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RESUMO

O aumento do volume de dados adquiridos e gerados diariamente na area da
saude, impulsionado pelos avancos tecnolégicos, traz beneficios significativos para o
diagnéstico de pacientes e para a investigacao. No entanto, esta evolucao também
representa desafios consideraveis na andlise e processamento desses dados. Para
enfrentar estas dificuldades, os algoritmos de visdo computacional surgiram como
ferramentas poderosas, capazes de automatizar tarefas repetitivas e demoradas,

permitindo um processamento mais rapido e preciso.

Paralelamente, o crescimento do volume de dados coloca pressao sobre as capaci-
dades de armazenamento e transmissao, exigindo métodos de compressao eficientes
para minimizar o seu tamanho. Na literatura, encontram-se diversas abordagens,
maioritariamente divididas em duas categorias: compressao com perdas e sem perdas.
Embora os métodos sem perdas garantam a integridade dos dados, ndo atingem
taxas de compressao tdo elevadas como os algoritmos com perdas. Estes tltimos,
apesar de proporcionarem uma reducao significativa do tamanho dos ficheiros, in-
troduzem distor¢es que podem comprometer a qualidade das imagens, afetando a

precisao de sistemas automatizados.

Esta dissertacao foca-se em dois desafios principais: primeiro, avaliar o impacto
da compressao de imagens no desempenho de sistemas de visdo computacional
biomédicos e, segundo, aumentar a eficiéncia da compressao sem prejudicar a precisdo
destes algoritmos. Para tal, foram utilizados modelos de detecéo e segmentagao, como
0 YOLOvVS8 e o SAM, para analisar o efeito da distor¢ao causada pela codificacdo
na localizagdo e segmentacdo de mitocondrias em dois conjuntos de imagens de

microscopia eletrénica.

Com o objetivo de melhorar o desempenho dos modelos face a niveis de com-
pressdo mais elevados, duas metodologias foram implementadas. A primeira centra-
se na adaptacdo ao dominio, ajustando os modelos para reconhecer e compen-
sar as distorgoes introduzidas pela compressao, especificamente nos codificadores
HEVC/H.265 e VVC/H.266. A segunda abordagem propde uma adaptagdao do
codificador ao conteido, permitindo a atribuicdo de diferentes niveis de qualidade a
regides de interesse selecionadas. Este método visa reduzir os requisitos de armazena-
mento e largura de banda sem comprometer significativamente o desempenho dos

modelos baseados em deep learning.

Os resultados experimentais demonstram que as estratégias de codificagao baseadas

em regides de interesse reduzem eficazmente a taxa de compressdo, mantendo a
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precisdo dos modelos. Em particular, as metodologias propostas alcancam, em
média, um aumento de desempenho de até 23,70% para as mesmas taxas e uma
redugdo do tamanho dos dados de até 74,96%,. Adicionalmente, foi proposto um al-
goritmo de otimizacao baseado na solugao de Pareto, que determina as configuragoes
de codificacdo mais adequadas para diferentes normas e modelos, garantindo um

equilibrio entre eficiéncia de compressao e desempenho na dete¢do de objetos.

Palavras-chave: Imagiologia Biomédica, Microscopia Eletrénica, Compressao com
Perdas, YOLO, SAM, HEVC, VVC, Codificacao de Regides de Interesse, Preservacao de

Conteudo
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ABSTRACT

The increasing volume of data acquired and generated daily in the healthcare sector,
driven by technological advancements, brings significant benefits to patient diagnosis
and research. However, this growth also presents considerable challenges in the
analysis and processing of such data. To address these difficulties, computer vision
algorithms have emerged as powerful tools, capable of automating repetitive and

time-consuming tasks, enabling faster and more accurate processing.

At the same time, the growing volume of data places pressure on storage and
transmission capabilities, demanding efficient compression methods to minimise
its size. In the literature, various approaches are found, primarily divided into
two categories: lossy and lossless compression. While lossless methods ensure data
integrity, they do not achieve compression rates as high as lossy algorithms. The
latter, despite significantly reducing file sizes, introduces distortions that may

compromise image quality, affecting the accuracy of automated systems.

This dissertation focuses on two main challenges: first, evaluating the impact of
image compression on the performance of biomedical computer vision systems, and
second, improving compression efficiency without compromising the accuracy of
these algorithms. To this end, detection and segmentation models, such as YOLOv8
and SAM, were used to analyse the effect of distortion caused by encoding on the
localisation and segmentation of mitochondria in two datasets of electron microscopy

images.

To enhance model performance at higher compression levels, two methodologies
were implemented. The first focuses on domain adaptation, fine-tuning the models
to recognise and compensate for distortions introduced by compression, specifically
in HEVC/H.265 and VVC/H.266 encoders. The second approach proposes content-
aware encoder adaptation, allowing the assignment of different quality levels to
selected regions of interest. This method aims to reduce storage and bandwidth
requirements without significantly compromising the performance of deep learning-

based models.

Experimental results demonstrate that region-of-interest-based encoding strategies
effectively reduce compression rates while maintaining model accuracy. In particular,
the proposed methodologies allowed to achieve an average performance improvement
of up to 23.70% for the same bpp range and a data size reduction of up to 74.96%.

Additionally, a Pareto-based optimisation algorithm was proposed to determine the



most suitable encoding configurations for different standards and models, ensuring

a balance between compression efficiency and object detection performance.

Keywords: Biomedical Imaging, Electron Microscopy, Lossy Compression, YOLO,
SAM, HEVC, VVC, Region-of-Interest Coding, Content Preservation
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INTRODUCTION

1.1 CONTEXT AND MOTIVATION

In clinical and research environments, machine learning models play a crucial role in
automating repetitive and time-consuming tasks, enabling faster and more accurate
analysis of biomedical data [1], [2]. Advances in biomedical imaging technology,
such as higher spatial resolutions and the acquisition of volumetric data, have
significantly enhanced the quality and detail of information available for medical
diagnosis and research [3]. However, the growing volume and complexity of this
type of data create significant challenges in storage, management, and transmission

[4], placing a considerable burden on medical infrastructures [5].

Nowadays, it is expected that the healthcare industry produces approximately 30%
of the global data [6]. Additionally, compliance with legal terms often requires the
retention of data for long periods of time, increasing the scarcity of computational
and storage resources. For instance, in Spain, medical data must be retained for at
least five years after a patient’s discharge, although this period can extend depending
on the legislation of autonomous regions [7], further intensifying the demand for
efficient storage solutions. Furthermore, the transmission of large medical datasets
over networks, particularly in telemedicine and collaborative research, requires

strategies to balance bandwidth constraints and image quality [8], [9].

To address these challenges, image compression techniques have been widely
adopted to reduce storage requirements and improve data transmission [10]. Com-
pression methods can be broadly classified into two categories: lossless and lossy.
Lossless compression ensures the exact reconstruction of the original image, thus
preserving all image details. However, it typically achieves limited compression
ratios, which may not be sufficient to alleviate the constraints mentioned previously.
In contrast, lossy compression achieves significantly higher compression ratios by
discarding less perceptible image information [11]. While this approach effectively
reduces file sizes, it introduces distortions that can degrade the accuracy of clinicians

and automated analysis performed by machine learning models [12].

In biomedical imaging, selecting an appropriate compression method requires a
careful balance between reducing storage costs and maintaining the integrity of

diagnostically relevant features [13]. Machine learning models, particularly those



INTRODUCTION

used for segmentation and detection tasks, rely on fine image details to achieve
accurate predictions [14]. The introduction of compression artefacts may lead
to misinterpretations, reducing the effectiveness of these models [15]. Therefore,
understanding the trade-offs between compression efficiency and model performance
is essential for developing optimised compression strategies tailored to biomedical

applications.

1.2 OBJECTIVES

This dissertation aims to evaluate the impact of lossy coding on biomedical images
within computer vision systems and to develop approaches that enhance their

performance. To achieve these objective, the following tasks were carried out:

o Investigation of the performance of detection and segmentation models (both
trained from scratch and fine-tuned) on compressed biomedical images, on

the identification of mitochondria within Electron Microscopy (EM) images.

o Adaptation of a state-of-the-art Region of Interest (ROI)-based coding al-
gorithm for High Efficiency Video Coding (HEVC)/H.265 to support non-
rectangular ROI coding.

e Development of an ROI-based coding solution for the Versatile Video Coding
(VVC)/H.266 standard.

e Comprehensive evaluation of the performance of the proposed methods.

1.3 DISSERTATION OUTLINE

The remainder of this document is organised as follows: Chapter 2 provides an
overview of biomedical imaging, with a particular focus on EM imaging. It also
discusses state-of-the-art standard encoders, ROI-based coding techniques, and com-
puter vision tasks in biomedical imaging, emphasising detection and segmentation.
Chapter 3 details the methodologies and proposed frameworks for ROI-based coding
using standard encoders. Chapter 4 describes the experimental setup and presents
an analysis of the results. Finally, in Chapter 5 concluding remarks and insights are

presented.
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This chapter presents the background and state-of-the-art relevant to this work.
The first section provides a brief overview of biomedical imaging, with a particular
emphasis on EM imaging and the datasets used. Subsequently, the chapter explores
key computer vision tasks in biomedical imaging, with a focus on detection and
segmentation. Finally, the codecs employed in the research, as well as state-of-the-art

techniques for ROI-based coding, are described and discussed.

2.1 BIOMEDICAL IMAGING

Biomedical imaging is fundamental in modern medicine and biological research [16],
[17], providing detailed visualizations of anatomical structures [18], physiological
processes [19], and pathological conditions across multiple scales [20]. By capturing
images of organs, tissues, cells, and even molecules, as well as metabolic activity,
these techniques offer critical insights into the complexity of biological systems
[20], [21]. From disease diagnosis to surgical guidance and the study of cellular
mechanisms, biomedical imaging has significantly advanced healthcare, therapy, and

scientific discovery [22].

This field encompasses a wide range of imaging modalities, each optimized for
specific applications and levels of detail. Techniques such as Magnetic Resonance
Imaging (MRI) [23] and Computed Tomography (CT) [24] are widely used in clinical
practice for (nearly) non-invasive visualization of structural information, such as
internal organs and tissues. These modalities provide macroscopic views at the
centimetre and millimetre scale, making them essential for diagnosing and monitoring
conditions such as tumours, cardiovascular diseases, and neurological disorders.
Alternatively, imaging technologies like Positron Emission Tomography (PET)
[25] enable the analysis of functional information, such as metabolic activity and
biochemical processes, offering complementary insights to structural imaging [26].
At a finer scale, optical microscopy techniques [27] are indispensable for studying
cellular and subcellular structures. These methods produce high-resolution images

of living cells and tissues, achieving sub-millimetre resolution.

Recent advances in hardware, software, and computational methods continue

to drive innovation in biomedical imaging. Techniques such as super-resolution
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microscopy [28] push the boundaries of resolution and contrast, enabling researchers
to explore biological processes with unprecedented clarity. Additionally, the integra-
tion of artificial intelligence and machine learning is transforming image analysis,
enabling automated detection and segmentation of complex structures [29], thus

supporting and pushing forward both research and clinical applications.

2.1.1  Electron Microscopy Images

Several technological fields require the ability to visualise structures at extremely
small scales. For instance, advancements in semiconductor research and nanotech-
nology depend on analysing integrated circuits to optimise fabrication processes
[30]. In biological studies, nanoscale visualisation allows the advancement of the
understanding of cellular processes and the inner workings of biological systems
[31], [32]. To tackle the demands of these fields, researchers leverage, among others,
the power of EM.

EM is an imaging technique that uses beams of electrons instead of light to create
images of specimens at resolutions far beyond what conventional light microscopy
can achieve. Modern electron microscopes can achieve resolutions down to 0.1nm [33].
This exceptional imaging capability allows researchers to examine structures at near-
atomic resolution, providing unprecedented insights into the cellular architecture

and material properties [34], [35].

The technology encompasses three primary types of electron microscopes, each
distinguished by its method of electron collection, as illustrated in Figure 1. Scanning
Electron Microscopy (SEM) probes the surface of specimens with a focused beam
of electrons, detecting the reflected ones. In contrast, in Transmission Electron Mi-
croscopy (TEM), a beam of electrons is transmitted through an ultra-thin specimen,
creating a detailed image of the internal structure as electrons interact with and pass
through the sample. Finally, Scanning Transmission Electron Microscopy (STEM)
combines features of both SEM and TEM, providing high-resolution imaging of
thin samples, similar to TEM, but with data acquired sequentially, enabling the

creation of 3D reconstructions.
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Figure 1: Diagram of SEM, TEM, and STEM acquisition techniques [36].
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Automated detection and analysis of cellular structures in EM has become
increasingly crucial for modern biomedical and neurobiological research. Of particular
importance is the identification of mitochondria, cellular organelles that play a
vital role in energy production and cellular homeostasis. Inherited mitochondrial
dysfunction, resulting from deficiencies in mitochondrial Deoxyribonucleic Acid
(DNA) maintenance and translation, is a key determinant in several neurological
disorders, such as autism, Leigh syndrome, and stroke-like episodes, and it is also
associated with a variety of other systemic diseases such as cancer, heart failure, and
diabetes [37], [38]. Additionally, studies also suggest that mitochondria may occupy
twice as much volume in inhibitory dendrites and axons compared to excitatory
ones [39]. To maintain cellular balance, surveillance mechanisms closely monitor
mitochondrial functions, allowing to anticipate potential disruptions within these

multifunctional organelles [40].

2.1.2 Datasets

In this work, two publicly available EM datasets are used, denoted as Lucchi++ and
Kasthuri++. These datasets were initially introduced in [41] and [39], respectively. To
address boundary inconsistencies and misclassifications in the original annotations,
the datasets were re-annotated by experts, resulting in the refined versions described
in [42]. The re-annotation process involved a senior biologist performing the initial
corrections, followed by validation from two neuroscientists to ensure consensus-

driven labelling.

The Lucchi++ dataset is based on Focused Ion Beam Scanning Electron Mi-
croscopy (FIB-SEM) images from a 5 x 5 x 5 pm section of the mouse hippocampus,
with a voxel size of 5 x5 x5 nm. The dataset consists of two neighbouring stacks,
each with dimensions of 1024 x 768 x 165 voxels at 8-bit greyscale depth. The re-
annotation process reduced the number of annotated mitochondria from 99 to 80,

with the average 2D area of the labels increasing approximately 20.2%.

The Kasthuri+—+ dataset contains mitochondria annotations of a mouse cortex
volume acquired using serial section Electron Microscopy (ssEM). The dataset
comprises two neighbouring sub-volumes with dimensions 1463 x 1613 x 85 voxels
and 1334 x 1553 x 75 voxels, also at 8-bit greyscale depth, with a voxel size of
3 x 3 x 3 nm. The expert re-annotation process resulted in a reduction from 242 to
208 mitochondria, with the average 2D area slightly increasing approximately 2.7%.

Figure 2 presents a sample image of each dataset.

As both datasets consist of two volumes each, they are commonly used as separate

training and testing sets [12], [42], [43]. However, to also include a validation set, each
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(a) Lucchi++. (b) Kasthuri++.

Figure 2: Sample images from the used datasets.

training dataset was subdivided into training and validation data. In Appendix A,
the image Identification (ID)s for each validation and training set are defined to
ensure reproducibility of the study. The resulting datasets consist of 125, 40, and 165
images for the training, validation, and testing sets, respectively, for the Lucchi++

dataset, and 61, 24, and 75 images for the respective sets of the Kasthuri++ dataset.

The refined re-annotation of mitochondria in both datasets are presented as
binary masks. However, for detection tasks, bounding boxes are required for the
correct training and evaluation of these models. While mitochondria location can be
extracted directly from the ground truth masks, it was observed that some adjacent
structures were connected by a few pixels, leading to the extraction of a single
bounding box for multiple instances, as illustrated in Figure 3a. To address this
issue, bounding box annotations for both datasets were refined in [44]. Initially,
these were extracted from the segmentation masks, followed by manual corrections
to separate connected instances. This process resulted in a more accurate delineation
of individual mitochondria, as illustrated in Figure 3b. The re-annotation increased
the number of annotated mitochondria by 2.9% for the Lucchi++ dataset, and 2.1%
for the Kasthuri++ dataset.

2.2 COMPUTER VISION IN BIOMEDICAL IMAGING

As discussed in Section 2.1.1, identifying mitochondria is a critical task for neurobi-
ological research, requiring automated detection methods capable of matching the

acquisition speed of modern electron microscopes [39]. While detection provides



2.2 COMPUTER VISION IN BIOMEDICAL IMAGING
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(a) Bounding box surrounding all connected (b) Individual bounding boxes assigned to
components. each mitochondrion.

Figure 3: Comparison of bounding box annotations derived from segmentation masks.

a fast location definition through bounding boxes, a more precise analysis of its
morphology and volume demands pixel-level segmentation. In EM images, mito-
chondria appear as dark, predominantly elliptical structures with high membrane
contrast. However, their appearance and shape can vary significantly depending on
the sectioning angle and cellular context [42]. This variability, combined with the
massive scale of modern EM datasets, needs robust automated approaches for both
detection and segmentation tasks. Such systems offer the additional advantage of

being time-invariant and immune to intra- and inter-operator variability [45].

2.2.1 Detection

Object detection in biomedical imaging represents a fundamental computer vision
task that aims to locate objects of interest within medical images [46]. In the context
of EM, detection typically involves identifying the presence and location of cellular
structures through bounding boxes, providing a faster but less detailed alternative to
full segmentation approaches [47]. Traditional detection approaches relied heavily on
hand-crafted features, such as texture descriptors and intensity-based characteristics,

combined with classical machine learning algorithms [48]-[50].

The advent of deep learning, particularly Convolutional Neural Network (CNN)s,
has significantly advanced the field of object detection by enabling the automatic
learning of hierarchical features directly from image data [51], [52]. One of the
pioneering techniques in this domain is Region Based Convolutional Neural Networks
(R-CNN) [53], which introduced a two-stage approach to object detection. In the
first stage, the algorithm generates region proposals, which are potential areas of
interest in the image, using a selective search algorithm [54]. These region proposals
are then inputted to a CNN, which extracts features and classifies the objects within

each region. Finally, a bounding box regressor refines the coordinates of the detected
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objects. While R-CNN was a breakthrough, its computational inefficiency led to
the development of faster and more efficient variants, such as Fast R-CNN [55] and
Faster R-CNN [56], which streamlined the process by sharing computations across

region proposals.

Among several detection models, You Only Look Once (YOLO)’s architectures
[57] have exhibited strong performance in various tasks and objects of interest within
medical imaging [58], including anomaly [59], [60] and lesion detection [61], [62].
Unlike two-stage detectors such as R-CNN and its variants, the YOLO framework
revolutionized object detection by introducing a single-stage approach that treats
detection as a direct regression problem [63]. Instead of generating region proposals,
YOLO divides the image into a grid of cells, as illustrated in Figure 4. Each cell
is responsible for predicting bounding boxes and class probabilities for objects
within its boundaries. This design significantly improved inference speed, making
YOLO well-suited for real-time applications. However, early versions of YOLO had
limitations in handling small objects and overlapping instances due to their coarse

grid-based predictions.
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Figure 4: YOLO’s detection core idea [58].
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To address these limitations, the next versions of YOLO, starting with YOLOv2
[64], introduced an anchor-based approach. Anchors are pre-defined bounding boxes
of various sizes and aspect ratios, which serve as templates for object detection.
Instead of predicting bounding boxes directly, the model predicts offsets relative to
these anchors, improving its ability to handle objects of different shapes and sizes,

improving the detection of small and overlapping objects.



2.2 COMPUTER VISION IN BIOMEDICAL IMAGING

Compared to previous versions, YOLOv4 [65] proposed several tools and tech-
niques to improve its performance. It introduced a variety of data augmentation
methods, including photometric distortions (e.g., brightness, contrast, and noise
adjustments) and geometric deformations (e.g., random scaling, cropping, and rota-
tion), to improve the model’s robustness and generalisation. Additionally, YOLOv4
refined the bounding box regression process by replacing the traditional Mean
Squared Error (MSE) loss with the Complete Intersection over Union (CIoU) loss
[66], which considers the overlap area, centre point distance, and aspect ratio
between predicted and ground truth bounding boxes. This change improved the
accuracy of bounding box predictions, particularly for objects with complex shapes

or orientations.

YOLOvS [67] also represents a significant evolution over its predecessors, partic-
ularly due to its backbone design, based on the Feature Pyramid Network (FPN)
[68], and its detection head structures. The FPN enhances multi-scale feature rep-
resentation by progressively reducing the spatial resolution of the input image
while preserving essential details, enabling effective object detection at different
scales. Additionally, YOLOv8 adopts an anchor-free detection paradigm, where
the detection head directly predicts object centres and dimensions. This approach
eliminates the need for predefined anchor boxes, reducing the number of hyperpa-
rameters that require manual tuning and decreasing memory requirements during
training and inference. Due to its optimized performance, this model has been
successfully applied to medical imaging detection tasks [69], [70]. Building on these
advancements, subsequent versions of YOLO, such as YOLOv9 [71], YOLOv10 [72],
and the latest, YOLOv11 [73], have introduced further architectural improvements.
These version focus not only on enhancing detection accuracy, but also on optimising
inference speed to achieve real-time performance in computationally demanding

environments.

2.2.2  Segmentation

Object segmentation in biomedical imaging plays a crucial role in precisely delineat-
ing structures of interest at the pixel level, providing a more detailed alternative to
object detection [74]. Unlike detection, which relies on bounding boxes that may
include background regions, segmentation ensures that only the relevant anatomical
or pathological structures are highlighted pixel-wise, improving diagnostic accuracy

and enabling more precise downstream analysis.

Early segmentation approaches relied on classical image processing techniques,
such as thresholding and edge detection methods [75], [76]. While effective in

controlled settings, these techniques often struggled with variations in contrast,
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illumination, and noise, which are common in biomedical imaging [77]. To address
these limitations, machine learning-based methods, including clustering [78], [79] and
graph-based approaches [54], were introduced to enhance robustness and adaptability

to complex image characteristics.

The introduction of deep learning, particularly CNNs, revolutionized biomedical
image segmentation. One of the most influential architectures is U-Net [80], which
employs an encoder-decoder structure with skip connections to capture both low-
level and high-level features. This design allows for precise segmentation, even with
limited training data, making U-Net highly effective for medical imaging tasks.
U-Net has been widely adopted in various applications, including cell segmentation

[81]-[83], tumour delineation [84], [85], and organ segmentation [86]-[88].

YOLO architectures have also been adapted for segmentation tasks, expanding
their applicability beyond object detection. One notable example is YOLOvS8’s seg-
mentation variant [89], which extends the traditional YOLOvS8 framework to provide
pixel-wise object delineation while maintaining the model’s real-time performance.
This variant introduces segmentation-specific heads to the YOLOvS8 architecture,
enabling it to output binary masks alongside bounding boxes and class probabilities
[90].

The Segment Anything Model (SAM) [91] represents a breakthrough in segmen-
tation, providing zero-shot segmentation on a wide range of objects and domains,
without the need for extensive training. SAM is built around three core components,
as illustrated in Figure 5: an image encoder, a prompt encoder, and a mask decoder.
The first module, the image encoder, uses a Vision Transformer (ViT)-based archi-
tecture [92] to process and transform the input images into feature embeddings. The
second module, the prompt encoder, is the module that distinguishes SAM from any
traditional segmentation models. This component allows SAM to take inputs from
the user in the form of prompts, such as points, bounding boxes, text, or binary
masks, to guide the segmentation process. This module embeds these prompts as
multi-dimensional vectors into a feature space that aligns with the image data. This
becomes extremely useful in medical imaging, as the user can quickly specify the
position of structures, and SAM adapts the segmentation accordingly. Finally, the
mask decoder uses information from both the image decoder and the embedded
prompts to produce pixel-wise segmentation results. To deal with ambiguity during
training, rather than presenting only one output that would average multiple valid
masks, the model learns to predict multiple outputs for a single prompt. The model
then learns to rank these masks, by estimating the Intersection over Union (IoU)

between each prediction and the object it covers.

While SAM has demonstrated exceptional performance in general object seg-

mentation tasks [93], its application to medical imaging presents unique challenges.
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Figure 5: SAM architecture diagram [91].

Medical images often contain fine-grained, subtle distinctions that vary significantly
across imaging modalities, such as CT, MRI, and ultrasound. These variations,
combined with noise, low contrast, and complex anatomical structures, make medical
image segmentation a particularly challenging domain for zero-shot models like
SAM [14].

To address these challenges, Medical Segment Anything Model (MedSAM) [14]
was developed as an extension of SAM specifically tailored for medical image
segmentation. MedSAM fine-tunes the mask decoder of SAM on a diverse set
of medical datasets, enhancing its ability to handle domain-specific noise and
variations. This adaptation improves the model’s robustness and accuracy, enabling
it to achieve more reliable segmentation results for medical use cases. MedSAM has
been successfully applied to tasks such as organ segmentation, lesion detection, and

tissue analysis, demonstrating its potential to support clinical analysis and research

[94]-[96].

Research in biomedical imaging has shown that the original SAM model performs
more reliably and accurately when prompted with bounding boxes compared to
other input types, such as points [97]. This observation has led to the development
of hybrid systems that combine automated detection algorithms with SAM for
precise object segmentation. For instance, in [98], YOLOv8 was used to generate
bounding box prompts for SAM in ultrasound, CT, and X-ray images, achieving

higher segmentation accuracy compared to other tested models.

2.3 IMAGE COMPRESSION

In its simplest form, data compression schemes can be seen as two mappings
presented in Figure 6: an encoder (red dashed box), which maps the data x € RN
into a compressed bitstream b; and a decoder (blue dashed box), which maps the
bitstream back to an approximation of the original z, & ¢ RV (if the coding process
is done losslessly, # = x). For images, = represents the pixels’ vector of length N,
where N =W x H x C. Here, W and H represent both the width and height of the

image, respectively, and C' the number of channels.
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The encoder’s mapping is composed as v o a, where « represents the mapping
from the data domain to a discrete set s (typically this process is a quantiser) and
~ an invertible entropy code allowing for the mapping of s into the bitstream. In
order to reconstruct the approximation of the original x, the decoder reverses the
steps performed by the encoder by inverting the v and posteriorly mapping the

discrete values to the data domain (often called a dequantiser).

encoder decoder

Figure 6: Generic encoder-decoder scheme.

Using this approach, the bitstream representation may be significantly reduced in
comparison to the raw image, but it will produce low-quality images. Regarding this
limitation, an additional block, transform coding (T"), is introduced in the encoder,
and its inverse on the decoder, generating the framework presented in Figure 7. By
mapping the image into another domain, such as the frequency domain, that is
able to compact the energy of the image in a smaller number of coefficients y. This
set compacted representation of the image can be further quantised to discard less
important information. The inverse transformation is also applied at the decoder,
allowing to reconstruct the approximation of the original image from the decoded

coefficients §.
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Figure 7: Transform coding for a generic compression scheme.

While transform coding and other compression techniques offer benefits in terms of
storage and transmission efficiency, their application to biomedical imaging requires
careful consideration. Biomedical data, due to its unique nature and potential loss
of critical diagnostic information, is subject to strict legal and regulatory standards,
such as compliance with the Digital Imaging and Communications in Medicine
(DICOM) standard [99]. These regulations ensure trust, ethical practices, and
interoperability across biomedical systems. To preserve data integrity, conventional
lossless image coding is often employed [11]. However, lossless compression ratios
are significantly lower compared to lossy or near-lossless methods, prompting the

need for more advanced approaches that can retain essential biomedical information
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while achieving higher compression efficiency [100]. The choice of the compression
method ultimately depends on the acceptable balance between file size reduction

and the fidelity of the compressed data.

Currently, DICOM supports various standards for image and volume coding,
providing guidelines to integrate these algorithms into DICOM-compliant systems.
For image compression, DICOM includes standards such as Joint Photographic
Experts Group (JPEG), JPEG-LS, JPEG 2000, and JPEG-XL, while for slice-stack
coding, it supports standards like MPEG-2, AVC/H.264, and HEVC/H.265.

2.3.1 High Efficiency Video Coding

HEVC/H.265 [101] is a hybrid video coding standard approved by the International
Telecommunication Union Telecommunication Standardization Sector (ITU-T) in
2013, developed by the Joint Collaborative Team on Video Coding (JCT-VC),
which is composed by the ITU-T Video Coding Experts Group (VCEG) and the
International Organization for Standardization (ISO)/International Electrotechnical
Commission (IEC) Moving Picture Experts Group (MPEG) standardisation organ-
isations, as the successor to Advanced Video Coding (AVC)/H.264. Designed to
address the growing demand for high-resolution video, HEVC supports resolutions
up to 8192 x 4320, including 8K Ultra-High-Definition (UHD) (7680 x 4320). It
achieves significant improvements in data compression, offering 25% to 50% better
coding efficiency compared to H.264 for the same level of video quality [102]. The
generic HEVC encoder block diagram is illustrated in Figure 8.
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Figure 8: Typical HEVC encoder block diagram [102].
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Similar to its predecessor, HEVC employs a hybrid video coding approach that
combines block-based motion-compensated prediction and transform coding. How-
ever, HEVC introduces several advancements to enhance compression efficiency and
adaptability. One of the key differences lies in the block-based structures used for
encoding. While AVC relies on a partition of the image into macroblocks of 16 x 16
pixels, HEVC adopts a more flexible structure called the Coding Tree Unit (CTU),
which can range in size from 16 x 16 to 64 x 64 pixels. The increase in the block’s
size allows the exploitation of more spatial redundancy, which is useful for higher-
resolution content. Each CTU can be recursively divided into smaller blocks using
a quadtree structure, enabling efficient representation of both large uniform areas,

and fine details within a single frame.

Within each CTU, the frame is further partitioned into Coding Unit (CU)s.
These blocks are the basic units for prediction and can vary in size from 8 x 8 to
64 x 64. Each CU contains information about the prediction mode (intra or inter)
and serves as the root for further partitioning into Prediction Unit (PU)s and
Transform Unit (TU)s. PUs represent the regions for which motion compensation
(inter-prediction) or intra-prediction is performed. For intra-prediction, PUs use
neighbouring spatial information from already encoded pixels to predict the current

block, reducing spatial redundancy.

TUs define the regions where transform coding is applied. They are used to
convert the residual data into frequency-domain coefficients using transforms, such
as the Discrete Cosine Transform (DCT). TUs can vary in size, ranging from 4 x 4 to
32 x 32 pixels, and are determined by the quadtree partitioning within the CU. The
transform coefficients are quantised using a Quantisation Parameter (QP) defined
by the user, which controls the trade-off between bitrate and quality, and ranges
between 0 to 51. For instance, a QP of 51 achieves maximum compression at the cost
of severe image degradation, while lower QP values preserve higher image quality but
result in larger bitrates. Following both prediction and transformation, the resulting
residual information is entropy-encoded. This hierarchical and flexible approach to
partitioning and encoding, combined with other introduced advanced prediction
and transform techniques, allows HEVC to achieve significant improvements in
compression efficiency over previous standards. The standard supports the encoding
of image and video data with 8 and 10 bits per sample; however, a range extension
was introduced [103], allowing for the encoding of images with higher bit depths,
up to a maximum of 16 bits per sample. This extension targets applications such as
medical imaging, screen content coding, and other scenarios where higher bit-depth

is required.
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2.3.2  Versatile Video Coding

VVC/H.266 [104], is the latest video coding standard approved by the ITU-T in
2020, developed by the Joint Video Experts Team (JVET), a collaboration between
the ITU-T VCEG and the ISO/IEC MPEG. As the successor to HEVC, VVC
was designed to address the increasing demand for efficient compression of ultra-
high-resolution video, including 8K and beyond, as well as emerging applications
such as 360-degree video, screen content, and machine-to-machine communication.
VVC achieves 30-50% better compression efficiency compared to HEVC for the
same visual quality [105]. The typical VVC encoder block diagram is illustrated in

Figure 9.
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Figure 9: VVC encoder block diagram [105].

Built on the hybrid video coding framework of its predecessors, VVC introduces
several advanced tools and techniques to further improve compression performance.
One of the most notable enhancements is the flexible partitioning structure. While
HEVC uses a quadtree-based partitioning scheme for CTUs, VVC extends it with
a Multi-Type Tree (MTT) structure. This allows for more granular partitioning,
combining quadtree, binary, and ternary splits, illustrated at Figure 10a, enabling
better adaptation to complex textures and motion patterns, as shown in Figure 10b.
The CTU size in VVC remains similar to HEVC, ranging from 16 x 16 to 128 x 128

pixels, but the additional partitioning options provide greater flexibility.

Similar to HEVC, within each CTU, VVC partitions the frame into CUs, but
with size ranging from 4 x 4 to 128 x 128, offering a wider range of block sizes when

compared to its predecessor. Within intra-prediction, VVC supports 67 directional
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(a) MTT structures. (b) Partition example using VVC.

Figure 10: MTT partitioning in VVC.

modes, compared to 35 in HEVC, along with wide-angle intra-prediction, improving
the accuracy of spatial prediction. The quantisation process is also enhanced with
dependent quantisation, which reduces quantisation artefacts by considering the
context of neighbouring coefficients. Finally, the QP ranges from 0 to 61, extending
the range of HEVC.

2.3.3 ROI-Based Coding

Classical lossy and lossless compression methods, such as the previously presented
HEVC and VVC, treat the entire image uniformly, applying the same encoding
parameters across all regions. While this approach simplifies the compression process,
it often fails to account for the varying importance of different regions within an
image. In many applications, particularly in biomedical imaging, certain regions
contain critical information that must be preserved with high fidelity, while other
regions may tolerate higher levels of degradation due to compression, without
significant loss of diagnostic value. This limitation in standard coding has led to the
development of ROI-based coding techniques, which prioritise the preservation of
important regions while allowing more aggressive compression in less critical areas
[106]-[108]. By focusing computational resources on ROIs, ROI-based coding can
achieve significant reductions in file size, while maintaining high visual quality in

critical areas [109].

One of the earliest implementations of ROI-based coding can be found in the
JPEG2000 standard [110], which introduced a mechanism to define and encode

regions of interest with higher quality, ensuring that important details are preserved.
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This approach has been widely adopted in medical imaging, where preserving
diagnostic information is paramount [111]-[113]. However, many of these methods
end up completely removing the background region, resulting in a loss of spatial

coherence and contextual information, which can be critical for certain applications.

In more recent coding standards, such as HEVC and VVC, some works have
employed tiling rate-control algorithms to achieve ROI-based coding at the CTU
level, significantly reducing the bitrate while preserving critical content [114]-[116].
However, these approaches often rely on coarse-grained partitioning, limiting their
ability to adapt to complex shapes and fine details. To address this limitation, the
authors in [44] proposed a novel methodology for defining ROIs in HEVC coding
at the CU level, achieving a resolution down to 8 x 8 pixels. This approach allows
accurate control over the quality of ROI and non-ROI regions through the QP

parameter, enabling finer adaptation to the image content.

Recent advancements in ROI-based compression have explored the use of learning-
based and transformer-based architectures to further optimise rate control and
quality trade-off. In [117], a learnable compression system capable of achieving
variable-rate compression and ROI bit allocation is employed. This framework
uses a prompt generation network to condition a transformer-based autoencoder
using an ROI mask, enabling spatially adaptive bit allocation. While this approach
demonstrates promising results, it primarily focuses on preserving ROI information,
often leading to the complete degradation or destruction of background information.
This results in a loss of spatial coherence, which can be detrimental for applications
requiring a holistic understanding of the scene. To tackle this loss of spatial coherence,
[118] applies different loss functions for ROI and background regions, ensuring that
critical areas are preserved with high fidelity while background regions undergo more
aggressive compression. Additionally, a Generative Adversarial Network (GAN) is
further used to maintain perceptual quality in non-ROI regions, providing a balance

between compression efficiency and visual realism.

2.4 SUMMARY

This chapter provides the necessary background and state-of-the-art for this disser-
tation, beginning with an overview of biomedical imaging, emphasising its role in
biological research. Particular focus is given to EM imaging due to its relevance to
this study, along with a description of the datasets used. Subsequently, the role of
computer vision in biomedical imaging, particularly for detection and segmentation
tasks, and their importance for automation are explored. Finally, the chapter intro-
duces some concepts on image compression, discussing standard coding techniques

relevant to the study, and a review of the state-of-the-art in ROI-based coding.
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IMAGE COMPRESSION FOR MACHINE-BASED
ANALYSIS

This chapter outlines the contributions made to improve learning-based computer
vision models’ performance when dealing with compressed images. First, the pro-
posed methodologies are detailed, focusing on approaches to mitigate the impact of
compression artefacts on these models. Subsequently, modifications for the HEVC
codec are described, enabling non-rectangular ROI-based coding for better ROI
shape matching. Finally, the modifications implemented in the VVC codec are
discussed, specifically addressing the adaptations for ROI-based coding at the CU
level to support generic ROI shapes.

3.1 PROPOSED METHODOLOGIES

To establish a baseline understanding of how compression artefacts influence the
model’s performance, especially for biomedical images, an initial experiment is
conducted to evaluate the relationship between image degradation and machine
vision task performance. As illustrated in Figure 11, the pipeline begins with an
input biomedical image subjected to lossy compression using a standard codec with
various QP levels. The image is then reconstructed and fed into a machine vision
model, pre-trained with uncompressed images, to perform an automatic task, such

as detection or segmentation of mitochondria in EM images.

Decoded Image

Compressed
Stream

Decoder

A 4

Machi i - i
achine \Cﬁsmn Task-algorithm
Processing output

Figure 11: Basic pipeline for evaluating the impact of image compression on machine vision
tasks.

The experiment intends to evaluate how increasing the levels of image distortion,
resulted from the coding process and controlled through QP, degrades the structural
and textural features that are critical for a computer vision model’s interpretation.

For instance, in segmentation models, which rely on precise boundary delineation
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of mitochondria, coding artefacts such as blurred edges and quantised textures,
as illustrated in Figure 12, may erode the spatial coherence required for accurate
pixel-wise classification [14]. For machine analysis, degradations due to compression
become an even greater challenge due to a key limitation of conventional codecs:
their optimisation for objective metrics, such as Peak Signal-to-Noise Ratio (PSNR),
often fails to prioritise features that machine vision systems inherently rely on [119].
This discrepancy can be addressed through two potential solutions: (1) either the
model is adapted for the analysis of degraded images, as demonstrated in studies
like [12], or (2) the codecs are adapted for specific area preservation, specifically for

mitochondrial structures [44].

(a) Uncompressed sample. (b) Sample compressed with QP 51.

Figure 12: Comparison between uncompressed and compressed samples from the Lucchi++
dataset.

For the first approach, the computer vision model is fine-tuned using both
uncompressed and compressed images. The process begins by importing the weights
from the previously used model trained with uncompressed images. Subsequently,
the model undergoes further training, using an expanded dataset that includes both
original images and respective compressed versions, with different levels of distortion.
This dual-exposure strategy ensures that the model becomes robust to artefacts and
distortions introduced by the codec’s compression, such as quantised textures. Once
the model is retrained, the evaluation process follows the same methodology as
the baseline approach previously outlined in Figure 11. The only distinction lies in
the updated computer vision model, which is now optimised to handle compressed

inputs.

For the second approach, the model’s performance is preserved through selective
content preservation by the codec, defined by ROIs. To implement a fully automated
framework, a trained model is used to identify and select the ROIs that require
higher quality during compression. Since the input consists of original and uncom-
pressed images, a model trained exclusively on uncompressed data is preferred.

This is because such a model is better suited to accurately identify ROIs without
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being influenced by compression artefacts, ensuring more reliable content selection

compared to a fine-tuned model that has been exposed to degraded inputs [44].

Once the ROIs are identified, a modified encoder is used to compress these images,
allocating higher quality, and consequently more bits, to the selected regions. This
quality-selective encoding ensures that relevant features, such as mitochondria for
instance, are preserved with minimal distortion. Importantly, the adapted encoder
needs to maintain standard compliance, allowing the compressed images to be

decoded using standard decoders, without requiring modifications.

The resulting compressed image, which exhibits higher quality in the ROls, is
then evaluated using a computer vision model. This model can be either the one
used for ROI identification or the retrained model, depending on the experimental

setup. The framework for this method is illustrated in Figure 13.

Machine Vision
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Compressed
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Figure 13: Pipeline for evaluating the impact of content-selective image compression on
machine vision tasks.

3.2 ROI-BASED HEVC

Previous work [44], as explored in Section 2.3.3, introduced a modification of the
HEVC standard, enabling selective compression between ROIs and background
areas while maintaining standard compliance. This approach relied on rectangular
ROIs, where each region was defined by its top-left and bottom-right coordinates.
The compression quality was controlled at the CU level through a QP assignment

function, according to

QPp, if 3ROI s.t. ROINCU # @,

QPcy = (1)

QPg, otherwise

This function assigns different QP values to CUs based on their intersection with
ROIs, where QPy represents the QP for foreground regions (ROI) and QPy for

background areas.
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Table 1: Average percentage of area covered by ground truth ROIs for each dataset, dis-
tinguishing between rectangular (bounding boxes) and non-rectangular (masks)

ROIs.
ROI type Lucchi++ Kasthuri++
rectangular 9.87% 5.45%
non-rectangular 6.84% 3.17%

However, an analysis of the Luchi++ and Kasthuri++ datasets revealed a sig-
nificant limitation of the rectangular ROI approach. As shown in Table 1, using
non-rectangular ROIs instead of regions defined by bounding boxes results in re-
ducing the total area occupied by ROIs by 3.03 percentage point (pp) (9.87% to
6.84%) and 2.28 pp (5.45% to 3.17%) for the Lucchi++ and Kasthuri++ datasets,
respectively. This reduction in ROI area suggests that non-rectangular regions could
potentially improve coding efficiency while still preserving the critical mitochondria
regions. Figure 14 presents the difference between rectangular and non-rectangular

ROI representations in binary masks.

(a) Rectangular ROIs. (b) Non-rectangular ROIs.

Figure 14: Binary masks with ROIs identifying mitochondria.

In the original work, the intersection between ROIs and CUs was determined using
only the boundaries of these blocks. However, this boundary-based approach becomes
challenging when dealing with non-rectangular ROIs. To simplify the process and
enable non-rectangular ROI-based compression, the QP assignment function was
reformulated to use binary masks instead of bounding boxes’ coordinates, resulting

in

QP — QPy, if 3(z,y) e CU s.t. M(x,y) =1, | @)

QPg, otherwise

where M (x,y) represents a binary mask value at position (z,y) within the CU.
This modification allows for arbitrary ROI shapes, generalising the region-adaptive

compression for any object.
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The impact of this enhancement is demonstrated in Figure 15, which compares
the compression results using rectangular and non-rectangular ROI-based coding.
As shown in this figure, when applying QP 22 for mitochondria regions and QP 51
for background areas, the non-rectangular approach achieves a more precise region
targeting, allowing for a more efficient compression of background regions while

maintaining higher quality in mitochondria information.

(a) Rectangular coding. (b) Non-rectangular coding.

Figure 15: Comparison between rectangular and non-rectangular ROI-based coding with
HEVC for a QP 22 in the mitochondria region (QPp) and QP 51 for the
background (QPp). The smallest partitioning is 8 x 8 pixels.

3.3 ROI-BASED VVC

As discussed in Section 2.3.2, VVC inherently provides improved coding efficiency
for the same quality. Additionally, two specific features of this codec enhance its
ability to adapt to different ROI shapes, particularly when they are non-rectangular.
First, the minimum size of CUs is reduced to 4 x 4, compared to 8 x8 in HEVC.
Second, the introduction of MTT partitioning allows for better shape matching of
CU partitions to the segmented masks. Both these features are particularly suitable

for detailed and irregularly shaped regions, offering advantages over its predecessor.

The same approach used in HEVC was attempted with VVC; however, a direct
implementation proved unfeasible due to the increased complexity of VVC architec-
ture. Consequently, two key aspects had to be considered: the use of Quantisation

Group (QG) and the modification of the Lagrangian bit-allocation.
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3.3.1 Quantisation Groups

In VVC, rate control algorithms and perceptually optimized encoding approaches
can assign different QPs for different regions within a frame [120]. These adjustable
regions are denoted as QGs, allowing larger coding units, CTUs, to be divided
into smaller groups. The size of each QG is specified on the picture header. For
each QG, the QP information is stored on the first TU within the QG. Throughout
this subsection, variables defined in bold correspond to values transmitted in the
bitstream, whereas variables in italics represent those specified in the I'TU standard,
which can be derived from input arguments and/or variables transmitted in the
bitstream. The QPs for the luma component are encoded differentially. For each
QG, that contains at least one TU to transport the QP information, the difference
(CuQpDeltaVal) between the current group’s QP, and a prediction derived from
spatially neighbouring QGs is transmitted. To represent the Cu@pDeltaVal in the

bitstream, two values are transmitted for each QG:

e cu_qp_delta_abs: specifies the absolute value of Cu@pDeltaVal, allocating 6

bits in the bitstream;

e cu_gp_delta_sign_flag: indicates the sign of Cu@pDeltaVal, where 0 denotes

a positive value and 1 a negative value. If this flag is absent, it is inferred as 0.

The range of Cu@pDeltaVal is defined as

[ QpBdOffset 3, QpBdOffset N 31] ?
2 2
where QpBdOffset is the luma QP range offset, given by

QpBdOffset = 6 x sps_bitdepth_minus8, (4)

and sps_bitdepth_minus8 specifies the bit depth of luma samples in the bitstream,
minus 8. Since VVC supports bit depths in the range [8,16], sps_bitdepth_minus8
can range from [0,8]. In this work, the datasets used, described in Section 2.1.2,
have a bit depth of 8, resulting in a Cu@QpDeltaVal range of [-32,31]. Additionally,

the encoding argument MazDelta QP can further constrain and reduce this range.

The QG is a rectangular region within a Coding Tree Block (CTB) that shares a
uniform QP. The size of QGs is determined by the parameter MaxzCuD@QPDepth,
which specifies the maximum CTU subdivision level used to define luma QGs.

Subdivision levels increase based on the type of partitioning, as follows:

o Binary and ternary splits (MTT splits) increase the level by 1;

e Quaternary splits increase the level by 2.

24



3.3 ROI-BASED VVC

For instance, to define regions within a CTU that match the resolution of the
region highlighted in green in Figure 16a, where all CUs inside each region share
the same QP but differ from the QPs of neighbouring regions, a QG of this size
must be created. To achieve this, the MaxCuDQPDepth parameter must be set to
at least 2, as the region is generated through a quaternary split of the CTU. In
contrast, if a smaller region resolution is required, such as the one shown in green
in Figure 16b, the MaxCuDQPDepth must be at least 6, as the subdivision involves
two quaternary splits and two ternary splits. In summary, the proper configuration
of QGs allows for finer control of QPs and efficient bitstream representation within

CTUs, aligning with the goals of ROI-based coding.

— CTU — QT Partitioning —— MTT Partitioning £ QG

(a) MaxCuDQPDepth = 2. (b) MaxCuDQPDepth = 6.

Figure 16: QG size representation based on the “MaxCuDQPDepth” argument.

3.3.2  Lagrangian bit-allocation

Applying the correct QG, as previously discussed, enables the differentiation of the
QP used for each CU. However, even with this tool and the strategy employed in
HEVC, presented in Equation (2), the desired outcome is not fully achieved. For
instance, Figure 17a illustrates the result of applying this strategy to a sample from

the Lucchi++ dataset.

In this case, a QP of 51 was defined for the background, while the ROI, defined
in Figure 18, was assigned a QP of 22. As observed, two inconsistencies emerge with
the desired outcome. First, although the defined ROI has a non-rectangular shape,
the CU definition of the foreground does not match the correct shape, contrary
to the desired behaviour of HEVC shown in Figure 15b. Additionally, the block

partitioning of the background region produces very small blocks, mostly of size
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4 x 4, which is unexpected when compared to the block partitioning produced when

coding the same sample with standard VVC at QP = 51.

o

(a) Partitioning of a sample coded wusing (b) Partitioning of a sample coded using standard
VVC with ROI-based encoding (incomplete), VVC with a fixed QP of 51.
where QPp =22 and QP = 51. The ROl is
defined in Figure 18.

Figure 17: Comparison of CU partitioning between VVC with ROI-based encoding (incom-
plete) and standard VVC.

Figure 18: ROI mask corresponding to the sample shown in Figure 17a.

Furthermore, in the background region, nearly all CUs contain no TUs, and
only PUs are used. This can be observed in Figure 17b, as only TUs use the QP
parameter, as previously discussed in Section 2.3.1. Moreover, this background region
exhibits higher quality than expected for QP 51, accompanied by an excessively
high data size per block. This phenomenon occurs because, during encoding, a QP
of 51 fails to provide the CUs with sufficient quality, causing the encoder to rely

solely on PUs and residual information to meet the desired quality level.
This behaviour stems from the cost function optimized by the VVC encoder,

which is based on the Lagrangian formulation:

L=D+AR, (5)
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where \ represents the Lagrange multiplier that balances the trade-off between
distortion, D, and rate, R. In VVC, by default, A is derived from the QP of the
CTU, ensuring a constant rate-distortion trade-off within it. However, this approach

is not suitable when different rate-distortion trade-offs are desired at the CU level.

Returning to the analysis of Figure 17a, the constant A derived from the fore-
ground QP results in a uniform rate-distortion optimisation across the entire image,
preventing the encoder from achieving the intended quality differentiation between
foreground and background regions. In contrast, this issue did not arise in HEVC.
In there, when QP was modified, the corresponding A was automatically adjusted
to reflect the new QP value, allowing the encoder to achieve the desired quality
differentiation at the CU level. However, in VVC, a different mechanism for the
adjustment of A requires additional modifications on the Lagrangian formulation
to achieve the intended results. To formalise these modifications, it is necessary to

first define the distortion metric used by the encoder.

Let Dy, denote the Sum of Squared Errors (SSE) for a given CTU, By, at index
k, defined as

N 2
D=3 (8w ~3@w) (6)
(Iry)EBk

where s and § represent the original and reconstructed pixel values, respectively, at
position (x,y) within Bj. This distortion metric is used by default in both HEVC

and VVC standards, in order to evaluate the reconstruction quality of encoded
CTUs.

Furthermore, let p;, represent the vector of encoding decisions for By, incorporat-
ing parameters such as prediction mode, QP, and block partitioning. The encoder’s
primary goal is to determine the set of coding parameters {p;} that minimise the
overall distortion Dy and the corresponding rate Ry [121]. Using the concept of

the Lagrangian multipliers, this optimisation problem is expressed as

iy Dyic({p}) + Ae - Bpic({Py}), (7)

where \; is the Lagrange multiplier for By, that balances the trade-off between
distortion and rate. Given that the SSE is a block-additive distortion measure,

Equation (7) can be reformulated as

?i%ZDk(pk)"')"Rk(pk)’ (8)
Prs L

where Dy (p;) is the distortion for the CTU, and Ry(p;) the rate required to

transmit all encoding decisions p,. To simplify the encoding process, dependencies
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between CTUs are typically ignored [121], allowing the optimisation problem to be
solved approximately by optimising each CTU independently:

Hrl’inDk:(pk)*')\‘Rk(pk)» VE. (9)

To extend the optimisation problem to include CU-level lambda, A ; for each CU
within the CTU, the proposed implementation considers each CU independently.
Denoting the set of coding decisions for all CUs in a CTU as p;, = {p,w»}, where
Py ; represents the encoding decision for the j-th CU within the k-th CTU and
ignoring dependencies between CUs within a CTU, the optimisation problem can

be expressed as

min Dy, j (Py. ;) + Ay Rij (Prj)» Yk, V. (10)

Pk,j

Similarly to the HEVC adaptation, for each j-th CU within the k-th CTU, the
Ak,; is selected based on whether the CU overlaps with the foreground mask:

Ap, if I(z,y) € Br; s.t. M(x,y) =1,
My =1 (z,y) € B, (z,y) | a1

AB, otherwise

where A\p and A represent the foreground and background Lagrangian multiplier,
respectively. Note that, since the foreground will have a higher quality than the

background, Ar < Ag. The Ap is derived from the respective QPp as

QPp-12

Ap=c-2" 5, (12)

where c is a constant determined by the VVC [122]!. By calculating the relation

between Ag and Ap, Arp can be mathematically deduced as

_AQP
AP =Ap-273 (13)

where AQP = QPB - QPF

Given the challenges in tracking the rate contributions across multiple parts of the
codec implementation, a practical approach involves normalising the optimisation
objective for each CU by Ay ;. This adjustment transfers the influence of A; ; from
the rate term to the distortion term, consolidating its effect into a single point where
distortion is calculated. By applying this normalisation to all CUs across all CTUs

in the entire picture, the following Lagrangian optimisation function is obtained:

The software manual contains some inconsistencies in defining A based on QP. The equation
presented here has been corrected using the implemented software as baseline.
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Lo ;[z(M)Rk (p,a], (14

7 Akj

where the desired balance between distortion and rate is achieved for each region.
For instance, comparing to the compression achievable in HEVC in Figures 19a and
19b, Figures 19c and 19d illustrate the partitioning of the implemented ROI-based
encoding in VVC, using QPp = 22 and QP = 51, for both rectangular and non-
rectangular regions, respectively. Compared to its predecessor, VVC achieves a more
fine-grained adaptation to the shape of the mitochondria, enabling a larger portion
of the background to be encoded at lower quality while preserving the quality of
the mitochondria content. This behaviour is particularly noticeable when analysing
the coding partitioning using non-rectangular ROIs. The improved adaptability of
VVC is enabled by its smaller minimum block size and the use of non-square MTT

splits, providing greater flexibility in partitioning.

(a) Rectangular HEVC coding. (b) Non-rectangular HEVC coding.

(c) Rectangular VVC coding. (d) Non-rectangular VVC coding.

Figure 19: Comparison between ROI-based coding in HEVC and VVC for a QP 22 in the
mitochondria region and QP 51 for the background. The smallest partitioning is
8 x 8 and 4 x 4 pixels for HEVC and VVC, respectively.

29



IMAGE COMPRESSION FOR MACHINE-BASED ANALYSIS

3.4 SUMMARY

This chapter describes methods to enhance learning-based computer vision models to
perform detection and segmentation tasks by addressing compression artefacts and
improving coding efficiency through ROI-based compression. Two approaches were
explored: improving models to better handle compressed images, by incorporating
compressed images in the training process, and modifying codecs to preserve the
quality of critical ROIs. For the second approach, non-rectangular ROI coding using
binary masks is proposed for HEVC to efficiently handle a more selective quality
preservation. Finally, a similar method was developed for VVC, where a ROI-based
approach is proposed to further improve the coding efficiency in relation to its

predecessor. The results of these methods will be discussed in Chapter 4.
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In this chapter, the results obtained by applying the methodologies outlined in
Chapter 3 are presented and discussed. First, it begins with a detailed description
of the experimental setup for both the learning-based models and video codecs, to
ensure the reproducibility of the study. Following this, the metrics used to evaluate
the proposed methods are introduced and explained. Subsequently, an optimisation
approach is proposed to select the most representative points for each ROI-based
coding approach. The results of the study are then presented and analysed in detail,
highlighting key findings and insights. Finally, an additional discussion is provided,

introducing supplementary studies to enrich the main findings.

4.1 EXPERIMENTAL SETUP

4.1.1 Learning-based Models

From the pipelines defined in Section 3.1, four models were considered in this
work for EM image analysis of mitochondria: two detection models, YOLOv4 and
YOLOvVS, and two segmentation models, YOLOv8 (segmentation) and SAM. For
simplicity, YOLOvV8 (segmentation) will be denoted as YOLOv8-Seg throughout

the remainder of this dissertation.

The experimental methodology involves two distinct approaches to model prepara-
tion: training and fine-tuning. In the first approach, models were trained exclusively
using the original, uncompressed training images of the respective dataset. These
will be denoted as trained models. In the second approach, (pre-)trained models
underwent additional fine-tuning using both uncompressed and compressed versions
of the training datasets, with image coding applied at various QP levels, as detailed
in Section 4.1.2. These will be referred to as fine-tuned models throughout the
results analysis. It is important to note that when fine-tuning models for evaluation
with a specific codec, such as HEVC or ROI-based HEVC, only images compressed
with the standard version of the respective codec were used in the fine-tuning

process. ROI-based coded images were not included in this stage.

To aim for optimal performance, the Optuna framework [123] was employed for

hyperparameter optimisation, where 300 trials per model were conducted for both
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the training and fine-tuning phases. All experiments were conducted on a NVIDIA
GeForce RTX 3090 Graphics Processing Unit (GPU) with 24 GB of VRAM, which
provided the computational capacity to execute the extensive hyperparameter trials.
Throughout the following section, any hyperparameters presented as ranges indicate

optimisation parameters defined within those bounds by Optuna.

For the YOLOvV4 training and fine-tuning setup, the learning rate and batch size
were optimised by Optuna. The learning rate range was determined based on an
initial evaluation of the models to identify values that yielded effective training
performance, resulting in a range of [5x 107°,1 x 1072]. The batch size range was set
to [4,16], with the upper limit constrained by computational resources. The number
of batches was set to 6000 for each training, with a burn-in phase of 1000 iterations
to gradually increase the learning rate to the defined value. A learning rate decay
policy was applied starting at the 4800 batch, progressively reducing the learning
rate until reaching zero. Additionally, anchor box sizes were pre-calculated for each
dataset using K-Means clustering on the training ground truth bounding boxes to

optimise model initialisation [124].

For the YOLOvS8 detection and YOLOvVS8-Seg models, the pre-trained weights
from the yolo8z and yolo8z-seg models were used, respectively. For both models, the
learning rate was optimised within the range [1 x 10751 x 10‘2], gradually reducing
it to zero after 300 epochs, with the batch size varying between [4,16]. Each training
and fine-tuning process ran for a maximum of 1000 epochs, with an early stopping

criterion based on a patience of 15 epochs.

The training approach for the SAM model follows a parameter-freezing method-
ology, focusing exclusively on optimising the mask decoder while maintaining the
pre-trained weights of both the image encoder and prompt encoder. This strategy
is primarily motivated by computational efficiency considerations, as training the
complete architecture is highly resource-intensive. For reference, in the original
work [91], the SAM architecture used 256 A100 GPUs for 68 hours during training.
The model was initialised with the pre-trained SAM model using the ViT-Base
architecture. The image encoder has already developed robust feature extraction
capabilities through extensive pre-training, enabling it to effectively process visual
information across diverse image domains. Similarly, the prompt encoder has been
optimised to process various types of user inputs, such as bounding boxes and point
prompts, transforming them into meaningful embedding representations. While
fine-tuning these components could yield marginal improvements, the computational

cost typically outweighs the benefits [14], [125].

Hence, only the mask decoder was trained, as it is responsible for synthesising
information from both encoders to generate accurate segmentation masks tailored to

the domain content, i.e., mitochondria segmentation. Similar to the previous models,
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the learning rate was optimised within the range [1 x1078,1 x 10_2], with the final
learning rate set to 0. Despite the reduction in the number of trainable parameters,
a batch size of 1 was used during training due to computational constraints. The
training process ran for a maximum of 10,000 epochs, with an early stopping
mechanism employing a patience of 15 epochs to prevent overfitting. Additionally,
a warm-up period of 250 steps was implemented to gradually increase the learning

rate and stabilise the initial training phase.

4.1.2  Image Compression

The HEVC Test Model (HM) 18.0 and VVC Test Model (VIM) 23.4 were used
for both the standard experiments and the adaptation for ROI-based encoding.
To ensure reproducibility and consistency across experiments, the input images
were encoded using the configuration files specified in the Common Test Condi-
tions (CTC) for each codec [126], [127]. Specifically, encoder_intra_main.cfg and
encoder_intra_vtm.cfqg files were employed for HEVC and VVC coding, respectively.
For all experiments, a wide range of QPs was used to test the learning-based models
across different levels of coding degradation. For both encoders, the following set was
used: QP = {22,27,30,32,35,37,41,43,45,47,49,51}. Additionally, for simplicity,
compression using the non-ROI-based coding will be referred to as standard coding

throughout the remainder of the document.

For the ROI-based coding experiments, the same configuration files were used,
with the addition of the argument MaxCuDQPDepth set to 12 in VVC, previously
described in Section 3.3.1. Since the maximum possible CTU size is 128 x 128 and
the smallest CU size is 4 x 4, this results in 6 quaternary divisions, leading to the
maximum value of 12. Although the configuration files used in this study defined
the maximum CU size as 64 x 64, setting MaxCuD@QPDepth to 12 remains valid and

ensures the expected behaviour.

For ROI-based coding, two QP values must be defined for each experiment: one for
the background (QPpg) and one for the froeground (QPp). All possible combinations
of the previously defined QP set were used, with the constraint that QP must
always be greater than QPy, resulting in 66 combinations. The possible combinations
are presented in Table 2. As discussed in Section 3.3.1, the maximum range for
CuQ@pDeltaVal (the difference between QP and QPg) in VVC is [-32,31]. Since
the highest difference in the experiments is 29, i.e. 51 — 22, no further modifications

were required for the experiments to be executed.

Finally, for each combination of QPy and QPy, two additional parameters were

tested for both codecs:
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Table 2: Possible combinations for QPp and QPg.
Background QP

QPs | 22 27 30 32 35 37 41 43
22 - v v v
27 - - v Y
30 - - - v
32 - - - -
35 - - - - -
37 - - - - - -
41 - - - - - - -
43 - - - - - - -
45 - - - - - - -
47 - - - - - - -
49 - - - - - - - - - - -
51 - - - - - - - - - - -

N
(9]
N
\]
N
V]
(9]
—

SURNIENIEN

SURNIENENIEN
SRR
SN N N N T

Foreground QP
NN N N NN

NN N N N NN
NN N N N N R SRR

TN N N N N

1. Mask Type: The mask is either rectangular, if obtained from the trained
detection model, or non-rectangular, if obtained from the trained segmentation

model;

2. Mask Dilation: The morphological operation of dilation was applied to the
masks using a 5 x 5 kernel, with 0, 5, 10, 15, and 20 iterations (0 accounts for
no dilation, i.e. using the model’s original mask). Each iteration expands the
mask by one pixel on each side, resulting in five levels of mask expansion: 0, 5,
10, 15, and 20 pixels. This dilation process gradually increases the size of the
regions of interest, allowing for an analysis of how mask expansion impacts

coding efficiency and quality.

Figure 20 illustrates the influence of these parameters on the masks used to define

the regions of interest.

Additionally, Figure 21 illustrates the process of ROI-based coding. Specifically,
Figure 21a shows in green the predicted segmentation masks generated by the
SAM-trained model on the Lucchi++ dataset. Both the image and the mask are
input to the VVC ROI-based encoder, which assigns a QP of 22 to the predicted
mask and a QP of 51 to the remaining regions; the resulting QP mapping is
depicted in Figure 21b. The corresponding partitioning structure produced by VVC
is represented in Figure 21c. Finally, the encoded image with ROI-based coding can
be observed in Figure 21d, where the mitochondrial region is assigned significantly
higher quality than the background. Appendix B showcases encoded images for the

same setup, varying the mask type and dilation.
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PR S,

a) Rectangular, d = 0. b) Rectangular, d = 10. ¢) Rectangular, d = 20.

(d) Non-rectangular, d = 0. ) Non-rectangular, d = 10. f) Non-rectangular, d = 20.

Figure 20: Comparison of rectangular and non-rectangular ROIs with different dilation
levels. The top row and bottom rows represent rectangular and non-rectangular
ROIs, respectively, with dilation values, d, increasing from left to right.

4.2 ASSESSMENT METRICS

4.2.1 Detection and Segmentation Evaluation

In detection tasks, the performance evaluation of a model focuses on its ability
to accurately detect objects within a given scene. For the current work, this task
involves only one class, as it is expected only to detect the location of mitochondria.
To this extent, the model’s performance can be analysed using metrics that categorise
outcomes into True Positive (TP), False Positive (FP), and False Negative (FN). A
TP occurs when the model correctly detects an object that exists, whereas a FP
represents an incorrect detection, where the model predicts a bounding box with no
corresponding ground truth region. An FN happens when the model fails to detect

an object that exists accurately.

In the context of single-class detection tasks, the concept of True Negative (TN),
which represents cases where the model correctly identifies the absence of an object,
does not have a clear physical meaning. This is because the background or non-
object regions are typically vast and undefined, making it impractical to quantify or

evaluate TIN. Therefore, the focus remains on TP, FP, and FN for detection tasks.

For detection tasks, a prediction is classified as a TP when its bounding box
exhibits overlap with the corresponding ground truth annotation above a given
threshold, quantified by the IoU metric [128]. The IoU evaluates localization accuracy
by measuring the spatial agreement between a predicted region, X, and the ground

truth counterpart, Y:
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(a) ROI definition (non-rectangular) by a (b) QP assignment: grey blocks represent re-
trained model (SAM). gions coded with QP 22 (higher quality),
while black blocks correspond to QP 51

(lower quality).

(c) Partition structure. (d) Encoded image with ROI-based quality al-
location.

Figure 21: Example of ROI-based coding with QP = 51 and QP = 22 for VVC.

| Xn Y]

ou=2""1
CTixoy

(15)

where |- | represents the area in pixels of a given region. The metric’s value can
range from 0 to 1, with 0 indicating there is no overlap between bounding boxes,
and 1 the perfect overlap. A common IoU threshold for considering a prediction as
TP in the state-of-the-art is IoU > 0.5 [129]. Mathematically, this value ensures that
the intersection area is at least half of the union area, generally acknowledged as
sufficient to ensure that the detection is both accurate and practically useful; hence

this was the threshold adopted for the current work.

To improve the evaluation of a detection model’s performance, several metrics

derived from the TP, FP, and FN values are usually used. For instance, Recall, also
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known as sensitivity, measures the model’s ability to detect all objects in the image,
defined as

TP
M= 1
Recall = 57N (16)

A high recall indicates that the model misses few objects, making it particularly
important in the current work, as it is expected to preserve the quality of as many
mitochondria as possible. Precision measures the model’s ability to avoid false

detections and it is calculated as

TP
TP +FP’

Precision =

(17)

where a high precision denotes most detected objects are correct, which is extremely
useful for the current work to avoid coding false image regions with a quality higher

than intended.

To fully evaluate the detection model’s performance, the Fy score is employed,
defined as

Precision- Recall 2TP

=2 — = .
Precision+ Recall 2TP +FP +FN

(18)

This metric combines both precision and recall into a single value using their
harmonic mean, which inherently penalises extreme imbalances between the two
metrics [130]. This is particularly important in biomedical imaging tasks, where
false negatives (missing mitochondria, compromising diagnostic utility) and false
positives (incorrect detections, wasting resources on irrelevant regions) carry signifi-
cant consequences. To this end, the F; score ensures neither precision nor recall
disproportionately dominates the evaluation, reflecting a balanced measure of the

model’s effectiveness.

For the segmentation task, however, the Dice-Sgrensen coefficient (DSC) is used
to evaluate its performance. The DSC measures the similarity between a predicted
segmentation mask, Y, and the corresponding ground truth mask, X. It is mathe-

matically represented as

| X n Y|

DSC = 2- :
[ X[ +[Y]

(19)

DSC also ranges from 0 to 1, where 0 indicates there is no overlap between the

predicted and ground truth segmentation masks, and 1 indicates perfect overlap.
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4.2.2  Rate-Performance Evaluation

When evaluating different compression algorithms across various bits per pixel (bpp)
ranges, the use of Rate Distortion (RD) curves is extremely useful. It provides the
trade-off between the rate and distortion characteristics obtained using different

encoding configurations, e.g., QP.

Two metrics are widely used to compare the efficiency of two algorithms using
the RD curves [131]. These metrics summarise the rate-distortion performance
into a single, interpretable result: (1) the Bjgntegaard Delta (BD)-Rate and (2)
the BD-PSNR. The BD-Rate, as illustrated in Figure 22a, measures the average
difference in bitrate between the compression performance of two encoders for the

same level of distortion. Mathematically, it can be defined as

1 Dmax
BD-Rt:—f RA(5) - Rp(5)]ds, 20
e Dmax_Dmin Dmin |: A( ) B( )] ( )

where R4(6) and Rp(0) represent the bitrates of encoders A and B at a distortion
d, respectively. The overlap between the two RD curves is illustrated using the
dashed lines in Figure 22a, with Dy, and Dy, denoting the upper and lower
distortion bounds, respectively. Note Dyyi, = max(min D4, min Dg) and Dyax =
min(max D 4, max Dg). 0 represents the integration variable. A negative BD-Rate
value indicates that encoder B is more efficient than encoder A, as it requires a

lower bitrate to achieve the same quality.

— Ry @ — Rp @ --- Drin Drax ——Dp(") —— Dp(") -~ - Ry Rimax

D [PSNR]
D [PSNR]

R [bpp] R [bpp]

(a) BD-Rate. (b) BD-PSNR.

Figure 22: Rate-distortion performance comparison of two codecs using (a) BD-Rate and
(b) BD-PSNR. The curves represent the distortion, D, in PSNR as a function of
bitrate, R, with the anchor codec in blue and the compared codec in red.

Similarly, BD-PSNR, illustrated in Figure 22b, measures the average difference

in quality in PSNR between two RD curves for the same bitrate and is defined as

"D a(r) - Dp(r) (21)

1
BD-PSNR= ——— f
Rmax - Rmin Rmin
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where D 4(r) and Dp(r) represent the distortions of encoders A and B at a bitrate
value r, respectively. A positive BD-PSNR value indicates that encoder B provides
better quality than encoder A for the same bitrate, while a negative value suggests

the opposite.

In the VCEG-M33 contribution [131], which first proposed the use of BD-Rate
and BD-PSNR metrics to calculate rate and PSNR savings, a third-order (cubic)
polynomial fit was employed to interpolate the RD curves [132]. This cubic fit was
used to derive the expression for the integral of the curve, allowing the calculation
of the BD-Rate and BD-PSNR metrics. However, subsequent work highlighted
issues with this approach, reporting instability and unexpected results in the BD-
Rate calculations when using this interpolation. It was later proposed the use of
Piecewise Cubic Hermite Interpolation (PCHIP) [133] in replacement. While the
cubic polynomial interpolation fits a single curve across all data points, leading
to oscillations and overshooting, particularly in cases where RD curves exhibited
non-smooth behaviour or sparse data points, the PCHIP calculates a piecewise cubic
polynomial for each interval between data points. This approach ensures that the
interpolation is locally monotonic, meaning it avoids oscillations while preserving

the shape of the data, ensuring stability in the interpolation.

In addition to these metrics, BD-Rate and BD-PSNR, the authors in [134]
incorporated perceptual quality metrics for 3D point clouds, such as 1-PCQM, to
explore the performance of deep learning models on images degraded by compression.
Similarly, in [135], introduced the BD-Top-1Accu metric to evaluate model efficiency
using Rate-Performance curves. Building upon these methodologies, new BD-based
metrics are proposed in this work, specifically designed for evaluating detection and

segmentation algorithms under different compression conditions.

For detection models, the BD-F; metric is introduced to measure the average
difference in F; score between two compression algorithms or two detection models

across a range of bitrates:

BD-F; = m Rf [F1,(r) = Fi,,(r)]dr, (22)
where F1, and Fy, represent the scores achieved by detection models when pro-
cessing images compressed by algorithms A and B, respectively. Similarly, for the
segmentation task, where the DSC metric is used for evaluation, the BD-DSC metric

is proposed and defined as
BD-DSC ! Fomx e ]
77 Ruax — Buin /R [DSCa(r) -DSCp(r)]dr, (23)

min

where DSC 4 and DSCpg represent the segmentation performance obtained when

using compression algorithms A and B. For each task, the BD-Rate can also be
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calculated using the Equation (20), where the distortion parameter corresponds to

either the F; score for detection or DSC for segmentation.

4.3 OPTIMAL POINT SELECTION FOR ROI-BASED CODING

As mentioned in Section 4.1.2; several parameters were introduced during the coding
of the ROI-based approaches. These include foreground and background QPs, mask
types, and dilation levels, which significantly influence the rate-performance trade-off
in ROI-based coding. When coding all possible combinations of these parameters, a
wide range of rate-performance results is obtained, as illustrated in Figure 23. A
key challenge arises when analysing these results: to determine which parameters
are optimal and which points best represent the curve for the ROI-based coding in

the context of a specific codec and computer vision model.
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Figure 23: Performance comparison of the YOLOvS fine-tuned model for images coded with
two different approaches: standard VVC encoding (red dashed line) and ROI-
based VVC encoding (blue scatter points). The ROI-based approach showcases
varied performance across different combinations of foreground/background QP,
mask types, and dilation levels.

To address this challenge, an optimisation mechanism based on the Pareto frontier
algorithm [136] was proposed to select the best points for each curve. The Pareto
frontier, also known as the Pareto optimal set, consists of points where no single
parameter combination can improve one objective (e.g., compression rate) without
worsening another (e.g., model performance). The proposed method, detailed in
Algorithm 1, systematically evaluates the rate-performance trade-offs for each

parameter combination and identifies the Pareto-optimal points. These points are
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then used to represent the best possible performance of the ROI-based coding

approach for a given codec and computer vision model.

Algorithm 1 Pareto Frontier Optimisation
Input: Set of points P = {(z;,y;) |i€1,...,nAzy € RT}
Output: Sequence of Pareto-optimal points S

1: min < argmin; x;

25« (mimin’yimin)

3: P« P\S > Remove selected point from P
4: while P + @ do

5: (z4,y5) < last point in S

6: Ve(zy)ePlz>zjny>y; > Get Valid candidates
7: if V=2 then

8: break

9: end if

10: 0(x,y) < arctan (%)

11: (2',y") < argmax, ) 0 (z,y) > Candidate with the largest angle
12: S« Su(zy)

13: P<V\(2'y) > Set of Valid candidates excluding the chosen one

14: end while
15: return S

The algorithm begins by selecting the point with the smallest bpp value, initialising
the sequence of Pareto-optimal points. This ensures that the curve starts with the
most efficient point in terms of compression. The algorithm then discards all points
that do not contain higher values in both objectives compared to the last point
in the sequence, i.e. the first selected point. From the remaining valid candidates,
the algorithm selects the point that, alongside with the last selected optimal point,
forms the line with the highest slope. This prioritises points that offer the most
significant performance gain for the smallest increase in compression rate, ensuring

that the algorithm captures the most efficient trade-offs.

The selected point is added to the sequence, and the process repeats until no
more valid candidates are available. This ensures that the curve ends with the point
that corresponds to the highest achievable performance for the current model. From
the set of points illustrated in Figure 23, the optimised curve after the proposed

Pareto Frontier optimisation is illustrated in Figure 24.

4.4 RESULTS

4.4.1 Performance evaluation

Before evaluating the impact of compression on the detection and segmentation

models’ performance, it is essential to establish a baseline, by assessing the perfor-
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Figure 24: Performance comparison of the YOLOvVS fine-tuned model for images coded with
two different approaches: standard VVC encoding (red dashed line) and ROI-
based VVC encoding (blue solid line). Data points for the ROI-based approach
were selected using the Pareto Frontier Optimisation criteria.

mance of the detection and segmentation models using the uncompressed images.
Table 3 compares the detection performance of YOLOv4 and YOLOvS using the
F; score on the Lucchi++ and Kasthuri++ test datasets, previously detailed in
Section 2.1.2. These results demonstrate that both models achieve strong detection
and segmentation performance on uncompressed images, with minor variations de-
pending on the dataset. For detection, YOLOvVS achieves a slightly higher F; score
of 91.79% on the Lucchi++ dataset, outperforming YOLOv4 (91.67%). However,
on the Kasthuri++ dataset, YOLOv4 performs marginally better, with a F; score
of 91.14% compared to YOLOv&’s 90.47%.

Table 3: Comparison of detection performance using F; score (%) between YOLOv4 and
YOLOvVS on the original Lucchi++ and Kasthuri++ datasets.

F; Score (%)

Model Lucchi++ Kasthuri++

YOLOv4 91.67 91.14
YOLOvS8 91.79 90.47

Table 4 shows the comparison, in terms of segmentation, between the performance
of YOLOvS8-Seg and SAM (using the trained YOLOv8 model’s detection outputs as
prompts) using the DSC metric. SAM outperforms YOLOv8-Seg on both datasets,
achieving a DSC of 90.85% on Lucchi++ and 93.24% on Kasthuri++, compared to
YOLOvS8-Seg’s 89.07% and 90.43%, respectively. It is worth noticing that, while
YOLOvVS8-Seg must perform both detection and pixel-to-pixel segmentation of

42



4.4 RESULTS

mitochondria, SAM benefits from the localisation provided by the YOLOvS detection
model. This separation of tasks allows SAM to focus solely on improving pixel-to-

pixel segmentation performance, leading to higher accuracy.

Table 4: Comparison of segmentation performance using the DSC metric between YOLOvS8-
Seg and SAM (with YOLOv8 detection outputs as prompts) on the original
Lucchi++ and Kasthuri++ datasets.

DSC (%)
Model Lucchi++ Kasthuri++
YOLOv8-Seg 89.07 90.43
SAM 90.85 93.24

With the baseline performance established, the study now turns to evaluating
the impact of lossy compression using standard codecs, namely HEVC and VVC,
on the previous models’ performance. The impact of compression on the model
performance is further evaluated by comparing the detection and segmentation
metrics for models trained on uncompressed images and fine-tuned with compressed
images. Table 5 presents the detection performance of YOLOv4 and YOLOvVS8 using
the BD-Rate and BD-F;, while Table 6 shows the segmentation performance of
YOLOv8-Seg and SAM using the BD-Rate and BD-DSC metric. Both tables include
results for models fine-tuned on HEVC- and VVC-compressed images, evaluated

across the tested set of QP values.

Table 5: BD-Rate | and BD-F; 1 performance metrics for trained and fine-tuned detection
models on images coded with standard HEVC and VVC on the Lucchi++ and
Kasthuri++ datasets. Metrics use as baseline the trained YOLOv8 model evaluated
for HEVC-coded images.

Lucchi++ Kasthuri++

Model Fine-tuned Encoder |BD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-F; (%)

- HEVC 7.46 2.34 20.17 -0.35
YOLOv4 \a¥e! -3.32 1.64 25.62 -0.39
v HEVC -40.19 10.40 0.63 -0.07
v \a¥e! -54.97 13.51 15.34 0.24
- HEVC - - - -
YOLOVS - \a¥e! -4.40 1.00 -40.74 0.48
v HEVC -47.82 11.34 -38.16 0.85
v VVvVC -66.77 14.46 -84.89 0.95

From the obtained results, two key conclusions can be drawn: the use of the
VVC codec generally improves the performance of learning-based models when
compared to HEVC; fine-tuning models with compressed images leads to a significant
increase in performance. While VVC-compressed images lead to higher performance,
this improvement is less pronounced when comparing the trained models using

standard codecs. For instance, in the Lucchi++ dataset, using the YOLOv8 model,
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VVC achieves an average performance increase of 1.00% for the same bpp and an
average bpp reduction of 4.40% for the same performance in the detection task
compared to HEVC. This limited improvement may stem from the fact that both
codecs are optimised for objective quality metrics, such as SSE and PSNR, and
the models are not specifically trained to handle the degradation introduced by
these codecs. Nevertheless, the results indicate that VVC introduces less severe
quality degradation than HEVC at equivalent bitrates, which translates to better
preservation of features relevant to detection and segmentation tasks, evidenced by

the consistent improvements across datasets.

Subsequently, by adapting the model to the degradation caused by the codecs (fine-
tuning), the models become more robust and achieve better results on compressed
data. By fine-tuning the YOLOvS8 detection model on HEVC-compressed images
results in an 11.34% increase in Fy score and a 47.82% reduction in bpp. Similarly,
YOLOvV4 achieves an average Fp score increase of 13.51% when fine-tuned on VVC-
compressed images, compared to 1.64% without fine-tuning. These improvements
highlight the importance of domain-specific fine-tuning to mitigate the impact of

compression artefacts.

Conversely, by using the Kasthuri++ dataset, the improvements are less pro-
nounced but still significant. YOLOvS8 fine-tuned on VVC-compressed images
achieves an average F; score increase of 2.52%, compared to 0.48% without fine-
tuning. However, YOLOv4 performs poorly on this dataset. For instance, using the
fine-tuned YOLOv4 model with VVC-compressed images, reduces the model’s perfor-
mance by 0.24%, while requiring, on average, a 15.34% increase in file size to achieve
the same performance as YOLOv8’s trained model evaluated on HEVC-compressed

images.

Table 6: BD-Rate | and BD-DSC 1t performance metrics for trained and fine-tuned segmenta-
tion models on images coded with standard HEVC and VVC on the Lucchi++ and
Kasthuri++ datasets. Metrics use as baseline the trained SAM model evaluated
for HEVC-coded images.

Lucchi++ Kasthuri+-+
Model Fine-tuned Encoder |BD-Rate (%) tBD-DSC (%) |BD-Rate (%) 1BD-DSC (%)
HEVC -3.57 0.23 70.61 -7.86
) T e ey
YOLOvS-Seg VvC 4.13 0.74 64.13 7.49
v HEVC -27.92 5.21 32.88 -2.64
v vvC -26.74 4.98 14.62 -1.14
HEVC - - - -
SAM - vvcC -6.48 1.67 -29.37 0.59
v HEVC -40.37 8.20 -38.97 0.93
v VvC -73.96 14.76 -47.90 0.97

For segmentation tasks, fine-tuning on VVC-coded images also leads to substantial
performance gains. By using the Lucchi++ dataset, SAM fine-tuned on VVC-

compressed images achieves an average DSC increase of 14.76% and a 73.96%
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reduction in file size for the same performance, compared to a 1.67% increase
and 6.48% reduction, respectively, without fine-tuning. Similarly, YOLOv8-Seg
fine-tuned on HEVC-compressed images improves its DSC from 0.23% to 5.21%.
These results underscore the effectiveness of fine-tuning in enhancing segmentation

performance on compressed images.

When the Kasthuri++ dataset is used, SAM fine-tuned on VVC-compressed
images achieves the highest average DSC increase of 0.97%, slightly outperforming
the model fine-tuned on HEVC-compressed images (0.94%). In contrast, YOLOvS-
Seg performs poorly, with the highest result being an average DSC loss of 1.14%.
Additionally, to achieve the same performance as SAM on HEVC-encoded images,
YOLOvS8-Seg requires, on average, a 14.62% increase in file size. These findings
highlight the variability in model performance across datasets and emphasize the
importance of selecting appropriate models and fine-tuning strategies for specific

tasks.

4.4.2  Performance evaluation of ROI-based coding

Given the extensive number of combinations involved in the evaluation of ROI-based
coding, the study focused on two key models: YOLOvS8 for detection and SAM
for segmentation, using the bounding boxes detected by YOLOvS8 as prompts. As
discussed in Section 4.3, the proposed Pareto Frontier optimisation algorithm was
applied to each combination of computer vision model and ROI-based encoder to
reduce the number of points per curve, ensuring the resulting points achieve the best
rate-performance trade-off. The curves generated by this optimisation are illustrated
in Figure 25 for the detection task on the Lucchi++ dataset, while the curves for
the remaining tasks and datasets are presented in Appendix C. For simplicity, each
chart presents the curves for the same model, whether trained or fine-tuned, and
compares the performance between standard coding and the respective ROI-based
approach. In Appendix D, the selected points’ parameters, alongside the respective

model’s performance and compression rate, are defined.

Initial tests employed a third-order polynomial interpolation method, described in
Section 4.2, which led to inconsistencies in the results. This behaviour is detailed in
Appendix E. However, by using the PCHIP interpolation, the results are refined, as
shown in Tables 7 and 8. These tables compare detection and segmentation models,
both trained and fine-tuned, on compressed images through standard coding, as
well as their corresponding ROI-based versions, for both datasets. All results are
obtained using as reference the baseline curves from standard HEVC coding applied

to models trained on uncompressed images.
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Figure 25: Detection performance comparison between Lucchi++ images coded using stan-
dard coding (red line) and ROI-based coding (blue line) against the baseline
(green line; trained model on standard HEVC-coded images). The top row shows
results for the HEVC codec, while the bottom row corresponds to the VVC
codec. The left column represents trained models, and the right column repre-
sents fine-tuned models.

From the obtained results, it can be seen that ROI-based coding consistently
delivers superior results compared to standard coding. For instance, on the Lucchi++
dataset, the fine-tuned on VVC-compressed images segmentation model applied
to ROI-based coded images using VVC outperforms the same model applied to
standard VVC-coded images. Specifically, the average DSC increases from 14.76%
to 16.26%, while the BD-Rate reduction improves from 73.96% to 84.34%. This
demonstrates that ROI-based coding not only preserves critical information in
regions of interest but also enhances the overall efficiency of the coding process.
Similar trends are observed on the Kasthuri++ dataset, where ROI-based VVC
achieves a 2.52% increase in Fy score and a 93.87% reduction in bpp for the

fine-tuned detection model, further validating the effectiveness of this approach.

Despite the optimisation algorithm selecting the most representative parameters
for each curve, it does not guarantee that the chosen parameters encompass the

entire bpp range. As previously discussed, the algorithm ensures that the curve
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Table 7: BD-Rate |, BD-F; 1t (detection), and BD-DSC 1 (segmentation) performance
metrics for trained and fine-tuned models using standard and ROI-based HEVC
and VVC codecs with the Lucchi++ dataset. All metrics use as baseline the trained
model with standard HEVC encoding.

Detection Segmentation

|BD-Rate (%) tBD-F; (%) |BD-Rate (%) 1tBD-DSC (%)

HEVC - - - -
Trained VvC -4.40 1.00 -6.48 1.67
Model HEVC-ROI -42.14 12.17 -41.84 11.03
VVC-ROI -34.34 8.49 -33.70 7.06
HEVC -47.82 11.34 -40.37 8.20
Fine-tuned VVC -66.77 14.46 -73.96 14.76
Model HEVC-ROI -64.57 21.72 -54.25 9.97
VVC-ROI -73.44 12.63 -84.34 16.26

Table 8: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for trained and fine-tuned models using standard and ROI-based HEVC
and VVC codecs with the Kasthuri++ dataset. All metrics use as baseline the
trained model with standard HEVC encoding.

Detection Segmentation

IBD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-DSC (%)

HEVC - - - -
Trained VvC -40.74 0.48 -29.37 0.59
Model HEVC-ROI -51.94 1.23 -32.22 0.97
VVC-ROI -73.02 1.68 -49.85 1.31
HEVC -38.16 0.85 -38.97 0.93
Fine-tuned VVC -84.89 0.95 -47.90 0.97
Model HEVC-ROI -87.02 1.60 -53.41 1.02
VVC-ROI -93.87 2.52 -59.42 1.21

ends at the highest performance value, but this can lead to inconsistencies in the
results. For instance, as shown in Figure 26, the fine-tuned model achieves the
highest performance and compression efficiency when using ROI-based coding with
the VVC codec compared to ROI-based HEVC. However, the selected points for
the HEVC version cover a much narrower bpp range than those for VVC. Since the
BD-F; metric evaluates the average increase in performance across the bpp range,
the narrower range for HEVC results in a higher average improvement of 21.72%
compared to 12.63% for VVC, as previously seen in Table 7, even if VVC performs
better.

To address these discrepancies, an additional study was conducted by restricting
the integration limits to the smallest bpp range shared by all curves. This ensures a
more fair comparison across all codecs and models. The results of this analysis are

presented in Tables 9 and 10.
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Figure 26: Performance comparison of the YOLOvS8 fine-tuned model for images encoded
using ROI-based HEVC (red solid line) and ROI-based VVC (blue solid line).
The baseline performance of the detection model trained on uncompressed images
and evaluated on HEVC-coded images is shown as a red dashed line.

For the Lucchi++ dataset, as shown in Table 9, the fine-tuned model using
ROI-based VVC achieves the highest performance improvements, with a 23.70%
increase in 1 score and a 74.96% reduction in bpp for detection, and a 16.39%
increase in DSC with a 78.38% reduction in bpp for segmentation. These results
confirm that ROI-based VVC outperforms ROI-based HEVC when the integration
range is constrained, aligning with the observations in Figure 26. Similarly, for the
Kasthuri++ dataset, as shown in Table 10, ROI-based VVC achieves the best results,
with a 2.23% increase in F score and a 93.87% reduction in bpp for detection, and

a 1.21% increase in DSC with a 59.42% reduction in bpp for segmentation.

These findings highlight the importance of carefully selecting the integration range
when comparing codecs and models. By limiting the range to the smallest shared
bpp interval, the results provide a more accurate representation of the relative
performance of each approach. This adjustment ensures that the metrics reflect the
true trade-offs between compression efficiency and model performance, avoiding

biases introduced by uneven bpp ranges.

4.5 QUALITY ASSESSMENT AND PARAMETER ANALYSIS

To further exploit the efficiency of ROI-based coding, two additional studies were
conducted. On the first one, the preservation of mitochondrial information was

evaluated using an objective quality metric, specifically PSNR. The second builds on
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Table 9: BD-Rate |, BD-F; 1t (detection), and BD-DSC 1 (segmentation) performance
metrics for trained and fine-tuned models using standard and ROI-based HEVC
and VVC codecs on the Lucchi++ dataset. All metrics use as baseline the trained
model with standard HEVC encoding.

Detection Segmentation

|BD-Rate (%) tBD-F; (%) |BD-Rate (%) 1tBD-DSC (%)

HEVC - - - -
Trained VVvVC -4.89 0.45 -2.61 1.01
Model HEVC-ROI -73.50 20.24 -67.55 12.01
VVC-ROI -63.14 15.37 -55.77 8.65
HEVC -10.62 17.32 -22.34 7.40
Fine-tuned VVC -67.67 22.36 -72.41 14.88
Model HEVC-ROI -65.78 21.72 -28.72 9.97
VVC-ROI -74.96 23.70 -78.38 16.39

Table 10: BD-Rate |, BD-F; t (detection), and BD-DSC 1 (segmentation) performance
metrics for trained and fine-tuned models using standard and ROI-based HEVC
and VVC codecs on the Kasthuri++ dataset. All metrics use as baseline the
trained model with standard HEVC encoding.

Detection Segmentation

IBD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-DSC (%)

HEVC - - - -
Trained VvC -47.80 1.36 -25.67 0.65
Model HEVC-ROI -91.02 0.65 -45.44 0.97
VVC-ROI -91.70 1.68 -53.72 1.14
HEVC -79.91 1.82 -34.50 0.87
Fine-tuned VVC -90.30 1.79 -47.09 0.94
Model HEVC-ROI -92.60 2.02 -54.39 1.20
VVC-ROI -93.87 2.23 -59.42 1.21

the analysis presented in Section 4.4.2, addressing the influence of coding parameters

in ROI-based coding, particularly the effects of mask type and mask dilation.

4.5.1 ROI quality reduction on ROI-based coding

As previously discussed, the ROI-based approach improves the performance of
computer vision models compared to standard codecs, while significantly enhancing
compression efficiency. However, despite assigning a smaller QP (higher quality) to
the region of interest, it remains unclear whether the mitochondrial information is
preserved to the same extent as in standard coding. To address this question, an
evaluation of the quality of the coded regions of interest, in comparison to standard

coding, was conducted.

The results are illustrated in Figure 27 for the Lucchi++ test dataset, comparing
the standard coding, using a QP of 22, with ROI-based coding, where QP = 22
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and QPpvaries. To calculate the PSNR exclusively within the defined mitochon-
drial regions, the metric was initially computed using the ROIs provided by the
segmentation model. An example of this kind of region is illustrated in Figure 28,
represented by the green. The bounding box prompt fed to SAM to generate the
segmented mask is defined by the blue, rectangular mask in Figure 28, with the
cyan mask representing the overlap between the bounding box and the predicted

segmented mask.
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Figure 27: RD curves for the defined ROIs using VVC coding, with a fixed foreground
QP of 22 and varying background QPs. The green curve represents standard
VVC coding with a QP of 22. Blue curves correspond to ROI-based coding with
rectangular regions, while red curves represent non-rectangular regions. Solid
lines indicate ROI-based coding with no mask dilation, and dashed curves denote
a dilation of 10 pixels.

As shown in Figure 28, the SAM model occasionally includes a few pixels outside
the specified bounding box prompt. This means that, when calculating the PSNR
for images coded using rectangular regions, some pixels coded with the background
QP might inadvertently be included, potentially skewing the results. To address
this issue, an intersection between the rectangular and non-rectangular masks (with
no dilation), represented by the cyan region in Figure 28, was used for the PSNR
calculation. This ensures that only the true regions of interest are considered,

providing a fair and consistent comparison across all experiments.

The baseline standard coding, represented by the dashed green lines, achieves
an average of 41.78 dB of PSNR and 2.56 bpp for the defined ROIs. From the
curves, it can be analysed that increasing AQP (difference between foreground and
background QPs) leads to a slight decrease in mitochondrial quality. For instance,

compared to the baseline, non-rectangular coding without dilation (red solid line)

50



4.5 QUALITY ASSESSMENT AND PARAMETER ANALYSIS

Figure 28: Comparison between predicted masks: the blue region represents the bounding
box detection from YOLOvVS, while the green mask shows the segmentation output
from SAM. The cyan region highlights the overlap between both predictions.

shows that using a QPp = 27 reduces the PSNR by 0.03 dB, while a QP = 51

results in a larger reduction of 1.31 dB.

This quality decrease can be explained by the encoder’s optimisation process as
a trade-off, as previously discussed in Section 3.3.2. In the baseline scenario, the
ROT’s neighbouring regions are coded with the same quality, i.e. QP 22. However,
in ROI-based coding, where higher QPs are assigned to the neighbouring regions of
the ROlIs, the encoder faces poorer predictions and must consequently encode more
residual information. This trade-off results in these regions requiring slightly higher
bitrates compared to the same regions in the baseline coding, accompanied by a
modest decrease in quality. Nevertheless, it’s important to emphasise that while
this quality decrease exists, it remains minimal relative to the substantial bitrate
reductions achieved. The approach enables significant compression gains, achieving
up to 90.44% reduction in bpp when comparing standard coding to coding with a

QPg of 51, with a modest reduction of 1.31 dB in quality.

The use of rectangular masks in ROI-based coding, compared to non-rectangular
regions, results in a subtle improvement in mitochondrial information preservation
at the cost of reduced compression efficiency. In the former, regions close to the
vicinities of the mitochondria are compressed with a lower quality, whereas in
rectangular coding some non-mitochondrial regions are compressed with a lower QP,
which creates higher-quality neighbouring regions of the mitochondria. These regions
can then be used by the encoder for intra-prediction when coding the mitochondrial
information, leading to an overall increase in the quality of the mitochondrial data
compared to non-rectangular coding. However, this approach also increases the
coding rate, as a larger area is coded at higher quality. For instance, when compared

to non-rectangular coding with a QP = 51, rectangular coding for the same
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QPpachieves a 0.34 dB increase in quality but reduces the bpp by only 84.26%

relative to the standard coding.

The use of dilation exhibits a similar behaviour. As the dilation increases, the
quality of the mitochondrial information improves, approximating to the baseline.
This is due to the larger area of neighbouring regions being coded with lower coding
distortion, which improves intra-prediction for the mitochondrial regions. However,
this also results in a reduction in bpp savings compared to using masks without

dilation.

4.5.2  Influence of ROI-based coding parameters

The effectiveness of ROI-based coding depends heavily on the choice of mask type
and the level of dilation applied to the binary mask. These parameters directly
influence both compression efficiency and the preservation of critical features for
machine vision tasks. To evaluate their impact, a study was conducted using models
trained on uncompressed images from the Lucchi++ dataset, evaluating their
coded versions with the ROI-based HEVC approach. The results of this study are
summarised in Table 11. The evaluation compares two types of masks—rectangular
and non-rectangular—as well as different dilation levels (ranging from 0 to 20 pixels),
for both detection and segmentation tasks. The remainder of the results, including

evaluations for other models, datasets, and codecs, are presented in Appendix F.

Table 11: BD-Rate |, BD-F; t (detection), and BD-DSC ? (segmentation) performance
metrics for trained detection and segmentation models using the ROI-based HEVC
codec on the Lucchi++ dataset. Results are evaluated for varying mask types
(rectangular and non-rectangular) and dilation levels (in pixels) of the binary
mask. All metrics are compared against the baseline model trained with standard
HEVC encoding.

Detection Segmentation
Mask Type Dilation |BD-Rate (%) 1tBD-F; (%) |BD-Rate (%) tBD-DSC (%)
0 -38.87 10.09 -38.72 9.91
5 -38.27 9.74 -37.62 10.55
Rectangular 10 -37.29 9.71 -37.08 8.07
15 -36.51 9.42 -36.83 9.46
20 -33.15 7.61 -33.33 7.94
-42.09 12.31 -41.15 10.82
5 -39.34 10.26 -36.29 8.69
Non-rectangular 10 -38.43 10.48 -37.58 10.38
15 -35.70 8.59 -36.09 8.99
20 -35.58 9.29 -35.51 8.36

The choice between rectangular and non-rectangular masks significantly affects the
performance of ROI-based coding. Non-rectangular masks consistently outperform

rectangular regions in terms of both compression efficiency and model performance.
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For instance, with a dilation of 0 pixels, i.e. no dilation, non-rectangular masks
achieve a BD-Rate reduction of 42.09% and a BD-F; improvement of 12.31% for
detection, compared to 38.87% and 10.09%, respectively, for rectangular masks.
Similarly, for segmentation, non-rectangular masks yield a BD-Rate reduction of
41.15% and a BD-DSC improvement of 10.82%, outperforming rectangular masks
(38.72% and 9.91%). This superior performance can be attributed to the precise
delineation of mitochondrial regions by non-rectangular masks, which minimises
the inclusion of irrelevant background areas with higher-quality while ensuring the

preservation of critical features.

Dilation of the binary mask also plays a crucial role in ROI-based coding. Increas-
ing the dilation level, for both mask types, generally leads to lower compression
efficiency and model’s performance. For example, with non-rectangular masks, in-
creasing dilation from 0 to 20 pixels reduces the BD-Rate savings from 42.09%
to 35.58% for detection and from 41.15% to 35.51% for segmentation. Similarly,
the BD-F; improvement decreases from 12.31% to 9.29% for detection, and the
BD-DSC improvement drops from 10.82% to 8.36% for segmentation. This trend
occurs since dilation expands the region coded with a lower QP, increasing the
overall bitrate while marginally improving the model’s performance. To this end,
the results suggest that non-rectangular masks without dilation (0 pixels) provide

the best balance between compression efficiency and model performance.

4.6 SUMMARY

In this chapter, the experimental setup and results obtained from the methodologies
described in Chapter 3 were presented and discussed. First, the configuration
pipeline, including the detection and segmentation models as well as the codecs,
was described. Then, the evaluation metrics were defined, including the proposed
metrics for assessing rate-performance trade-offs. Additionally, an optimisation
approach based on the Pareto frontier was introduced to iteratively select the most
representative set of points for each ROI-based coding. The experimental results
demonstrated that combining ROI-based coding with model fine-tuning effectively
reduced file size while maintaining model performance. Finally, further analyses
examined the impact of ROI-based coding parameters, particularly the effects of
mask type and dilation on the preservation of mitochondrial information and the
performance of computer vision models. This last evaluation led to the conclusion

that non-rectangular masks with no dilation yield the best rate-performance results.
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CONCLUSION AND FUTURE WORK

5.1 CONCLUSIONS

The primary aim of this dissertation was to investigate the performance of learning-
based detection and segmentation models on compression-degraded EM images.
The study explores two main approaches: standard coding and ROI-based coding.
The latter focuses on leveraging detection and segmentation results from these
computer vision models to establish compression boundaries, ensuring that ROIs
are preserved with higher quality while allowing more aggressive compression in less
critical areas. This content-aware compression was implemented on HEVC/H.265
and VVC/H.266 standards, allowing the encoders to prioritise the preservation of
ROIs’ quality. Unlike traditional ROI-based coding approaches in the literature, the
implemented solutions support non-rectangular regions with a CU level resolution,
as fine as 4 x 4 pixels in VVC, without significantly compromising the background

information.

The obtained results demonstrated a superior compression performance of the
VVC codec over HEVC for similar detection and segmentation performance. This
difference is particularly significant when the learning-based models used to analyse
compressed images were trained using images with compression-induced distor-
tions. Fine-tuning the detection and segmentation models on compressed images
significantly enhanced their robustness and performance. Notably, fine-tuning on
VVC-compressed images yielded substantial performance gains across different
datasets, highlighting the importance of adapting the models to the degradations

introduced by codecs.

The ROI-based coding strategy consistently outperformed standard coding ap-
proaches. By allocating higher quality to regions containing biomedical relevant
information, it was shown that significant bitrate reductions were possible to attain
while preserving essential details for model inference. The choice of mask type and
dilation notably affects both compression efficiency and model performance. Studies
revealed that non-rectangular masks without dilation are the most effective for
ROI-based coding, significantly outperforming rectangular masks. While ROI-based
coding introduces some quality degradation in mitochondrial regions, this trade-off

is minimal compared to the substantial bitrate savings achieved. These findings
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demonstrate that the proposed approach successfully balances compression efficiency

with the preservation of critical features for computer vision tasks on these datasets.

Additionally, a framework for optimisation based on the Pareto frontier solution
was presented to identify the optimal compression configurations. This approach
ensured an optimal balance between bitrate reduction and model performance,
enabling the selection of encoding parameters tailored to specific tasks and datasets.
Overall, the findings of this research highlight the potential of ROI-based coding
in biomedical image compression for machine analysis. The proposed methods
effectively reduce storage and transmission requirements while maintaining high
detection and segmentation accuracy, making them well-suited for applications in

healthcare, research, and beyond.

5.2 FUTURE WORK

In this study, detection and computer vision models were used to define the ROIs.
However, future work could explore the use of less complex networks to generate
saliency or attention maps before compression. While this approach might result
in larger mask areas, making it less efficient, it would significantly reduce the
complexity on the encoder side. Although this complexity reduction may not be
crucial in medical scenarios, it could be particularly beneficial in edge computing
applications, such as autonomous driving and surveillance. In such contexts, a rough
estimation of the regions of interest could be computed directly, for instance, on the
vehicle and encoded accordingly, with the processing then performed on a remote

server after transmission and decoding.

Additionally, having successfully implemented ROI-based coding in the latest
video coding standards the focus of future work could shift to learning-based coding
solutions. For instance, a ROI-based adaptation could be developed for the JPEG-AI
standard, which is currently under development. JPEG-AI aims to use deep learning
techniques to achieve state-of-the-art compression performance, and integrating
ROI-based coding into this framework could further enhance its efficiency and

applicability to domains requiring selective quality preservation.
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APPENDIX A

In Table A.1, the image IDs used for the training and validation sets of the Lucchi++
and Kasthuri++ datasets are defined.

Table A.1: Number IDs used for the training and validation sets of the Lucchi++ and
Kasthuri++ datasets.

Dataset Instance number ID

Train set Validation set

0,2,3,5,6,8,9,11,12,14,15,16,
17,20,21,22,25,26,28,29,30,32,
33,34,35,36,37,38,39,41,42,43,
45,46,48,49,50,51,53,54,55,56,
57,59,60,61,63,65,66,67,69,70,
40, 44,47,52,58,
72,73,74,75,77,79,80,81,82,84,
62,64,68,71,76,
. 85,86,87,88,89,91,92,93,94,96,
Lucchi++ 78,83, 90,95,98,
97,99,100,102,103,104,105,107,
101,106,108,113,
109,110,111,112,114,115,116,117,
118,123,128,132,
119,120,121,122,124,125,126,127,
139,141,145,150,
129,130,131,133,134,135,136,137,

155,160
138,140,142,143,144,146,147,148,
149,151,152,153,154,156,157,158,

159,161,162,163,164

1,4,7,10,13,18,
19,23,24,27,31,

1032,1033,1034,1036,1037,1038,1039,
1041,1042,1044,1045,1046,1047,1049,
1050,1052,1054,1055,1057,1058,1060,
1061,1062,1063,1065,1067,1068,1069,
Kasthuri++ 1070,1072,1073,1075,1076,1078,1079,
1080,1082,1083,1085,1086,1087,1088,
1089,1091,1092,1093,1095,1096,1098,
1099,1101,1102,1103,1105,1106,1108,
1109,1110,1111,1113,1114

1031,1035,1040,
1043,1048,1051,
1053,1056,1059,
1064,1066,1071,
1074,1077,1081,
1084,1090,1094,
1097,1100,1104,
1107,1112,1115
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APPENDIX B

In this appendix, Figures B.1 and B.2 illustrate sample images encoded using
ROI-based coding for different mask types (rectangular and non-rectangular) and

varying dilation values.

s

(a) Coded image with no ROI dilation. (b) ROI definition without dilation.

(c¢) Coded image with a 10-pixel ROI dilation.  (d) ROI definition with a 10-pixel dilation.

(e) Coded image with a 20-pixel ROI dilation.  (f) ROI definition with a 20-pixel dilation.

Figure B.1: Examples of ROI-based coding with QPg = 51 and QP = 22 for VVC,
considering rectangular ROIs and varying dilation levels (no dilation at the
top, 10-pixel dilation in the middle, 20-pixel dilation at the bottom). The
resulting coded images are presented in the left column, with the respective
ROI definitions shown on the right.

75



ANEXOS

#

(a) Coded image with no ROI dilation. (b) ROI definition without dilation.

(c) Coded image with a 10-pixel ROI dilation. ) ROI definition with a 10-pixel dilation.
(e) Coded image with a 20- plxel ROI dilation. f) ROI definition with a 20-pixel dilation.

Figure B.2: Examples of ROI-based coding with QPg = 51 and QPp = 22 for VVC,
considering non-rectangular ROIs and varying dilation levels (no dilation at
the top, 10-pixel dilation in the middle, 20-pixel dilation at the bottom). The
resulting coded images are presented in the left column, with the respective
ROI definitions shown on the right.
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APPENDIX C

This appendix presents the rate-performance curves for each dataset and task. Each

figure includes graphs for both standard and ROI-based coding, as well as for the

trained and fine-tuned versions of the models.
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(a) Trained model on HEVC-coded images.
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(c¢) Trained model on VVC-coded images.
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(b) Fine-tuned model on HEVC-coded images.
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(d) Fine-tuned model on VVC-coded images.

Figure C.1: Segmentation performance comparison between Lucchi4++ images coded using
standard coding (red line) and ROI-based coding (blue line) against the baseline
(green line; trained model on standard HEVC-coded images). The top row shows
results for the HEVC codec, while the bottom row corresponds to the VVC codec.
The left column represents trained models, and the right column represents

fine-tuned models.
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(c) Trained model on VVC-coded images.

0.2

Trained model on HEVC-coded images.

0.2

91

90

n
o 89
C]
]
)
O 88 [}
wn
o
87
= HEVC trained
= HEVC trained 86 - HEVC fine-tuned
-+ HEVC ROI-Based trained -+-HEVC ROI-Based fine-tuned
0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
bpp bpp

(b) Fine-tuned model on HEVC-coded images.
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(d) Fine-tuned model on VVC-coded images.

Figure C.2: Detection performance comparison between Kasthuri++ images coded using
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standard coding (red line) and ROI-based coding (blue line) against the baseline
(green line; trained model on standard HEVC-coded images). The top row shows
results for the HEVC codec, while the bottom row corresponds to the VVC codec.
The left column represents trained models, and the right column represents
fine-tuned models.
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(a) Trained model on HEVC-coded images.  (b) Fine-tuned model on HEVC-coded images.
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(c) Trained model on VVC-coded images. (d) Fine-tuned model on VVC-coded images.

Figure C.3: Segmentation performance comparison between Kasthuri++ images coded
using standard coding (red line) and ROI-based coding (blue line) against the
baseline (green line; trained model on standard HEVC-coded images). The
top row shows results for the HEVC codec, while the bottom row corresponds
to the VVC codec. The left column represents trained models, and the right
column represents fine-tuned models.
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APPENDIX D

In this appendix, the parameters for each point selected through the proposed

Pareto Frontier optimization are specified for each model and ROI-based codec.

Table D.1: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the trained detection model on the ROI-based HEVC
encoder for the Lucchi++ dataset.

QP QPy Mask Type  Dilation Fy bpp

51 49 non-rectangular 0 41.401 0.030
51 47  non-rectangular 0 54.484 0.032
51 45 non-rectangular 0 64.337 0.034
51 43  non-rectangular 0 71.315 0.036
51 41  non-rectangular 0 76.297 0.038
51 37  non-rectangular 0 86.900 0.047
51 35 non-rectangular 0 90.992 0.058
51 32 non-rectangular 0 91.482 0.094
51 27  non-rectangular 0 91.544 0.173
30 27 rectangular 15 91.807 1.290
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Table D.2: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the trained detection model on the ROI-based VVC
encoder for the Lucchi++ dataset.

QP QPg Mask Type  Dilation Fy bpp

51 49 non-rectangular 0 40.242  0.029
51 47 rectangular ) 52.112  0.033
51 45 rectangular ) 61.674 0.036
51 41 rectangular 0 70.069 0.041
51 41 rectangular 5 73.998 0.044
51 37 rectangular 0 80.234 0.050
51 37 rectangular 5 83.361 0.054
51 35 rectangular 0 84.480 0.056
51 35 rectangular 5 86.518 0.062
51 35 rectangular 10 87.338 0.069
51 32 non-rectangular 0 91.578 0.108
51 22 non-rectangular 0 91.642 0.246
32 30 rectangular ) 91.901 1.015
27 22 non-rectangular 0 92.004 2.021

Table D.3: Selected points by the Pareto Frontier optimisation parameters and the cor-
responding performance of the fine-tuned detection model on the ROI-based
HEVC encoder for the Lucchi++ dataset.

QP QPp Mask Type  Dilation Fq bpp

51 49  non-rectangular 0 74.381 0.030
51 49 rectangular 0 75.704 0.030
51 47  non-rectangular 0 78.690 0.032
51 45  non-rectangular 0 81.295 0.034
51 41  non-rectangular 0 84.183 0.038
49 37  non-rectangular 0 86.770 0.055
47 35  non-rectangular 0 88.400 0.077
43 35 rectangular 5 89.344 0.119
43 32 non-rectangular 0 89.832 0.143
41 30  non-rectangular 0 90.261 0.196
41 30 rectangular 0 90.304 0.219
37 30 rectangular 0 90.402 0.299
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Table D.4: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the fine-tuned detection model on the ROI-based VVC
encoder for the Lucchi++ dataset.

QP QPg Mask Type  Dilation Fy bpp

51 49  non-rectangular 0 82.745 0.029
51 47  non-rectangular 0 84.533 0.032
51 45 rectangular 0 86.364 0.035
49 43 non-rectangular 0 87.541 0.045
51 41 rectangular 10 87.654 0.046
47 45 rectangular 10 87.978 0.050
47 43  mnon-rectangular 20 88.644 0.060
45 41 rectangular 20 89.217 0.074
43 37 rectangular 5 89.854 0.097
41 37 rectangular ) 90.310 0.115
37 35 rectangular 20 90.686 0.181
41 30 rectangular 20 91.011 0.374
35 32 non-rectangular 20 91.060 0.410
32 27 non-rectangular 0 91.401 1.051
27 22 non-rectangular 20 91.525 2.121

Table D.5: Selected points by the Pareto Frontier optimisation parameters and the cor-
responding performance of the trained segmentation model on the ROI-based
HEVC encoder for the Lucchi++ dataset.

QP QPg Mask Type  Dilation DSC bpp

51 49  non-rectangular 0 44.095 0.030
51 47  non-rectangular 0 55.700 0.032
51 45  non-rectangular 0 64.887 0.034
51 43 non-rectangular 0 70.792 0.036
51 41  non-rectangular 0 75.234 0.038
51 37  non-rectangular 0 84.336 0.047
51 35 non-rectangular 0 87.963 0.058
49 35 rectangular 15 89.150 0.098

37 35 non-rectangular 20 89.929 0.224
35 32 non-rectangular 20 90.719 0.418
32 30  non-rectangular 10 90.798 0.829
30 27 rectangular 0 90.805 1.240
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Table D.6: Selected points by the Pareto Frontier optimisation parameters and the cor-
responding performance of the trained segmentation model on the ROI-based
VVC encoder for the Lucchi++ dataset.

QP QPg Mask Type  Dilation DSC bpp

51 49  non-rectangular 0 44.653 0.029
51 47  non-rectangular 0 53.433 0.032
51 45  non-rectangular 0 59.863 0.035
51 45 rectangular ) 62.577 0.036
51 43 rectangular 0 65.467 0.038
51 41 rectangular 0 70.348 0.041
51 41 rectangular 5 73.004 0.044
51 37 rectangular 0 78.639 0.050
51 35 rectangular 0 81.562 0.056
51 32 non-rectangular 0 89.081 0.108
41 32 non-rectangular 0 89.138 0.187
32 27 rectangular 10 89.587 1.077

30 22 non-rectangular 20 89.713 1.860

Table D.7: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the fine-tuned segmentation model on the ROI-based
HEVC encoder for the Lucchi++ dataset.

QP QPp Mask Type Dilation DSC bpp

51 49  non-rectangular 0 72.309 0.030
51 49 rectangular 0 73.262 0.030
51 43  non-rectangular 0 78.129 0.034
51 41 non-rectangular 0 80.712 0.038
51 37  non-rectangular 0 82.151 0.047
47 35 non-rectangular 0 84.707 0.077
43 37  non-rectangular 0 85.225 0.095
43 35 rectangular 5 85.739 0.119
43 35 non-rectangular 15 85.929 0.131
37 32  non-rectangular 0 87.039 0.246
35 32 rectangular 15 87.185 0.411
32 27 rectangular 10 87.239 0.915
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Table D.8: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the fine-tuned segmentation model on the ROI-based
VVC encoder for the Lucchi++ dataset.

QP QPg Mask Type Dilation DSC bpp

51 49  non-rectangular 0 83.404 0.029
51 49  non-rectangular ) 83.955 0.030
51 47  non-rectangular 0 85.281 0.032
51 45 rectangular 0 86.770 0.035
51 43  non-rectangular 0 87.364 0.038
49 43  non-rectangular 0 88.162 0.045
49 41 rectangular 5 88.813 0.051
47 41 non-rectangular 0 89.271 0.058
43 37 rectangular 5 90.402 0.097
41 35 rectangular ) 90.759 0.125
41 35 non-rectangular 20 90.932 0.149
41 32 non-rectangular 0 91.028 0.187
37 32 non-rectangular 0 91.094 0.247

32 30  non-rectangular 20 91.231 1.060

Table D.9: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the trained detection model on the ROI-based HEVC
encoder for the Kasthuri++ dataset.

QP QPg Mask Type  Dilation Fq bpp

51 49  non-rectangular 0 87.774 0.036
51 47  non-rectangular 0 89.322 0.039
51 45 non-rectangular 0 89.877 0.041
51 45 rectangular ) 90.307 0.045
47 45 rectangular 15 90.753 0.074
43 41 rectangular 0 90.949 0.131
45 37  non-rectangular 20 90.956 0.137
43 37 rectangular 15 90.960 0.161
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Table D.10: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the trained detection model on the ROI-based VVC
encoder for the Kasthuri++ dataset.

QP QPg Mask Type  Dilation Fy bpp

51 49  non-rectangular 0 89.050 0.031
51 49  non-rectangular 10 89.540 0.032
51 47  non-rectangular 0 89.948 0.034
51 47 rectangular 5 90.124 0.036
51 47 rectangular 10 90.191 0.037
37 35 rectangular 15 90.349 0.043
49 43  non-rectangular 20 90.728 0.062
47 41 non-rectangular 10 90.826 0.078
45 41 rectangular 15 90.925 0.102
45 32 rectangular 0 90.937 0.134

Table D.11: Selected points by the Pareto Frontier optimisation parameters and the cor-
responding performance of the fine-tuned detection model on the ROI-based
HEVC encoder for the Kasthuri++ dataset.

QPg QPg Mask Type  Dilation ¥ bpp

51 49  non-rectangular 0 89.854 0.036
51 49 rectangular 20 90.440 0.039
51 47  non-rectangular 15 90.527 0.042
49 45 rectangular 0 90.776  0.056
49 47 rectangular 20 90.821 0.062
47 45  non-rectangular 10 90.871 0.073
43 41 rectangular 15 91.120 0.135

Table D.12: Selected points by the Pareto Frontier optimisation parameters and the cor-
responding performance of the fine-tuned detection model on the ROI-based
VVC encoder for the Kasthuri++ dataset.

QP QPp Mask Type  Dilation Fq bpp

51 49  non-rectangular 0 90.179 0.031
51 49 rectangular 0 90.283 0.032
51 49 rectangular ) 90.392 0.032
51 47 rectangular 20 90.787 0.039
47 43  non-rectangular 15 90.978 0.073
45 43 non-rectangular 5 91.031 0.088
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Table D.13: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the trained segmentation model on the ROI-based
HEVC encoder for the Kasthuri++ dataset.

QP QPg Mask Type Dilation DSC bpp

51 49  non-rectangular 0 88.782  0.036
51 47  non-rectangular 0 90.067 0.039
51 47 rectangular 15 91.156  0.043
51 45 rectangular 20 91.938 0.051
51 43 rectangular 10 92.039 0.053
51 41  non-rectangular 20 92.585 0.065
47 43 rectangular 10 92.845 0.080
49 35 non-rectangular 20 93.251 0.121
47 32 rectangular 20 93.383 0.183

47 22 non-rectangular 20 93.448 0.361

Table D.14: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the trained segmentation model on the ROI-based
VVC encoder for the Kasthuri++ dataset.

QPg QPg Mask Type Dilation DSC bpp

51 49  non-rectangular 0 90.232 0.031
51 47 non-rectangular 0 91.411 0.034
51 47 rectangular 20 91.873 0.039
51 43 rectangular 20 92.401 0.054
51 41 rectangular 20 92.696 0.063
47 43  non-rectangular 20 92.942 0.075
47 41 rectangular 20 93.023 0.086

45 35 non-rectangular 20 93.210 0.143
45 32 non-rectangular 20 93.305 0.177
45 30  non-rectangular 20 93.316 0.206
45 22 rectangular 20 93.380 0.386
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Table D.15: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the fine-tuned segmentation model on the ROI-based
HEVC encoder for the Kasthuri++ dataset.

QP QPg Mask Type  Dilation DSC bpp

51 49  non-rectangular 0 91.237 0.036
51 47  non-rectangular 0 91.841 0.039
51 45 mnon-rectangular 0 92.075 0.041
51 43 rectangular 20 92.627 0.059
49 43 rectangular 20 92.796 0.070
45 43 rectangular 10 93.088 0.100
45 37  non-rectangular 20 93.331 0.137
41 37 rectangular 10 93.355 0.187
35 32 rectangular 15 93.453 0.397
35 22 non-rectangular 0 93.461 0.440
30 22 non-rectangular ) 93.481 0.736

Table D.16: Selected points by the Pareto Frontier optimisation parameters and the corre-
sponding performance of the fine-tuned segmentation model on the ROI-based
VVC encoder for the Kasthuri++ dataset.

QPg QPg Mask Type  Dilation DSC bpp

51 49 non-rectangular 0 91.510 0.031
51 49 rectangular 0 91.659 0.032
51 47 rectangular 0 91.962 0.035
51 47 rectangular 20 92.238 0.039
49 47  non-rectangular 20 92.486 0.047
47 45 rectangular 15 92.824 0.066
47 43  non-rectangular 15 92.915 0.073
43 41 rectangular 5 93.162 0.120
41 35 non-rectangular ) 93.244 0.184
37 32  non-rectangular 15 93.377 0.312
35 32 rectangular 15 93.391 0.369

30 27  non-rectangular 20 93.430 0.717
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APPENDIX E

This appendix discusses in detail the challenge found related to the interpolation
scheme used when calculating the integral of curves for BD metrics. Initial tests
employed a third-order polynomial interpolation, rather than the PCHIP method
described in Section 4.2, and corresponding results are presented in Tables E.1 and
E.2. However, inconsistencies were observed between the numerical results in the
tables and the corresponding rate-performance curves. For example, in Table E.1,
the detection model trained on images coded with the ROI-based HEVC encoder
shows an average performance decrease of 3.69% compared to standard HEVC for
the same model. Yet, when examining the corresponding curves in Figure E.1, the
ROI-based HEVC outperforms standard HEVC.

This discrepancy arises because the third-order polynomial interpolation defines
a global third-order function for the entire set of points. For curves with sparse and
unevenly spaced data points, this global approach introduces oscillations, leading
to inconsistent numerical results. Figure E.2 illustrates this issue, with the blue
line representing the third-order polynomial interpolation. In contrast, the PCHIP
interpolation algorithm (red line) calculates independent functions between each
pair of points, reducing oscillations and producing more accurate results. The results

obtained using the more adequate approach (PCHIP), are discussed in Section 4.4.2.

Table E.1: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for trained and fine-tuned models using standard and ROI-based HEVC
and VVC codecs on the Lucchi++ dataset. All metrics use as baseline the trained
model with standard HEVC encoding and are calculated using a third-order
polynomial fit for curved integration.

Detection Segmentation

IBD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-DSC (%)

HEVC - - - -
Trained VvC 5.83 1.65 7.62 2.22
Model HEVC-ROI -26.15 -3.69 -22.77 12.09
VVC-ROI -17.10 9.17 -12.55 6.44
HEVC -53.55 11.66 -44.89 8.58
Fine-tuned VVC -75.96 14.96 -82.37 15.31
Model HEVC-ROI -78.12 20.73 -66.62 9.14
VVC-ROI -84.26 13.32 -90.30 15.80
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Table E.2: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance

metrics for trained and fine-tuned models using standard and ROI-based HEVC
and VVC codecs on the Kasthuri++ dataset. All metrics use as baseline the
trained model with standard HEVC encoding and are calculated using a third-
order polynomial fit for curved integration.

Detection Segmentation

|BD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-DSC (%)

HEVC - - - -
Trained VVvC -68.99 0.46 11.36 0.57
Model HEVC-ROI -37.84 1.38 -26.91 0.86
VVC-ROI -68.49 1.79 -46.67 1.25
HEVC -92.36 0.84 -35.06 0.93
Fine-tuned VVC -84.23 0.95 -48.02 0.98
Model HEVC-ROI -83.11 1.60 -60.94 1.01
VVC-ROI -89.98 2.68 -68.25 1.21
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Figure E.1: Performance comparison of the YOLOv8 model trained on uncompressed images

90

with two different approaches: standard HEVC encoding (red dashed line) and
ROI-based HEVC encoding (red solid line).
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Figure E.2: Comparison between PCHIP interpolation (red lines) and third-order polynomial

interpolation (blue lines), for two rate-performance curves: standard HEVC
encoding (dashed line) and ROI-based HEVC encoding (solid line). Results are
presented for the YOLOv8 model trained on uncompressed images.
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APPENDIX F

This appendix presents additional results on the influence of ROI-based coding

parameters for different datasets and model versions (trained or fine-tuned).

Table F.1: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for fine-tuned detection and segmentation models using the ROI-based
HEVC codec on the Lucchi++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1tBD-F; (%) |BD-Rate (%) tBD-DSC (%)
0 -62.79 20.94 -51.27 9.81
5 -60.72 15.68 -50.55 13.66

Rectangular 10 -59.34 17.84 -47.48 8.61
15 -58.54 16.10 -46.70 12.28
20 -55.26 16.99 -44.00 6.94
0 -64.49 20.91 -54.30 9.88
5 -61.84 16.69 -50.22 8.81

Non-rectangular 10 -60.06 14.87 -48.00 7.27
15 -58.67 21.92 -45.57 7.59
20 -56.42 17.48 -44.72 6.31

Table F.2: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for trained detection and segmentation models using the ROI-based
VVC codec on the Lucchi++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-DSC (%)
0 -32.99 8.46 -27.43 5.63
5 -33.74 9.66 -26.45 6.23

Rectangular 10 -31.98 7.38 -24.46 5.52
15 -30.06 6.73 -24.72 5.33
20 -28.31 6.15 -24.13 4.39
0 -33.65 8.19 -33.47 6.81
5 -28.28 6.83 -20.27 3.59

Non-rectangular 10 -27.53 5.94 -20.08 3.83
15 -26.11 5.61 -19.30 3.38
20 -24.60 5.05 -19.38 3.32
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Table F.3: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for fine-tuned detection and segmentation models using the ROI-based
VVC codec on the Lucchi++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1tBD-DSC (%)
0 -73.51 15.35 -82.59 13.94
5 -72.33 12.90 -84.00 13.15

Rectangular 10 -72.02 12.46 -82.32 15.14
15 -70.59 11.58 -82.63 14.59
20 -72.37 11.63 -82.66 14.96
0 =717 15.04 -84.30 16.29
5 -70.98 12.33 -83.66 15.52

Non-rectangular 10 -71.09 12.03 -82.32 12.96
15 -69.96 11.23 -81.67 14.35
20 -70.08 11.21 -81.79 14.65

Table F.4: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for trained detection and segmentation models using the ROI-based
HEVC codec on the Kasthuri++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1BD-F; (%) |BD-Rate (%) tBD-DSC (%)
0 -46.03 1.03 -23.29 0.48
5 -49.20 0.84 -26.69 0.70

Rectangular 10 -42.59 0.92 -30.50 0.73
15 -47.96 1.01 -31.38 0.90
20 -52.03 0.77 -31.43 1.02
0 -50.03 1.15 -23.69 0.59
5 -44.56 0.99 -22.71 0.52

Non-rectangular 10 -48.12 0.81 -28.54 0.74
15 -47.79 0.85 -30.95 0.89
20 -48.14 0.92 -32.42 0.88
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Table F.5: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for fine-tuned detection and segmentation models using the ROI-based
HEVC codec on the Kasthuri++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1BD-DSC (%)
0 -73.72 0.90 -50.53 0.89
5 -89.10 0.85 -50.93 0.88

Rectangular 10 -91.22 0.86 -50.59 0.91
15 -91.53 1.44 -51.07 0.92
20 -93.53 0.85 -52.52 0.85
0 -86.21 0.95 -48.83 1.03
5 -87.26 1.76 -52.38 0.91

Non-rectangular 10 -90.29 2.12 -49.09 0.83
15 -92.43 1.75 -49.66 0.98
20 -90.66 1.31 -49.48 0.86

Table F.6: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for trained detection and segmentation models using the ROI-based
VVC codec on the Kasthuri++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1tBD-F; (%) |BD-Rate (%) tBD-DSC (%)
0 -71.05 1.52 -42.92 0.90
5 -71.16 1.61 -42.49 1.02

Rectangular 10 -69.88 1.77 -41.65 1.34
15 -76.95 1.71 -45.16 1.21
20 -75.66 1.70 -49.38 1.19
0 -72.35 1.40 -47.44 1.69
5 -71.61 1.84 -40.18 1.00

Non-rectangular 10 -79.33 1.35 -43.43 1.42
15 -72.50 1.20 -48.07 1.63
20 -69.80 1.48 -44.96 1.18
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Table F.7: BD-Rate |, BD-F; 1 (detection), and BD-DSC 1 (segmentation) performance
metrics for fine-tuned detection and segmentation models using the ROI-based
VVC codec on the Kasthuri++ dataset. Results are evaluated for varying mask
types (rectangular and non-rectangular) and dilation levels (in pixels) of the
binary mask. All metrics use as baseline the trained model with standard HEVC

encoding.
Detection Segmentation

Mask Type Dilation |BD-Rate (%) 1BD-F; (%) |BD-Rate (%) 1tBD-DSC (%)
0 -93.25 1.09 -56.43 1.11
5 -92.59 1.82 -55.38 1.05

Rectangular 10 -90.41 0.99 -53.03 1.09
15 -93.25 0.91 -54.74 1.23
20 -93.27 2.08 -56.76 1.00
0 -93.08 1.04 -55.11 1.04
5 -88.80 2.36 -52.39 1.01

Non-rectangular 10 -91.73 0.91 -50.77 0.98
15 -92.77 2.50 -56.93 1.06
20 -93.44 1.14 -56.68 1.05
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