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Abstract
Explainable AI (XAI) has found numerous applications in computer vision. While image classification-based explainability techniques

have garnered significant attention, their counterparts in semantic segmentation have been relatively neglected. Given the prevalent use of
image segmentation, ranging from medical to industrial deployments, these techniques warrant a systematic look. In this paper, we present the
first comprehensive survey on XAI in semantic image segmentation. We analyze and categorize the literature based on application categories
and domains, as well as the evaluation metrics and datasets used. We also propose a taxonomy for interpretable semantic segmentation, and
discuss potential challenges and future research directions.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Korean Institute of Communications and Information Sciences. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In the past decade, Artificial Intelligence (AI) systems have
achieved impressive results, most notably in natural language
processing and computer vision. The performance of such
systems is typically measured by evaluation metrics that vary
depending on the task but aim to assess the system’s outputs.
Today’s leading AI systems largely rely on deep learning (DL)
models, multi-layered neural networks that tend to exhibit
increasingly complicated structures in terms of model param-
eters. The growing complexity of such systems resulted in
them being labeled as “black boxes”. This highlights that the
evaluation metric does not show the full picture: even if its
measurement is correct, it does not give insights into the inner
workings of the model.

The field of explainable AI (XAI) encompasses different
branches of methods that attempt to give insights into a
model’s inner workings, explain outputs, or make the en-
tire system more interpretable to end users, such as human
decision-makers. There is ongoing debate regarding XAI ter-
minology. Concepts like interpretability, explainability, un-
derstanding, reasoning, and trustworthiness are challenging
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Peer review under responsibility of The Korean Institute of Communica-

ions and Information Sciences (KICS).
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to formalize. While some authors use “interpretable” and
“explainable” interchangeably [1], others distinguish between
the two [2,3]. When the distinction is made, it is usually to
demarcate post-hoc explanations, a type of XAI techniques
applied to the already-trained model, and inherently inter-
pretable models [2]. This way interpretability becomes asso-
ciated with the transparency of the model itself and depends
on the ease with which one can interpret the model. For
instance, a simple decision tree-based model might be consid-
ered more interpretable than a DL model composed of millions
of parameters, provided that the former is not too deep. Ex-
plainability, in contrast, is often limited to understanding the
model’s results rather than the model as a whole. While we
acknowledge such distinction, throughout this survey we will
use “interpretable” and “explainable” synonymously, reserv-
ing more specific “architecture-based” and “inherently inter-
pretable” terms when discussing model-specific XAI modi-
fications. This is because not many of the surveyed papers
use the term interpretability in a second sense. Since most
papers in explainable segmentation do not make this distinc-
tion, this might avoid unnecessary confusion when discussing
their contents. It should also be noted that interpretability and
ease of understanding vary according to the specific audience,
whether it be the general public or a more specialized group
with specific training, such as radiologists.
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Fig. 1. Publications with “explainable AI”, “interpretable AI”, and “AI
regulation” as keywords. Publication data gathered from app.dimensions.ai.

XAI is not a new development, particularly in rule-based
expert systems [4,5] and machine learning (ML) [6], but
it has experienced unprecedented growth ever since the re-
vived interest [7] in neural networks. This growth correlates
with the increasing interest in DL and is further driven by
(1) the need for trustworthy models due to widely expanding
industrial deployments; (2) bureaucratic and top-down polit-
ical emphasis on AI regulation; and (3) concerns within the
ML safety community [8] about the general trajectory of AI
development in the short and long runs. AI deployment is
increasing across different sectors, and is significant both in
terms of its size and impact. According to AI Index Report
2023 [9], the proportion of companies adopting AI has more
than doubled from 2017 to 2022. In 2022, the medical and
healthcare sectors have attracted the most investment, with a
total of 6.1 billion dollars [9]. IBM Global AI Adoption Index
2023 [10], conducted by Morning Consult on behalf of IBM,
indicates that about 42% of their surveyed (>1000 employees)
nterprise-scale companies reported actively deploying AI,
nd an additional 40% exploring and experimenting with AI,
ut of which 59% reported an acceleration in their rollout
r investments. Even with rapid deployment, critical high-
mpact sectors have to move at a slower pace. One could
xpect even more healthcare-related applications and clinical
eployments if AI methods were more interpretable. To a large
xtent, this applies to other industries as well. According to the
ame IBM report, most of the surveyed IT professionals (83%
mong companies already exploring or deploying AI) stated
hat it is important to their business to explain how their AI
eached the decision. Another accelerating trend is that of AI
egulation (Fig. 1). The recent survey [11] indicates that 81%
f respondents (N > 6000) expect some form of external AI
egulation, with 57%–66% of respondents reporting that they
ould be more willing to use AI systems if trustworthiness-

ssuring mechanisms were in place. AI trustworthiness and
ransparency are further emphasized in regulatory discussions,
anging from the EU’s AI Act [12] to AI executive order [13]
n the United States.

XAI in image segmentation is a relatively new field, with
he first articles on the subject appearing in the late 2010s [14–
6]. Since then, the topic has gained more attention. Semantic
mage segmentation is an essential task in computer vision,
2

with applications ranging from autonomous driving [17] to
medical image analysis [18]. Its study is further motivated by
the rapidly growing remote sensing and video data. Increasing
deployments in medical AI are also contributing to the need
for explainable segmentation. Both radiologists and surgeons
need to know accurate boundaries for the anatomical structures
of interest. Precise and reliable segmentation is required when
working with most pathologies in different imaging modalities,
ranging from magnetic resonance imaging (MRI) to computed
tomography (CT).

Segmentation is commonly viewed as a dense prediction
task where classification is performed on a pixel level. How-
ever, most XAI literature so far has focused on image classifi-
cation tasks. Nonetheless, a growing number of works address
the issue of interpreting semantic segmentation results by
either extending classification-based methods or by proposing
their own modifications. Two Ph.D. dissertations [19,20] on
XAI in image segmentation have been written in the past
year. Image segmentation methods have been reviewed in the
medical domain [21], however, the focus has been just on
the post-hoc techniques. In this work, we provide the first
comprehensive survey in the area of explainable semantic
segmentation, encompassing different application domains and
all XAI method groups, including architecture-based explana-
tions. The surveyed papers were selected using the Google
Scholar search engine, prioritizing such keywords composed
of key phrases such as “interpretable”, “explainable”, “in-
terpretability”, “explainability”, “explanation”, “XAI”, “ex-
plainable AI”, in combination with “semantic segmentation”,
“image segmentation”, and “dense prediction”. Additionally,
we employed both backward and forward citation searching,
looking for interpretable-segmentation-related papers in both
the references of selected papers and in other papers that cite
them. Throughout the paper, when referring to the date of the
publication, we indicate the date of its first online appearance,
including the preprint version where applicable.

This survey offers the following contributions:

• A comprehensive review of up-to-date publications, cov-
ering both their theoretical contributions and practical
applications.

• A taxonomy to distinguish various interpretability tech-
niques based on five subgroups.

• Analysis of the literature based on evaluation metrics,
datasets used, and application domains.

• A detailed discussion of open issues and identification of
future research directions.

The paper is structured as follows (Fig. 2). Section 2 begins
with the general scope of the problem and then provides the
background for the fields of XAI and semantic image seg-
mentation. Section 3 reviews the most important taxonomical
dichotomies in classification and introduces a method-centered
taxonomy for XAI in image segmentation. Section 4 presents
illustrative examples of each method group, includes formal-
izations for gradient-based and perturbation-based methods,
and outlines XAI evaluation metrics. Short summaries of each

method with their main contributions, grouped by application
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Fig. 2. Roadmap of this study.
area, are provided in Section 5. Lastly, Section 6 points out
future research directions, while Section 7 draws the main
conclusions from this study.

2. Background

2.1. Development of the field of XAI in computer vision

There is a great variety of XAI methods in classification,
with new techniques being proposed weekly. Typically, these
methods employ some form of feature attribution, indicating
the model’s sensitivity or insensitivity to various features, such
as certain pixel configurations in the input space. The most
popular explainable classification methods, still influential in
today’s DL models, fall into gradient-based or perturbation-
based categories. Here, we only highlight key developments,
particularly focusing on the methods that have influenced inter-
pretable image segmentation. For an accessible introduction to
and treatment of explainable classification, we refer the reader
to [22]. For a more detailed survey on these topics, [23] is also
recommended.

The first gradient-based explainability techniques for classi-
fication in convolutional neural networks (CNNs) are proposed
in [24]. The initial method generates artificial images that
maximize the score for the selected class of interest. The
second method, also referred to as vanilla gradient, produces
a saliency map that highlights important regions in the input
space. This is based on the gradient for the class of interest
with respect to the input. The authors also observe that this
method can be used for weakly supervised segmentation. This
marks the possibility to use XAI tools instrumentally, not just
for the sake of explainability. In [25], the influential Grad-
CAM technique is introduced. Its calculation is based on the
gradient flow into the last convolutional layer. Since Grad-
CAM is calculated for intermediate model activations, the
resulting explanation needs to be upsampled. This upsampling
process might negatively impact the quality of pixel-level
explanations [26]. Similar to [24], the Grad-CAM technique
also demonstrates the potential for instrumental use in weakly
supervised localization.

Another area of explainable classification methods encom-
passes occlusion or perturbation-based techniques, such as oc-
clusion sensitivity measurements [27], LIME [28], SHAP [29],
and RISE [30]. In [27], occlusion sensitivity is introduced.
It proposes systematically occluding the input image with a
smaller gray filter and measuring the effect on the model’s
output. The likelihood of the model classifying the image
as belonging to the actual class should decrease when the
object of that class is occluded in the input space. Other note-
worthy methods in explainable classification have focused on
optimization. Activation maximization, previously proposed
3

in [31], initially focused on Restricted Boltzmann Machines,
a type of unsupervised models. In [24], it has been specifi-
cally implemented in supervised classification models. In [32],
this technique was further popularized by demonstrating the
results across different network layers. Unlike the previously
discussed XAI techniques, this type of explanation method can
be described as global because the generated image does not
depend on a particular input image but rather on the model’s
internal weights.

2.2. Specifics of semantic segmentation

Most of the literature on interpretable computer vision fo-
cuses on classification. However, DL-based semantic segmen-
tation techniques have achieved significant results. Classical
encoder–decoder models such as U-Net [33] or SegNet [34]
as well as their modifications, have been deployed in var-
ious fields. Vision transformer-based segmentation architec-
tures have also been proposed [35]. There have even been
attempts to combine these two approaches [36]. During seman-
tic segmentation, class labels are assigned to each pixel, and
the output is typically the same resolution as the input image.
Modern segmentation models can be composed of millions
of parameters, making their interpretation difficult and often
resulting in their description as “black boxes”.

Interpretability in semantic image segmentation is a chal-
lenging area of study. On one hand, it can be viewed as an
extension of a relatively intuitive interpretable classification.
However, it requires combining the relative influence of each
classified pixel of interest. On the other hand, interpreting
its own explanations is not so straightforward or intuitive.
One problem with interpretability methods, not limited to
semantic segmentation, is that we generally lack ground truths
for the explanations. Furthermore, it is uncertain what the
ideal explanation should look like or whether one interpretable
instance can be limited to a single explanation. However, in the
case of classification, we can at least have some candidates
for good explanations. Based on this, qualitative human-based
studies [37] can be conducted. Conducting a similar study for
semantic segmentation is more complex, as it is less clear
what constitutes good explanation candidates: should the in-
terpretability saliency map focus on the entire area of the class
of interest or just its boundaries? Can there be instances where
the most salient features are outside the class area? What
if the segmentation area is correct, but the attributed class
is not? Moreover, semantic image segmentation is notorious
for inter-observer variability, especially in manual delineations
in medical images. One way to demonstrate the usefulness
of explainable segmentation is to detect instances where the
segmentation of one semantic class appears heavily dependent

on the presence of different class pixels, whether nearby or
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Fig. 3. Explanation for single pixels: The selected pixels are shown on the left, with their corresponding gradient-based explanations on the right. The
input images come from the COCO dataset [38].
otherwise. In [16], such a case is demonstrated when the U-
Net detects the sky primarily due to the nearby trees, which
belong to the ‘Nature’ class. Interpretable semantic segmen-
tation techniques prove most useful when the segmentation is
incorrect.

Since we can frame the segmentation task in terms of classi-
fication, it is relatively easy to apply explainable classification
methods to it, focusing on a single pixel as seen in Fig. 3.
For instance, a gradient for the selected output pixel of a
chosen class can be calculated with respect to the entire input
image. However, an explanation map for the classification of
a single pixel is not particularly useful. It is less accessible
to the human interpreter, as evaluating thousands of different
explanations for just a single class in a single image would
be required. Therefore, we need to consider the effects of a
larger number of pixels. Most popular explainable segmenta-
tion techniques operate under the underlying assumption of
pixel importance. This assumption is particularly relevant to
perturbation-based methods (Fig. 4), where introducing noise
to important pixels would degrade a model’s performance
more significantly than adding it to less critical pixels. To
explain the whole image (i.e., all pixels) instead of just a
single pixel, most explainable segmentation techniques must
visualize the relative contributions of all pixels simultaneously.
Otherwise, the analysis of separate single-pixel-based explana-
tion maps would be too tedious. The most popular way to do it
involves using logit values, unnormalized probabilities before
the Softmax layer, typically used in classification. This could
be achieved by summing up the logits of the class of interest
for the pixels of interest, for instance. This new scalar value
can then be used when generating a single explanation for the
entire image, just like in the case of a single pixel.

2.3. Limitations

Feature attribution and saliency-based XAI methods in par-
ticular have faced criticism [39–41]. Although these criticisms
have solely focused on explainable classification, they deserve
4

a thorough examination as they could also extend to segmen-
tation. Some of the XAI methods act as regular edge detectors,
independently from the underlying model and training dataset.
This independence is troubling because a local post-hoc XAI
method should explain a specific model’s prediction for a
particular data point. In [42], limitations of feature attribu-
tion methods such as SHAP and integrated gradients are
emphasized both theoretically and empirically, showing that
they cannot reliably infer counterfactual model behavior. The
authors observe that the analyzed attribution methods resem-
ble random guessing in tasks like algorithmic recourse and
spurious feature identification. Similar experimental results are
observed with gradients, SmoothGrad [43], and LIME.

Attribution methods have also been criticized for confirma-
tion bias [44]. An appealing but incorrect explanation might
be judged more favorably than a more realistic one. A better
understanding of the goals of an idealized attribution method is
needed to develop improved quantitative tools for XAI eval-
uation [44]. In [45], the limitations of post-hoc explanations
are investigated. The authors question their effectiveness in
detecting unknown (to the user at test time) spurious cor-
relations. These inefficiencies are detected in three types of
post-hoc explanations: feature attribution, concept activation,
and training point ranking. However, the authors acknowledge
that these three classes do not fully cover all post-hoc expla-
nation methods. Other methods have been criticized for their
weak or untrustworthy causal relationships. In [46], saliency
maps are criticized for their frequent unfalsifiability and high
subjectivity. The study also highlights their causal unrelia-
bility in reflecting semantic concepts and agent behavior in
reinforcement learning environments. In [47], it is argued
that feature attribution techniques are not more effective than
showing the nearest training-set data point when tested on
humans. The limitations of attribution methods in cases of
non-visible artifacts [48] have also been investigated.

Despite the critical studies on explainable classification
and their potential extensions to segmentation, the widespread
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Fig. 4. Explanation for multiple pixels: The application of a perturbation-based method to the COCO dataset [38] using summed up logit values.
prevalence of image segmentation requires investigating dif-
ferent explainability tools and their working mechanisms. Al-
though some studies point out the limitations of these tech-
niques, better alternatives have yet to be developed. As ob-
served in [49], the development of interpretability methods is
dialectical: a new method is introduced, its failure modes are
identified, and as a result, a new method is proposed, with the
ongoing aim of making them more reliable. Current methods
have much room for improvement, especially considering that
the entire field is in the early stages of development. The
above criticisms can serve as sanity checks for XAI methods.
Despite the limitations, some techniques, such as gradients
and Grad-CAM in the case of [39], do pass certain sanity
checks. Even some critical literature [49] agrees that certain
explainability techniques can be useful for exploratory use
cases. To our knowledge, the specifics of XAI limitations in
image segmentation have not yet been explored.

3. Taxonomy

Different XAI taxonomies have been introduced in clas-
sification, both with respect to specific subgroups of inter-
pretability methods [50,51], and with respect to more abstract
conceptual terms [52]. Even meta-reviews of various exist-
ing taxonomies have been proposed [53,54]. Since image
segmentation can be seen as an extension of classification,
many taxonomy-related aspects can be validly transferred from
research in explainable classification. In most taxonomies, a
particularly important role is played by three dichotomies:
post-hoc vs ad-hoc (sometimes also referred to as inherent
interpretability), model-specific vs model-agnostic, and lo-
cal vs global explanations. In this section, we briefly cover
these high-level dichotomies and then present a low-level
taxonomy based on the surveyed papers, categorizing various
interpretability techniques into five subgroups based on how
the explanation is generated.

3.1. Scope: Local vs. Global

The first prevalent dichotomy distinguishes between local
and global explanations. Here, locality refers to the use of a
single input image with respect to which the explanation is
given. A global explanation, on the other hand, would aim
to explain the model’s behavior across a range of different
images, not limiting itself to just one. According to meta-
surveys [53,54], the local–global dichotomy is prevalent in
numerous XAI taxonomies. This distinction is essential in
explainable segmentation as well, with most methods falling

under local explanations.
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3.2. Method and its timing: Post-hoc vs. Ad-hoc

The distinction between post-hoc and ad-hoc explanations
highlights that one can either apply XAI techniques to an
already-trained model without any interference or apply them
during and as part of the training process. Sometimes, these
explanations are also described as passive and active ap-
proaches [23]. Under this definition, active approaches require
modifications to the network or the training process. Such
changes influence both the model’s performance in terms
of evaluative metrics and its interpretability. Therefore, an
accuracy-interpretability trade-off cannot be avoided in ad-
hoc XAI methods, but it is avoided in the case of post-hoc
applications.

This widely accepted dichotomy can nonetheless be slightly
misleading, as both terms can be meant to emphasize different
distinctive criteria. Post-hoc can be understood as referring
to the fact that XAI techniques are applied after the training,
hence “post”. Naturally, it would seem that ad-hoc should be
understood as referring to XAI techniques that are applied
during training. However, sometimes, as a direct opposition to
“post-hoc”, terms like ‘inherent interpretability’ [2] or “self-
explainability” [55] are used, pointing to an entirely different
aspect: the architecture or the type of XAI method. In some
cases, such interpretation could allow for XAI methods that are
both inherently interpretable and post-hoc [22], which might
cause confusion.

3.3. Range: Model-specific vs. Model-agnostic

The third distinction evaluates the flexibility of a given XAI
technique in its application to different model architectures.
Model-specific XAI methods heavily depend on the underlying
model architecture, whereas model-agnostic methods are more
universal in their compatibility with various models, and can
be applied to different architectures without further modifica-
tions. The interpretation of inherently interpretable models is
always model-specific [22].

3.4. XAI taxonomy for image segmentation

Multiple compatible taxonomies are possible depending on
the level of abstraction in which we are interested. In [50],
XAI methods in ML are divided into transparent models
and post-hoc explainability, which is then further divided
into model-specific and model-agnostic categories. In [51],
interpretation methods are divided into post-hoc interpretabil-

ity analysis and ad-hoc interpretable modeling. In [56], a
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Fig. 5. Method-centered taxonomy for explainable image segmentation.
higher-level taxonomy distinguishes between structural analy-
sis, behavioral analysis, and explainability by design. In [57],
a preliminary taxonomy of human subject evaluation in XAI
is introduced, which might be particularly useful when using
qualitative evaluations of XAI. Based on the analysis of XAI
taxonomies in classification, we observe that they could also
be applied to image segmentation. However, no specific frame-
work has been introduced to address the ever-growing field
of interpretable segmentation. We hope that a more detailed
demarcation will be useful in navigating across different types
of techniques. In our survey, we propose a taxonomy (Fig. 5)
that is based on the reviewed literature in explainable image
segmentation.

The proposed method-centered taxonomy includes five met-
hod families: prototype-based, gradient-based, perturbation-
based, counterfactual methods, and architecture-based tech-
niques. Based on the previously discussed high-level tax-
onomies commonly presented in other surveys, most of the
techniques fall under local and post-hoc explainability cat-
egories. Exceptions are primarily found in the architecture-
based category, which includes examples of ad-hoc, global,
and model-agnostic explanations. Prototype-based methods
employ representative samples or their parts from the dataset
to analyze and compare with the input image. Gradient-based
methods involve calculating the gradient of the output of a
selected layer or the class of interest with respect to selected
inputs or feature maps. Perturbation-based methods can be
divided into two groups based on the perturbed space. Input
space perturbations are iterative occlusions of the input image.
Typically, they are based on a sliding filter, but different types
of noise can also be introduced. Explanations are based on
their effect on the model’s outcome. Activation space perturba-
tions involve partial or full deactivations of the model’s feature
maps from the selected layer. Once again, explanations are
based on their effect on the model’s outcome. Counterfactual
methods employ the minimum input changes needed for the
output to change. Finally, architecture-based techniques in-
volve making additional architectural changes either before or
during training to enhance interpretability. Section 4 presents
a more detailed analysis of each method group.

4. XAI for image segmentation

In this section, we review the main methods representative
of each subgroup in the taxonomy, as well as the metrics for

explainable image segmentation.
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4.1. Methods

4.1.1. Prototype-based methods
Prototype-based models [58] utilize typical representatives

from the dataset, usually selected from the training set. These
methods emphasize the intuitiveness of the provided expla-
nations, presenting them in an easily understandable form
of naturally occurring objects. Such features can be easily
distinguished and discriminated by end users. Meanwhile,
prototypical parts refer to specific regions within represen-
tative prototypes, also known as exemplars. In contrast to
a prototype, a criticism is a data instance that is not well
represented by the prototypes [22]. In terms of architecture,
typical prototype-based methods require the insertion of a
prototype layer into the segmentation model. Therefore, de-
pending on the taxonomy, prototype-based methods could also
be viewed as self-explainable and part of the architecture-
based methods. However, due to their frequent mentions in the
related classification literature under the same subgroup label,
we opt to treat them as a separate group.

Although prototypical methods are prevalent in classifi-
cation [59–61], their extensions for segmentation are few.
Typically, prototype layer (Fig. 6) is a key component in
prototype-based methods for both classification [59–61] and
segmentation [55,62]. Within a prototypical layer, different
classes are represented by predefined or learned prototypes.
In [55], a ProtoSeg model is proposed. The authors introduce
a diversity loss function based on Jeffrey’s divergence [63] to
increase the prototype variability for each class. Better results
are observed when the diversity loss component is introduced.
The authors attribute this to the higher informativeness of a
more diverse set of prototypes that leads to a better gener-
alization. We think that this could be related to the diversity
hypothesis [64], first introduced in the context of reinforce-
ment learning, and could be explored further. The experiments
are performed using Pascal VOC 2012 [65], Cityscapes [66],
and EM Segmentation Challenge [67] datasets. DeepLab [68]
model is used as the backbone. In [62], a prototype-based
method is used in combination with if-then rules for the inter-
pretable segmentation of Earth observation data. The proposed
approach is the extension of xDNN [69], and uses mini-batch
K-mean [70] clustering. For the feature extraction part, the U-
Net architecture is used. The experiments are performed using
the Worldfloods [71] dataset.
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Fig. 6. A framework for prototype-based methods.
Fig. 7. A framework for counterfactual methods.
4.1.2. Counterfactual explanations
Counterfactual or contrastive explanations investigate the

minimum input changes needed for the output to change. Un-
conditional counterfactual explanations were first introduced
in [72]. This explainability subfield is related to adversarial
attacks. Counterfactual images are similar to the original, yet
are able to change the model’s output. Counterfactual expla-
nations can also be viewed as closely linked to perturbation-
based explanations, which will be discussed in the next sub-
section. Counterfactual XAI techniques frequently fall into
local post-hoc category [73]. After the initial segmentation
model, counterfactual-based interpretability method typically
employs additional networks for counterfactual generation. In
our pipeline (Fig. 7), this is depicted by additional encoder and
decoder networks.

Generator-based counterfactual explanations are investi-
gated in [74]. OCTET, a generative approach, produces object-
aware counterfactual explanations for complex scenes. Coun-
terfactual changes to the image focus on road markings, such
as changing the solid line into a dashed one, or the positions
of cars by cropping and extending the relevant regions of the
input image. The models are trained on the BDD100k [75]
and BDD-OIA [76] datasets. Additional information can be
found in the supplementary material [77]. In [78], segmen-
tation results are qualitatively compared using counterfactual
images. The experiments are performed on Kvasir-seg [79] and
Kvasir-instrument [80] datasets. Counterfactual explanations
are generated using the segmented area of interest, which is
then replaced with the average pixel value of the rest of the
image. In [81], counterfactual explanations are generated for
complex scenes while preserving the semantic structure. The
proposed method uses semantic-to-real image synthesis. Here,
a noticeable contrast can be drawn between this approach and

perturbation-based methods. In the latter, perturbations applied
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to the input space fail to produce semantically meaningful
image regions. While perturbation-based techniques are re-
lated to counterfactual explanations, they form a distinct class,
even though counterfactual explanations may also include
perturbations.

4.1.3. Perturbation-based methods
Perturbation-based methods typically employ occlusions

in the input (Fig. 8) or activation (Fig. 9) space, and then
measure their influence on the model’s output for a selected
class. Here occlusions or perturbations could be understood as
uninformative regions, transforming the input or its internal
feature maps. Pixels in the occlusion filter can be set to 0,
as seen in Fig. 8, or any other arbitrary value. Such sliding
filter would occlude different regions of the input space. Its
size and stride parameters are specified beforehand. Gaussian
or any other random noise can also be used for these purposes.
Multiple perturbative iterations are required for the generation
of an explanation map. During each inference, the score is
calculated, measuring the perturbation’s effect on model’s per-
formance. This can be done by taking the difference between
the score for the original image and that of its perturbed
version. Such a score can be based on an evaluative metric
or pre-Softmax prediction values. Since the same input image
has to undergo multiple transformations, each requiring a
separate forward pass through the model, perturbation-based
XAI methods are considered computationally expensive. An-
other limitation is that perturbation-based input modifications
can sometimes produce images that lie outside the original
training distribution. These modified images may not resemble
any data the model has previously encountered, which can
lead to explanations that are not representative of the model’s

typical decision-making process. This, in turn, may generate
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Fig. 8. A framework for perturbation-based methods for the input space.

Fig. 9. A framework for perturbation-based methods for the activation space.

misleading or irrelevant insights into how the model operates
on actual, in-distribution data.

Following [82], given an RGB image x of dimensions
N × M × 3, the pre-Softmax prediction score for pixel xi j

or class c is lc(xi j ). When xi j is classified as c, the sum of
hese scores is:

Lc(x) =

∑
i, j

[ĉi j = c]lc(xi j ), (1)

here ĉi j is the predicted class for xi j .
Following [83], Lc(x) is used to compute the importance

eight wc
k of each activation map k:

c
k =

Lc(x) − Lc
k(x)

Lc(x)
, (2)

here Lc
k(x) is the sum of pre-Softmax scores for c after

eactivating k. These calculated importance scores are then
sed in a linear combination of feature maps to generate a
erturbation-based explanation.

The authors of [15] propose the first XAI solution for
xtending saliency techniques beyond classification. Their
erturbation-based method is introduced for the detection of
ontextual biases. The experiments are performed using a
ynthetic toy dataset based on MNIST [84] as well as the
ityscapes [66] dataset. In [85], a hybrid SegNBDT approach

s introduced, combining both decision trees and neural net-
orks. This method falls under both the perturbation-based

nd self-explainable model categories. For the experimental
art, Pascal Context [86], Cityscapes [66], and Look Into
erson [87] datasets are used. In [88], SHAP and RISE tech-
iques are applied to image segmentation. SHAP is a popular
ost-hoc interpretability method, and the proposed approach is
ased on Kernel SHAP [29]. The experiments are performed
n Synthetic Aperture Radar images from the unspecified
ataset for oil slick detection at the sea surface and the
ityscapes [66] dataset. In [26], a perturbation-based occlusion

ensitivity approach is used to measure the performance of the
roposed interpretable semantic segmentation approach. Com-
ared to occlusion sensitivity and Grad-CAM, their method
 p

8

achieves orders of magnitude lower inference time. However,
it requires training an additional interpretability model. In [89],
following [27], different types of input occlusions are inves-
tigated for applications in semantic segmentation. The paper
discusses how occlusion filter sizes and colors can affect the
generated explanations. It is observed that, compared to image
classification, input occlusions in segmentation models do not
generate as much variance in the evaluation metric scores. For
the experimental investigation, COCO [38] dataset is used. The
proposed method is evaluated qualitatively, with select images
also compared quantitatively using deletion curves.

Perturbations are not limited to the input space. For in-
stance, Ablation-CAM [83] is a gradient-free method that
systematically deactivates feature maps in a selected layer.
In [82], Ablation-CAM is extended to semantic segmentation.
It is a gradient-free interpretability technique based on ablating
or perturbing activation maps. The experiments are performed
on a private industrial dataset for fruit-cutting machines as well
as on COCO [38] dataset.

4.1.4. Gradient-based methods
Gradient-based methods (Fig. 10) typically use gradients

of the outputs from later layers with respect to the input
features. These techniques are less computationally expensive
compared to perturbation-based techniques because only a sin-
gle backward pass is required. Perturbation techniques, on the
other hand, require a separate forward pass for each perturbed
image, increasing computational costs with each inference.
However, gradient-based saliency maps can generate more
noise.

Following [90], given an RGB image x of dimensions
N × M × 3, and a set of class labels {1, 2, . . . , C}, where C
enotes the total number of classes, we define:

g(x) = (g1(xi j ), . . . , gC (xi j )) ∈ RN×M×C , (3)

here gc(xi j ) denotes the pre-Softmax prediction score for
lass c at pixel xi j .

The sum of these pre-Softmax scores for class c is then
efined as:

gc,A(x) =

∑
i, j∈A

gc(xi j ), (4)

here A is a set of pixel indices of interest.
From this, the gradient-based explanation with respect to c

s derived as:

G A(x, c) =
∂gc,A(x)

∂x
. (5)

In [16], Seg-Grad-CAM is proposed as the extension of
rad-CAM [25]. It is one of the best known explainability

echniques in image segmentation. Just like in the case of
egular Grad-CAM, the generated saliency is based on the
eighted sum of the selected feature maps. Its application is
emonstrated on a U-Net model, trained on the Cityscapes [66]
ataset. In [91], the same method is applied for automatic
ock joint trace mapping. The original Grad-CAM technique
or classification, together with simple gradients, passes the
reviously discussed sanity checks, evaluating the reliability
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Fig. 10. A framework for gradient-based methods.
Fig. 11. A framework for architecture-based methods.

of XAI technique. In [92], Seg-XRes-CAM is introduced. The
authors criticize Seg-Grad-CAM [16] for not utilizing spatial
information when generating saliency maps for a region of
the segmentation map. The proposed approach draws inspi-
ration from HiResCAM [93], a modification of the original
Grad-CAM [25]. Subsequently, [94] adapts five CAM-based
XAI methods from classification to the segmentation of high-
resolution satellite images. Among the proposed extensions are
Seg-Grad-CAM++, Seg-XGrad-CAM, Seg-Score-CAM, and
Seg-Eigen-CAM. Just like in [82], Ablation-CAM, a gradient-
free method, is also extended for segmentation. Besides using
the drop in the segmentation score to measure their meth-
ods’ performance, the authors also propose entropy-based
XAI evaluation metric. The implemented methods are tested
on a WHU [95] building dataset. In [96], an interpretabil-
ity and visualization toolbox is proposed for classification
and segmentation networks. It includes several XAI exten-
sions specifically for image segmentation. Among them are
Guided Grad-CAM and segmented score mapping, extended
from [97].

4.1.5. Architecture-based methods
This subgroup of methods introduces additional architec-

tural changes (Fig. 11) that aim to make the models more
interpretable. Instead of relying on post-hoc techniques that
are added on top of the already trained models, these methods
are typically employed as part of the training process. This
class of XAI methods is sometimes described as interpretable
by design, inherently interpretable, or interpretability as part
of the architecture. In this case, interpretability is inherently
linked to the specific model architecture or design, and is not
easily transferable to other architectures.

One such example is chimeric U-Net with an invertible de-
coder [117]. This approach introduces architectural constraints

for the sake of explainability. The authors claim that it can

9

achieve both local and global explainability. In [161], both su-
pervised and unsupervised techniques of Semantic Bottlenecks
(SB) are introduced for better inspectability of intermediate
layers. This approach is proposed as an addition to the pre-
trained networks. Unsupervised SBs are identified as offering
greater inspectability compared to their supervised counter-
parts. The experiments are primarily performed on street scene
segmentation images from the Cityscapes dataset. The results
are also compared using two other datasets: Broden [162]
and Cityscapes-Parts, a derivative of Cityscapes. In [104], a
framework for symbolic semantic segmentation is proposed.
This work is at the intersection of image segmentation and
emergent language models. The authors apply their research
to medical images, specifically brain tumor scans. Emergent
Language model with a Sender and a Receiver is utilized for
interpretable segmentation. The Sender is an agent responsible
for generating a symbolic sentence based on the information
from the high model layer, while the Receiver cogenerates
the segmentation mask after receiving symbolic sentences.
Symbolic U-Net is trained on the Cancer Imaging Archive
(TCGA) dataset1 and used for providing inputs to the Sender
network.

4.2. Metrics

XAI techniques are used in addition to standard evaluation
metrics due to their limitations. However, to evaluate the
performance of these techniques, they also need to be mea-
sured. We can distinguish between qualitative and quantitative
assessment methods. Qualitative evaluation commonly refers
to user-based evaluation and, based on the surveyed papers
(Tables 1 and 2), is the more prevalent of the two. To quan-
tify subjective user results, various questionnaires have been
proposed [179], such as the explanation goodness checklist,
explanation satisfaction scale, trust scales, and the ease of
understanding when comparing different explainability tech-
niques [180]. These methods still require polling multiple
subjects, although, when surveying experts, in practice their
number is limited to 2–5 [180]. This way, quantification still
takes place, but it is based on subject-dependent evaluation.
Since questionnaire studies require additional resources, most
of the papers using qualitative evaluation only provide vi-
sual comparisons between different XAI techniques, leaving
qualitative evaluation to the reader’s eye.

1 https://wiki.cancerimagingarchive.net/pages/viewpage.action?pageId=53
09188.
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able 1
xplainable image segmentation in medicine.

Field Imaging modality Objects of interest Datasets Metric Year Ref.

G IMGa Colorectal polyps EndoScene [98] ▷ 2018 [14]
O CT Liver tumors LiTS [99] ▶ 2019 [100]
C CMRI Ventricular volumes SUN09 [101], AC17 [102] ▷ 2020 [103]
O MRI Brain tumors TCGA ▷ 2020 [104]
D MRI/IMG Skin lesions, multi-organ (incl. the fetal brain and

the placenta)
ISIC2018 [105] and a private fetal MRI
dataset

▷ 2020 [106]

P CT Pancreatic region Medical segmentation decathlon ▶ 2021 [26]
C CMRI Ventricles, myocardium Cardiac MRI dataset [102] ▷ 2021 [107]
G IMG Polyps, med. instruments Kvasir-SEG [79], Kvasir-Instrument [80] ▷ 2021 [108]
O MRI Brain tumors BraTS2018 [109] ▶ 2021 [110]
FM NIR Iris Private test dataset, post-mortem iris

datasets, collected by [111]
▷ 2022 [112]

V CT/MRI/IMG Skin lesions, abdomen multi-organ, brain tumors HAM10000 [113], CHAOS 2019 [114],
BraTS 2020 [109]

▷ 2022 [115]

V MRI Brain tumors, human knees BraTS 2017 [109], OAI ZIB [116] ▷ 2022 [117]
O MRI Brain tumors BraTS 2019 [109], BraTS 2021 [109] ▷ 2022 [118]
N MRA Brain vessels Private ▶ 2022 [119]
H IMG Liver Simulated dataset (Test Set 4) [120] ▷ 2022 [121]
O US/MG Breast tumors Private LE/DES datasets, and BUSI [122] ▷ 2023 [123]
G CT/IMG Colorectal polyps, lung cancer EndoScene [98], LIDC-IDRI [124] ▶ 2023 [125]
O CT/MRI Prostate cancer 3D pelvis dataset [126] ▷ 2023 [127]
G CT Abdominal organs Synapse multi-organ CT dataset [128] ▷ 2023 [92]
O BUS Breast tumors BUSI [122], BUSIS [129], HMSS [130] ▷ 2023 [131]
O CT/PET Non-small cell lung cancer, whole-body NSCLC, AutoPET [132] ▶ 2023 [133]
D IMG Skin lesions ISIC2018 [105] ▷ 2023 [134]
D IMG Melanoma ISIC 2018 [105], ISIC 2019 [113] ▷ 2023 [135]
O MRI/IMG Prostate tumors, optic disc and cup Prostateb and fundusc datasets ▷ 2023 [136]
O X-ray Breast tumors INbreast [137] ▶ 2023 [138]
O WSI Head and neck tumors Private ▷ 2023 [139]
A IR Feet ThermalFeet ▷ 2023 [140]
V CT/MRI/IMG Brain tumors BraTS 2018 [109], BraTS 2019 [109],

BraTS 2020 [109], ISIC 2017
▷ 2023 [141]

P CT Pancreas Pancreas segmentation dataset [142] ▷ 2023 [143]
Op OCT Retinal layers, glaucoma, diabetic macular edema NR206, glaucoma dataset [144], DME

dataset [145]
▷ 2023 [146]

V CT/MRI Prostate, left ventricle, right ventricle, myocardium NCI-ISBI 2013 [147], I2CVB [148],
PROMISE12 [149]; MSCMR [150],
EMIDEC [151], ACDC [102], MMWHS
[152], CASDC 2013 [153]

▷ 2023 [154]

Op OCT Retinal layers, glaucoma, diabetic macular edema Vis-105H, glaucoma dataset [144], DME
dataset [145]

▷ 2024 [155]

V CMRI/CT Left atrium, thoracic organs Atrium dataset [142], SegTHOR [156] ▷ 2024 [157]

A: Anesthesiology, C: Cardiology, D: Dermatology, FM: Forensic Medicine, G: Gastroenterology, N: Neurology,
O: Oncology, Op: Ophthalmology, P: Pancreatology, and V: Various.
▷: Qualitative XAI evaluation.
▶: Quantitative XAI evaluation.
a IMG: general-purpose digital image formats, such as JPEG.
b Prostate datasets: RUNMC [147], BMC [147], HCRUDB [148], UCL [149], BIDMC [149], and HK [149].
c Fundus datasets: DRISHTI-GS [158], RIM-ONE-r3 [159], and REFUGE [160].
Quantitative evaluation does not involve human subjects
and can be more easily applied when comparing different
interpretability methods. Infidelity and sensitivity [181] are
the only two metrics that, as of 2024, are implemented in
the Captum [182] interpretability library for PyTorch. Deletion
and insertion metrics [30] are another type of quantitative
evaluation, based on measuring the Area under the Curve
(AUC), generated after gradually deleting or inserting the
most important pixels in the input space. A wider use of
quantitative metrics could allow for a more standardized com-
parison across different models and explainability techniques,

eliminating the element of human subjectivity. They could

10
also be valuable when human studies are impractical due to
resource constraints. This scalability is particularly relevant
in industrial and research settings where numerous models
need to be evaluated quickly and consistently. However, for
some XAI methods, such as counterfactual explanations, it
might be difficult to evaluate the usefulness of the explanation
quantitatively. In the case of counterfactual explanations, we
can measure whether the generated images are realistic and
how closely they resemble the query images, but for a more
thorough evaluation of the explanation itself, user studies [74]
might be required.
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able 2
xplainable image segmentation in industry.

Category Domain Datasets Metric Year Ref.

Remote sensing Building detection IAIL [163] ▷ 2019 [164]
Scene understanding Autonomous driving SYNTHIA [165], A2D2 [166] ▷ 2021 [167]
Scene understanding Pedestrian environments PASCAL VOC 2012 [65], ADE20K [168],

Cityscapes [66]
NAa 2021 [169]

Scene understanding Autonomous driving KITTI [170] ▷ 2022 [171]
Environmental monitoring Flood detection Worldfloods [71] ▷ 2022 [62]
Scene understanding/Biometrics Driving scenes/Face recognition BDD100k [75], CelebAMask-HQ [172],

CelebA [173]
▷ 2022 [81]

Monitoring/Scene understanding Drones/Food processing ICG drone dataset, private dataset ▷ 2023 [90]
Monitoring/General applications Food processing COCO [38], private dataset ▷ 2023 [82]
Biometrics Facial emotions Face recognition dataset [174] ▷ 2023 [175]
Monitoring Cracks in infrastructure CrackInfra [176] ▷ 2023 [176]
General applications Common objects COCO [38] ▶ 2023 [89]
Scene understanding/General applications Street scenes/Common objects Pascal VOC 2012 [65], Cityscapes [66] ▷ 2023 [55]
Scene understanding Driving scenes BDD100k [75], BDD-OIA [76] ▷ 2023 [74]
Scene understanding/General applications Street scenes/Common objects Cityscapes [66], Pascal VOC [65], COCO

[38]
▶ 2023 [177]

General applications Common objects COCO [38] ▷ 2023 [92]
General applications Common objects Pascal VOC [65] ▶ 2023 [125]
Scene understanding/Remote sensing Street scenes/Building detection Cityscapes [66], WHU [95] ▶ 2023 [178]

▷: Qualitative XAI evaluation.
▶: Quantitative XAI evaluation.
a The application focuses on introducing explainability to segmentation evaluation, rather than evaluating explainability techniques.
In [183], a psychophysics study (N = 1150) is conducted to
evaluate the performance of six explainable attribution meth-
ods on different neural network architectures. Shortcomings
in the methods are detected when using them to explain
failure cases. Comparative quantitative rankings of different
saliency techniques can also be inaccurate. In [184], inspired
by [39], sanity checks for saliency maps are investigated.
The authors perform checks for inter-rater reliability, inter-
method reliability, and internal consistency, and determine
that the current saliency metrics are unreliable. It is observed
that these metrics exhibit high variance and are sensitive to
implementation details.

5. Applications

This section presents concrete XAI applications in medical
and industrial domains. We also discuss other use cases, with
a primary focus on industry-related monitoring domains, such
as remote sensing, environmental observation, and biometrics.
Additionally, the potential uses of XAI for self-supervised
image segmentation are reviewed.

5.1. Medical applications

Most applications in explainable image segmentation have
been investigated in the medical domain, using datasets from
various medical fields (Table 1), ranging from cardiology to
oncology. Proposed XAI solutions and applications are em-
ployed for diagnosing, monitoring, and other clinical tasks.
In some cases, there might be unavoidable overlaps between
medical fields. For instance, overlaps occur at the intersection
of oncology and histopathology when discussing microscopic
tumor images, or between oncology and dermatology when
11
considering melanoma [135]. Such overlaps can also arise
from using multiple datasets, each associated with a different
medical field. In these instances, we specify the relevant details
in the method description.

5.1.1. Dermatology
Dermatology-centered XAI applications [134,135] focus on

skin lesions. Specifically, [135] discusses applications for in-
terpreting melanoma diagnosis results. The proposed pipeline
utilizes both classification and segmentation networks. Grad-
CAM is employed to generate explainable heatmaps for the
classifier, which are then used as inputs in the U-Net net-
work. These heatmaps assist in generating indicator biomarker
localization maps. The proposed approach can be used in self-
supervised learning. Experiments are performed on the ISIC
2018 [105] and ISIC 2019 [113,185,186] datasets. In [134], a
CAM-based explainability metric is proposed and incorporated
into the loss function. This metric quantifies the difference
between the CAM output and the segmentation ground truth
for the targeted class. Both segmentation and explanation
losses are considered during the model’s training phase. The
use of CAM with learnable weights enables a balance between
segmentation performance and explainability. The proposed
method belongs to the self-explainable XAI category. Sim-
ilar to [135], the U-Net network is used. The experiments
are conducted on the ISIC2018 [105] dataset. In [106], a
comprehensive attention-based convolutional neural network
is proposed for better interpretability in dermoscopic and fetal
MRI images. This approach uses multiple attentions, combin-
ing the information about spatial regions, feature channels, and
scales. The experiments are performed on ISIC 2018 [105] and
a private fetal MRI dataset.
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.1.2. Forensic medicine
The applications of explainable segmentation in forensic

edicine are limited to iris segmentation. This can be more
arrowly referred to as forensic ophthalmology. In [112], the
nvestigation focuses on forensic postmortem iris segmenta-
ion. The authors apply a classical technique of Class Activa-
ion Mapping (CAM) [187]. The experiments are performed
n a private test dataset, and publicly available post-mortem
ris datasets, collected by [111].

.1.3. Gastroenterology
XAI applications for endoscopic image segmentation pri-

arily focus on polyps. In [14], the Guided Backpropaga-
ion [188] technique is extended to the semantic segmentation
f colorectal polyps. Uncertainty in input feature importance
s estimated, with higher uncertainty observed in inaccurate
redictions. Uncertainty maps are generated using the Monte
arlo Dropout method. The proposed solution is evaluated
n the EndoScene [98] dataset. In [108], Layer-wise Rele-
ance Propagation (LRP), a propagation-based explainability
ethod, is applied to the endoscopic image segmentation of

astrointestinal polyps and medical instruments. LRP is specif-
cally applied to the generator component within a Generative
dversarial Network. The generated relevance maps are then
ualitatively evaluated. The segmentation models are trained
n the Kvasir-SEG [79] and Kvasir-Instrument [80] datasets.

.1.4. Hepatology
In [121], two gradient-based post-hoc explanations, Grad-

AM and Grad-CAM++, are investigated for cross expla-
ation of two DL models, U-Net and the Siamese/Stereo
atching network, based on [120]. The experiments are per-

ormed on laparoscopic simulated stereo images [120], with a
ocus on liver segmentation.

.1.5. Oncology
Most of the explainable medical AI applications in image

egmentation are in oncology.
Liver: A DeepDream-inspired method is proposed in [100]

or the segmentation of liver tumors in CT scans, specifi-
ally focusing on binary segmentation. The study seeks to
nderstand how human-understandable features influence the
egmentation output and defines the network’s sensitivity and
obustness to these high-level features. High sensitivity in-
icates the importance of such features, while high network
obustness shows its indifference to them. Radiomic features
re also analyzed. The experiments are performed on the
iTS2 [99] challenge dataset. Semantic segmentation in liver
T images is further investigated in [189], where the seg-
entation output is corrected based on XAI. This approach

s categorized as a global surrogate and is model-agnostic.
owever, its primary purpose is not interpretability but rather

he improvement in the initial segmentation by using addi-
ional boundary validation and patch segmentation models.
he authors of [190] investigate the segmentation of malig-
ant melanoma lesions in 18-fluorodeoxyglucose (18F-FDG)

2 https://competitions.codalab.org/competitions/17094.
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PET/CT modalities, focusing on metastasized tumors. The
claim to interpretability is based on the visualization of the
model’s intermediate outcomes. The overall pipeline involves
both segmentation and detection. Volumes of interest (VOI)
are visualized for the liver as well as PET-positive regions
classified as physiological uptake. This additional information
is provided together with the final segmentation masks.

Brain: An interpretable SUNet [104] architecture is pro-
posed for the segmentation of brain tumors using The Can-
cer Imaging Archive (TCGA) dataset. Experimental results
and statistical analysis indicate that symbolic sentences can
be associated with clinically relevant information, including
tissue type, object localization, morphology, tumor histol-
ogy and genomics data. In [110], 3D visual explanations
are investigated for brain tumor segmentation models, using
the quantitative deletion curve metric to compare the results
with Grad-CAM and Guided Backpropagation [188] tech-
niques. In [115], a region-guided attention mechanism is used
for the explainability of dermoscopic, multi-organ abdomen
CT, and brain tumor MRI images. The experiments are per-
formed on HAM10000 [113], CHAOS 2019 [114], and BraTS
2020 [109] datasets. Another architecture-based solution is
proposed in [117], where the U-Net architecture is modified
and applied to two MRI datasets: BraTS 2017 [109] and OAI
ZIB [116], respectively focusing on brain tumors and human
knees. In [191], Grad-CAM results are compared to brain
tumor segmentation results. The overall pipeline includes both
classification and segmentation networks, where DenseNet is
used for classification and Grad-CAM-based heatmaps are
generated for different layers. However, Grad-CAM is not
specifically tailored for segmentation but rather used as an
explainable classification tool to evaluate segmentation results.
In [118], a NeuroXAI framework is introduced, combining
seven backpropagation-based explainability techniques, each
suitable for both explainable classification and segmentation.
Gliomas and their subregions are investigated using 2D and 3D
explainable sensitivity maps. A ProtoSeg method is proposed
in [141] for interpreting the features of U-Net, presenting
a segmentation ability score based on the Dice coefficient
between the feature segmentation map and the ground truth.
Experiments are performed on five medical datasets, including
BraTS for brain tumors, each focusing on different medical
fields or affected organs.

Pelvis: In [127], a Generative Adversarial Segmentation
Evolution (GASE) model is proposed for a multiclass 3D
pelvis dataset [126]. The approach is based on adversarial
training. Style-CAM is used to learn an explorable manifold.
The interpretability part allows visualizing the manifold of
learned features, which could be used to explain the training
process (i.e. what features are seen by the discriminator during
training).

Breast cancer: Oncological XAI applications for the seg-
mentation of breast tumors are investigated in [123,131],
and [138]. In [123], a multitask network is proposed for both
breast cancer classification and segmentation. Its interpreta-
tions are based on contribution score maps, which are gen-
erated by the information bottleneck. Three datasets are used,
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ach focusing on a different imaging modality. In [131], SHAP
xplainability method is applied to the task of breast cancer
etection and segmentation. The experiments are performed on
USI [122], BUSIS [129], and HMSS [130] datasets. In [138],
xplainability for mammogram tumor segmentation is in-
estigated with the application of Grad-CAM and occlusion
ensitivity, in both cases using Matlab implementations, and
ctivation visualization. Their quantitative evaluation is based
n image entropy, which gives additional information about
he XAI method’s complexity. Pixel-flipping techniques, which
re directly related to deletion curves, are also employed. The
xperiments are performed on INbreast [137] dataset of X-ray
mages.

Other: In [136], Importance Activation Mapping (IAM) is
mployed as an explainable visualization technique in contin-
al learning. The generated heatmap shows which regions in
he input space are activated by model parameters with high-
mportance weights, associated with the model’s memory. This
pproach is evaluated for the segmentation of prostate cancer.
t also has applications in ophthalmology, specifically for seg-
enting the optic cup and disc. In [139], two CAM-based XAI

echniques, Seg-Grad-CAM and High-Resolution CAM (HR-
AM), are applied to histopathological images of head and
eck cancer. The explanations generated by both techniques
ppear to rely on the same features identified by professional
athologists. In [192], a solution based on Cartesian Genetic
rogramming is used to generate transparent and interpretable

mage processing pipelines. This method is applied to biomed-
cal image processing, ranging from tissue histopathology to
igh-resolution microscopy images, and can be characterized
s a few-shot learning approach. In [193], a classification-
ased version of Grad-CAM is used to enhance a U-Net-based
egmentation network. The experiments are performed on the
D-IRCADb-01 [194] dataset, comprised of 3D CT scans of
enous phase CT patients. An Xception network generates 2D
aliency maps for classification, which are then passed to the
-Net network together with the corresponding input images.
his prior information enables more accurate segmentation.

n [195], a framework for explainable classification and seg-
entation is presented. For segmentation, it relies on a feature

ierarchy. The experiments are performed on the skin cancer
ataset. The Factorizer architecture, introduced in [196], is
ased on nonnegative matrix factorization (NMF) components,
hich are argued to be more semantically meaningful com-
ared to CNNs and Transformers. The proposed approach is
ategorized under architecture-based interpretability methods.
he models are implemented for brain tumor and ischemic
troke lesion segmentation datasets. In [119], a framework
or explainable semantic segmentation is presented, extending
everal classification techniques to segmentation. These meth-
ds are also applied to 3D models. Infidelity and sensitivity
etrics are used, and the experiments are performed on vessel

egmentation in human brain images using Time-of-Flight
agnetic Resonance Angiogram. The experimental data [197]

s not publicly available. In [133], a new interpretation method
s proposed for multi-modal segmentation of tumors in PET
nd CT scans. It introduces a novel loss function to facilitate
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the feature fusion process. The experiments are performed on
two datasets: a private non-small cell lung cancer (NSCLC)
dataset and AutoPET [132], a whole-body PET/CT dataset
from MICCAI 2022 challenge.

5.1.6. Ophthalmology
XAI is also employed in the segmentation of ophthalmo-

logical images. Optic disc and cup segmentation is explored in
the setting of continual learning [136], where it is investigated
in multi-site fundus datasets. Importance Activation Mapping
is used to visualize the memorized content, facilitating an
explanation of the model’s memory. The focus is on reducing
the model’s forgetting. In [146], Seg-Grad-CAM is applied to
ophthalmology for segmenting retinal layer boundaries. The
study provides an entropy-based uncertainty visualization of
segmentation probabilities. This offers more information about
which retinal layers and regions exhibit higher uncertainty and
allows for focusing on problematic areas. It is observed that
higher uncertainty is associated with segmentation errors once
it reaches a certain threshold. The experiments are performed
on NR206.3

5.1.7. Pancreatology
In [26], an interpretable image segmentation approach is

proposed for pancreas segmentation in CT scans. The method
is also compared to Grad-CAM and occlusion sensitivity,
demonstrating its superior inference time. This method iden-
tifies regions in the input images where noise can be applied
without significantly affecting model performance. It relies on
noisy image occlusion and can be classified as a perturbation-
based technique. To directly parameterize the noise mask
for each pixel without harming the model’s performance,
an additional small interpretability model is trained. Both
interpretability and utility models are based on U-Net. Pix-
els that can be significantly perturbed without changing the
model’s performance are considered less important. Essen-
tially, the proposed method involves training noise distri-
butions. This approach allows training dynamic noise maps
for individual images, differing from the typical static sys-
tematic occlusion. Experiments are performed on a pancreas
dataset [198]. In [143], a smoothing loss is introduced to guide
interpretability learning. The authors observe that the explana-
tions produced by U-Noise are less continuous. Assuming that
important pixels are likely to be spatially close, the proposed
smoothing objective considers the correlation between pixels
during optimization. The resulting explanations are compared
to those generated by Grad-CAM and U-Noise. Experiments
are performed on a pancreas segmentation dataset [142] from
the medical segmentation decathlon.

5.1.8. Urology
In [154], a Bayesian approach is proposed to address the

problem of interpreting domain-invariant features. The ex-
periments are performed for prostate and cardiac segmenta-
tion tasks. The experiments are performed on T2 prostate

3 https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation.

https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
https://github.com/Medical-Image-Analysis/Retinal-layer-segmentation
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RI images from NCI-ISBI 2013 [147], I2CVB [148], and
ROMISE12 [149]. For cardiac segmentation, MSCMR [150],
MIDEC [151], ACDC [102], MMWHS [152], and CASDC
013 [153] datasets are used.

.1.9. Anesthesiology
In [140], an interpretable approach is investigated for re-

ional neuraxial analgesia monitoring. The experiments fo-
us on thermal foot images for patients who have received
pidural anesthesia. The proposed method is based on Con-
olutional Random Fourier Features (CRFF) and layer-wise
eighted CAM. CRFF and CAM-based techniques are in-
estigated in three segmentation models: U-Net, FCN, and
es-U-Net. CRRF gradient layers are added at skip connec-

ions. The initial results indicate that the integration of CRRF
radient layers allows to better differentiate background and
oreground classes. The experiments are performed on the
hermalFeet4 dataset of infrared images.

.2. Industry-related applications

Various industrial and industry-related activities require
recise segmentation. These activities might range from pre-
ise manufacturing and processing [90] to structural health
onitoring in infrastructure, particularly in evaluating dam-

ge [199]. Industrial applications of XAI are also related to
isk management. For example, the AI TriSM (Trust, Risk
nd Security Management) framework [200,201], has been
dopted by several industrial organizations to enhance their
isk management practices. This high-level framework in-
ludes both explainability and model monitoring as key com-
onents. Risk management is of particular importance in sensi-
ive dynamic operational environments, where AI models need
o be continuously assessed for performance and reliability.

In this section, we discuss both industrial processes and
ndirectly related tasks, such as environmental monitoring
nd remote sensing, which can have potential in industrial
pplications in a more narrow sense. Here, we divide industry-
elated explainable segmentation solutions into four categories:
emote sensing, monitoring, scene understanding, and other
ore general applications.

.2.1. Remote sensing
One of the first applications of interpretable image seg-

entation is in remote sensing. In [164], the U-Net model is
pplied for building detection. The proposed method works
t the intersection of interpretability, representation learning,
nd interactive visualization, and is designed to explain U-
et’s functionality. It employs Principal Component Analysis

PCA) on the activations in the bottleneck layer. PCA is
he preferred method because it preserves the largest vari-
nce in the data. In the case of 3D visualizations, the first
hree components could be used. Following PCA, the new
epresentations are clustered using k-means and DBSCAN al-
orithm. This approach allows for the visualization of learned

4 https://gcpds-image-segmentation.readthedocs.io/en/latest/notebooks/02-
datasets.html.
14
latent representations for all samples through an Intersection
over Union (IoU)-based heatmap, allowing users to identify
qualitatively different regions. The experiments are performed
on Inria Aerial Image Labeling (IAIL) [163] dataset. This
technique can be applied to detect and evaluate damages in
industrial disasters or humanitarian crises, extending beyond
mere infrastructure and product monitoring in industry. An-
other remote sensing application [178], specifically focusing
on high-resolution satellite images, employs a gradient-free
Sobol method [202] and a U-Noise model [26]. The proposed
method is also compared to Seg-Grad-CAM++ classification
extension.

5.2.2. Monitoring
Here we review relevant papers that offer explainable

segmentation-based monitoring in proximate environments.
In [90], simple gradient [24] saliency maps and SmoothGrad-
based [43] saliencies are implemented for semantic segmenta-
tion models to investigate the adversarial attack setting. The
experiments are performed on two industry-related cyber–
physical system datasets. A private dataset from CTI Fo-
odTech, a manufacturer of fruit-pitting machines, is used.
In [82], the same private dataset is used for experiments with
gradient-free XAI technique, based on the perturbations of
intermediate activation maps.

In [176], the focus is on crack segmentation in critical
infrastructures, such as tunnels and pavements. The U-Net
model is used together with Grad-CAM, which is applied at
the bottleneck, as in [16]. They investigate both simple and
complex crack patterns as well as different backgrounds. Two
other papers [199,203] also investigate the segmentation of
different crack types. However, the proposed XAI techniques
are implemented in classification models, and used for weakly
supervised segmentation. These techniques are discussed in
the subsequent section. In [175], an interpretable Bayesian
network is used for facial micro-expression recognition. The
authors prefer these networks for segmentation over DL mod-
els, primarily because of their superior causal interpretability
when dealing with uncertain information. This can make them
better interpretability candidates when uncertain causal in-
ference is involved. The experiments are performed on the
database [174] of face images.

The trade-off between the noisiness of the explanation
and its computation time is particularly important in mon-
itoring. Gradient-based methods are suitable for monitoring
environments that require low latency and rapid decision-
making. However, if the monitoring task allows for more
time, slower non-gradient methods, such as perturbation-based
explanations, might be a better choice.

5.2.3. Scene understanding
Scene understanding is an important area in applications

for autonomous vehicles, monitoring of pedestrians and ambi-
ent objects, and surveillance. Precise real-time segmentation
of road signs and obstructions is of particular importance.
Explainable segmentation can be seen as part of explainable
autonomous driving systems [167], which investigate events,
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nvironments, and engine operations. An explainable varia-
ional autoencoder (VAE) model is proposed in [167], focusing
n neuron activations with the use of attention mapping.
or the experiments, the SYNTHIA [165] and A2D2 [166]
atasets are used. The results are analyzed both qualitatively
nd quantitatively, using the average area under the receiver
perator characteristic curve (AUC-ROC) index. In [171], XAI
echniques are employed to investigate pixel-wise road detec-
ion for autonomous vehicles. The experiments are performed
n different segmentation models, using the KITTI [170] road
ataset. The problem is formulated as a binary segmentation
ask, where the classes are limited to the road and its sur-
oundings. Grad-CAM and saliency maps are used to generate
xplanations. Unmanned aerial vehicles can also fall under the
ategory of autonomous driving systems. In [90], gradient-
ased XAI techniques are applied to semantic drone dataset5

rom Graz University of Technology.
Automated semantic understanding of pedestrian environ-

ents is investigated in [169]. Here the focus is not on a
articular XAI technique, but on introducing some level of
xplainability to segmentation evaluation. The paper argues
hat popular pixel-wise segmentation metrics, such as IoU or
ice coefficient, do not sufficiently take into account region-
ased over- and under-segmentation. Here over-segmentation
efers to those cases where the relevant ground-truth region
s segmented into a lower number of regions than the pre-
icted mask. For instance, where there is only one bus in
he segmented ground-truth, but the model segments it into
hree disjoint segments. In the case of under-segmentation, the
pposite is true. Pixel-wise metrics do not accurately represent
hese differences in disjoint and joint regions as long as a
arge enough number of similar pixels is segmented in both the
round-truth image, and the corresponding prediction. The use
f region-wise measures is proposed as a better way to explain
he source of error in segmentation. The experiments are
erformed on PASCAL VOC 2012 [65], ADE20K [168], and
ityscapes [66]. In [204], the focus is on automatic semantic

egmentation for sediment core analysis. To interpret the re-
ults, higher segmentation error regions and model prediction
onfidence are visualized. Here, the model confidence is de-
ned as prediction probability, and the model error calculation

s based on the normalized categorical cross-entropy.
The authors of [177] propose the Concept Relevance

ropagation-based approach L-CRP as an extension of CRP
205]. By utilizing concept-based explanations, the study seeks
o gain insights into both global and local aspects of ex-
lainability. The proposed approach seeks to understand the
ontribution of latent concepts to particular detections by
dentifying them, finding them in the input space, and evalu-
ting their effect on relevance. Context scores are computed
or different concepts. The experiments are performed on
ityscapes [66], Pascal VOC [65], and COCO [38] datasets.

5 http://dronedataset.icg.tugraz.at/.
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5.2.4. General applications
Some of the XAI-related experiments focus on more gen-

eral datasets, typically used in evaluating the performance
of segmentation models. COCO [38] dataset has been used
as a benchmark in [82,89]. The dataset is composed of 21
classes of everyday objects, including several types of ve-
hicles. Both [82,89] apply perturbation-based gradient-free
methods. Input perturbations are used in [89], while feature
map perturbations in pre-selected intermediate layers are used
in [82].

Tendency-and-Assignment Explainer (TAX) framework is
introduced in [125]. It seeks to explain: (1) what contributes
to the segmentation output; and (2) what contributes to us
thinking so (i.e. the why question). For this, a multi-annotator
scenario is considered. The learned annotator-dependent proto-
type bank indicates the segmentation tendency, with a partic-
ular focus on uncertain regions. The experimental results on
the Pascal VOC [65] dataset demonstrate that TAX predicts
oversegmentation consistent with the annotator tendencies.

5.3. XAI applications in self-supervised and weakly
supervised segmentation

Manual image labeling is an expensive operation, especially
when pixel-wise labeling is involved. It requires significant
time and financial resources, and depending on the dataset be-
ing annotated, may also require particularly narrow expertise.
With this in mind, it has been suggested that XAI techniques
could be employed for automated labeling, which could also
help reduce some forms of annotation bias.

In [206], a new explainable transformer architecture is pro-
posed for model-inherent interpretability. The proposed model,
a Siamese network, is investigated for weakly supervised
segmentation. For enhanced interpretability, model represen-
tations are regularized using an attribute-guided loss function.
Higher-layer attention maps are fused and used alongside at-
tribute features. Qualitative segmentation results are compared
with the SIPE technique. However, the model’s limitation is its
inability to incorporate attribute-level ground truth labels. An-
other application for weakly supervised segmentation employs
LRP-based classification explanations [203]. These explana-
tions are used to generate pixel-wise binary segmentations,
which are then thresholded. The experiments are conducted
on two datasets: one for cracks in sewer pipes and another for
cracks in magnetic tiles [207].

In [199], surface crack detection and growth monitoring are
investigated as part of structural health evaluation in infrastruc-
ture. Although no specific technique for explainable segmenta-
tion is proposed, explainable classification is used for weakly
supervised segmentation, allowing for the quantification of
crack severity. Six post-hoc techniques are implemented: In-
putXGradient, LRP, Integrated Gradients, DeepLift, DeepLift-
Shap, and GradientShap. Additionally, B-cos networks and
Neural Network Explainer are employed. In [208], GradCAM
is used for semantic segmentation. An additional classifica-
tion model is used with masked inputs, based on the given
class. The classifier is trained on all the masked images
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cross all classes. Explainable classification can also be used
o enhance the data efficiency of segmentation models. For
nstance, in [209], Grad-CAM is employed to extract data-
fficient features from the classification model, which are then
sed for segmentation. The results indicate that this approach
eneralizes across different segmentation methods.

. Discussion

.1. Open issues

Plenty of unresolved challenges remain in explainable se-
antic segmentation, most of which are also applicable to

mage classification tasks. Below is a non-exhaustive list of
hese challenges:

• Evaluation metrics for XAI Most of the literature on
XAI in image classification focuses on introducing new
explainability techniques and their modifications, rather
than proposing new evaluative frameworks or bench-
mark datasets. This tendency is even more visible in
explainable semantic segmentation. Currently, there are
no papers dedicated solely to evaluating XAI results in
image segmentation. The investigation of XAI metrics
remains limited to the experimental results sections, and
only in those few cases where quantitative evaluation
is used. There is no consensus on which evaluation
metrics are most crucial for capturing the key aspects of
explainability, largely due to the difficulty in formaliz-
ing explainability-related concepts. A better theoretical
understanding of the problem should inform the cre-
ation of evaluative XAI metrics and benchmarks. Such
foundations would likely result in more efficient explain-
able segmentation methods that are better adapted to the
problem at hand.

• Safety and robustness of XAI methods With the rapid
deployment of DL models in medical, military, and in-
dustrial settings, XAI techniques are set to play an even
more important role. Their primary use is driven by the
need to determine if the model is reliable and trustworthy.
However, similar questions can also be raised about the
XAI techniques themselves. It is important to investigate
their vulnerabilities and loopholes. Both deployers and
end-users need to know whether they are secure against
intentional attacks directed at XAI techniques or the
model. Even if there is no direct threat, the robustness
of each specific XAI method needs to be investigated on
a case-by-case basis.
Just like classification models, semantic segmentation
models are susceptible to adversarial attacks. Different
attack methods have been proposed [210–212]. When
discussing adversarial attacks, it is common to focus on
the model’s output as the primary target. However, it is
also possible to attack the output’s explanation saliency
while leaving both the input and the output perceptibly
unchanged. Such attacks have been introduced and in-
vestigated in the context of image classification [213].
16
It has also been demonstrated that these second-level at-
tacks can be extended to image segmentation [90]. More
research is needed to find the best ways to combat them,
especially since new adversarial attacks are constantly
being developed, and comprehensive safety guarantees
are challenging to ensure. Systematic investigations need
to be undertaken for both white-box attacks, where the
attacked model is known to the attacker, and black-
box attacks, where it is unknown. Similar investigations
into the robustness of interpretable segmentation could
contribute to the overall security of AI systems.
Adversarial examples are typically not part of the training
and testing datasets. This omission can lead to vulnera-
bilities in deployed models. Another critical issue is the
presence of biases. When the most salient regions of
the explanation map fall outside the boundaries of the
object of interest, this might signal not just a misguided
prediction but also the potential presence of adversar-
ial influences [15]. Natural adversarial examples [214]
and their influence on XAI in segmentation could be
investigated as well.

• XAI for video segmentation As semantic scene segmen-
tation is not limited to 2D images, new interpretability
techniques could be investigated for video data, where
temporal semantic segmentation is carried out. Video
object segmentation requires significantly more compu-
tational resources. To our knowledge, there are currently
no studies investigating explainable image segmentation
in a dynamic setting. The nature of dynamic scenes could
introduce novel challenges not previously encountered
in 2D segmentation contexts. For instance, one would
need to add an additional temporal explanation axis to
account for differences in interpretability maps across
video frames. This task could be further extended to
real-time semantic segmentation by focusing on ways to
reduce the latency of the generated explanations.

• Computational complexity Different XAI techniques
require different computational resources, which may
not be readily available in certain environments. De-
ployment constraints may include issues related to both
software and hardware, where real-time services have
to be ensured for edge devices and online service plat-
forms [215]. Further experimental studies should investi-
gate methods for reducing the computational complexity
involved in generating explanations. This includes evalu-
ating and optimizing the trade-offs between explanation
quality and generation latency, particularly within diverse
industrial contexts. Post-hoc methods, with perturbation-
based techniques in particular, are rather inefficient in
terms of explanation generation time. The total cost of
generating local explanations increases with each new
input image that requires interpretation, making it crucial
to understand your use case and carefully assess avail-
able resources when selecting an XAI technique. Further
research can help develop more efficient and scalable
XAI methods, ensuring that high-quality explanations
are provided within the resource constraints of specific
applications.
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.2. Future directions

• XAI benchmarking and evaluations Given that most
literature primarily focuses on qualitative metrics, we
aim to highlight the need for a well-defined benchmark
and evaluation strategy for XAI methods in image seg-
mentation. To our knowledge, there are currently no
studies on evaluations or benchmarks specifically for
XAI methods in this area. Moreover, research focusing
on the formal aspects of quantitative metrics in XAI is
limited.

• Mechanistic interpretability and other XAI appr-
oaches We see mechanistic interpretability [216] as a
promising research area. This approach seeks to reverse-
engineer how models function. As far as we are aware,
there have been no significant contributions in formal
explainability [217] or argumentative XAI [218] within
the context of image segmentation.

• XAI for transformers Additionally, there has not been
much research [219] into the interpretability of trans-
formers for segmentation, especially compared to con-
volutional networks. This is of particular interest given
the growing popularity of transformer architectures in
various applications. Conducting more comparative stud-
ies between XAI techniques for different architectures or
different convolutional operations, such as atrous convo-
lutions, could also be explored.

• Failure Modes This area is related to evaluation metrics.
However, it covers problematic areas that could not be
identified by the commonly used metrics. Specifically,
XAI could be used to identify and mitigate bias in
segmentation models. A systematic analysis of failure
cases and potential failure modes could better determine
the scope of applicability for XAI methods. Several
studies [39] have critically evaluated different groups
of explainability techniques in classification. However, a
similar investigation has not yet been conducted in image
segmentation.

• Neural architecture search Neural architecture search
(NAS) explores automating neural architecture designs.
XAI techniques can be applied in NAS in at least two dis-
tinct ways. First, existing XAI methods can be incorpo-
rated into NAS algorithms to improve their performance.
For example, in [220], an explainable CAM technique is
integrated with the NAS algorithm to avoid fully training
submodels. Second, NAS algorithms can include inter-
pretability aspects as one of the metrics to be optimized
in multi-objective optimization. In [221], a surrogate
interpretability metric has been used for multi-objective
optimization in image classification. However, currently,
no similar approaches exist for semantic segmentation
tasks.

• Continual Learning Continual learning (CL) refers to
the research area that investigates techniques allowing
models to learn new tasks without forgetting the previ-
ously learned ones. This strong tendency for DL models
17
to forget previously learned information upon acquir-
ing new knowledge is commonly described as catas-
trophic forgetting. More efficient solutions to CL prob-
lems would allow the models to be used more resource-
fully, without retraining them from scratch when new
data arrives. The intersection of XAI and CL presents
an interesting area for investigation. XAI methods can
be employed in CL to: (1) improve the model’s perfor-
mance; (2) better understand and explain the model’s
predictions; and (3) investigate the phenomenon of catas-
trophic forgetting. The exploration of XAI and CL could
also lead to improved model understanding when either
a shift in data distribution or concept drift occurs.

7. Conclusion

This survey presents a comprehensive view of the field of
XAI in image segmentation. Our goal has been twofold: first,
to provide an up-to-date literature review of various types of
interpretability methods applied in semantic segmentation; and
second, to clarify conceptual misunderstandings by proposing
a method-centered taxonomy for image segmentation and
general frameworks for different types of interpretability tech-
niques. To these ends, we have categorized the methods
into five major subgroups: prototype-based, gradient-based,
perturbation-based, counterfactual methods, and architecture-
based techniques. Based on the surveyed literature on explain-
able image segmentation, it is evident that most of the methods
focus on local explanations and rely on qualitative evaluation.
We hope this work can benefit computer vision researchers
by presenting the landscape of XAI in image segmentation,
delineating clearer boundaries between existing methods, and
informing the development of new interpretability techniques.

Acronyms

The following acronyms are used throughout this paper:

BUS Breast ultrasound
CAM Class activation mapping
CL Continual learning
CMRI Cardiac magnetic resonance imaging
CT Computed tomography
IR Infrared
LRP Layer-wise relevance propagation
MG Mammography
MRA Magnetic resonance angiography
MRI Magnetic resonance imaging
NAS Neural architecture search
NIR Near-infrared imaging
OCT Optical coherence tomography
PET Positron emission tomography
US Ultrasound
WSI Whole slide imaging
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