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Executive	Summary/Abstract	
Advanced Machine Learning for Industrial Applications (AMaLIA-2020) is composed of 9 Work Packages 
(WP) proposed for the NSF-BF CVDI 2020-2021 Finland Site Projects for approved by NSF CVDI Steering 
Group. The main target of AMaLIA is to develop advanced Artificial Intelligence (AI) and Machine 
Learning techniques and apply them in relevant, timely, and high impact industrial applications of interest 
to the Industry Advisory Board and the industries they represent. 

Goals	and	Objectives	
The main objectives of the proposal are to develop suitable machine learning algorithms for industrially 
relevant applications of interest to the participating companies in NSF CVDI, focusing on partial measures 
against COVID-19. These applications are embodied in WPs which have been discussed and agreed with 
and vetted by the industrial partners prior to submitting the proposal to Business Finland. The specific goal 
of each WP is detailed below. The specific objectives of the proposal are: 

● develop a single model for multi-domain and multi-task learning, 
● develop a real-time surveillance solution as a prevention/assistance system  
● develop a framework to perform object detection, distance and pose estimation in a single 

network, 
● explore techniques to estimate the confidence of a deep learning model for a regression task, 
● develop a system for the early detection of myocardial infarction (MI) by fusing information from 

different echocardiographic views 
● develop an end-to-end solution for industrial wireless sensor network based on the energy 

harvesting power source 

Differences	from	Current	State	of	Art	
● WP1: Computationally Efficient Multi-domain and Multi-task Learning for Edge Computing in 

Empathic Buildings. 

In WP1, we propose a novel subspace learning framework which presents the problem in the form of graph 
embedding. The framework motivates novel spectral and spectral regression-based solutions as alternatives 
to the previously used gradient-based approach. The main benefit of spectral regression approach is that 
most graph Laplacian are sparse and, thus, the approach bypasses the need of computing the eigen-
decomposition of dense matrices. We combine the subspace learning framework iteratively with support 
vector data description applied in the subspace to formulate graph-embedded subspace support vector data 
description. Different graphs in the framework create different variants and can be selected to enforce 
different constraints for the data accordingly. 

● WP2 Early Anomaly Recognition System 
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In this WP, we collected and analyzed 4 different databases with increasing complexity (number of people, 
occlusions, viewing angles, conditions). We identified pitfalls in current anomaly evaluation metrics. 
Among these, the fact that they do not include the duration of infractions, for example in social distancing. 
We also developed algorithms for detecting people in videos and estimating their ground plane position 
using deep learning techniques. Finally, we developed a top-view map that tracks the location of detected 
people in the video frames over time. 

● WP3 Efficient Single-Stage Framework for Object Detection, Distance and Pose Estimation 

In this WP, there are several proposed novel methodologies to predict the distances of the detected objects 
in an observed scene. First, to the best of our knowledge, this is the first representation-based method 
proposed for performing a regression task by utilizing the proposed Convolutional Support Estimator 
Networks (CSENs); and hence, we name this novel approach as Representation-based Regression (RbR). 
CSENs are designed to compute a direct mapping for the Support Estimation (SE) task in a representation-
based classification problem. The initial version of CSENs has a proxy mapping stage (i.e., a coarse 
estimation for the support set) that is required for the input. In this study, we improve the CSEN model by 
proposing Compressive Learning CSEN (CL-CSEN) that has the ability to jointly optimize the so-called 
proxy mapping stage along with the hidden convolutional layers. Therefore, the single-stage network is 
obtained by the combined proxy mapping and SE stages. Next, in this WP, another efficient single-stage 
framework is developed for the joint object detection, distance, and pose estimation tasks. Essentially, in 
the traditional approaches, the object distance and pose/angle estimation tasks have been carried out by first 
detecting the object or pinpointing the region-of-interest (ROI), and then performing the regression in the 
computed ROI. Implementation of such a single-stage network is possible only by a delicate training. 
Hence, we introduce Synaptic Plasticity Monitoring (SPM).  

● WP4 Deep learning confidence estimation for the Color Constancy problem 

Computational color constancy is a preprocessing step used in many camera systems. The main aim is to 
discount the effect of the illumination on the colors in the scene and restore the original colors of the objects. 
Recently, several deep learning-based approaches have been proposed to solve this problem and they often 
led to state-of-the-art performance in terms of average errors. However, for extreme samples, these methods 
fail and lead to high errors. In this work package, we address this limitation by proposing different 
approaches based on confidence. In the first approach, we propose to aggregate different deep learning 
methods according to their output uncertainty. We estimate the relative uncertainty of each approach using 
Monte Carlo dropout and the final illumination estimate is obtained as the sum of the different model 
estimates weighted by the log-inverse of their corresponding uncertainties.  In the second approach, we 
propose a novel color constancy uncertainty estimation by augmenting the trained model with an auxiliary 
branch that learns to predict the error based on the feature representation. Intuitively, the model learns 
which feature combinations are robust and are thus likely to yield low errors and which combinations result 
in erroneous estimates.  

● WP5 System for Early Myocardial Infarction Detection on the Left Ventricle Wall using 
Echocardiography 

The aim of WP5 is to diagnose myocardial infarction (MI) on the left ventricle (LV) wall by using multi-
view echocardiography, which includes apical 4-chamber (A4C) and apical 2-chamber (A2C) views, where 
all the chambers of the heart, and only left atrium and LV are visible, respectively. A common and major 
drawback of all the prior studies in this domain is that the proposed MI detection methods all rely on a 
single-view, mostly over the A4C view. Since only specific segments are visible in each echocardiography 
view, diagnosis of the ongoing MI is in vain with single-view echocardiography. Thus, if the segment(s) 
that show the abnormal wall motion are missing in that particular echocardiography view, the method is 
bound to fail the MI detection. In this WP, we use the Active Polynomials (APs) [Kiranyaz 2020] that 
constraint the active contours [Chan 2001] to achieve better segmentation and tracking of the endocardial 
boundary of the LV wall. We have improved the threshold-based APs [Kiranyaz 2020] method by 
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exploiting Machine Learning algorithms at the detection phase since setting a fixed threshold is never 
guaranteed to be optimal for decision making. Thus, WP5 proposes a multi-view Machine Learning (ML) 
approach over the maximum displacements of each segment on the LV wall. Moreover, we have adapted 
the APs method for the A2C view echocardiography for the first time. Furthermore, an extended benchmark 
dataset, HMC-QU, is created in this WP that includes 260 echocardiography recordings of 130 MI patients 
and healthy subjects from A4C and A2C views. The dataset is publicly shared to the research community 
and is the first multi-view dataset for the purpose of MI detection. Consequently, the proposed method is a 
pioneer study in the literature over multi-view echocardiography.  

● WP6: Energy harvesting based long-lasting IoT sensor network for industrial construction monitoring 

In this WP we developed an end-to-end solution for industrial wireless sensor network based on the energy 
harvesting power source with a possibility to operate over 10 years without a need for site maintenance. 
The main goal of the system is industrial objects condition supervision such as bridge and other metal 
constructs deterioration monitoring and technical parameters sensing. Compared to existing state-of-the-
art, we manage to achieve an outstanding feature in the energy domain: i) weather-independent energy 
harvesting power source for the sensors; ii) energy efficient algorithms and spectrum sharing techniques 
with the network for the efficient long-term work with a wireless network coexistence possibility. All 
originally planned features were implemented in real prototype that was tested thoroughly. The obtained 
characteristics allow to claim that the developed solution can be used for monitoring of industrial objects 
such as rail roads, motorways, high buildings, bridges, and others are experiencing repeating vibrations, 
metal parts experience strain and stress. The power of those recurring events could be used as a source of 
energy for the sensors in case magnetic and inductive devices or magnetostrictive harvesters to be installed 
on the constructions.    

Methods	and	Datasets	
TAU is a pioneer in machine learning and AI solutions. We follow mostly constructive research for 
developing advanced algorithms and methods and apply them in industry relevant applications. Our goal is 
to develop advanced algorithms and methods as described below. 

The ultimate goal of machine learning and AI is to build machines with common sense, such as intelligent 
personal assistants, “smart” chatbots”, intelligent household robots and agile and dexterous robots, capable 
of artificial general intelligence. However, before we reach these noble objectives, empiricism as a design 
approach for heuristic machine (deep) learning must be further improved, seeking sub-theories, robust and 
interpretable algorithms and reliable methods to solve pertinent problems where the current ones failed or 
came short at fulfilling certain requirements, such as real-time and computational and memory footprint. 
To this, we shall investigate the following methodologies and approaches to help reach this goal. The 
specific theories, algorithms and methods to be exploited have been listed in Section 2 above. 

The following theories, algorithms and methods are exploited 
● Multi-domain and Multi-task Learning 
● Early-stage universal feature extractor 
● Learning domain-specific architectures 
● Advanced classification with ONNs 
● Deep neural networks for surveillance data 
● Class-aware saliency estimation 
● Heat Map Estimation 
● The state-of-the-art object detector YOLO and variants will be investigated, and advanced 

solutions will be implemented via maximization by Synaptic Plasticity Monitoring principle. 
● Confidence and uncertainty estimation technique 
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● The region of interest (ROI), i.e. the LV-wall, will be extracted using advanced segmentation 
algorithms and machine learning, especially with deep convolutional neural networks 

● Advanced solutions will be compared with more the traditional methods, i.e., active contour-based 
models  

● Cost-effective and efficient FPGA and SDR transceivers as initial implementation of the system 
● Seeking efficiency via SPM for discovering the importance of each synaptic connection in the 

network  
● Radio interface via DASH7 protocol at stage 1 and licensed band protocols in stage 2. 
● Non-Conventional Distributed Learning 
● Distributed Deep Inference Algorithms for Light-weight Devices on the Edge and Cloud 

Computing Environments  
● Network Architecture Search 

● WP1: Computationally Efficient Multi-domain and Multi-task Learning for Edge Computing in 
Empathic Buildings.  

To evaluate the proposed method’s performance, we used six different datasets from UCI machine learning 
repository. The datasets used in the experiments are Seeds, Qualitative bankruptcy, Somerville happiness, 
Iris, Ionosphere, and Sonar. For the stress/emotions part, we collected the data using E4 wristbands (Wrist 
Sensor) for collecting galvanic skin response, heart rate, and skin temperature using Empatica E4 
wristbands. We also collected the subjects' facial expressions from the video using convolutional neural 
networks trained to recognize different expressions. 

● WP2 Early Anomaly Recognition System:  
Due to COVID-19, governments are imposing restrictions on citizens movement and daily life. 
Restrictions are monitored using CCTV cameras by operators and by on site personnel (labor intensive and 
prone to human errors). 
We aim to provide a real-time assistance system that can be implemented on a CCTV infrastructure to: 

• detect social distancing violations; 
• identify curfew infractions; 
• detect illegal gatherings; 
• count people in a crowd; 
• and generally, detect abnormal behaviors. 

We utilize advanced computer vision and deep learning algorithms to identify people in videos, compute 
their inter-personal distances, track their position in time, and estimate their number. 

● WP3 Efficient Single-Stage Framework for Object Detection, Distance and Pose Estimation.  

The experimental evaluations using the KITTI 3D Object Detection distance estimation dataset show that 
the proposed method can achieve a significantly improved distance estimation performance over all 
competing methods. The performance for the synaptic pruning is evaluated using the CIFAR-10 dataset. 

● WP4 Deep learning confidence estimation for the Color Constancy problem:  

In this work, we used the INTEL-TAU dataset. It is the largest publicly available illumination estimation 
dataset. It is composed of 7022 scenes in total. The variety of scenes captured using three different camera 
models, i.e., Canon 5DSR, Nikon D810, and Sony IMX135, makes the dataset appropriate for evaluating 
the camera and scene invariance of the different illumination estimation techniques. 

● WP5 System for Early Myocardial Infarction Detection on the Left Ventricle Wall using 
Echocardiography:  

In this WP, we have compiled the HMC-QU dataset that includes echocardiography recordings for the 
purpose of MI detection. The collaboration between cardiologists from Heart Hospital, Hamad Medical 
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Corporation, and researchers from Tampere University and Qatar University has achieved the first dataset 
that includes multi-view echocardiography recordings of 130 MI patients and healthy subjects. The usage 
of the dataset has been approved by the local ethics board of the Heart Hospital in February 2019. The 
experiments are performed over the HMC-QU dataset in this WP.  

● WP6: Energy harvesting based long-lasting IoT sensor network for industrial construction monitoring: 

In this WP we have compiled the datasets of energy harvesting profile from different sources such as 
magnetostrictive and inductive.  

Results	
● WP1: Computationally Efficient Multi-domain and Multi-task Learning for Edge Computing in 

Empathic Buildings 

The results showed that the proposed framework with the kNN graph as the adaptable graph had the best 
overall performance, while the gradient-based solution was more stable than the spectral and spectral 
regression-based solutions. 

● WP2 Early Anomaly Recognition System 

• We collected and analyzed 4 different 
databases with increasing complexity 
(number of people, occlusions, viewing 
angles, conditions), see Fig. 1. 

• Identify pitfalls in current anomaly evaluation  

metrics; they do not include the duration of  

infractions, e.g. social distancing.   Fig. 1: sample frames from the video 

• Detect people in videos and estimate their ground 
plane position using deep learning techniques. 

• Develop a top-view map that shows the location 
of detected people through time. 

The proposed system is illustrated in Fig. 2. 

 

 
Fig. 2. The proposed video monitoring system 

● WP3 Efficient Single-Stage Framework for Object Detection, Distance and Pose Estimation 

In the experimental results, it is observed that a higher estimation accuracy as a root of mean-squared error 
(RMSE) of 4.0849 is achieved by the proposed approach using CL-CSEN compared to SVR and the 
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performance is highly improved compared to the CSEN approach. Moreover, the proposed approach in this 
WP outperforms the method in [Zhu 2019] even though they use the following additional information: the 
categorical class information of the objects and the camera projection matrix for the training. A more fair 
comparison can be made by comparing the proposed method against the base model of [Zhu 2019] in which 
the categorical class is not utilized. Accordingly, the performance gap becomes even higher as expected. 
Sample predictions are illustrated in Fig 3. 

 

 
Figure 3. Three sample frames are shown with the object bounding boxes and their corresponding ground-
truth distances (GTD) in the first row: (a), (b), and (c). Then, the estimated distances for the objects by the 
three best-performing ones from the tested methods: Support Vector Regressor (SVR), CSEN, and CL-CSEN 
are illustrated in the second (d - e - f), third (g - h - i), and the last (j - k - l) rows, respectively. The approximate 
1:1 ratio is followed in train:test splits for this setup. 

For the second developed method in this WP, we have conducted our experiments using the single-stage 
framework. In this manner, one can utilize the pre-trained state-of-the-art object detectors such as YOLO. 
However, the width/height ratio of the images is different in the KITTI dataset. Hence, we have proposed 
a unique structure based on a modified version of VGG16 network model. The obtained distance estimation 
performance using the modified model is provided in Fig. 4. This approach provides an acceptable distance 
estimation. However, the performance drops significantly between very far and very close objects. The 
pose/observation angle estimation performance is also evaluated. We have found that the angle estimation 
performance is RMSE: 0.4172 (in radians). Overall, there is a performance gap for the single-stage 
approach that can be improved considering the performance level that is achieved by the CL-CSEN 
approach is significantly better. Finally, the network pruning performance is given in Fig. 5 and it is 
observed that using the SPM approach the worst and best performing neurons can be correctly selected after 
the training procedure. 
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(a) 

 
(b) 

Figure 4. A sample frame is given in (a) showing the predictions obtained by the single-stage framework and 
the predicted distances versus the actual ones are given in (b) for the test objects. 

 

 
(a) 

 
(b) 

Figure 5. Network pruning performances are given using the SPM method for VGG16 (a) and ResNet-50 (b) 
models over the CIFAR-10 dataset. 

● WP4 Deep learning confidence estimation for the Color Constancy problem 

For the first approach, we estimated the relative uncertainty of each model for a test sample using Monte 
Carlo dropout. This enables us to deal with estimation ambiguities. The final illumination estimation is 
computed as the sum of the different models' estimates weighted by the log-inverse of their corresponding 
uncertainties. This yields a robust illumination estimation system and reduces the dependency of the global 
framework using a single model. Furthermore, the proposed approach addresses the limitation of prior 
works and the inability of a single model to generalize well for all types of scenes and can handle extreme 
cases. Visual results are shown in the Figure 6. 
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 Figure 6: Visual results on three sample of INTEL-TAU. From left to right: Input image, BoCF 

output, FC4 output, our approach output, and ground truth image.  

In the second approach, we proposed a novel efficient color constancy uncertainty estimation approach that 
augments the trained model with an auxiliary branch that learns to predict the error based on the feature 
representation. We showed empirically that the proposed technique can indeed be used to avoid several 
extreme error cases. Figure 7 presents the predicted errors vs the true errors. As it can be seen,  for most of 
the samples, the predicted error correlates well with the true error and the model is able to tell how confident 
it is about its illumination prediction.  

 
Figure 7: Predicted loss vs true loss using the proposed approach on the different folds of INTEL-TAU 

 

● WP5 System for Early Myocardial Infarction Detection on the Left Ventricle Wall using 
Echocardiography 

As the pioneer MI diagnosis study in the literature over multi-view echocardiography, we aim to determine 
the best ML approach for this purpose. Therefore, we perform an extensive set of comparative evaluations 
among several ML methods including Decision Tree (DT), Random Forest (RF), k-Nearest Neighbour (k-
NN), Support Vector Machine (SVM), and 1D-Convolutional Neural Networks (1D-CNN).   

Single-view experiments: In A4C view echocardiography, the results indicate that imposing ML into the 
algorithm outperforms the threshold-based APs method [Kiranyaz 2020] by any classifier utilized in this 
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study. In fact, the k-NN classifier achieved the highest results over the test set of the dataset for all metrics 
by 100% performance that is superior among the MI detection ML models. Moreover, the ML imposed 
algorithm achieves superior results also in A2C view echocardiography over the prior work [Kiranyaz 
2020]. The k-NN and SVM classifiers achieved a high level of sensitivity of 92.86% along with 83.33% 
specificity in A2C view echocardiography.  

Multi-view experiments: The results indicate that the proposed approach that concatenates the single-view 
features outperforms the straight-forward solution in which the A4C and A2C view features are merged by 
and ∧operator. Accordingly, the proposed 1D-CNN model achieves an elegant sensitivity level of 87.5%. 
Furthermore, k-NN and RF models have achieved the best results by a specificity level of 87.5% and 
precision by 93.75%. On the other hand, a specificity level of 40%-50% has been obtained in the straight-
forward solution.   

The performance of each ML classifier is plotted in Figure 8 for single-view (A4C and A2C) multi-view 
echocardiography. The AUC scores reveal that the k-NN model clearly outperforms the other models in 
both single and multi view echocardiography. 

 

 
Figure 8: The AUC scores of the ML classifiers are plotted for single-view (A4C and A2C) and multi-view 
(the proposed feature concatenation approach) echocardiography. 

● WP6: Energy harvesting based long-lasting IoT sensor network for industrial construction monitoring 

We divided all works onto several strands. The first one is building of energy harvester. We have 
investigated harvesting opportunities in magnetostrictive and inductive methods. These methods do not 
require special conditions do not require special conditions for the harvester to work and are almost fully 
independent of the environment. As a source of magnetostrictive energy harvesting 2m lengh and 6mm 
thick iron corner rail profile was taken. In order to generate energy a hammer with fixed impact strength 
was used. To collect magnetostrictive energy a coil with a magnet and 5mm iron conductor was used. In 
order to check different modes of work the working length was changes by moving the coil on a fixed 
distance (rules was used for control). By this experiment we could have controlled the amount of magnetic 
flux going through the metal conductor and a coil and generating as much energy as possible. The hammer 
impact distance was set to 120mm as it generated reasonable voltage and was easily repeatable. The distance 
from hammer to harvester was chosen to be 690mm in order to imitate typical magnetostrictive impact on 
the metal construction. We achieved peak voltage without load and its maximum possible values which do 
generate amount of energy to provide power supply for a wireless node.  
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The next stage of the experiments is Inductive Energy Harvesting. Main effect used in this process is 
electromagnetic induction which generates current flow within the coil when there’s a changing 
electromagnetic field nearby. Since the coil is the power source of our device, it is necessary to carry out a 
number of experiments to determine its energy characteristics. 

To generate energy number of experiments with magnets and coils were held. After a number of 
experiments with cored coils the neodymium magnet moving within a coreless coil was chosen as a primary 
direction of work. It adopts well known effect of magnetic induction and allows to produce relevant amount 
of current through the coil. Also all of the industry grade generators use this principle. After the experiments 
with oscilloscope tracing it was clear that a simple coil with ~200 turns can provide around 4V Voltage 
without a load. Then we started to increase induction of the magnetic field and amount of turns of the coil. 
In order to increase the force of the magnetic field we created two assemblies of magnets with shielding for 
safety. Each of two created magnet assemblies demonstrated satisfactory results but due to small size of the 
internal working area it was very difficult to make a universal harvester out of them or there would be 
substantial losses due to mechanical constraints. 

Then we aimed at energy generation in the mechanical energy harvester (based on the inductive energy 
harvesting principle), it shall have a relatively heavy pendulum which will move a small coil in a strong 
magnetic field. The coil oscillations frequency within a typical application (for example a tree swaying in 
the wind) couldn’t reach more than 5 Hz. As a final step for the mechanic energy generator was the 
compliant mechanics effect with the use of two hacksaw blades. This system allowed us to have similar to 
the moving pulley effect with a mechanical advantage of ten. So when the pendulum was moved 1mm the 
coil moved for around 1 cm. As the pendulum was very heavy in comparison with the coil the losses are 
insignificant. 

For the developed harvester and chosen scenario it is necessary to spend the harvested energy straight away. 
The best option was to use capacitor based energy storage with voltage threshold discharge activation. The 
threshold for the discharge is tuned with two variable resistors. The activation voltage comes straight to the 
enable pin of the DC/DC boost converter and provides a possibility to use significant power for the 
electronics to work properly. In our case 1.8V threshold level. This level allowed us to have ~65 mJ energy 
according to the following formula: 

E = (V2 x C) / 2 

This was totally enough for a wireless board to transmit for about 1 second. 

 
Figure 9: Oscillogram of the working process of the circuit and the wireless node 
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As a perspective wireless board, wireless microcontroller development kit for rapid prototyping based on a 
Texas Instruments CC1310 chip was chosen (CC1310 LaunchPad LAUNCHXL-CC1310). This platform 
allows to provide low frequency high range wireless data exchange with low energy consumption (up to 50 
mW). Wireless board demonstrated fully functional packet exchange though programming part of the board 
didn’t allow all the flexibility mentioned by its vendor. As a main example randomly filled data packages 
transmitting was implemented. Wireless transmitter board with energy harvesting power started to transmit 
immediately after receiving enough energy for the start. Receiver board with external DC power supply 
was registering all the data packages and showed feedback through COM port of the PC. 

After all the four parts were ready and assembled together field trials were held. Deployment scenario for 
the operation: wireless IoT node based on an energy harvesting sitting on a construction site. The measured 
results were in-line with expected numbers and proved the target design. 

Functionality	of	Innovation(s)	
● WP1: Computationally Efficient Multi-domain and Multi-task Learning for Edge Computing in 

Empathic Buildings 

The new framework places subspace learning for support vector data description in the general graph 
embedding framework with a fixed data-dependent support vector data description graph, which resembles 
PCA on the support vectors and outliers, and an additional constraint graph, which allows to incorporate 
other meaningful data relationships to the subspace learning step. We show that the previously proposed 
subspace one-class techniques can be reformulated through the proposed framework, while the framework 
brings more insight into their optimization process. The framework also allows to integrate other data 
relations to the optimization process and highlights the similarities to other subspace learning techniques. 
The previously proposed support vector data description, and ellipsoidal support vector data description are 
special cases of the proposed framework and correspond to different variants in the proposed framework. 
We conclude that support vector data description minimizes the weighted variance of the support vectors 
and outliers, while having an orthogonality constraint. Ellipsoidal support vector data description also 
minimizes the weighted variance of the support vectors and outliers, while simultaneously maximizing the 
total scatter of the centered inputs. Moreover, the new framework hints that it can also make sense to reverse 
the objective and maximize instead of minimizing. Also, this approach has been previously followed in the 
literature where kernel PCA was successfully applied for novelty detection. Intuitively, the original 
minimization of support vector data description Laplacian focuses on dimensions where the target class 
samples are the most similar, which indeed may help to discriminate the class from (unseen) other classes. 
On the other hand, from the similarity to PCA, we understand that these dimensions may be the dimensions 
that are not providing useful information in general (the corresponding PCA would discard them). 
Therefore, it is necessary to combine the criterion on with another criterion so that the combination can 
help to preserve the overall variance and minimize intra-class similarity simultaneously. The main idea of 
PCA and support vector data description along with graphs are illustrated in Figure 10. 
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Figure 10: A) PCA considers the (unweighted) variance of all the points from the center µ. B) SVDD considers weighted 

variance of support vectors and outliers from the SVDD center a. C) PCA graph is fully-connected with equal weights. D) SVDD 
graph is sparse (only the support vectors and outliers are connected) and has varying weights. 

● WP2 Early Anomaly Recognition System 

o The proposed system will help improve the reaction time of security infrastructures and 
enhance decision-making. 

o The recent COVID-19 outbreak imposes immediate needs for such a comprehensive 
surveillance and tracking system for indoors and outdoors. 

o The application domains include both surveillance and empathic buildings development. 

● WP3 Efficient Single-Stage Framework for Object Detection, Distance and Pose Estimation 

In the previous work, we were using the dense depth maps as the prior information for the object-specific 
distance estimation. However, in this study, the pre-trained CNNs that were initially trained for the 
classification task are utilized for the feature extraction. The pre-trained models include DenseNet-121 
[Huang 2017], VGG19 [Simonyan 2014], and ResNet-50 [He 2016] trained over the ImageNet dataset. It 
is observed that this strategy improves the performance. The formation of the representative dictionary D 
is presented in Fig.11. In the dictionary collection, the distances are quantized to interpret the given 
regression problem as a classification task. Accordingly, assuming the desired sensitivity is 1m, for the 
objects in the range of 1 - 60 meters, the corresponding classification task would have 60-classes. This is 
illustrated in Fig. 12. One can say that the distance information is present in the resolution of the cropped 
object images considering the fact that the distant objects would have blurry appearances because of the 
rescaling after the cropping. After forming the representative dictionary, any Sparse Representation-based 
Classification (SRC) or Collaborative Representation-based Classification (CRC) method can be utilized 
for predicting the class of a query object. Note that the predicted class will correspond to the quantized 
distance. 
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Figure 11. Samples are collected to form the representative dictionary D with the increasing order of the 
distances. Next, they are rescaled and fed into the feature extractor networks. Additional dimensional 
reduction is applied using the matrix A obtained with the PCA. The final obtained atoms are stacked in such 
a way that the first-class category corresponds to 1m and the Cth class to C meters. 

In the previous CSEN approach, the proxy signal 𝑥# = (𝐷!𝐷	 + 𝜆𝐼)"#𝐷!𝑦is reshaped and given to the 
network as the input. Ultimately, the performance of the previous approach was limited to this proxy 
mapping stage, i.e., 𝑥# = 𝐵𝑦as 𝐵is treated as constant in the training procedure. To overcome this drawback, 
the proposed CL-CSEN framework functions as follows: there are included two additional dense (fully-
connected) layers right before the first convolutional layer of the CSENs. These neurons, connecting the 
input layer to the first hidden dense layer, are initialized with 𝐵!where 𝐵 = (𝐷!𝐷	 + 𝜆𝐼)𝐷!. For the 
convolution operation, the output of the first hidden fully-connected layer is reshaped to form the first 
hidden convolutional layer input. Overall, we aim to fine-tune the denoiser matrix 𝐵during the training with 
the proposed CL-CSEN approach. The proposed CL-CSEN framework is illustrated in Fig. 12 where during 
the training, the mapping from low-dimensional to high-dimensional space is learned. Therefore, the proxy 
mapping layer and the remaining CSEN part are jointly optimized in the CL-CSEN model to maximize the 
regression performance. 

 
Figure 12. The proposed single-stage Compressive Learning CSEN (CL-CSEN) approach that jointly 
optimizes the proxy mapping part with support estimation and regression during training. 
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Furthermore, in this WP, we propose another end-to-end network that can jointly perform object detection, 
distance and angle estimation of the detected object. As the main advantage of the proposed framework, 
the computational complexity is significantly reduced due to its single-stage topology. In [Haseeb 2018] 
and [Zhu 2019], the object distance and angle estimation tasks have been carried out by first detecting the 
object or pinpointing the region-of-interest, and then performing the regression in the traditional 
approaches. However, these multi-stage approaches increase inference time of the overall system. 
Moreover, the efficiency of the networks is maximized by utilizing the Synaptic Plasticity paradigm which 
is borrowed from the learning principle of bio-neurological circuits. In this manner, there have been 
developed two alternatives provided to the user by using Synaptic Plasticity Monitoring (SPM). First, SPM 
can be used for Synaptic Pruning. Synaptic Pruning is defined as follows: the neurons of each layer are 
pruned based on their health factors (computed based on the Synaptic connectivity) that are obtained during 
the training. Additionally, these health factors can point out the neurons that do not learn or have less 
importance on the classification; the pointed worst neurons are reset to boost the efficiency of the proposed 
framework during the training phase. 

● WP4 Deep learning confidence estimation for the Color Constancy problem 

  In the first approach of this work package, we aggregate the estimates of different deep learning methods 
depending on the scene content and on the confidence of their predictions, as illustrated in Figure 13. To 
do so, we need to estimate the uncertainty of each model alongside its illumination estimation. To this end, 
we employ Monte Carlo dropout (MC-dropout) to obtain the output uncertainty of each CNN model. Given 
both the illumination estimation and the model's uncertainty for each of the models, we propose a 
confidence score-based scheme to produce the final global illumination estimation.  

 
Figure 13: Combining three different neural networks model outputs I_1$, I_2, and I_3 using their predicted 

uncertainties \sigma_1, \sigma_2, and \sigma_3, respectively. 

For the second part of the work package, we propose a novel approach to estimate uncertainty. The full 
illustration of the proposed scheme is presented in Figure 14. Given an input image, we generate two 
outputs: the main illumination prediction and the predicted error using an auxiliary branch. As we have 
access to the ground-truth illuminations of our training samples, we can construct a training set for the 
additional branch by computing the true errors obtained by the trained color constancy model. While 
training the uncertainty estimation block, we freeze the prediction part of the network to ensure a 'fixed' 
representation of every input sample and fine-tune only the additional branch of the network. 

 
Figure 14: The full illustration of the proposed uncertainty estimation  scheme 
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● WP5 System for Early Myocardial Infarction Detection on the Left Ventricle Wall using 
Echocardiography 

The proposed approach consists of four stages: 1) extracting the endocardial boundary by APs method, 2) 
measuring the LV wall myocardial segment displacements, 3) fusing the features that are extracted from 
the myocardial segment displacements, and 4) diagnosing MI as it is illustrated in Figure 15.  

Endocardial boundary extraction by the APs method: The accurate extraction of the LV wall is crucial 
to obtain the true motion of the myocardium layer of the LV wall in echocardiography. In order to overcome 
the limitations of the active contours [Chan 2001], we have proposed Active Polynomials to extract the 
endocardial boundary of the LV wall that constraints the active contours [Chan 2001] to achieve better 
segmentation and tracking of the endocardial boundary of the LV wall. Since the LV wall is not always 
continuous in echocardiography due to the ultrasonic imaging properties, we constraint the active contour 
by embedding Ridge Polynomials that are artificial thick and bright copies of the LV wall. Moreover, we 
fit 4th-order polynomials to the converged contour to overcome the indentations caused by the active 
contours. In this way, the accurate extraction of the endocardial boundary is satisfied.  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 15: The diagram of the proposed MI detection approach using multi-view echocardiography. The 
endocardial boundary is first extracted by the APs method. Then, the defined myocardial segments are 
tracked through a one-cardiac cycle to form the displacement curves. The maximum displacements are 
generated from each segment to define the features that are then fused and fed into the classifier the detect 
MI. 

Myocardial segment displacements: After extracting the endocardial boundary by APs in each frame of 
the echocardiography recordings, the boundary is tracked, and its displacement is measured in the one-
cardiac cycle. In the diagnosis, the LV wall is segmented into 17 myocardial segments, which is the 
recommendation of the American Heart Association Writing Group on Myocardial Segmentation and 
Registration for Cardiac Imaging [Lang 2005]. 

Feature engineering: In the feature engineering stage, we extract information from the displacement 
curves regarding MI. The amount of regional wall motion abnormality is correlated to infarction as a larger 
displacement measure a myocardial segment has, less chance of it being infarcted. Thus, the maximum 
displacements of each myocardial segment are determined as the features. Then, the features of A4C and 
A2C views are concatenated for the detection of MI using multi-view echocardiography. 

MI detection: The detection of MI is performed via binary classification task, where the extracted features 
are fed into several ML algorithms. The supervised methods that are used to detect MI are Support Vector 
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Machine (SVM), k-Nearest Neighbors (k-NN), Decision Tree (DT), Random Forest (RF), and 1D-
Convolutional Neural Networks (1D-CNN).  

In this WP, we have extended the HMC-QU dataset by including both A4C and A2C views in a total of 
260 echocardiography recordings, which is publicly shared with the research community. Moreover, we 
have improved the performance of the threshold-based APs by exploiting ML in single-view 
echocardiography. Lastly, to the best of our knowledge, we have performed a reliable MI detection for the 
first time via multi-view echocardiography by fusing the information of A4C and A2C views. 

● WP6: Energy harvesting based long-lasting IoT sensor network for industrial construction monitoring 

This project demonstrated that it is possible to design energy harvesting based long-lasting IoT sensor 
network for industrial construction monitoring. We have created and tested brand new solution for DC/DC 
boost up-converters for very low voltages and very low currents (required in most of the energy harvesting 
applications). We made a cheap fully functional IoT sensor with industry grade protection powered by 
energy harvesting. This development is currently on the proof-of-the-concept stage and need further efforts 
towards MVP. These types of wireless sensor nodes may be the future of the batteryless IoT networks. 

Conclusions	and	Recommendations	
● WP1: Computationally Efficient Multi-domain and Multi-task Learning for Edge Computing in 

Empathic Buildings 

From the simulation results, we observe that in both linear and non-linear methods, the gradient-based 
solution performs better than the spectral and spectral regression-based solutions in the majority of the 
cases. The spectral approaches are typically more unstable over iterations. Overall in linear methods, it is 
noted that employing the kNN graph for encoding geometric information in the subspace yields better 
results also compared to the competing methods in the majority of the cases. In terms of in-depth analysis 
revealed in the new framework formulation, we conclude that support vector data description minimizes 
the weighted variance of the support vectors and outliers, while having an orthogonality constraint. 
Ellipsoidal support vector data description also minimizes the weighted variance of the support vectors and 
outliers, while simultaneously maximizing the total scatter of the centered inputs. In the future, we plan to 
extend the proposed methods in the framework by investigating other kernel types in the nonlinear case. 
The proposed framework can also be extended to multimodal one-class classification, where data is 
projected from multiple modalities to a joint subspace. 

● WP2 Early Anomaly Recognition System 

The proposed system will help improve the reaction time of security infrastructures and enhance decision-
making. The recent COVID-19 outbreak imposes immediate needs for such a comprehensive surveillance 
and tracking system for indoors and outdoors. The proposed system can be used in surveillance and 
empathic buildings development. 

● WP3 Efficient Single-Stage Framework for Object Detection, Distance and Pose Estimation 

In this WP, first, a novel method is proposed for object distance estimation method using a single camera. 
Using the proposed CL-CSENs for the regression, we demonstrate that it is possible to utilize representative 
dictionaries for a regression task; and to the best of our knowledge, this makes the pioneer study in this 
domain. Hence, we introduce the term Representation-based Regression (RbR) to reflect this fact. 
Moreover, utilizing the introduced representative dictionary design by collecting the samples with the same 
distances in the quantization level, the performance of the proposed distance estimators becomes class 
invariant unlike the several existing studies such as [Haseeb 2018] and [Zhu 2019]. Next, thanks to the 
proposed novel architecture in the CL-CSEN model, it is possible to fine-tune the proxy mapping matrix 
during the training procedure. Hence, a complete and one-to-one support estimator has been obtained with 
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the CL-CSEN approach in which the denoiser matrix is connected to the convolutional layers by the fully-
connected dense layers. Therefore, the CL-CSEN ensures an efficient single-stage inference and a superior 
distance estimation performance with a limited number of annotated data in the training. 

Finally, we have shown that using the SPM methodology, the best and worst neurons in a network can be 
depicted after the training procedure. This information is beneficial since after the training, the log-file 
pinpointing the importance of each neuron for each layer will be provided to the user and the user can 
decide the pruning factor on-demand during the inference. Meaning that changing the pruning factor does 
not affect the initial training as there is no need to retrain the network. In the second approach with the 
single-stage baseline for the object detection, distance, and angle estimation, we have observed that the 
network provides an acceptable distance estimation performance, but it still cannot achieve the level 
obtained by the CL-CSEN. Therefore, we conclude that the CL-CSEN approach still outperforms the other 
methods. Although the focus has been more on object distance estimation in this WP, we also show that the 
angle estimation is possible using the single-stage framework. However, there is a performance gap that 
can be improved in future work. 

● WP4 Deep learning confidence estimation for the Color Constancy problem 

In this work package, we focused on uncertainty estimation for color constancy: (i) We proposed a novel 
ensemble method for the computational color constancy problem called that aggregates different CNN 
models.  In the proposed framework, we estimate the relative uncertainty of each model for a test sample 
using Monte Carlo dropout. This enables us to deal with estimation ambiguities.  The final illumination 
estimation is computed as the sum of the different models' estimates weighted by the log-inverse of their 
corresponding uncertainties. This yields a robust illumination estimation system and reduces the 
dependency of the global framework using a single model. Furthermore, the proposed approach addresses 
the limitation of prior works and the inability of a single model to generalize well for all types of scenes 
and can handle extreme cases. (ii) We proposed a novel efficient color constancy uncertainty estimation 
approach that augments the trained model with an auxiliary branch that learns to predict the error based on 
the feature representation. We showed empirically that the proposed technique can indeed be used to avoid 
several extreme error cases and, thus, improves the practicality of the proposed technique. Our future 
research directions include improving the uncertainty estimation approach to generalize better on the 
extreme cases and testing our techniques beyond the color constancy problem. 

● WP5 System for Early Myocardial Infarction Detection on the Left Ventricle Wall using 
Echocardiography 

The early detection of MI is an important task to prevent further tissue damage on the myocardium layer of 
the heart muscle. In this WP, we propose to detect MI in multi-view echocardiography by fusing the 
information of A4C and A2C views for a reliable and robust diagnosis. Moreover, we enhanced the 
threshold-based APs method by imposing ML algorithms to achieve superior results in the detection phase. 
The experimental results show that the detection performance has increased with the proposed approach in 
single-view echocardiography by 23.08% and 32.86% for the sensitivity metric in A4C and A2C view, 
respectively. Furthermore, in multi-view echocardiography, the proposed approach achieved a high 
sensitivity level of 87.50% and an AUC score of 85.44%. The main contribution of the study is the 
benchmark HMC-QU dataset that consists of 260 echocardiography recordings from 130 patients including 
A4C and A2C views. Accordingly, we publicly share the HMC-QU dataset with the research community. 
In our future work, the APs method will be used to segment the endocardial boundary for an accurate and 
fast annotation that will be beneficial to utilize the Deep Learning models in echocardiography. Lastly, the 
HMC-QU benchmark dataset will further be extended including all the echocardiography views, which will 
provide more information regarding a patient's status.  

● WP6: Energy harvesting based long-lasting IoT sensor network for industrial construction monitoring 
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We made a lot of theoretical and especially practical investigations around the harvesting opportunities for 
batteryless IoT sensors. Our project managed to achieve an the planned features especially in the energy 
domain: we have designed and proved weather-independent energy harvesting power source for the IoT 
sensors. Further we plan to improve the developed solution towards MVP since the current prototype is 
more at proof-of-the-concept stage. 

Impact	and	Uses/Benefits	
● WP1: Computationally Efficient Multi-domain and Multi-task Learning for Edge Computing in 

Empathic Buildings 

In the proposed framework different information can be combined with other data relationships in the 
optimization process via an adaptable graph. We formulated subspace learning for one-class classification 
as a generalized eigenvalue problem and derived a spectral regression-based solution. The proposed 
solutions exploit the information in the eigenvectors of a matrix accommodating the support vectors 
essential for data description. In the proposed formulation, the information of the variance of support 
vectors from the center of the hypersphere can be exploited either as an intrinsic or penalty graph. The 
proposed framework is useful for emphatic building (or any multisensory environments) for s specific target 
class (or outlier) detection in cases when the labeled data for training may be scarce, noisy, or expensive to 
collect.  

Moreover, we collected the stress-emotions data which will help developing future applications used for 
monitoring stress levels in emphatic buildings. The implementations of the framework will be made 
available at  https://github.com/fahadsohrab/gessvdd upon the final acceptance of the manuscript. 

● WP2 Early Anomaly Recognition System 

The proposed system will help improve the reaction time of security infrastructures and enhance decision-
making, both indoors and outdoors. The proposed system can be used in surveillance and empathic 
buildings development. 

● WP3 Efficient Single-Stage Framework for Object Detection, Distance and Pose Estimation 

The proposed framework can be used in various applications that contain decision making based on visual 
data. For example, the previous solution was based on using multiple detectors for the object detection 
which increases the inference time. However, in the proposed framework, detection tasks for all object 
categories and above mentioned stages (detection, distance and pose estimation) are combined in a single-
stage network. 

The proposed regression methodology based on the RbR can be used in any regression task. The software 
implementation of the CL-CSEN and CSEN regressors are publicly shared at the following repository: 
https://github.com/meteahishali/CSENDistance. 

Finally, the introduced network efficiency by the Synaptic Plasticity paradigm, fewer neurons and/or 
enhanced performance, enables using other deep learning models to be run in compact structures at the edge 
devices or in real-time applications. 

● WP4 Deep learning confidence estimation for the Color Constancy problem 

We believe that the proposed framework will be especially beneficial for Xiaomi since it can be used in the 
imaging models of their product. In addition, confidence estimation in deep learning is not restricted to the 
color constancy problem. The solution developed here can be used in any regression problem. 

● WP5 System for Early Myocardial Infarction Detection on the Left Ventricle Wall using 
Echocardiography 
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Myocardial infarction is the leading cause of mortality in the world that occurs due to a blockage on the 
coronary arteries feeding the myocardium layer of the heart muscle. The proposed method can be clinically 
used as an assistive tool to help cardiologists and technicians to prevent subjective and operator-dependent 
assessments by accurately measuring the LV myocardial displacements and plotting the color-coded 
myocardial segments. Moreover, the method provides a time-efficient diagnosis, which will be a life-saving 
tool in critical situations. Lastly, the HMC-QU dataset that is publicly available to the research community 
that can be accessed through the repository: https://www.kaggle.com/aysendegerli/hmcqu-dataset.  

● WP6: Energy harvesting based long-lasting IoT sensor network for industrial construction monitoring 

Proof-of-the-concept of weather independent energy harvesting for IoT deployments with magnetostrictive 
and inductive energy harvesting sources. Implementation together with energy efficient algorithms and 
spectrum sharing techniques in the network for the efficient long term work with a wireless network 
coexistence possibility.  
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