. On further analysis we found
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many cases as shown in Fig 5.8 which denotes that the PIECE method outperforms
the proposed method. It can concluded based on the evaluation of the misclassified
instances that the PIECE method outperforms the other methods quantitatively as well
as qualitatively.

The outstanding performance of the proposed method in the correctly classified instances
answers the [RQ-1] , by proving that the usage of discriminator as plausibility regulator
in the counterfactual image generation improves the plausibility of the generated images.
Further in cases of misclassified instances we see that the baseline 2 PIECE method is
favourable, to understand this we looked at the nature of these instances, the correctly
classified instances have higher prediction confidence and are away from the boundary,
which is why the techniques like PIECE that operate on class distribution parameters
cannot generate plausible counterfactual. The proposed method stops the optimisation
only when the counterfactual class is reached along with the desired level of plausibility.
This makes the proposed method more robust with instances that lie far away from
the boundary line. The misclassified instance have lower probability confidence and lie
on the boundary line, in such cases PIECE method is able to exploit the distribution
properties to generate plausible counterfactual of the target class, while the proposed
method stops its optimisation process as soon as the the generated digit crosses decision
boundary and have plausibility higher than the threshold. This motivate us to push the
plausibility threshold even further, and this shifted the focus of the optimisation process
on plausibility entirely and the results were plausible digits but distant apart from the
original image and this does not fit into the definition of counterfactual as defined by us
in the Chapter 2.

Further, we consider a category of data which we term as "unsure" instances, these in-
stances can belong to both the classes taking into account their shapes. We select the
instances that has softmax probability is < 0.8 and also upon human supervision a class
cannot be assigned to these images with surety. These instances are different from the
misclassified instances, because the prediction on these images is correct but yet they
cannot be given a label that is agreed by all the human supervisors. In total we selected
62 such images and wanted to run evaluation on these kind of instances. The counterfac-
tual class for these images is determined by using the gradient ascent method as shown
in equation Eq 3.3.2. We used the baselines and the proposed method to attain results
on these images. The quantitative evaluation is carried out by calculating the evaluation
metrics and the results are shown in table 6.1. The evaluation shows that the baseline 2
PIECE method outperforms the other methods.

Table 6.1: Comparison of evaluation metrics for baseline and proposed method for Un-
sure instances

Type Method IMI1 MC-Mean MC-STD
Baseline C-Min Edit 1.0273 0.3560 0.1938
Baseline PIECE 1.0505 0.4834 0.0626
Proposed Method Plausibility Regulation 1.0284 0.4468 0.1762

For the qualitative analysis we choose 2 instances. First an image that looks either a "6"
or "0". The model predicts it as "0", we generate counterfactual for this image with coun-
terfactual class as "6". The results are shown in Fig. 6.1 and we see minor improvement
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in the results of proposed method as compared to others. Secondly, we consider an image
that was predicted as "2" and generate counterfactual with target class "0", as shown in
Fig. 6.2, PIECE outperforms the other two methods.

(a) Original Image (b) Baseline - C-Min Edit Method

(c) Baseline - PIECE Method (d) Proposed Method

Figure 6.1: Results of Baseline methods and Proposed methods when going from original
image of digit 0 to digit 6

Looking at both the evaluation, it can be inferred that the PIECE methods is favourable
in generating counterfactual images considering the unsure instances. These results are
similar with the results of misclassified instances and that could be because of the nature
of the instances which is being close to the boundary line. This evaluation strengthens our
hypothesis that the proposed method is not better than the baselines when the instances
of interest are close to boundary line.
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(a) Original Image (b) Baseline - C-Min Edit Method

(c) Baseline - PIECE Method (d) Proposed Method

Figure 6.2: Results of Baseline methods and Proposed methods when going from original
image of digit 2 to digit 0

Now to discuss about the capability of the method to generate counterfactual images
given any desired class, we noticed that the proposed method and the baseline 1 C-Min
Edit method are capable of generating counterfactauls images for any class specified by
the user, while the PIECE method can generate a counterfactual image only for the class
chosen by the eq. 3.3.2. Consider the case where the original image has prediction of "0"
as shown in Fig 5.2, Fig 5.3 and Fig 5.4, we can see the results of baseline 1 and proposed
method for the counterfactual when target class is between 1-9, the baseline 2 PIECE
fails to generate images for all these classes. So this points out the merit of the proposed
method in comparison to PIECE.

Further as stated in the motivation of this thesis, we also aim to use the plausible counter-
factual image generation to boost trust of the user in the classifier. The research question
[RQ-2] was framed to explore the various visualisation techniques that can be used to
attain the transformation map that explains the change from the original image to coun-
terfactual image. In section 5.1.5 we visualise the optimisation steps to understand the
changes in the original image step by step, these images of the transformation journey
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can assist the users in understand what regions of the images were altered at what point
of time. To attain a single image that shows the transformation, we exploit the pixel
difference map technique and highlight the contours that experienced changes. These
pixel difference maps are simple to interpret and can add value to the user. These trans-
formation maps are discussed and shown in section 5.1.6. Consider the user provides the
image shown in Fig 6.3(a) which has prediction of digit "4" to the proposed method and
wants to understand how this image can be converted to an image that can be classified
as digit "9" by the classifier. The user provided the given image and the counterfactual
class as "9" to the proposed method. The generated counterfactual image is shown in Fig
6.3(b). We use the pixel difference technique to visualise the transformation. The green
pixels in the Fig Fig 6.3(c) shows the region that has undergone changes to transform
the original image to digit "9". The user of the proposed method would agree with the
transformation needed as the user would have did the same transformation if they were
asked to change the digit from "4" to "9". This encourages the user to imbibe their trust
in the digit classifier as it behaves in their line of expectation and not only classifies the
images, but the counterfactual also provide explanation to the user on what needs to
change in the digit to attain desired prediction. At last the final motivation of the thesis
is to provide plausible counterfactual images, as in the above case if the counterfactual
method would have generated an image that has prediction of "9" but does not actu-
ally look like a digit from true distribution, it would have led to swindled trust in the
classifier. This shows that the counterfactual image generation alone is not enough in
building trust of the users, it is critical to make sure the generated counterfactual images
are plausible.
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(a) Original image (b) Proposed Method

(c) Difference Image

Figure 6.3: Difference Image

6.2 BraTS Dataset

The BraTS dataset [30, 31, 32] is widely used for brain tumour segmentation challenges
and studies across various conferences like MICCAI. BraTS dataset has become a standard
for comparing the performance of various image segmentation techniques in biomedical
applications [36, 37]. In our analysis we classify BraTS dataset as complex one because
it consists of complex structures of the brain and tumour sections. After our analysis on
MNIST, we wanted to check the generalisation power of the proposed method in cases of
complex datasets.

The prerequisite for the proposed method is the GAN training over the training dataset,
additionally the images generated from GAN should also be closer to the true distribution
and have high quality so that generation of plausible counterfactual can be done. We
started with the DC-GAN training, upon fully training this GAN we realised the output
to be blur and missing the complex brain structures. This motivated us to look for other
powerful GANs that can generate high quality images, we used the WGAN that is known
for getting rid of the vanishing gradient problem faced by DC-GAN. Upon completing
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the training of WGAN, we realised the generated images were better than DC-GAN but
still they lacked exact structures of the brain. Further, we used the gradient penalty
version of the WGAN to attain boost in performance, but the results of it were found
to be not satisfying the desired criteria. At this point, we hypothesised that the GAN
architectures are unable to map the 240x240 image from a latent vector of size 128,
so we used latent size of 2000 and tried DC-GAN and WGAN. This resulted in minor
improvement in the quality of the images. Further we hypothesised that the generator
network in GAN should be made stronger to attain high quality images. This motivated us
to use the U-Net architecture as the generator, as U-Net is widely used in biomedical image
segmentation because of its capability to produce outstanding results with the means of
skipped connections. The latent vector now changed to 240x240, and it became analogous
to image to image translation but we had a noise of 240x240 which will be mapped to
the brain image using the stronger network like U-Net. Using the U-Net along with the
WGAN concepts, we achieved results that were outstanding in comparison to the pre
existing GANs. Further, we experimented with even stronger networks in the generator
architecture like the ReconResNet by Chatterjee et. al [28] and couldn’t achieve results
better than the U-Net WGAN. We evaluated all the GANs and tabulated the scores in
table ??, the quantitaive evaluation points that the DC-GAN is better in comparison to
other GANs trained. Further, we perform the qualitative evaluation on these GANs as
shown in Fig 5.13 and it is clearly evident that the U-Net WGAN outperforms the other
GANs. This is why, we decided to use the U-Net WGAN for further experimentation and
evaluation.

For the detailed evaluation, we divided the test set into 2 parts, correct classified and
misclassified instances. This will enable us to get an overview of how the performance
of the proposed method is affected by the nature of the instances. We perform the
quantitative evaluation by calculating the evaluation metrics discussed in Section 3.4 on
the test set using the baseline and the proposed method. The results are tabulated in
the table 5.4, as the table points out there is no significant improvement realised in the
performance of the proposed method in comparison to the baseline. Further we visualise
the results to attain qualitative evaluation and see that the results obtained by the baseline
and proposed method look similar. The results do show significant difference with the
original image to realise that we have achieved the counterfactual. In a few cases as
shown in Fig 5.15, we can notice that the black region in the original image that made
the prediction as "tumour detected" is completely vanished in the counterfactual image.
Again, we perform similar evaluation on the misclassified instances and tabulate the
results in the table 5.2, as seen in this table there is no significant difference between the
two methods. To answer [RQ-1], in cases of complex dataset we see that the proposed
method is on par with the baseline and do not offer any advantage irrespective of the
nature of the instances.

The failure of the proposed method in complex datasets can be attributed to the quality
of the images generated, the U-Net WGAN generates better quality images in comparison
to the other GANs trained, yet it does not produce realistic images that are closer to the
true distribution. To confirm our hypothesis over the quality of the images, we generated
overall 10 images each for the label with and without tumour using the U-Net WGAN,
this resulted in a test set of 20 images. These images were provided to the MRI experts to
attain two kinds of labels, first is the image realistic and secondly which of these images
have tumours. The labels "tumour detected" and "no tumour detected" were masked and
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then provided to three MRI experts. The first reviewer labelled two images to be realistic
and was able to detect 1 image having tumour and provided further comments stating that
most of the images do not seem to be brain MRIs as they lack precise complex structures.
The second reviewer was able to detect 7 images with tumour and felt that the images
require enhanced clarity to be classified as real brain images. The third reviewer was
able to label only 3 images as real and discarded the remaining images, the reviewer had
further comments stating that the in some images the deformation of the brain is due to
a large tumor, but not really a tumor structure. In general the tumor should appear more
“roundish” and have a certain distinct boundary to the tissue. All these reviews point in
the direction of incapability of the GAN to generate high quality images which further
limits the performance of the proposed method.

As mentioned in the motivation of this thesis, we intent to explore visualisation techniques
to provide the user with the transformation maps or pixel difference maps to provide an
idea on what changed while going from original image to counterfactual image.To answer
[RQ-2] we intended to use the image registration techniques to carve out the transfor-
mation lattice, upon trying the image registration techniques, it failed mostly because
the original image and the counterfactual image had major changes in the image regions.
The counterfactual image had blurs in various regions because of the limitations of U-Net
WGAN and this impeded the image registration techniques to derive a transformation
lattice. As discussed in section 5.2.6, we utilise the pixel difference maps to visualise
the changes, along with these we use the manual thersholding and Otsu’s thresholding
technique to showcase results as shown in Fig 5.18 and Fig 5.19. The threshold images
show the pixel regions that have experienced maximum changes. Similarly, we consider
a case as image shown in Fig 6.4 (a), the original image has the prediction "tumour
detected", the counterfactual class "no tumour detected" is provided to the proposed
method, the generated counterfactual is shown in Fig 6.4 (b), notice that in this case
the counterfactual method attempts to complete the brain structure as seen in Fig 6.4
(c) (d) (e). This example was considered to showcase the case where the brain structure
itself is altered by the proposed method rather than any modification inside the brain
image.
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(a) Original image (b) Proposed method

(c) Difference mask

(d) Difference mask with
manual threshold

(e) Difference mask with
Otsu’s threshold

Figure 6.4: Results of proposed method over an image with prediction "tumour detected"

Upon analysing the performance of the proposed method through qualitative evaluation,
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we stumbled upon some uses cases that helps us to comment over the limitations of the
proposed method. Consider the case shown in Fig 6.5, the original image was classified by
the classifier as "no tumour detected", upon passing this image to the proposed method,
it generates some irregular regions outside the brain area and then acquires the label
"tumour detected". Looking at these results it appears to be a out of distribution image,
which is why it cant be called a plausible counterfactual image. Instances like these
points out the limitations of the proposed method and it hints towards using stronger
discriminator network while training the GANs as that might reduce the errors arising
like these.

(a) Original image (b) Proposed Method

Figure 6.5: Counterfactual image generated(right) for the given image with prediction
"no tumour detected"(left)

Next we consider the image whose prediction is "no tumour detected" as shown in Fig
6.6 (a), upon passing this image to the proposed method, it generates the counterfactual
image shown in Fig 6.6 (b). The counterfactual image adds a few black areas or holes
that makes the classifier switch its prediction from "no tumour detected" to "tumour
detected". These regions do not have a boundary as required by tumour sections, but
based on the GAN training, the proposed methods makes minimum changes to the image
that is darkening some pixels and it makes the model switch its prediction. These kind of
instances can also be classified as adversarial images, but these images have black region
not because of random blurring but because these kind of black regions are seen by the
GAN in the training images.
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(a) Original image (b) Proposed Method

Figure 6.6: Counterfactual image generated (right) for the given image with prediction
"no tumour detected"(left)
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7 Conclusion

7.1 Summary

The proposed method for plausible counterfactual generation was evaluated on two dif-
ferent datasets, one simple and other complex. The results of the method were over the
simple datasets, further the performance of the method is better than the baselines when
the instances are away from the boundary line. For understanding the transformation of
the original image to counterfactual image we explored the pixel difference method and
highlighted the contours in the image that experienced maximum change. Further, we
evaluated the performance of the method on the complex dataset and found out that it
does not promise significant improvement over the baseline methods. The reason for this
can be attributed to the inefficiency of the GAN used in the method, this motivated us to
explore various GANs that can produce high quality images and in process of this explo-
ration we provide the novel GAN architecture U-Net WGAN and ReconResNet WGAN
that provides high quality images in comparison to the pre existing GANs. We intended to
use image registration techniques to derive the transformation lattice, but the inefficiency
of the GANs to generate high quality images restricted the usage of these techniques. This
motivated us to use simple transformation techniques like pixel difference mask and then
further thresholding it with manual and Otsu’s method.

7.2 Limitations

In this section, we discuss the limitations observed while conducting experiments for the
thesis.

The performance of the proposed method for plausible counterfactual image generation
depends heavily on the nature of the dataset, as in the performance improves in case
when we consider dataset with images that have simple shapes and structures. This is
why we term the performance of the proposed method as dataset dependant. Additionally
the performance of the proposed method also banks on the nature of the instances, the
performance is promising when the instances are away from the decision boundary. In
cases where the instances are closer to decision boundary, the proposed method fails to
generate plausible images. The users also need to tune the plausibility threshold to cater
to their desired level of plausibility and this can be subjective call. One of the major
limitation is the dependence on the performance of the GAN required for the proposed
method, the GAN training is often expoensive. In dealing with simple datasets, majority
of GANs provide high quality images and they can used to generate counterfactuals. But,
considering the complex datasets, it becomes difficult to choose a GAN architecture that
can generate high quality image. In our case of complex dataset, most of the pre existing
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GANs failed to generated satisfying results, we proposed the U-Net WGAN that promises
better image quality in comparison to pre existing GANs. Yet the quality of the images by
U-Net WGAN was not closer to the true distribution and had some blurring regions in the
generated image. This limitation on the quality of the images harnessed the performance
of the proposed method and also restricted us to try out image registration methods to
attain transformation maps.

7.3 Future Work

In this section, we discuss some of the avenues that can be explored for further enhance-
ment in terms of plausibility.

• Use advanced Convolutional Neutral Network architectures for the Generator and
Discriminator network in GAN.

• Explore the usage of the Discriminator as a plausibility regulator in the counterfac-
tual image generation for RGB dataset

• Explore the usage of the Discriminator as a plausibility regulator in cases of diverse
counterfactual generation

• Explore the usage of the Discriminator as a plausibility regulator in the field of
Semi-factual
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