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Abstract

This project proposes a method to merge image compression and semantic segmentation, in
a single stage, for the foreground/background segmentation approach. This binary segmen-
tation is based on the case of person segmentation, whereby the foreground corresponds to
each person in the image and the background is everything else.

The proposed method is analysed and compared with an end-to-end compression model
followed by a semantic segmentation stage, as well as with the results obtained from uncom-
pressed image segmentation.

The CompressAI cheng2020-anchor model and the Pyramid Scene Parsing Network (PSP-
Net), implemented through the Semseg repository, have been used to develop this approach.
The results obtained by the proposed merging method outperform those obtained by the
end-to-end compression model followed by the semantic segmentation stage for low bitrates.
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1 Introduction

Deep-learning-based image compression algorithms have demonstrated excellent performance
over the last few years, in terms of compression efficiency and perceived visual quality.

These types of algorithms are based on the autoencoder approach [6]. An autoencoder is a special
type of neural network that is trained to reproduce its input into its output. It is made up of two
distinct blocks, the encoder, in which the input image is mapped to a compact representation in
latent space, and the decoder, in which this latent representation is reconstructed as similar as
possible to the original image.

Computer vision methods are often applied to images reconstructed in the pixel domain. Some
recent research has presented the possibility of applying it to the latent space, before decoding,
reducing the computational cost and achieving the same performance in accuracy [7].

The main objective of this project is to obtain a method capable of using a semantic segmentation
network directly in the latent domain, obtained from the compression network, and compare it
with the case of reconstruction in the pixel domain.

Specifically, the project focuses on the foreground /background segmentation approach, a case of
binary semantic segmentation. As the focus will be on people segmentation, the foreground label
will be used for people and everything else will be treated as background. The idea is to segment
people from their scenes using the latent code obtained from the original image encoding.

The different tasks defined for the project to achieve the main objective are as follows:

1. Study the state of the art of deep-learning-based image compression followed by identifi-
cation of the best network to use during the project.

2. Study the state of the art of deep-learning-based image semantic segmentation followed by
identification of the best network to use during the project.

3. Collect a suitable dataset for experiments.

4. Propose and implement a solution by merging the image encoder with the semantic seg-
mentation network and training it. The use case of foreground/background segmentation
should be addressed.

5. Evaluate the above and report the results.

This report is divided into different sections. First, a review of the state of the art is given in
Section 2] Section [3] explains the dataset used. Next, the evaluation metrics used for image
quality and semantic segmentation are presented in Section [d] The following one presents the
compression and semantic segmentation networks used in this project. Section [f] introduces the
approaches proposed during the development of the project, followed by the experiments and
results obtained for the presented approaches in Section [7] Finally, the conclusions of this study
and future work are discussed.



2 Related work

2.1 Compression methods

Deep learning-based compression methods have been used in recent years to outperform tradi-
tional methods, such as JPEG2000 [8] or BPG [9], in terms of perceptual metrics [I0]. These
methods are based on encoding an input image into a feature map (latent representation), which
is quantified into a set of symbols through a compressed bitstream and then decoded to recon-
struct the input image.

In [10], the authors summarise a set of end-to-end learned image compression methods, highlight-
ing the main contributions of each new method and providing a detailed comparative analysis
of them. Furthermore, they show a benchmark evaluation of the presented methods through
comparative results in both PSNR [11] and MS-SSIM [12]. As each method is sorted according
to the date of publication, it is easier to identify the most recent contributions to the field. Some
of the papers reviewed with the most important contributions to the development of these deep
learning compression methods are [13], [14] and [4].

In [I3], the authors present an end-to-end trainable model for image compression based on [15]
that uses nonlinear transform coding and describe a framework for optimising end-to-end rate-
distortion performance.

A new contribution of [I3] is the introduction of a hyperprior on the local scale parameters of the
latent representation. This leads to a more powerful variational image compression model. The
authors extend the model presented in [I5], based on a fully factored prior, with a hyperprior
that captures how spatially neighbouring elements of the latent representation change together
in their scales and is added as side information. The models presented in both [I3] and [I5] make
use of Generalised Divisive Normalisation (GDN) layers, a type of non-linearity that implements
local normalisation and has been shown to be more efficient at removing statistical dependencies
in image data.

Following previous work, [I4] extends the Gaussian Scale Mixture (GSM) entropy model in [I3] to
a Gaussian Mixture Model (GMM), inspired by generative models, and adds an autoregressive
component. This generates a mean and a scale parameter conditioned on the hyperprior. It
is shown that the GMM-based entropy model outperforms the GSM-based model in terms of
rate-distortion performance. The improvement of the entropy model leads to a requirement for
more context information. Therefore, the authors introduce an autoregressive component that
does not cause a potential rate penalty, as the predictions are based only on causal context.
Thus, the hyperprior can learn to preserve the information needed to reduce uncertainty in the
autoregressive model, while avoiding data that can be accurately predicted from the context.

Focusing on [4], the authors propose to use discretised Gaussian Mixture Likelihoods to param-
eterise the latent code distributions, achieving a more accurate and flexible entropy model. In
addition, they incorporate attention modules to the network architecture in order to improve
performance and achieve high coding efficiency. Parameterised distributions cannot represent
the use of context, side information and extra bits, which might be limited by the fixed shape of
the single Gaussian distribution. For this reason, the authors consider a more flexible parame-
terised model to achieve arbitrary likelihoods. The visual quality of the models presented in the
article outperforms existing methods in terms of MS-SSIM.

One of the most recent research in this field [I6], proposes an improvement of the last paper. The
authors realise that the strongest correlations do not always appear in neighbouring channels,



so they propose to split the latents into several groups depending on the channel index and to
code the groups one by one. In this way, the currently encoded group can leverage the context
information of the previous ones to efficiently capture the correlation between channels.

This method provides better performance than the latest video coding standard VVC [17] when
measured with PSNR distortion, as well as more visually pleasing reconstructed results when
trained with MS-SSIM.

2.2 Semantic segmentation methods

When talking about the semantic segmentation task, most of the recent research is based on two
different networks, DeepLab and PSPNet [5].

On the one hand, DeepLab has proposed many contributions to the state of the art in recent
years, DeepLabvl [18], v2 [19] and v3 [20].

The most recent release, DeepLabv3, significantly improves on previous versions and achieves
comparable performance with other state-of-the-art models in the PASCAL VOC 2012 semantic
image segmentation benchmark. The model proposes an atrous convolution with upsampled
filters to extract dense feature maps and capture context in multiple ranges, in the framework
of both cascaded modules and spatial pyramid pooling.

On the other hand, another well-known method for semantic segmentation is the Pyramid Scene
Parsing Network (PSPNet) [5], which performs spatial pooling at several grid scales and provides
excellent results in many semantic segmentation benchmarks. The authors exploit the capabil-
ity of global context information by aggregating context based on different regions, providing
additional contextual information.

Following previous work, other literature, such as [2I], explores the impact of global context
information. Which captures the semantic context of scenes and selectively highlights class-
dependent feature maps. Moreover, they discuss how the proposed module improves the feature
representation of relatively shallow network features. Experimental results show that this contri-
bution improves network feature representations at an early stage using a global context, which
is difficult to learn for a standard network architecture consisting only of convolutional layers,
non-linearities and downsamplings.

Closing the chapter on semantic segmentation, a new architecture called ShelfNet [22] presents a
structure with many encoder-decoder blocks with skip connections at each spatial level, leading
to accurate fast semantic segmentation results. Compared to non-real-time methods, such as
PSPNet, it achieves four times faster inference speed while maintaining similar accuracy.

2.3 Computer vision tasks in the compressed domain

The baseline for this project is the paper Towards Image Understanding from Deep Compres-
sion without Decoding [7]. The authors present two different computer vision tasks from com-
pressed image representation, which are image classification and semantic segmentation. For
the compression network, they use the image compression autoencoder described in [23] and a
modification of ResNet [24] and DeepLabv2 [19] for the classification and segmentation tasks.
The results presented are optimal in terms of compressed domain performance against image re-
construction. Following the good results obtained in the semantic segmentation task within the
compressed domain, this work wants to reproduce it to the human segmentation task presented
in the introduction.



3 Dataset

A human segmentation dataset has been used in order to train the foreground/background
segmentation model. The dataset selected for this task is the Person Dataset of Supervisely
which contains many images of people in different scenarios.

3.1 Supervisely tool

Supervisely [25] is a powerful platform for computer vision development, where individual re-
searchers and large teams can annotate and experiment with datasets and neural networks.
It allows to:

e Label images, videos, 3D point clouds, volumetric slices and other data in the best labelling
tool.

e Manage and track annotation workflow at scale with teams, workspaces, roles and labelling
jobs.

e Train and apply neural networks to custom data.

e Explore data and automate common tasks with integrated Python notebooks and scripts.

3.1.1 Supervisely Person Dataset

The Supervisely Person dataset is made freely available to academic and non-academic entities
for non-commercial purposes such as academic research, teaching, scientific publications or per-
sonal experimentation. The full version of the tagged person dataset contains 5711 images with
annotated person instances. For this project, a filtered version of the original dataset is used in
which images with low quality labels have been removed. Thus, the dataset used consists of a
total of 2667 images, divided into 2533 for the training set, 80 for the validation set and 53 for
the test set. This partitioning has been done empirically to divide tests that do not share the
same types of images in order to make them as independent as possible and to maximise learning
from the models. Each RGB image in the dataset has a corresponding binary mask of the profile
of the person(s).

Figure 1: Examples from the Supervisely Person Dataset in [I].

The dataset contains images in different conditions, such as indoor and outdoor images, images
with a diversity of light conditions, close-up and long-distance views, portraits, and images with



multiple people together and separated, and also includes some grey level images in addition
to the colour images. This varied information adds value to the dataset as it can be useful
for training models for different scenario variants. All images in the dataset have a resolution
of between 377x800 and 6200x800, and vary only in width, while the height is the same for
each image. The most common images in the dataset are 1200x800. All images are in Portable
Network Graphics (PNG) format [26].

Some examples of images from the dataset are shown in Figure



4 Assessment metrics

To evaluate the performance of the methods used during the project, different metrics are taken
into account. On the one hand, objective image quality metrics such as PSNR and MS-SSIM
would indicate the performance of the compression methods.

On the other hand, evaluation metrics for semantic segmentation such as Intersection over Union
and Pixel Accuracy would provide information about the performance at the image segmentation
stage.

4.1 Objective image quality assessment

The objective of image quality assessment is to obtain quality measures that can be used to
assess the performance of image processing systems.
This subsection describes the two metrics used in the project: PSNR and MS-SSIM.

4.1.1 PSNR

The Peak Signal to Noise Ratio (PSNR) is a rate between the maximum achievable value
(power) of a signal and the power of the distorting noise that affects the quality of its repre-
sentation [II]. It is expressed in terms of a logarithmic decibel scale due to its wide dynamic
range. The PSNR value approaches infinity as the MSE approaches zero, this proves that a
higher PSNR value provides higher image quality. In contrast, a small PSNR value implies high
numerical differences between the compared images.

The mathematical expression for the PSNR is:

2552
PSNR =101 _— 1
(xay) * OQIO(MSE(JE,y)) ( )
where
M N
MSE(x,y) Z (zij — vij)? (2)
z:l 7j=1

Considering = as the reference image and y the reconstructed one, both of size M x N.

The main problem with this metric is that it is only based on a numerical comparison and does
not take into account any level of the biological factors of the human visual system, as does the
structural similarity index (MS-SSIM).

4.1.2 MS-SSIM

The structural similarity image quality paradigm is based on the assumption that the human
visual system is highly adapted for extracting structural information from the scene, and therefore
a measure of structural similarity can provide a good approximation to perceived image quality
[12].

Using SSIM [27] as a basis, MS-SSIM extends the technique by making multiple SSIM image
evaluations at different image scales, with a total of M as seen in . MS-SSIM is performed at
multiple scales through a multi-step downsampling process, similar to the multiscale processing
of the primitive visual system. With MS-SSIM, the scale of the images becomes less important
than in SSIM, up to the point that images that have been downsampled or upsampled can still
be compared objectively. A high score expresses better image quality.



M
MS-SSIM(x,y) = ly(z,y) H (x,y)s;(x,y) (3)

where
o) = (@)
c(x,y) = m (5)
(o) = T ©)

where (1, and 1, are the sample means of x and y respectively, o2 and UZ are the sample variances
of x and y respectively, and 0,0 is the sample correlation coefficient between x and y. The small
constants C1, Cy, Cg are used to avoid instability when the denominator might approach zero.
Equation defines the function for the luminance comparison of the signals, the contrast
comparison of the signals, and @ the structure comparison of the signals.

4.2 Semantic segmentation evaluation

To assess the quality of the semantic segmentation on the selected dataset, both IoU and pixel
accuracy are calculated. These two metrics are described below.

4.2.1 IoU

Intersection Over Union (IoU) (7)), also known as Jaccard’s index, is one of the most popular
metrics for the evaluation of semantic segmentation.

This metric measures the intersection between the real and predicted mask (pixels in common),
divided by the union of both (total pixels). It basically quantifies the percentage of overlap
between the target mask and the predicted output. It is described by the following formula:

|AN B
|AU B @

The IoU score is calculated for each class separately and then averaged across all classes (k) to
obtain an overall mean IoU (mloU) score of the semantic segmentation prediction.

IoU =

k
1 .
I :—E —_—
mloU k2« AU B (8)

4.2.2 Pixel accuracy

Overall pixel accuracy @D evaluates the percentage of pixels in the images correctly classified for
each class [2§].

This metric evaluates the percentage of pixels in the images classified correctly for each class.
This metric calculates the ratio between the number of pixels classified correctly and the total
number of pixels in the image as:

k
D=1 N

k
i—11j

allAce = 9)



where n;; is the total number of pixels both classified and labeled as class j. It corresponds,
otherwise, to the total number of true positives for class j. t; is the total number of pixels
labelled as class j.

Overall pixel accuracy can sometimes give erroneous results due to unbalanced classes, as some
of them may have a small representation within the image and the measurement will be biased,
obtaining good results due to the effect of over-represented classes.

Since there are multiple classes present in the semantic segmentation, two in the case of this

project, and to give equal weight to each image not depending on its contribution to the total
number of pixels, the mean pixel precision represents the average class precision as:

k
1 ..
mAcc = %Z % (10)
j=1

Being overall pixel accuracy (allAcc) and mean pixel accuracy (mAcc) intuitive and interpretable
metrics.



5 Assessment models

5.1 Compression model

To implement an end-to-end compression model, it is necessary to apply a framework compatible
with this type of model. Most of the models presented in the related work chapter are available
for Python on the open-source platforms Tensorflow [29] and Pytorch [30]. For this project,
the implementation is done in Pytorch. Thus, a well-known library for this framework that
implements most of the compression algorithms seen is the CompressAl [2].

5.1.1 CompressAl

As presented by the authors in [2], CompressAl is a platform that provides customised operations,
layers, models and tools to investigate, develop and evaluate end-to-end image and video com-
pression codecs. In particular, CompressAl includes pre-trained models and evaluation tools to
compare learned methods with traditional codecs. Multiple state-of-the-art end-to-end compres-
sion models learned and trained from scratch have been re-implemented in PyTorch. This library
currently implements models for still image compression, which fits well with the development
of this project.

The list of available pre-trained models is as follows. Only models optimised for the mean square
error calculated on the RGB channels are provided. These models have been pre-trained on
the Vimeo90K dataset [31].

o bmshj2018-factorized: factorized prior model from [I3].

o bmshj2018-hyperprior: scale hyperprior model from [I3].

e mbt2018-mean: scale hyperprior with non-zero-mean Gaussian conditionals from [14].
e mbt2018: joint autoregressive hierarchical priors model from [14].

o cheng2020-anchor: anchor model variant from [4].

o cheng2020-attn: self-attention model variant from [4].

The pre-trained weights of the cheng2020-attn model are not available at the moment, so this
model cannot be considered an option for the project.

The quality parameter of the architectures models the target bit rate for compression. All models
set a scale from 1 to 8, except cheng2020-anchor which is only trained on the first six indices.
According to the information provided by CompressAl, the library implementations achieve the
same results in terms of PSNR and MS-SSIM as those presented in the original paper.
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Figure 2: PSNR evaluation on Kodak dataset extracted from CompressAl [2]

In the official publication of CompressAl [2], the authors compare all the implemented models
and other traditional ones. Figure [2]is an example of the PSNR performance of the recent pre-
trained models as a function of the bit rate achieved in the compression for the Kodak dataset.
Other results with different datasets and comparisons with traditional models are also presented
throughout the article. The cheng2020-anchor model only appears for low bit rates for the reason
explained above. Despite this fact, it is the model that achieves the best performance for lower
bit rates.

5.1.2 Model comparison

In order to verify the results presented in [2] and to select the appropriate model for the image
compression stage, images extracted from the test set of the JPEGAI repository [3] have been
analysed in terms of PSNR and MS-SSIM. The images of the set used to evaluate the compression
methods are shown in Figure
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Figure 3: JPEGALI test set [3].

To analyse the performance of each compression method implemented, each image of the JPEGAI
test set is passed through each model, presented in applying compression at different bit
rates. After having reconstructed the input image for each model, both PSNR and MS-SSIM
are computed for each model, this step is repeated one by one through each image in the set.
Finally, the results obtained for each image at similar bit rates are averaged to obtain the graph
described in Figure 4 and to obtain the results that will serve as a reference to select the optimal
model to be used in the project.
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Figure 4: Left: PSNR comparison for the JPEGATI test set. Right: MS-SSIM comparison for
the JPEGALI test set.

In the bit rate domain, for both PSNR and MS-SSIM metrics, cheng-2020 (green line) performs

better in both, achieving better values at lower bit rates compared to the other models in a
similar bit rate range.
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Therefore, this study on the JPEGALI test dataset [3] corroborates the results published by the
authors of CompressAl, where for low bit rates cheng-2020 performs slightly better, as shown
in Figure 2] for CompressAl and in Figure [ left in our experiment, both representations for
the PSNR scenario. These results are then ratified, in addition to the fact that the model also
performs better in terms of visual perception, which we affirm through the MS-SSIM results in
the graph in Figure [4] right.

The vertical lines at each point in both charts in [4 show the standard deviation within the set
of images averaged to obtain the results.

5.1.3 Selected model

The chosen model is the anchor model variant from Learned Image Compression with Discretized
Gaussian Mizture Likelihoods and Attention Modules [4].

This model presents discretized Gaussian Mixture Likelihoods to parameterize the distributions
of latent codes, a more accurate and flexible entropy model.
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Figure 5: Proposed anchor model from Cheng et al. in [4].

From Figure [5| the image coding and decoding process can be formulated by:

Y = ga(x;9) (11)
§=0Q() (12)
& = g5(4; ©) (13)

where z, Z, y and ¢ are raw images, reconstructed images , latent representation before
quantization (continuous) and compressed codes respectively. ¢ and © are optimized
parameters of analysis and synthesis transforms. U|Q is the quantization and entropy coding to
generate the bitstream.

= ha(y; dy) (14)
2 =Q(z) (15)
py12(912) < hs(Z:04) (16)

he and hg denote the analysis and synthesis transforms in the auxiliary autoencoder,
where ¢, and O}, are optimized parameters. py :(9|2) are estimated distributions conditioned on

2 (16).

12



During training, quantization is approximated by a uniform noise to generate noisy codes 7.
During inference, U|Q represents the real round-based quantization to generate  and followed
entropy coders to generate the bitstream.

It is proposed a Gaussian Mixture Model using discretised Gaussian mixture likelihoods:

K
Py (§12) ~ > wFN (i, o k) (17)
k=1

Each mixture in (17 is characterized by a Gaussian distribution with 3 parameters: weights
(k) (k) 2(k)

w; , Ieans (,; and variances g,

mixture.
The Gaussian mixture model can achieve better performance because it selects K’s most probable
values and assigns a small scale (i.e. high likelihoods) to them.

for each element g;. C);, is the cumulative function of each
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Figure 6: Architecture of the anchor model from [4].

The network architecture of the anchor model represented in Figure [ uses four 3 x 3 kernels with
residual connection for each downsampling operation and use subpixel convolution in synthesis
transform. The number of filters N is equal to 128. There are used residual blocks to increase
large receptive field and improve the rate-distortion performance. Decoder side uses subpixel
convolution instead of transposed convolution as upsampling units to keep more details. N
denotes the number of channels and represents the model capacity.

5.2 Semantic segmentation model

As mentioned in the most common networks for the semantic segmentation case are those of
DeepLab and PSPNet. All of them are implemented in Tensorflow, but only PSPNet is available
for Pytorch in open source, which is necessary to make the necessary modifications to finally
integrate the compression stage into the semantic segmentation network. Therefore, PSPNet is
the network selected to be used in the project through the Semseg repository, which are explained
as follows.

5.2.1 Pyramid Scene Parsing Network

Pyramid Scene Parsing Network (PSPNet) [5], through the pyramid pooling module, exploits
the capability of global context information by different region-based context aggregation. In
addition to traditional dilated Fully Convolutional Network (FCN), it extended the pixel-level
feature to the designed global pyramid pooling module. The local and global clues together make
the final prediction more reliable.
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PSPNet is designed to improve performance for open-vocabulary object and stuff identification
in complex scene parsing.
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Figure 7: PSPNet architecture from [5].

A hierarchical global prior is proposed in [5] to further reduce context information loss between
sub-regions, containing information with different scales and varying among sub-regions. The
pyramid pooling module fuses features under four different pyramid scales. The coarsest level
highlighted in red in Figure [7] is global pooling to generate a single bin output. The following
pyramid level separates the feature map into different sub-regions and forms pooled representa-
tion for different locations. The output of different levels in the pyramid pooling module contains
the feature map with different sizes. To keep the weight of global feature, it is used a 1x1 convo-
lution layer after each pyramid level to reduce the dimension of context representation to % of
the original one if the level size of pyramid is V. Then it is directly upsampled the low-dimension
feature maps to get the same size feature as the original feature map via bilinear interpolation.
Finally, different levels of features are concatenated as the final pyramid pooling global feature.

A pre-trained ResNet is used as a backbone to generate the input feature map whose size is % of
the input image. Then, the pyramid pooling module is used to gather context information. The
four pyramid levels are fused as the global prior and concatenated to the original feature map.
Finally, a fully connected layer is added to generate the final prediction output.

As increasing the depth of the network could lead to difficulties in optimization, two different
losses are used for the training step. An auxiliary loss will generate initial results by supervision
and the final one will learn the residue. The auxiliary loss helps optimize the learning process,
while the master branch loss takes the most responsibility. Finally, the auxiliary loss is added to
the final one by a weighted factor.

Figuredepicts all the above steps, where (a) is the input RGB image for the complete semantic
segmentation architecture, (b) is the above mentioned ResNet backbone that produces the feature
map from the input image, (c) is the complete pyramidal pooling module containing all the
convolution layers at different levels, the upsampling of them and the final concatenation prior
to the final fully connected layer in (d) to produce the output prediction.

5.2.2 Semseg repository

The Semseg repository [32] is a PyTorch implementation for semantic segmentation/scene pars-
ing. The code is easy to use for training and testing on various datasets. The codebase mainly
uses ResNet50/101/152 as a backbone and can be easily adapted to other basic classification
structures. Implemented networks including PSPNet and PSANet, which ranked 1st place in
ImageNet Scene Parsing Challenge 2016 QECCV16, LSUN Semantic Segmentation Challenge
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2017 QCVPRI17 and WAD Drivable Area Segmentation Challenge 2018 @QCVPRI18. Sample
experimented datasets are ADE20K, PASCAL VOC 2012 and Cityscapes.

The original repository is adapted to run the PSPNet for the Supervisely Person Dataset required

for the project. In addition to being able to adapt the parameters in terms of the necessary
hardware performance, as it is designed to train with eight GeForce RTX 2080 Ti.
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6 Proposed methods

After having analysed the options for the compression and semantic segmentation stages, a couple
of approaches are proposed to compare how well people are finally segmented in the presented
dataset after compressing the original images.

For this comparison, a baseline is defined as the original anchor, which will correspond to the
results obtained by the semantic segmentation network in the pixel domain from the original
images of the uncompressed Supervisely Person Dataset.

For the first approach, it is proposed to separately perform the compression and segmentation
stages. First, image compression and reconstruction is performed for different bitrates, after
which the obtained reconstructed images will serve as input for the semantic segmentation net-
work. Thus, it will be an end-to-end compression plus segmentation which will be referred to as
a decoded anchor.

The second approach consists in integrating the image compression stage into the semantic seg-
mentation network. In this case, the model input will be the original image, and the compression
stage is performed within the backbone of the Pyramidal Scene Parsing Network. Therefore, the
semantic segmentation network will learn directly from the latent domain instead of having to
reconstruct the encoded image at a prior stage. This second approach is called latent code
approach.

6.1 Baseline

The baseline model is trained directly from the Supervisely Person Dataset images, taking into
account only the semantic segmentation step without having compression losses in the images.
For this training, all training images of the dataset are resized to 768x768 due to the requirements
of the Semseg implementation, and the model is trained for 200 epochs with a batch size of
4, using a single GPU. The remaining configuration is the standard one used in the Semseg
repository.

From this baseline model, the original anchor is obtained using the uncompressed images in the
inference step. This will allow obtaining the metrics of the original images and will be useful to
later analyse how the information lost in the compression stage affects the semantic segmentation
prediction.

6.2 Decoded anchor

This first approach consists of applying, in the inference step, an end-to-end image compression
stage followed by the semantic segmentation stage, applied to the model trained for the baseline.
The pre-trained CompressAl cheng-2020 model is used. The original images are resized to
768x768 as required by the model and to recreate the same training conditions.

The compression bit rate is defined by the quality factor of the model, which ranges from 1
(lowest bit rate, highest compression) to 6 (highest bit rate, lowest compression). Applying this
quality factor, each image in the dataset is encoded and decoded following the diagram in [5.1.3
Z is obtained corresponding to the reconstructed image for each quality case.

With all the reconstructed images for the six compression levels, the semantic segmentation
stage is performed through the Pytorch implementation of the Pyramid Scene Parsing Network
(Semsegq).

With the original structure presented in the reconstructed image is the input for the pre-
trained ResNet-50 network used as a backbone to obtain the feature map, as seen in Figure 5,
that will act as input for the Pyramid Pooling module. After the appropriate concatenation and
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final layers, the segmented image map is obtained for every input image at different compression
levels.

Compression Segmentation

P ‘ Reconstructed = o | 8] L1 Binary
p(y)iZ“‘wm,‘v(”m,-m) - RGB image ] - ‘ - ~D- mask

Figure 8: Diagram of the decoded anchor approach in which compression and semantic
segmentation are performed in different stages. The diagrams from Compression and
Segmentation are obtained from [4] and [5] respectively.

6.3 Latent code approach

The aim for this second approach is to integrate the compression stage within the semantic
segmentation network, avoiding the decoding step in the compression model. To implement this
architecture, a new model has to be trained for each compression level (1-6) with corresponding
modifications in the network architecture.

Following the diagram presented in [5.1.3] the compression network will only be applied until
the quantified latent ¢ is obtained, the rest of the structure is ignored as it corresponds to the
decoding step. The use of the continuous, prior quantization, latent y to integrate it directly
into the semantic segmentation network has been discarded as models trained with it perform
worse than models trained with ¢. This is because the CompressAl pre-trained compression
network has been trained taking into account the losses of . Figure [g] illustrates the explained
modifications to the original scheme. The red cross is striking out the decoding step, then the
corresponding output is added to the segmentation stage.
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Figure 9: Diagram of the latent code approach in which compression and semantic
segmentation are performed in the same stage. The diagrams from Compression and
Segmentation are obtained from [4] and [5] respectively.

With the above modifications, the encoding and quantization steps of the compression network
will replace the backbone CNN block, as shown in Figure which consisted of a sequence of
convolution (conv), batch normalisation (bn) and reLu activation layers with a final max pooling
(mazxpool). This block highlighted in red is replaced by the green one consisting of the encoding
(g9a(z)) and quantization (quantize) steps of the compression network. Therefore, the quantized
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latent code g will be the input for the next layer of the backbone structure to produce the
feature map for the input of the pyramid pooling module. In this way, the compression stage is
integrated into the semantic segmentation network architecture.
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Figure 10: Diagram of the proposed architecture for the latent code approach. Green block
replaces red one.

The proposed architecture is then implemented for each level of compression, both for the train-
ing and inference stages, unlike the decoded anchor, where modifications were only applied for
inference.

Thus, six different models are trained, each one for each quality factor (1-6), under the same
conditions as those explained for the baseline model.

It should be noted that the latent dimension depends on the quality factor as defined by the

compression network model. Hence, for the first three quality factors (1-3), the latent dimension

is 128, while for levels 4-6 the latent depth is 192. This would affect the behaviour of the overall

approach, since rather than depending on the losses in the pixel domain, this approach depends

on the latent domain.

Trying to reduce the latent dimension of models whose latent is 192, to 128, does not improve

the final predictions as it does not learn in the same way. So there will be three models that

work in the latent dimension of 128 and three that work in the latent dimension of 192.

Since the input size corresponding to the RGB image is w x h x 3, the size for the latent code

will be 15 X 1—"6 x 128 for the first three models (the same as for the output of the original CNN

block) and {§ x 1—h6 x 192 for the last three models.

The following layers of the backbone are in charge of processing the different input dimensions
w

to finally extract a map of size g X % x 2048 which will be the input for the pyramid pooling
module.

By doing the inference for each trained model as a function of the compression level, the prediction

for different bitrates is obtained and can be compared with the maps obtained for the decoded
anchor.

18



7 Experiments

7.1 Baseline model

The reference model is built on the original Semseg repository with the uncompressed images of
the dataset. From this model the reconstruction approach is implemented.

This subsection shows how this model is trained and some examples of segmentation to illustrate
possible limitations in prediction that will later influence approaches where compression is used.

7.1.1 Training

The training stage is defined over 200 epochs, being a total of 126600 steps. The input images
are resized to 768 x 768 to match the input requirements of the network and to take advantage
of the GPU power. It is used the izar cluster from the SCITAS server of the EPFL to realize
all the experiments.

Some of the hyperparameters defined for the semantic segmentation network include:

e batch size of 4 for training and 1 for validation.
e learning rate of 1072 with a weight decay of 10~ per epoch.
e momentum of 0.9.

The network is configured to apply data augmentation during the training step by cropping,
rotating, flipping and blurring the input images.

Figure [T1] shows the training evaluation at each step. The blue line represents the overall accu-
racy of the predictions, the green line indicates the average accuracy of all classes, in this case
foreground and background, and the red line the average intersection over the union.

The overall accuracy will give the score by treating the image as a function of the prediction of
each of its pixels. Then, this metric depends on the number of pixels in each class, and will make
a highly represented class contribute more to the overall score. In the case of mean accuracy,
this behaviour is reduced because the score of each class is calculated independently and then
averaged by the number of classes (two in this case), so the amount of pixels per class will not
determine the mean accuracy score.
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Figure 11: mloU, mAcc and allAcc throughout training steps for the training set.
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It is noteworthy that the blue line overlaps with the green line, so that both get similar scores.
In addition, the peaks in the lines are due to the computational limits of the model as it has to
be trained in stages of 50 epochs, so there is a transient between the different trainings which
means that it does not obtain a completely smooth behaviour. The three metrics stabilise at
scores between 0.95 and 0.98, learning almost perfectly.

To check there is no overfitting in the training, a validation set is used to evaluate the performance
on a different set of images for each epoch.
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Figure 12: Left: mloU, mAcc, allAcc throughout training steps for the validation set. Right:
IoU and accuracy are separated on class level for the validation set.

Figure [12] shows the evolution of the score on the validation set for the global metrics in the left
chart and the class-based metrics in the right one.

The curves in Figure [12] left have a similar behaviour to the training set, so the model is being
trained correctly avoiding overfitting. The final score of the metrics is between 0.92 and 0.97,
slightly lower than the training set, so it achieves the expected behaviour, as the validation set
is only used to evaluate performance, not to learn.

Focusing on Figure[12|right, as expected, the background class scores significantly better than the
foreground class, and it is curious to see that at the beginning the accuracy for the background
is 1 and for the foreground is 0. This is because the model has not been trained yet and is
predicting a whole black mask, that is the reason why the accuracy of the background is 1.
When more steps are taken, all the metrics stabilise reaching final values above 0.9.

Therefore, having seen the evolution of the training, both for the training set and the validation
set, it can be concluded that the model is training correctly and achieving reasonably high results
to be tested with another independent set of images.

7.1.2 Inference

Good segmentation Some examples of good segmentation of the reference model are pre-
sented in the following pictures. These results are used as original anchor for the approaches
presented in the results.
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Figure 13: Left: RGB image. Center: Ground truth. Right: Predicted mask with an accuracy
of 0.9758 and mloU of 0.9523.

Figure shows a good performance of multiple person segmentation. The network correctly
predicts where each person is located and does not overlap with any of them. The only difference
is at the border between children and rocks, but it is a very small difference between prediction
and ground truth.
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Figure 14: Left: RGB image. Center: Ground truth. Right: Predicted mask with an accuracy
of 0.9965 and mloU of 0.9930.

Figure[14]is an example of a close-up view, where the player is quite close to the camera and the
background is blurred. In this case the person is accurately predicted with a high level of detail
as can be seen in the hole located in the right arm.

Figure 15: Left: RGB image. Center: Ground truth. Right: Predicted mask with an accuracy
of 0.9981 and mloU of 0.9963.

Finally, Figure presents an example of a person in a distant view. It also has a handicap
because the person is seen in black due to the light, so only a silhouette is visible. The prediction
reconstructs this silhouette almost perfectly and avoids the rest.
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Bad segmentation In contrast, the worst segmented images are presented as follows. All
three examples have in common that the person(s) are well segmented but some noise is also
introduced, which leads to a low accuracy compared to the predictions seen in the previous

examples.

Figure 16: Left: RGB image. Center: Ground truth. Right: Predicted mask with an accuracy
of 0.7614 and mloU of 0.6144.

Figure is an example of a close-up view, the child is correctly segmented, but the other
elements in the first view, such as the leg of the bench, are also segmented as a person. Some
parts belonging to the background of the image are also wrongly segmented.

L

Figure 17: Left: RGB image. Center: Ground truth. Right: Predicted mask with an accuracy
of 0.7697 and mloU of 0.6208.

Figure is another example of a close-up view, but in this case the noise is produced by the
leaves of the trees in the background of the girl. The person is again well segmented.

Figure 18: Left: RGB image. Center: Ground truth. Right: Predicted mask with an accuracy
of 0.9097 and mlIoU of 0.8444.

In the last example, Figure [18]| shows two people side by side. The prediction is good for both
bodies, but on the left side of the image there is noise produced by the floor of the room.
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7.2 Bitrates

The test set for the evaluation of the models consists of 53 images, as explained in 3.1.1]

For both the reconstructed code approach and the latent code approach, the compression step
is necessary at different levels. In the decoded anchor, the encoding and decoding stages are
used to reconstruct the images and use them as input for the semantic segmentation network,
while in the latent code approach, only the encoding stage is required as a prior step for the
segmentation.

In the case of CompressAl models, the level of compression is defined by the quality factor. For
the network used in this project, cheng2020, only six compression levels are available, where 1
refers to the maximum compression and 6 to the minimum one. Table [I] presents the average
bits per pixel (bitrate) at each compression level and the standard deviation computed over the
53 images in the test set.

Quality 1 2 3 4 5 6
Mean bpp || 0.085 | 0.125 | 0.179 || 0.272 | 0.384 | 0.523
Std bpp || 0.054 | 0.080 | 0.113 || 0.184 | 0.252 | 0.324

Table 1: Mean and standard deviation of bits per pixel for each compression level in the test set.
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Figure 19: Chart of the average bits per pixel together with the standard deviation for each
compression level (quality factor) in the test set.

Figure |19 shows graphically the information in Table . For each level of compression (quality
factor), the bits per pixel required for each image increases, which makes sense since more
information from the original image is retained for higher quality. In addition, the standard
deviation also increases as the quality factor also increases. The standard deviation will depend
on the type of images in the set. For instance, a textured image will need many more bits per
pixel than a smoothed one, and this is maximised at the lowest compression level (quality 6),
where as much information as possible should be preserved. Hence, for high compression, more
information will be removed, so the standard deviation in the image set when calculating the
average bits per pixel will be reduced compared to more permissive compression rates.

7.3 Decoded anchor

For the decoded anchor, it is used the model trained for the original images and evaluated
with the decoded ones. Therefore, in this approach the reconstruction performance for different
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compression levels is first evaluated for both PSNR and MS-SSIM metrics. In addition, some
visual examples are shown to observe the effect of the compression rate.

After the quality assessment, the evaluation of the semantic segmentation is performed, and the
results for the intersection over union and pixel accuracy metrics are presented for each of the
quality factors.

Examples of the predicted masks are also shown.

7.3.1 Reconstructed images

The two metrics for objective quality assessment are presented in and are used to obtain
the reconstruction performance as a function of the quality level applied. PSNR will show an
objective performance based on the reconstruction error and MS-SSIM will provide a score of
the visual quality of the reconstruction.

PSNR The PSNR evaluated in the reconstructed test set follows an increasing path as more
bits are used to compress the image. This can be clearly seen in Figures [20|left and [20[ right. For
the hardest compression level, the average of the set is 31.4 dB, while for the softest compression
level the score rises to 37.8 dB. This behaviour is evident because by the time the compression
is harder the output image has lost more information compared to the original image.
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Figure 20: Left: mean and standard deviation of PSNR as a function of average bitrate for the
test set. Right: mean of PSNR as a function of average bitrate together with the standard
deviation for the test set.

Figure left also shows the standard deviation across the test set at each compression level.
Each sample has a similar deviation of around 2.5dB and does not depend on the number of
bits per pixel. Therefore, the quality of the reconstructed image is higher as the compression is
lower, having an almost constant deviation at each level knowing that this metric does not take
into account the visual aspects.

Figure[20| right adds the standard deviation information for the average bits per pixel. It has the
same behaviour as explained in Figure[I9] where the standard deviation increases as the required
bits per pixel do.

The average PSNR value is above 31dB for all bit rates. This gives us information that com-
pression is achieving very good results even for hard compression rates.

MS-SSIM The MS-SSIM adds visual quality information to the result obtained, so the closer

the score is to 1, the less information that the human visual system can recognise is lost from the
original image. As in Figure Figure [21] shows the metric in terms of average bits per pixel,
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together with the standard deviation of the metric in [21] left and the standard deviation of the
bit rate in [21] right.
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Figure 21: Left: mean and standard deviation of MS-SSIM as a function of average bitrate for
the test set. Right: mean of MS-SSIM as a function of average bitrate together with the
standard deviation for the test set.

The behaviour follows the expected, the more bits per pixel, the better the MS-SSIM score.
Figure [21]left shows that all mean scores are above 0.95, performing well in terms of compression
loss as a function of visual quality since they are close to 1. The standard deviation of the
set varies depending on the level of compression applied. In the case of the hardest one, the
standard deviation is higher than in the others. This makes similar sense to the theory explained
in the case of Figure This score will depend on the composition of the image. A textured
image will have a greater loss when analysed in terms of visual saliency than a smooth image,
so the standard deviation at an aggressive level will vary considerably. For low compression, less
information will be lost in each case, so the deviation is smaller, as seen around 0.5 bpp.

Visual examples Analysing the metrics, it can be concluded that the compression method
performs well for all bitrates, finding differences due to the factor applied in compression. Let
us now analyse in terms of visual details depending on the quality level applied.

In this first image, Figure it is shown how the lines of the hood emerge when the compression
is less aggressive. For the extreme cases, in ¢ = 1 some of the lines do not appear entirely, while
in ¢ = 6 all the lines of the original image are reconstructed in detail.

In the second image, Figure the object to focus on is the pocket of the T-shirt. In the ¢ =1
image, it is impossible to recognise the existence of a pocket in this region, but as soon as the
quality factor increases, the silhouette of the pocket emerges. In the ¢ = 6 image (and some
previous ones), a pocket with a button on it is easily distinguishable.
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Figure 22: Left: Original RGB image with a red rectangle in the region to be cropped. Right:
Reconstructed regions for the quality factor indicated in each subimage.

Figure 23: Left: Original RGB image with a red rectangle in the region to be cropped. Right:
Reconstructed regions for the quality factor indicated in each subimage.

Figure 24: Left: Original RGB image with a red rectangle in the region to be cropped. Right:
Reconstructed regions for the quality factor indicated in each subimage.
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In the last example, Figure 24] the area studied is the person’s face, which contains many skin
blemishes. For the more aggressive compression rates, it looks like a smoothed face (examples in
q =1 or ¢ =2), but for the higher quality rates, ¢ = 6 or ¢ = 5, original skin blemishes reappear.

These three images can be seen quantitatively in Table [2] where the metrics for these specific
images are shown.

Quality | PSNR|dB] | MS-SSIM | Bitrate (bpp)

1 98.740 0.937 0.118

2 30.420 0.960 0.191

. 3 31.998 0.975 0.285
Figure 4 34.014 0.985 0.445
5 35.551 0.990 0.636

6 36.706 0.993 0.866

1 32.987 0.974 0.056

2 34.215 0.979 0.074

. 3 35.230 0.983 0.099
Figure 4 37.030 0.988 0.137
5 38.003 0.990 0.185

6 38.634 0.992 0.251

1 31.051 0.958 0.073

2 32.497 0.972 0.115

. 3 33.970 0.979 0.176
Figure i 36.111 0.988 0.280
5 37.650 0.993 0.405

6 38.768 0.995 0.548

Table 2: Mean and standard deviation of bits per pixel for each compression level in the test set.

Figures [22] and [24] have in common that the texture area is larger. This is reflected in the fact
that for both images the required amount of bits per pixel at each compression level is higher
than average, and also the metrics are lower for aggressive compression rates.

Figure [23| does not have as many textured areas as the others, so the metrics are higher and the
required bits per pixel are quite low in comparison.

All three images perform quite well at quality 6, as can also be seen in the visual examples,
where at this quality all textured problematic areas are very well reconstructed.

7.3.2 Assessment

After the compression stage, the obtained images are used as input for the semantic segmentation
network that will generate a binary mask dividing the foreground of the image (people) into
white and the background into black. This section analyses the behaviour of the foreground and
background segmentation stage for the reconstructed images.

Intersection over Union The mean Intersection over Union (mloU) gives information on
how well the predicted mask for each class matches the target label. Ideally, these results should
be 1 and would denote that the target mask is accurately predicted.

Figure 25 shows this metric taking into account the standard deviation of both classes (vertical
red lines). The standard deviation is quite large because the background class tends to have a
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significantly higher score than the foreground class and this causes when calculating the average
of both classes the deviation is large. At some point the standard deviation line exceeds the
original anchor score, this is because the anchor is the mean of both classes, in Figures [26| left
and [26] right the original anchor of the corresponding label is provided.

The score depends on the number of bits per pixel used at each level (bitrate axis), and each
red circle consists of the average of each compression level. The red line shows the mlIoU for the
reconstructed approach, while the black constant line refers to the anchor score produced by the
predictions of the uncompressed images.
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Figure 25: Mean and standard deviation of the IoU metric for the reconstructed test set.

The performance of the mIoU score is increasing as more bits per pixel are used. It starts at 0.85
for an average of 0.08 bits per pixel and tends to stabilise at 0.89 for the smoothest compression
level. The anchor is 0.915, so with the reconstructed images, the model performs between 3%
and 8% worse in terms of mIoU.

Figures left and right split Figure according to class. Both charts follow the same
pattern seen in the average case. For more bits per pixel, the better the IoU score. The main
difference between both classes is the value of the score.

Figure 26| left shows the Intersection over Union (IoU) for the foreground class. Thus, the results
of this graph give information about how well people are segmented. Objectively it is more
interesting than the background as the main goal is to achieve the best possible segmentation
for humans.
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Figure 26: IoU for the test set in the case of, Left: Foreground class; Right: Background class.
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The performance of the foreground class starts at almost 0.8 and goes up to 0.85 for the highest
quality label. Compared to the anchor at 0.887, the performance decreases by 4% to 10%, slightly
worse than average.

Figure [20] right, which shows the IoU performance for the background class, performs between
2% and 5% worse than the anchor. It is therefore more accurate than the foreground label as
the difference with respect to the anchor is halved.

The explanation for the phenomenon of the background class getting a higher score and a lower
reduction with respect to the anchor is that for a binary human segmentation, the background
is the predominant label in the image. This leads to a good background score in images where
people are far away, for example, because the percentage of the foreground class is quite low
compared to the background. In the case of predicting a completely black mask (background
only) for such an image, the IoU will be high for the background because the predicted and
target masks will match everywhere in the image except for the small area where the people are
located, thus scoring high. In contrast, the foreground class will have a score of 0 in this case
because no pixels will overlap.

Pixel accuracy For the pixel accuracy metric, the focus is on the mean of both classes (mAcc)
as well as the pixel accuracy of each of the labels, instead of computing the overall accuracy
(allAcc) of the prediction. This is done in order to avoid erroneous results caused by unbalanced
cases and to be able to observe the contribution of each class to the average.

Figure [27] shows the performance of the mAcc metric as a function of the bitrate. The standard
deviation caused by both classes and the anchor score is also introduced.

In this case, the standard deviation is not as large as in the case of the mIoU, because the scores
of both classes are closer. Of note is the point near 0.3 bpp where the deviation is somewhat
zero because the values for both background and foreground accuracy are quite close.
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Figure 27: Mean and standard deviation of pixel accuracy for the reconstructed test set.

As seen for the mloU metric, now the mAcc curve over different compression levels also increases
as the compression becomes softer. This behaviour is due to the contribution of the foreground
case, Figure [28 left, which tends to improve accuracy as more bits per pixel are used. For the
background case, Figure 28| right, it does not tend to increase and instead fluctuates over a small
range of values.

This ascending behaviour in Figure [28|left shows that the higher the number of bits per pixel, the
more accurately the person is predicted, as the images used for the test are not very unbalanced.
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Therefore, the higher the bitrate, the better the person segmentation. This can be seen in the
examples in the prediction examples below.

The values start at 0.9 and reach 0.96 for the sixth quality level. Compared to the anchor, it
performs between 0.7% and 6% worse.
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Figure 28: Pixel accuracy for the test set in the case of, Left: Foreground class; Right:
Background class.

In the case of the background, the accuracy varies between 0.939 and 0.946, which means that
the maximum and minimum scenario score fluctuates by less than 1%, so this behaviour can be
defined as constant and not dependent on compression.

As the background is typically the predominant label in an image, it would get high scores
for every compression level and therefore does not have an increasing behaviour. Fluctuations
are caused by variations in the foreground, since the more background pixels are predicted, the
higher the accuracy of the background, regardless of whether the predicted background pixels
actually belong to the foreground.

7.3.3 Inference

Below are some examples of the predicted masks for each quality level and their comparison with
the ground-truth.

Figure 29: First row: RGB image and ground-truth. Second row: predicted masks with quality
factor 1-6 from left to right.
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Figure 30: First row: RGB image and ground-truth. Second row: predicted masks with quality
factor 1-6 from left to right.

Figure 31: First row: RGB image and ground-truth. Second row: predicted masks with quality
factor 1-6 from left to right.

Figure 32: First row: RGB image and ground-truth. Second row: predicted masks with quality
factor 1-6 from left to right.

In these examples it can be seen how the decoded anchor predicts. It follows the same patterns
as the examples seen in Baseline, because the model is trained on the original images. So, the
inference for the reconstructed images is similar to the uncompressed ones.

Focusing on Figures and the segmentation is quite accurate for both a multiple and an
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individual person example. Note that in Figure noise appears for ¢ = 1 which disappears as
the quality factor increases. This tells us that the more bits per pixel used in the compression
step, the better the inference.

The other two examples, Figures and are examples of bad segmentation, as is the case
with the original images. The silhouette of the person is always well predicted, but some noise
appears for all compression levels. Note again that the noise reduces somewhat as the quality
factor increases. Therefore, it is clear that the performance of the decoded anchor is fully
dependent on the bitrate.

7.4 Latent code approach

In this second approach, the compression stage is integrated into the semantic segmentation
network, so there is no need to decode the image before segmenting it. Now the semantic
segmentation network learns directly from the latent code.

For this approach, it is necessary to train six different models, one for each compression level, to
measure the segmentation performance at different bit rates.

7.4.1 Training

The six models, from q=1 to q=6, are trained under the same conditions as presented in 7.1.1
but following the architecture of 6.2.

Figure[33|shows the performance of the metrics (mIoU, mAcc and allAcc) throughout all training
steps, converging to scores above 0.85. Compared to the training baseline, the scores on the
training set are slightly lower. This is to be expected as the current architecture presents more
complexity by mixing two different tasks, compression and segmentation, in a joint training
process.

Note that the scores obtained for the models with quality factor 1, 2 and 3 are slightly higher
than those with quality factor 4, 5 and 6. This is due to the difference in the latent dimension,
which in the first case is 128 and in the second case 192.
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Figure 33: Score along the training steps for the training dataset. Each colour line represents a
different quality factor. Left: mIoU. Centre: mAcc. Right: allAcc.

As for the baseline model, a validation set is used to check that no overfitting is occurring in
the learning process. After checking that the behaviour is the same as for the training set, and
in order not to repeat the same graphs, Figure plots the mloU of the validation set for the
last training step and compares it with the validation set on the decoded anchor. Also Figure
shows the IoU for the two classes, foreground on the left and background on the right.
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Figure 34: Mean and standard deviation of IoU for the original test set on the latent code
approach and the reconstructed test set on the decoded anchor.
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Figure 35: ToU for the original validation set on the latent code approach and the reconstructed
validation set for the decoded approach at the last training step in the case of, Left:
Foreground class; Right: Background class.

Notice that, instead of having an ascending behaviour as a function of bitrate like the decoded
anchor does, this new approach follows a pattern where it performs better for lower bitrates.
This is directly related to the latent code dimension explained in [6-3}

The model learns better for low bitrates, as is also observed in the training set throughout the
training steps.

This is the first time where the latent code approach is not perceived to depend on the pixel
domain but on the code dimension.

These scores in the validation set were used to fine-tune the latent code model. Thus, it was
sought to maximise the validation scores in order to finally implement the resulting architecture.

7.4.2 Assessment

Intersection over Union As seen in the decoded anchor, the standard deviation for the mIoU
in the latent approach, Figure is also large because the background score is sufficiently higher
than the background and produces this deviation.

In this approach, the IoU seems not to follow an increasing pattern, so varies in a range of 0.2
for different bitrates.
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Figure 36: Mean and standard deviation of IoU for the original test set on the latent code
approach.

Both classes, foreground and background, follow the same trajectory, achieving the best scores
for the hardest and softest compression levels (quality 1 and 6). Between these points, the IoU
varies with no clear pattern. The foreground class, Figure [37] left, produces scores in the range
[0.79, 0.82] and the background class, Figure 37| right, in the range [0.88, 0.91].
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Figure 37: IoU for the test set in the case of, Left: Foreground class; Right: Background class.

Consequently, there is not much difference between the worst and the best performance in terms
of ToU, as the difference is only about 3%.

Furthermore, it is observed that both classes follow the same behaviour, so the approach is
not operating in a decompensated manner and learns from both classes in the same way. No
unbalanced results are generated.

The downward spike caused by the second operating point, between 0.1bpp and 0.2bpp, could be
due to the fact that the model for quality 2 predicts more foreground pixels than the prediction
of the models for quality 1 and 3. Therefore, many of the foreground pixels predicted for q=2
could be off-target and, consequently, the mloU and the IoU for both classes decrease.

Finally, it would be interesting to see what happens at the first operational point, as it performs
better than the others. This will be discussed in more detail in [7.5.1]

Pixel accuracy The pixel accuracy scores also present a relatively flat behaviour when looking
at Figure 38 All mean scores are around 0.93, and the largest standard deviation is observed
between 0.1bpp and 0.2bpp, as both classes differ at this point.
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Figure 38: Mean and standard deviation of pixel accuracy for the original test set on the latent
code approach.
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Figure 39: Pixel accuracy for the test set in the case of, Left: Foreground class; Right:
Background class.

Analysing Figure [39] both graphs left and right do not follow the same behaviour as in the IoU
case. The main difference between both labels occurs at the first and second operating point. As
seen in the mAcc graph (Figure [38]), a high standard deviation occurs for the second one, due
to an increase in the accuracy of the foreground and a decrease in that of the background. This
occurs because the model predicts more foreground noise, and pixels labelled as background are
predicted as foreground.
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Figure 40: Left: prediction of the quality 2 model. Right: ground-truth.

Figure shows a clear example of what happens at the second operating point for IoU and
accuracy. The model prediction labels as foreground a significant part of the background. As
this happens for some images, the metrics have a downward peak at this point.

This consequently confirms that the latent code approach does not depend on the pixel domain,
since for quality factor 1 (less bitrate than the current example), this phenomenon does not
occur. Thus, quality model 2 tends to predict more foreground pixels.

7.4.3 Inference

Below are some examples of the predicted masks for each latent model and their comparison
with the ground-truth.

Figure 41: First row: RGB image and ground-truth. Second row: predicted masks for each
quality factor 1-6 model from left to right.
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Figure 42: First row: RGB image and ground-truth. Second row: predicted masks for each
quality factor 1-6 model from left to right.

Figures and analyse a pair of theoretically well-segmented examples. Knowing that the
latent code approach does not depend on the pixel domain, it focuses on the fact that in Figure
for ¢ = 5 and ¢ = 6, appears a spot appears on the left player’s foot and in Figure [42] some
noise appears under the left child. Therefore, in these cases low quality factors predict better
than high quality ones. Accordingly, higher compression is applied to obtain better results.

‘3 %

Figure 43: First row: RGB image and ground-truth. Second row: predicted masks for each
quality factor 1-6 model from left to right.

L

Figure 44: First row: RGB image and ground-truth. Second row: predicted masks for each
quality factor 1-6 model from left to right.
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In the opposite case, Figures [43] and [44] are theoretically examples of bad segmentation. Looking
at them it is interesting to see that not much noise is present and ¢ = 3 for Figure [f3]and ¢ = 1
for Figure [44] achieve really accurate predictions.

Hence, it is shown that for the latent code approach, good predictions can be achieved with
aggressive compression rates.

7.5 Comparison
Having seen the performance of the decoded anchor in [7.3] and the latent code approach in [7.4]

let’s look at the two jointly to see the contributions of each approach and draw conclusions.

This subsection will not explain again how each approach performs, but rather highlight the
difference between them, each of which is explained in the appropriate section.

7.5.1 Assessment

Intersection over Union The first behaviour that is distinguishable from the very beginning
in Figure [45]is the evolution of each of the approaches. As already explained, the decoded anchor
follows a rising behaviour as many bits per pixel are used and the latent code approach fluctuates
over a range of scores.
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Figure 45: mloU comparison with std for the latent approach (green), the decoded anchor (red)
and the original anchor (black).
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Figure 46: IoU comparison for each class for the latent approach (green), the decoded anchor
(red) and the original anchor (black). Left: Foreground. Right: Background.
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For the IoU case, both foreground (Figure left) and background (Figure right) follow
the same evolution for each of the models. Therefore, the mloU in Figure X shows that the
contribution of both classes follows the same pattern.

If focusing on the scores, it can be seen that there is not much difference between the two
approaches, since if looking at the mean, the difference is always between 0.1 and 0.3. For most
of the bitrate range, the decoded approach performs slightly better, but it is very interesting
to see that for the lowest operating point at 0.085bpp, the latent code approach performs 0.15
points better.

So, the IoU scores suggest that, for the lower bitrates, it is more efficient to use the latent code
approach.

Pixel accuracy In the pixel accuracy comparison, at first look it is very similar to the IoU,
with higher scores because it is easier to achieve for this metric.
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Figure 47: Mean accuracy comparison with std for the latent approach (green), the decoded
anchor (red) and the original anchor (black).
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Figure 48: Accuracy comparison for each class for the latent approach (green), the decoded
anchor (red) and the original anchor (black). Left: Foreground. Right: Background.

Note that, again, the comparison for the average accuracy in Figure [47] only differs by 0.2 points,

obtaining very similar results and repeating the behaviour for the first operating point where the
latent code approximation is above the decoded anchor.
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For the background accuracy there are two lines without a clear pattern, as explained for the
two cases in the corresponding section.

In the foreground case, Figure 48| left, the latent code performs best for the first three operating
points. This is because this approach tends to predict more foreground pixels and this conditions
the accuracy but does not introduce relevant information to draw conclusions.

First operating point Therefore, after having seen the results for IoU and accuracy metrics,
it is clear that the latent code approach is independent of the decoded anchor and is a really
suitable option to deal with high compression rates as it leads to good metrics while less bits are
needed.

In Figure [49 below, an approach is made for the first operating point which is 0.0853 bits per
pixel. Both approaches are compared against each other and all metrics are shown to see how
they behave depending on the approach.
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Figure 49: Metric scores at the first operating point (0.0853bpp) for the decoding anchor on
the y-axis and the latent code approach on the x-axis.

The black line is the case where both approaches score the same, so to the right of the line shows
that the latent approach scores better and to the left of the line the decoded anchor performs
better.

The legend of the graph shows what colour each metric is, where the mean and class scores are
represented.

Note that of all the metrics studied for this first operating point the latent code approach performs
better, except for background accuracy which does not give reliable information.

Thus, the comparison extracts that the best performance is achieved when training in the latent
domain for a low bit rate.

7.5.2 Inference

The examples used to illustrate the performance of each approach are used again to compare
how both approaches predict against the original anchor.

The first example, Figure is an example of very tight segmentation for the original anchor, as
it represents the whole silhouette of the player really accurately, including a small hole between
the arm and the body.

For the decoded anchor it is well segmented from the very beginning but the higher the quality
factor the more accurate the prediction is by solving some small glitches like a small hole at
q = 1 in the face or some noise in the foot for ¢ = 3.
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The latent code approach also segments very close but wider, as the silhouette does not perfectly
match the target but the prediction clearly shows that it is the shape of the player. For ¢ = 5
and ¢ = 6 some noise appears at the bottom, so the lower quality levels perform better.

For this first example both predictions are really good, but perhaps the decoding anchor is a bit
more accurate.

Figure 50: First row: RGB image, ground-truth and original anchor prediction. Second row:
decoded anchor prediction for each quality level. Third row: latent code approach prediction
for each quality model.

Figure 51: First row: RGB image, ground-truth and original anchor prediction. Second row:
decoded anchor prediction for each quality level. Third row: latent code approach prediction
for each quality model.
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The second example, Figure belongs to a good segmentation for a multiple person case of
the original anchor.

The decoded anchor prediction starts to introduce noise at the bottom of the image, but the
softer the compression the more accurate the prediction.

Focusing on the latent prediction, it introduces noise for the cases q=4 and q=6, but for example
q=1 has no noise. It is true that part of the children’s trousers are not segmented as part of
them, but all the predicted foreground belongs to people.

In this example, the overall performance is better for the decoded anchor, but focusing on
aggressive compression rates (low quality) the segmentation for the latent is more accurate in
terms of segmenting people.

Figure 52: First row: RGB image, ground-truth and original anchor prediction. Second row:
decoded anchor prediction for each quality level. Third row: latent code approach prediction
for each quality model.

The third example, Figure is the first one where the original anchor predicts with a lot of
noise.

The decoded anchor here performs very similarly to the original anchor, so it has noise for each
level, reducing it a little when the quality is increased.

Here, the latent actually performs better. It introduces noise at some levels, but not as much as
the decoded anchor. Note that ¢ = 3 segments very close to the ground-truth, so it outperforms
the original anchor. Also ¢ = 1 has a good segmentation compared to both anchors.

In this case it is very clear that the latent approach performs much better than the decoded
anchor.

Finally, the fourth example (Figure is one in which the difference between approaches is seen
in the same way that conclusions are drawn from the metrics.
Again the original anchor is predicting with a lot of noise behind the girl and the decoded anchor
reproduces this noise for each quality factor, varying in shape.

Now, this is where it really shows that the latent code approach does not depend on the pixel
domain and performs accurately for low bitrates.

For the first quality factor, which we have seen is at the 0.08539bpp operating point, is the
segmentation of the girl’s silhouette very close to the ground truth and does not reproduce the
original anchor noise at any level.
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Figure 53: First row: RGB image, ground-truth and original anchor prediction. Second row:
decoded anchor prediction for each quality level. Third row: latent code approach prediction
for each quality model.

Therefore, it can be concluded after looking at the prediction examples, that the decoded anchor
is quite closely related to the original anchor, performing well only when the original anchor has
performed well.

The latent code approach introduces that it does not depend on the original anchor and can
compensate for bad original segmentations. However, for good segmentations of pixel domain
models it is not very accurate, but it does not introduce as much noise that can be annoying as
seen in the decoded examples.

So, low bitrates for the latent code approach provide really relevant information.

7.5.3 Runtime benchmark

The following table [3| provides the inference time across the validation dataset for each of the
trained models.

Note that the baseline model has been used for the original anchor and the decoded anchor, so
the compression stage is not taken into account.

The latent models have the compression stage integrated, so the inference time is for both
compression and segmentation.

Model mean time/image (ms) | std/image (ms)
Baseline 92.6 7.360
Latent Q1 105.2 10.365
Latent Q2 120.8 14.622
Latent Q3 119.15 14.200
Latent Q4 80.05 4.967
Latent Q5 83.55 6.116
Latent Q6 88.85 6.710

Table 3: Mean inference time per image and standard deviation in the validation set for each
trained model.

Latent models for ¢ > 3 need less time because the latent dimension is larger so they need to
apply less compression than the other levels.
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Table [ includes the average time per image and the standard deviation required for the compres-
sion of the validation set. This time depends on the compression factor applied to the image and
must be added to the Baseline time in the Table [3|to calculate the total end-to-end compression
and segmentation inference time.

mean time/image (ms) | std/image (ms)
Compression 51.32 12.38

Table 4: Mean compression time per image and standard deviation in the validation set.
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8 Conclusions

To summarise the work done throughout the project, let’s look at the tasks described in the
introduction one by one.

e Firstly, it is proposed to use the CompressAl library that implements state-of-the-art com-
pression models for a Pytorch environment. From this platform, the implemented models
are analysed and cheng2020-anchor is selected as the compression model to be used for the
project.

e Secondly, the Semseg repository is used, which implements a Pytorch version of the Pyra-
mid Scene Parsing Network, one of the most successful networks for the semantic segmen-
tation task. This implementation is made by the same authors and it is open source, ideal
for handling it.

e Thirdly, the Supervisely Person Dataset is presented, which provides a dataset only with im-
ages of people with their corresponding binary mask. This dataset fits the foreground /background
segmentation approach and it is open and free to use.

e Fourth, two different approaches to deal with image compression and semantic segmen-
tation are proposed. First, an end-to-end compression stage is implemented to apply the
result to the semantic segmentation stage. This first approach, called decoded anchor, is
useful for later comparison with the second approach. This second approach deals with the
integration of compression into the segmentation network. Therefore, a merged approach
is proposed in which the semantic segmentation network learns directly from the latent
domain.

e Fifth, the comparison of both approaches is presented and analysed in terms of performance
metrics and people prediction.

After having made a proposal for each of the defined tasks, some conclusions can be drawn from
the comparison of the approaches presented throughout the project.

e The decoded anchor seems to reconstruct the shape of the person better but adding noise
while the latent code approach is not as precise on the silhouette but it is very reliable
with the right predictions.

e The decoded anchor improves as less compression is applied (better results for better qual-
ity), while the latent code approach does not follow a clear pattern.

e The decoded anchor is extremely related to the original anchor in the pixel domain. The
latent code approach breaks this dependency and proposes better segmentations for cases
where the original anchor segmentation was poor.

e The latent code approach depends on the dimension of the latent dimension, but not on
the number of bits per pixel.

e For fewer bits per pixel, the latent code approach performs better than the decoded anchor,
both in terms of mloU and mAcc.

e It is feasible to apply the latent code approach directly in the latent space.

e The inference in the latent code approach is faster than the decoded anchor as it skips the
decoding step and the CNN module from the PSPNet.
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Finally, some future work is proposed that may be useful for further development based on the
results obtained from this project.

e Using CompressAl’s cheng2020-attention model will improve the current compression stage
results. The pre-trained model is not available yet, but will be available soon.

e Review the entire Supervisely Person dataset and re-tag, if necessary, low quality labelling
to extend the current one or combine it with other datasets containing person labels, such
as the COCO dataset.

e Rethink as an instance segmentation approach to focus only on the segmentation of the
person(s) and not be contaminated by the background.

e Extend the current approach to the case of semantic segmentation for multiple tags instead
of treating it as a binary semantic segmentation.

As a final note, the current training has been conditioned by the limited computational resources
and in order to be able to develop some of the proposals for future work it would be necessary
to be able to increase the computing capacity.
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