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Director’s preface
Infotech Oulu Focus Institute promotes research in the University of Oulu’s strategic
focus area of “Digitalization and smart society”. Being one of the University of Oulu’s four 
focus institutes, Infotech Oulu promotes multidisciplinary and internationally significant 
research, cross-faculty research cooperation, and researcher interaction and community 
spirit. Infotech Oulu supports multidisciplinary spearhead projects, engages in foresight 
work and initiating new research projects, develops doctoral education, strengthens 
international networking, and promotes the popularization of science and participating in 
stakeholder cooperation.

Infotech Oulu’s organization was renewed in January 2022 with new directorial 
appointments for the period 2022-2026. Professor Dr. Simo Saarakkala, who was the the 
Director of Infotech in 2018-2021, continues as the Scientific Director of Infotech Oulu
in the next period. University Researcher Dr. Marja Matinmikko-Blue has started as the 
new Research Director at Infotech Oulu. Dr. Mirjami Jutila continues as the Coordinator of 
Infotech Oulu. In addition, Dr. Tuire Salonurmi, Coordinator of the Digital Health research 
profiling area, has been actively participating the coordination actions of Infotech Oulu.

Within the University of Oulu’s strategic focus area of “Digitalization and smart society”, 
strategic research projects coordinated under Infotech Oulu Institute have included 12 
spearhead projects in 2018-2021 and 5 emerging projects in 2019-2022. These projects have 
accomplished 300+ publications including books, conference proceedings, book sections 
and journal articles. During the four-year project duration, 29 doctoral theses have
been finalized and more is expected in late 2022 and 2023. The results of these projects are 
presented in this periodic report, establishing close connections with UN SDGs. Twelve
new spearhead projects started in January 2022 for a 4-year period after a competitive
call where 44 proposals were reviewed via international evaluation. Additionally, 5 new 
emerging projects are about to start in early 2023. These new spearhead and emerging 
projects will form the core of Infotech Oulu Institute’s research activities for the next 
period.

Research in the digitalization and smart society strategic research area at the University
of Oulu has taken major global leaps during the current reporting period. The 6G Flagship 
research program launched by the Academy of Finland at the University of Oulu, started 
global 6G R&D in May 2018, and is the world’s first and leading 6G research program. 6G, 
which is aimed for deployment in the 2030s, will be a major new avenue of innovation
in the entire digitalization and smart society research area. Furthermore, the University
of Oulu’s research profiling activities have allowed recruitment of several high-quality 
researchers in this focus area. Excellence in research was well quantified in the latest 
international evaluation of research at the University of Oulu in Research Assessment 
Exercise in 2020 (RAE2020) report published in 2021, where 4 research units contributing 
to the strategic area of digitalization and smart society were awarded full scores and 
marked “outstanding”.

On behalf of the Infotech Oulu Focus Institute, we would like to express our gratitude to 
the research community around digitalization and smart society at the University of Oulu 
for the excellent research. We wish the best of success to the new Infotech Oulu research 
projects as well as all activities around the focus area of digitalization and smart society.

Oulu, Finland, 10.10.2022
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1 Infotech Oulu Focus Institute in brief

1.1 Overview of Infotech
Being one of the University of Oulu’s four Focus Institutes, Infotech Oulu promotes 
multidisciplinary and internationally significant research, cross-faculty research 
cooperation, and interaction between researchers. Infotech Oulu is responsible for the 
focus area “Digitalization and smart society”, which is one of the University of Oulu’s 
focus areas as shown in Figure 1. Infotech Oulu consists of research groups carrying out 
research in various fields of modern information technology for developing and validating 
digital technologies, wireless sensors, and networks, AI, machine vision and electronics 
for various application areas. Infotech Oulu’s research groups are mainly from the Faculty 
of Information Technology and Electrical Engineering (ITEE) but also from the Faculty of 
Medicine and the Faculty of Biochemistry and Molecular Medicine, among others. 

Infotech Oulu promotes and coordinate multidisciplinary research across faculties, 
Focus Institutes, Focus Areas and research units. This is done via seminars, talks, 
multidisciplinary research projects and other events that bring researchers together. 
Infotech Oulu supports multidisciplinary spearhead projects, engages in foresight work, 
and initiates new research projects, develops doctoral education, strengthens international 
networking, and promotes the popularization of science and participates in stakeholder 
cooperation. More information can be found on Infotech web pages.

Figure 1. University of Oulu’s focus institutes, focus areas and profile fields of research. 

Personnel at Infotech include a scientific director, a research director, a coordinator  and 
another coordination role, which all are currently held as part-time positions. Professor 
Simo Saarakkala, Ph.D., has acted as the Scientific Director of the Infotech for the 2018-
2021 period. He continues as the Scientific Director in the period 2022-2026. As a medical 
physicist and professor, he leads his own research group at the Faculty of Medicine. The 
group focuses in an interdisciplinary manner on the development of new imaging methods 
for diagnostics of musculoskeletal diseases, particularly osteoarthritis, at tissue level and 
patient studies.

Marja Matinmikko-Blue, D. Sc, Ph.D., started as Research Director of Infotech for the 
2022-2026 period. She was Research Coordinator for the 6G Flagship program where she 
continues as Director of Sustainability and Regulation. She conducts multi-disciplinary 
research into future mobile communication system from business, regulation and 
technology perspectives. 

Mirjami Jutila, D.Sc., is responsible for coordination tasks in half in Infotech and in the 
ITEE doctoral program. Profi5 DigiHealth coordinator, Adj. Prof. Tuire Salonurmi has also 
had a small role in Infotech coordination. The Infotech personnel are shown in Figure 2.

1.2 Multi-disciplinary research
The Infotech Institute promotes multidisciplinary and internationally significant research 
in four-year long “Spearhead research projects”, which are funded by the University of Oulu 
through strategic funds that are channeled to the strategic area of Digitalization and Smart 
Society through Infotech. In the period 2018-2021, twelve Infotech spearhead research 
projects that were been selected based on international assessments received funding for a 
total of 12 post-doctoral researchers and 17 doctoral researchers (i.e., doctoral students). The 
key findings from these twelve Infotech spearhead projects are presented in this report in 
Chapter 2.  

The University of Oulu’s strategic funds are also channeled via the Infotech Institute 
through ”Emerging projects” that were first time appointed for the period 2019-2022. 
Emerging projects are targeted to projects led by starting group leaders, who develop an 
association between their own emerging research topic and a top research project in the 
focus area. Four-year doctoral researcher positions with partial funding were allocated to 
each project. Five projects received the funding for the four-year project for one doctoral 
researcher position each. The key finding from these emerging projects are also presented 
in this report in Chapter 3. 

The Infotech Institute also actively participated in preparing multidisciplinary profiling 
funding applications, coordinating project cooperation, and supporting university 
management. During the reporting period, Infotech has played a role in applying for 
funding for the Profi5 Digital Health (DigiHealth) and Profi 6 profiling themes such 
as 6G-enabled sustainable society (6GESS) that were highly ranked by the Academy of 
Finland (AoF) and received funding of around 15 M€.  

Figure 2. Infotech personnel 
(from right to left): Marja 
Matinmikko-Blue, Simo 
Saarakkala, Mirjami Jutila, 
and Tuire Salonurmi.  

4
—
5

54

https://www.oulu.fi/en/university/faculties-and-units/infotech-oulu
https://www.oulu.fi/en/research/digitalization-and-smart-society
https://www.oulu.fi/en/university/faculties-and-units/faculty-information-technology-and-electrical-engineering
https://www.oulu.fi/en/university/faculties-and-units/faculty-medicine
https://www.oulu.fi/en/university/faculties-and-units/faculty-medicine
https://www.oulu.fi/en/university/faculties-and-units/faculty-biochemistry-and-molecular-medicine
https://www.oulu.fi/en/university/faculties-and-units/infotech-oulu
https://www.oulu.fi/en/researchers/simo-saarakkala
https://www.oulu.fi/en/researchers/marja-matinmikko-blue
https://www.oulu.fi/en/research/creating-better-health-our-digital-health-knowhow
https://www.6gflagship.com/6gess/


The strategic research area of Digitalization and Smart Society has been strengthened 
during the reporting period with the appointment of the 6G Flagship program by the 
Academy of Finland in 2018 in its flagship program to pioneer global 6G R&D. 

Infotech established the AI Community to bring together the University of Oulu’s research 
on AI. The idea of the Oulu AI Community was initiated in Infotech’s brainstorming 
meeting in Syöte, Pudasjärvi, in 2018 (see Figure 3). AI research and development at the 
University of Oulu covers a wide range of areas: computer vision, emotion AI, machine 
learning, robotics, edge computing, and medical, industrial, and atmospheric applications 
of AI methods, to name a few. The AI Community gathers a couple of times a year and 
participates in organizing courses and events.  

Figure 3. Infotech’s brainstorming meeting in Syöte, Pudasjärvi in 2018.

Infotech and the DigiHealth profiling project started to benchmark KU Leuven’s Health-
Tech Center in autumn 2021. KU Leuven is one of the most innovative universities in 
Europe. Transdisciplinary research is also something that they promote strongly. Already 
at student-level, they set up multidisciplinary groups. At the Metaforum, they aim to bring 
together a highly heterogenous research team. There they start working together with 
people from other fields, initially organizing lunch meetings with two presentations from 
two different perspectives. After a couple of these meetings, they formulate a position 
paper, where they figure out how they see the future of that theme. 

1.3 Events
Infotech organizes events as a concrete action to promote multidisciplinary research 
collaboration. Events are often organized in collaboration at the University of Oulu. 
The multidisciplinary collaboration created in the focus areas and their focus institutes 
is supported by the Rapid Research Radicals (R3) operating model, facilitated by the 
Strategy and Science Policy Unit at the University of Oulu and implemented in the Tellus 
environment. 

In 2018–2021, Infotech organized, or co-organized 55 ICT Research breakfast events 
together with the ITEE faculty and 6G Flagship and around 20 other events. The topics 
were truly multidisciplinary, ranging from 6G solutions and innovations to biosensing, 
wood-based electronics, and emotion AI. Most of the events were open to everyone in the 
university community. The pandemic impacted the organization of events by shifting from 
primarily physical events to virtual and hybrid events. 

ICT Research Breakfasts
Infotech has been organizing ICT Research Breakfasts in collaboration with the 6G 
Flagship program and ITEE faculty on the Tellus Stage since 2018 and from 2020 onwards 
as hybrid events. One-hour ICT Research Breakfasts typically involve a presentation 
followed by informal and relaxed chats on current research issues over a cup of coffee and 
breakfast every second Monday morning. Distinguished researchers, experts, and company 
representatives from different ICT fields are invited to give short presentations at the 
beginning of the breakfasts followed by a discussion on the topic. Altogether, during the 
reporting period 2018-2021, Infotech has hosted 55 ICT Research Breakfast events with 
participants ranging from 20-70 persons per event, making the event series an established 
forum for multidisciplinary research collaboration. Examples of ICT Research Breakfast 
topics include ITEE research unit overviews of ongoing research, status updates for the 6G 
Flagship program, new research initiatives and programs, and other timely topics. Figure 
4 illustrates one ICT Research Breakfast from November 2021, where Professor of Practice 
Seppo Yrjölä is giving a presentation related to 6G business models.

Figure 4. Professor of Practice Seppo Yrjölä presenting 6G business related 
research at ICT Research Breakfast hybrid event in Tellus at the University of 
Oulu in November 2021.

Infotech goes to Kontinkangas Health Campus
Infotech has organized a whole day visiting and networking event for researchers working 
mainly on the Linnanmaa campus to visit the Kontinkangas Health Science Campus 
(20.11.2019). This event included visits, e.g., to the facilities of light and electron microscopy, 
imaging spectroscopy, a tour of the Biocenter Oulu laboratories and DIOS-lab (Diagnostics 
of Osteoarthritis). There was also an introduction to the center of experimental animals. 
Additionally there was a visit to the Unit of the Pediatric Neurology/ Oulu University 
Hospital, the clinic of neurology, Nordlab, Dentopolis/Department of Dentistry, and 
Biobank Borealis. For the future, Infotech has been planning also other visits, e.g., to 
industrial sites. Professor Guoying Zhao is exploring the Dentopolis premises in Figure 5 
during the visit. 

6
—
7

76

https://www.6gflagship.com/
https://www.oulu.fi/en/artificial-intelligence-research
https://www.oulu.fi/en/cooperation/tellus
https://www.oulu.fi/en/cooperation/tellus
https://www.oulu.fi/en/university/faculties-and-units/faculty-information-technology-and-electrical-engineering
https://www.6gflagship.com/
https://www.oulu.fi/en/researchers/seppo-yrjola
https://www.oulu.fi/en/researchers/guoying-zhao


Promoting scientific research to the public
To create societal impact and promote scientific research to the public, Infotech participated 
in the development of the new Science Garden Visitor Center at the University of Oulu 
Botanical Gardens in the EKI project (European Regional Development Fund 2017–2020). 
The visitor center serves as a meeting point for the scientific community, green companies, 

and visitors. A science exhibition has been 
launched in the lobby area of the Botanical 
Gardens where different research projects of 
the University of Oulu, including Infotech, will 
be showcased.

Infotech was also one of the co-ideators of the 
university’s pop-up studio campaign in the city 
centre of Oulu during spring 2021. Infotech’s 
coordination and project members co-ideated 
and produced some topics for the pop-up 
studios e.g., “Health from AI?” (9.3.2021), “Why 
I chose Oulu” (4.2.2021).

Figure 5. Infotech goes to Kontinkangas Health 
Science Campus.

Twitter conferences
The University of Oulu’s R3 activities have developed and introduced a new Twitter 
Conference concept – a combination of research presentations, scientific communication, 
and the popularization of research. A Twitter conference is a new way to organize a 
scientific conference where anyone, anywhere can participate with no need to travel. In 
practice, conference speakers tweet their presentations from their Twitter account as a 
series of 10 tweets which the University of Oulu’s conference account (@OuluTC) retweets 
to form a coherent conference. The presentation is based on a summary of the researcher’s 
message (results or goals) and a strong visual look. 

Infotech researchers have actively contributed to University of Oulu’s Twitter conferences. 
The first Twitter conference where Infotech’s researchers were also involved was 
STARCTIC2019 (#starctic2019), focusing on Arctic Sustainability in 11.10.2019. It featured 
presentations about Arctic Sustainability from the perspective of a multitude of different 
fields of research. The conference was organized as a part of the University of Oulu’s and 
the Student Union’s Sustainable Development Week. 

The theme for the second conference was 
“Enablers for a future sustainable world” 
with the hashtag #eFuture (27.8.2020) see 
Figure 6. In this conference researchers 
at the University of Oulu presented their 
research on two themes - digital health and 
6G - which build a foundation for solutions to 
enable a sustainable world for us all. Tweets 
from the second Twitter conference were 
read 93,000 times and reached 101,000 users.

Figure 6. University of Oulu’s Twitter conference 
on Arctic Sustainability in 2019.

Meet the Top Scientist seminars
Meet the Top Scientist seminars have been piloted with Infotech during this reporting period. 
The idea is that a top scientist from one focus institute presents his/her research and discusses 
aspects such as a researcher not only become one of the most cited among their peers but 
also stays on the list of highly cited researchers amidst relentless competition. The presenters 
and audience are encouraged to have multidisciplinary discussions. Infotech’s Meet the 
Top Scientist presenters have included Professor Steven LaValle in 2019 (see Figure 7) and 
Professor Mehdi Bennis in 2022 (see Figure 8). Read more about Steven LaValle and why he 
chose Oulu here. Professor Mehdi Bennis is among the top researchers in the world, and more 
stories about Mehdi can be found here.

Figure 7. Professor Steven 
LaValle starred in Meet the 
Top Scientist seminar in 2019.
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Figure 8. Simo Kekäläinen interviewing Professor Mehdi Bennis at Meet the top 
scientist event in Tellus in May 2022.

Science lectures in SUPERNATURAL exhibition
Researchers from the University of Oulu were involved in the SUPERNATURAL 
exhibition at city of Oulu’s science center Tietomaa in 29.5-17.10.2021.  The exhibition 
was accompanied by science lectures on the interfaces between man and technology 
(Homo technologicus) where researchers from the University of Oulu discussed the latest 
opportunities offered by research related to the contents of the exhibition. Science lectures 
answered questions such as: how does virtual reality shape our minds, and what should be 
considered when creating it? Is artificial intelligence a threat or a benefit? How has imaging 
of the human body changed and is changing in science and art? What does nanotechnology 
mean and how does it enable people to make spare parts? 

Infotech speakers at science lectures included Infotech’s scientific director Simo Saarakkala 
10.10.2021 and Professor Juha Röning 26.9.2021.

Arctic AI Days 
Infotech’s AI community organized the Arctic AI Days event in 2-3 June 2022 in Lasaretti, 
Oulu, after being postponed twice due to the pandemic. The Arctic AI Days event gathered 
approximately 100+ participants on both days face-to-face and online. The program 
included University of Oulu alumni and other keynote speakers from industry and research 
fields. The University of Oulu AI community led by Academy Professor Guoying Zhao (in 
Figure 9) presented their vast AI related research – giving examples from  education, ICT, 
astronomy and many other fields. The program included a panel where the role of AI as 
an element of human learning and wellbeing was debated by professors Silvén, Järvelä, 
Nicklas and Koskimäki. The program also included company stands, a poster session with 
26 posters and 2 demonstrations, see Figures 9 and 10.

Figure 9. Professor Guoying Zhao and Research 
Director Susanna Pirttikangas opening the Arctic AI 
Days event at Lasaretti in Oulu in June 2022.

Figure 10. The Arctic AI Days featured keynote speakers, presentations and posters and attracted 100+ 
participants.
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1.4 Doctoral training related activities
Infotech has participated in the activities of the Information Technology and Electrical 
Engineering Doctoral Programme, ITEE-DP, which is one of the four official doctoral 
programs of the University of Oulu Graduate School (UniOGS). ITEE-DP supports field-
specific doctoral training activities and courses organized by the research units in the ITEE 
department, as well as across fields. 

The UniOGS provides the framework for doctoral training by promoting equal processes 
and requirements for every doctoral researcher, regardless of their doctoral degree 
program. The UniOGS provides support for doctoral researchers and their supervisors 
regarding timely degree completion of their doctoral studies. The focus institutes support 
doctoral training in their four-year research projects via funded doctoral researcher 
positions. The focus institutes also coordinate calls for the four-year funded doctoral 
researcher positions open to all applicants.

Besides participating in field-specific training, Infotech also supports doctoral training 
by organizing brainstorming events for strategic spearhead project members and 
doctoral researchers. During the brainstorming events projects present their research 
results, network with peer-researchers and some timely research issues are discussed 
and brainstormed together. The AI community has also participated in doctoral training 
activities organizing a multidisciplinary University of Oulu wide course “AI introduction” 
in autumn 2019, see Figure 11. 

Figure 11. The AI community 
organized a doctoral course titled 
“AI introduction” in autumn 2019.

As part of the doctoral training activities, Infotech organized a Doc Day event on 
31.10.2019. The Doc Day event was mainly targeted for Infotech doctoral researchers and 
their supervisors. First, we had presentations about the academic career path and about 
other careers. Then participants were divided into small groups to do some brainstorming 
around these topics. Then we had a creative afternoon session inspired by entrepreneur 
Tony Manninen. Our day ended with a workshop on supervision: roles, responsibilities and 
relationships. 

As part of early research career training,  in 2018 the University of Oulu started the 
“Class of ´18”, a tailored program for junior research group leaders for the development of 
their leadership and other skills needed in running a research or other team. Infotech has 
contributed to the Class of 18, 20, 21 and 22 events.

The Infotech Institute also actively participates in preparing funding applications for 
doctoral training. Successful funding applications have resulted in the projects: I4Future 
and I4World in H2020 and Horizon Europe MSCA-COFUND (Marie Skłodowska-Curie 
Co-funding of regional, national and international programs). Additionally,  European 
Social Fund (ESF) calls have been successful and resulted in the doctoral training projects: 
TinyTOT - Integrating Industry and business co-operation to the Development of Doctoral 
Training 2017-2020 and ExpertZones - developing the psychological well-being and 
expertise of doctoral researchers in Northern Finland 2021-2023.

An Industrial Doctorate is a new concept for carrying out collaborative doctoral research 
projects. The Industrial Doctorate concept was initiated in the TinyTOT project. In 
Industrial doctorate, the collaboration consists of a four-year project, where the research 
topic is defined together by the research unit and the company/organization.  Moreover, 
the collaborating organizational partner covers 50% of the doctoral researcher’s salary 
costs. Doctoral candidates are employed full-time by the University, but they can also work 
partly on the company’s premises. Requirements for the thesis are the same as for all other 
doctoral researchers. 

1.5 Infotech projects in numbers
In the reporting period 2018–2021, the researchers directly involved in spearhead and 
emerging research projects funded by the University of Oulu via Infotech published a total 
of 248 articles in scientific peer-reviewed journals. The PIs have also actively applied for 
competitive funding. 

Figure 12. Key figures for the Infotech research projects in 2018-2021.
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As part of the University of Oulu’s strategy for building a responsible and sustainable 
society, the relations of the Infotech projects with respect to the United Nations Sustainable 
Development Goals (UN SDGs) have also been evaluated by the PIs of the projects (see 
Figure 13). The SDGs that most relate to the Infotech projects reflect the University of 
Oulu’s focus areas of “Digitalization and smart society”, “Lifelong health” and “Sustainable 
materials and systems”. The most common SDG-related themes were number 11 
“Sustainable cities and communities”, number 9 “Industry, innovation and infrastructure” 
and number 3 “Good health and well-being”. In addition, action number 13 “Climate action” 
was linked to several projects. More details about the Infotech projects are presented in 
Chapters 2-4.

Figure 13. The relations of the Infotech projects with respect to the United Nations Sustainable 
Development Goals (UN SDGs) including the numbers of related projects. 
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2. Spearhead research projects  
 in 2018-2021
The University of Oulu’s strategic research funding in the focus area of “Digitalization and 
Smart Society” was channeled through the Infotech Oulu Focus Institute to fund twelve 
strategic spearhead projects in 2018-2021. In the following subsections, these 12 spearhead 
research projects and their key results are introduced.

2.1 Bayesian Trusted Edge Analytics - B-TEA

Responsible PIs:

JUKKA RIEKKI, Professor, Center for 
Ubiquitous Computing, Faculty of 
Information Technology and Electrical 
Engineering (ITEE)

MIKKO SILLANPÄÄ, Professor, 
Mathematical Sciences, Faculty of Science

Postdoctoral Researchers:
Teemu Leppänen
Lauri Lovén
Markku Kuismin
Ilkka Launonen
Leena Ruha

Doctoral Researcher:
Tero Lähderanta

The research of this project supports 
the following United Nations 
Sustainable Development Goals 

GROUP MEMBERS

The project in brief
The B-TEA project studied distributed AI, focusing on resource optimization in edge/
fog computing. AI methods, based on Bayesian inference, are distributed in a multi-agent 
system, where agents migrate in edge nodes based on application needs and context. The 
developed methods were evaluated in real-world applications. Figure 14 illustrates the 
B-TEA project approach for edge analytics. 

Figure 14. Edge servers partition newly observed data, transmit the partitions to their designated edge 
servers, and use the local new data for interpolation (Lovén et al. 2021).

Findings/contribution to scientific discussions
The B-TEA project has provided methods for distributed learning and inference in the 
edge-native, distributed interpolation architecture, as well as clustering methods for 
the placement of edge servers. In the publications, these methods have been evaluated 
thoroughly with extensive data sets and with appropriate statistics. Furthermore, an open-
source software package for the server placement algorithm has been developed to make 
these methods approachable for experts in different fields.

Related projects to B-TEA include the 6G Flagship (SRA3: distributed computing and 
edge intelligence (AoF, 2019);  FRACTAL ECSEL Joint Undertaking, “Cognitive Fractal 
and Secure Edge Based on Unique Open-Safe-Reliable-Low Power Hardware Platform 
Node” (2020, EC and national governments); IDUNN - A Cognitive Detection System for 
Cybersecure Operational Technologies (Horizon Europe, IA, 2021); Context-aware and 
Veracious Big Data Analytics for Industrial IoT (ABIDI) (AoF, Horizon/ERC, 2019); Coastal 
Urban Development Through the Lenses of Resilience (CUTLER) (Horizon2020, 2018); 
PRIORITY (Business Finland, 2019); and MEC-AI - Edge computing enhanced by artificial 
intelligence (Future Makers program, 2018).

Internal collaboration at the University of Oulu took place with Research Director, Adj.Prof. 
Susanna Pirttikangas, Prof. Sasu Tarkoma and Prof. Aarne Mämmelä (UBICOMP); Prof. 
Ella Peltonen (M3S); Profs. Mika Ylianttila, Erkki Harjula (CWC-NW).

International collaboration took place with Prof. Schahram Dustdar (TUWIEN), Prof. 
Giancarlo Fortino (Univ. Calabria), Prof. Luca Benini (ETHZ), and Prof. Harri Antikainen 
(Geography Research Unit).

Takeaway message
The B-TEA project has provided a solid foundation for the novel field of edge AI and edge 
intelligence, spawning multiple projects and new research directions during the process. 
Further, the project has solidified multidisciplinary co-operation between computer science 
and mathematics, creating an enduring link between the research units of UBICOMP and 
mathematical sciences.
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Computing, 153, 130-149. https://doi.org/10.1016/j.jpdc.2021.03.007
Lovén, L., Karsisto, V., Järvinen, H., Sillanpää, M. J., Leppänen, T., Peltonen, E., ... & Riekki, J. (2019). Mobile 
road weather sensor calibration by sensor fusion and linear mixed models. PloS one, 14(2), e0211702. 
https://doi.org/10.1371/journal.pone.0211702
Leppänen, T., Savaglio, C., Lovén, L., Järvenpää, T., Ehsani, R., Peltonen, E., ... & Riekki, J. (2019, December). 
Edge-based microservices architecture for Internet of Things: Mobility analysis case study. 2019 IEEE 
Global Communications Conference (GLOBECOM) (pp. 1-7). IEEE. 
https://doi.org/10.1109/GLOBECOM38437.2019.9014273
Huotari, T., Rusanen, J., Keistinen, T., Lähderanta, T., Ruha, L., Sillanpää, M. J., & Antikainen, H. (2020). 
Effect of centralization on geographic accessibility of maternity hospitals in Finland. BMC health services 
research, 20(1), 1-9. https://doi.org/10.1186/s12913-020-05222-5

Titles of completed and upcoming doctoral dissertations
Lovén, L. (2021). Spatial Dependency in Edge-Native Artificial Intelligence (Doctoral dissertation, 
University of Oulu). Acta Universitatis Ouluensis. C, Technica. Retrieved from 
http://urn.fi/urn:isbn:9789526230870
Lähderanta, T. (expected in 2023) Location-allocation and capacitated clustering methods.

2.2 Environment digitalization and interactions by embedded 
self-sustainable systems - ENTITY

Responsible PIs:

HELI JANTUNEN, Professor; KRISZTIAN KORDAS, Professor; JARI JUUTI, Adjunct Professor; 
JARI HANNU, Lecturer; SAMI MYLLYMÄKI, Adjunct Professor. Microelectronics, Faculty of 
Information Technology and Electrical Engineering (ITEE)

GROUP MEMBERS

Postdoctoral Researchers: Jarkko Tolvanen, Mikko Nelo, Jussi Putaala, Olli Pitkänen. 
Doctoral Researchers: Maria Väätäjä, Topias Järvinen, Kari Nurmi, Tuomo Siponkoski, Petra 
Palvölgyi, Mikko Kokkonen, etc.

The research of this project supports the following United Nations Sustainable 
Development Goals 

The project in brief
There is a constant need for the diversification of components, architectures and 
technologies aiming for improved functionalities of electrical devices and IoT hardware 
platforms to be utilised by society and industry. The main objective of the ENTITY project 
was to develop a platform offering self-sustainable devices which digitize surrounding 
environments and phenomena via sensor data and transmit that data wirelessly to the 
Internet for further utilization. The main research goals were to identify new materials, 
the diversification of components, and to create architectures and technologies aiming 
for improved functionalities of electrical devices taking into account the sustainability in 
all levels. This covered energy or power management, energy harvesting, energy saving, 
versatile sensing, materials’ development, and data transfer solutions. The main methods 
addressed in the Entity project were as follows: applications utilizing the Internet of Things 
(IoT) along with wearable electronics; wireless and autonomous devices; electrical power 
for sensing, transduction, data processing and transmission and actuation; green energy 
technologies including both harvesting and storage; a large portfolio of enabling materials/
structures; integration technologies; autonomous devices and overall sustainability. Figure 
15 illustrates the project approach. 
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Figure 15. The ENTITY project approach.

Researchers’ other projects as examples
The ENTITY researchers also implemented related research projects including Funcomp 
(ERC POC) for new material components with room temperature fabrication; Novidam 
(ERDF) for additive manufacturing of electronics; PII (Academy of Finland) focusing 
on a research infrastructure for printed electronics; Smart Skin (Business Finland) for 
multifunctional, self-sustainable components; Green Electronics (Business Finland) 
for integrated green electronics; Smart Dam (Business Finland) for remote water level 
measurement; and Energy Self-Sustainable Systems (Business Finland).

Findings/contribution  to scientific discussions 
The ENTITY project has advanced the research and development of integrated sustainable 
electronics in the Microelectronics Research Unit at the University of Oulu. Especially 
additive manufacturing, fabrication techniques with low energy consumption, energy 
harvesting with integrated sensing, remote measurements have progressed. These 
advancements have partly supported new competitive funding covering the ERC Starting 
Grant, Academy of Finland projects, Business Finland projects and other funds like 
Erkko and Future Makers’ Foundations, Interreg, contract service, etc. Several scientific 
breakthroughs have also been achieved in the ENTITY project covering the room 
temperature fabrication of functional ceramics (ultimate energy saving) for telecoms 
and sensing purposes, ultra-low permittivity and wood-based moldable structures for 6G 
applications, self-sustainable sensors for human monitoring, and universal self-healing 
materials especially for electronics that can autonomously heal in harsh environments. 
These breakthroughs have already produced two patent families, a number of patents, 
patent applications and invention disclosures, while there is more to come, and one patent 
has been licensed out. Multi-nationality and multi-disciplinarity are a seamless part of 
the ENTITY project, whose PIs and researchers with different nationalities have highly 
versatile backgrounds in physics, organic and inorganic chemistry, mechanical, electrical 
and measurement engineering, material science, telecommunication. National cooperation 
covers almost all Finnish universities, University of Oulu internal partnerships, and 
collaboration with about 40 companies. Globally, ENTITY partners have been from the US, 
Sweden, Taiwan, France, Portugal, UK, Japan, etc.

Takeaway message
The ENTITY project was created totally from the bottom-up innovativeness of the 
Microelectronics Research Unit with an outlook for scientific challenges and industrial 
needs. Spearhead project funding is an excellent example where success and breakthroughs 
can be achieved within a broad research topic needing expertise with highly versatile 
backgrounds.

Top five publications
Tolvanen, J., Nelo, M., Hannu, J., Juuti, J., Jantunen, H. (2021). All-Around Universal and Photoelastic Self-
Healing Elastomer with High Toughness and Resilience. Advanced Science, 8, 2103235. 
https://doi.org/10.1002/advs.202103235
Kokkonen, M., Myllymaki, S., Putaala, J., Jantunen, H. (2022). A Resonator Enhanced UHF RFID Antenna 
Cable for Inventory and Warehouse Applications. IEEE Journal of Radio Frequency Identification, 6, pp. 
128 – 133. https://doi.org/10.1109/JRFID.2021.3135047
Kilpijarvi, J., Tolvanen, J., Juuti, J., Halonen, N., Hannu, J. (2020). A Non-Invasive Method for Hydration Sta-
tus Measurement with a Microwave Sensor Using Skin Phantoms. IEEE Sensors Journal, 20 (2), art. no. 
8861016, pp. 1095 – 1104. https://doi.org/10.1109/JSEN.2019.2945817
Pálvölgyi, P.S., Sebők, D., Szenti, I., Bozo, E., Ervasti, H., Pitkänen, O., Hannu, J., Jantunen, H., Leinonen, M.E., 
Myllymäki, S., Kukovecz, A., Kordas, K. (2021). Lightweight porous silica foams with extreme-low dielectric 
permittivity and loss for future 6G wireless communication technologies. Nano Research, 14 (5), pp. 1450 
– 1456. https://doi.org/10.1007/s12274-020-3201-2
Ervasti, H., Järvinen, T., Pitkänen, O., Bozó, É., Hiitola-Keinänen, J., Huttunen, O.-H., Hiltunen, J., Kordas,
K. (2021). Inkjet-Deposited Single-Wall Carbon Nanotube Micropatterns on Stretchable PDMS-Ag 
Substrate-Electrode Structures for Piezoresistive Strain Sensing. ACS Applied Materials and Interfaces, 
13 (23), pp. 27284 – 27294. https://doi.org/10.1021/acsami.1c04397

Titles of completed and upcoming doctoral dissertations
Pitkänen, O. (2019). On-device synthesis of customized carbon nanotube structures (Doctoral 
dissertation, University of Oulu). Acta Universitatis Ouluensis. C, Technica. Retrieved from 
http://urn.fi/urn:isbn:9789526223179
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2.3 IoT Localization Systems Using Shared Access in 
Radar Bands – IOTRAD

GROUP MEMBERS

Responsible PIs: 
 
JANNE LEHTOMÄKI, Adj. Prof., Faculty 
of Information Technology and Electrical 
Engineering (ITEE)

ZAHEER KHAN, Adj. Prof., Faculty of 
Information Technology and Electrical 
Engineering (ITEE)

Doctoral Researchers:
Su Pyae Sone
Zunera Javed

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief 
Internet of Things (IoT) networks generate large amounts of data which cannot be 
accommodated with the current licensed/unlicensed spectrum as it suffers from 
congestion. Spectrum bands that are currently used by radar systems are a potential 
candidate for sharing between wireless communication systems and radar systems. Shared 
access in the radar spectrum for IoT was investigated in the IOTRAD project looking into 
the suitability of shared spectrum access between different rotating radars and the IoT 
network. The spectrum sharing with radars is motivated by the fact that radar systems are 
allocated large chunks of spectrum below 6 GHz which is highly suited for various wireless 
communication systems/IoT. In sharing with radar systems, it is of utmost importance to 
protect the operation of the radars. In order to do this more effectively, the project studied 
wireless traffic time series forecasting based on machine learning. For practical sharing 
with radars, spectrum monitoring devices with an environmental sensing capability (ESC) 
are needed. The project also focused on the implementation of low-cost monitoring devices 
with ESC. These can be combined with time series forecasting for effective radar protection 
from smart devices/IoT. The project also considered eliciting truthful data for making more 
reliable predictions. If this aspect is not considered, the protection of systems such as radars 
could be compromised. Figure 16 illustrates spectrum sharing between radar and IoT 
systems. 

Figure 16 . The proposed system diagram. Reproduced under CC BY 4.0 License from “Proactive Radar 
Protection System in Shared Spectrum via Forecasting Secondary User Power Levels”, IEEE ACCESS, 
©2022, Authors.

Findings/contribution to scientific discussions
The project contributed to the scientific discussion via scientific papers and by open 
sourcing a large wireless networks time-series data set. This project contributed to
the scientific discussion not only through theoretical considerations but by actually 
implementing a prototype ESC device on a Wireless Open-Access Research Platform 
(WARP) node. The performance of the implemented device was investigated showing that 
with a very high probability, it detects and differentiates between radar and secondary 
signals.

Takeaway message
Spectrum sharing with radars for smart devices/IoT to support their applications such as 
localization is going to at least partially solve the issue of ever-increasing data consumption 
and the need for connectivity.

Top five publications
Khan, Z., Lehtomäki, J. J., Hossain, E., Latva-Aho, M., & Marshall, A. (2018). An FPGA-Based 
Implementation of a Multifunction Environment Sensing Device for Shared Access With Rotating Radars. 
In IEEE Transactions on Instrumentation and Measurement (Vol. 67, Issue 11, pp. 2561–2578).
https://doi.org/10.1109/TIM.2018.2828718
Khan, Z., & Lehtomäki, J. J. (2020). FPGA-Assisted Real-Time RF Wireless Data Analytics System: Design, 
Implementation, and Statistical Analyses. In IEEE Access (Vol. 8, pp. 4383–4396).
https://doi.org/10.1109/ACCESS.2019.2962200
Sone, S. P., Lehtomäki, J., Khan, Z., Umebayashi, K., & Javed, Z. (2022). Proactive Radar Protection System 
in Shared Spectrum via Forecasting Secondary User Power Levels. In IEEE Access (Vol. 10, pp. 40367–
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40380). https://doi.org/10.1109/ACCESS.2022.3166844
Sone, S. P., Lehtomäki, J. J., & Khan, Z. (2020). Wireless Traffic Usage Forecasting Using Real Enterprise 
Network Data: Analysis and Methods. In IEEE Open Journal of the Communications Society (Vol. 1, pp. 
777–797). https://doi.org/10.1109/OJCOMS.2020.3000059
Javed, Z., Khan, Z., Lehtomäki, J. J., Ahmadi, H., & Hossain, E. (2020). Eliciting Truthful Data From 
Crowdsourced Wireless Monitoring Modules in Cloud Managed Networks. In IEEE Access (Vol. 8, pp. 
173641–173653). https://doi.org/10.1109/ACCESS.2020.3022569

Titles of completed and upcoming doctoral dissertations
Sone, S. P. (2022). Proactive Resource Allocation in Spectrum Sharing with Radar System via ML-based 
Wireless Network Time Series Forecasting, doctoral dissertation, University of Oulu.
http://urn.fi/urn:isbn:9789526235141
Javed, Z. Truthful and Strategic Data Elicitation Techniques for Wireless Networks, upcoming doctoral 
dissertation, University of Oulu.

2.4 Personalization, Privacy and Quality Control for MaaS with 
Blockchain – TrustedMaaS

GROUP MEMBERS

Responsible PI: SUSANNA PIRTTIKANGAS, Research Director, 
Center for Ubiquitous Computing, Faculty of Information Technology 
and Electrical Engineering (ITEE) 
 
 
Postdoctoral Researcher:
Juha Partala

Doctoral Researcher:
Tri Nguyen

The research of this project supports 
the following United Nations 
Sustainable Development Goals

The project in brief 
Mobility as a Service (MaaS) is a unifying platform for different transport services for 
a personalized journey with a single ticket. Blockchain is a distributed and immutable 
transaction ledger that provides trust between two actors without a need for a trusted 
third party. Blockchain is a clear candidate technology to solve some of the challenges 
presented in current MaaS platform implementations. The TrustedMaaS project explored 
how Blockchain technology could serve as a part of current MaaS platforms in order to 
mitigate some of the existing technological problems related to performance, privacy and 
security, and speed up commercial transactions and maximize the revenues of different 
stakeholders. The project aimed at more accurate and timely predictability of user behavior 
and the related costs in MaaS. The project provided solutions for enhanced flexibility, 
privacy, and security. Decentralized solutions have not yet attracted different MaaS 
stakeholders, though. However, in the project, a more general vision of a blockchain-based 
service market was created. Other use cases were identified, e.g. in the intersection of 6G 
and blockchain enabling emerging 6G services. The project was performed in close co-
operation with industry and academia. The project is a part of the 6G Flagship Strategic 
Research Area of Distributed Intelligence. Figure 17 illustrates block-chain based MaaS. 

Figure 17. A vision of a 
blockchain-based MaaS 
(service market) replacing 
central operators and enabling 
peer-to-peer-trade.
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Findings/contribution to scientific discussions
The TrustedMaaS project provided results to enable trusted and distributed blockchain-
based service markets. In our vision, such a service market (e.g. mobility-as-a-service) can
be an application of edge computing with a decentralized nature. We investigated private 
and secure communication using blockchain technology and published a novel method
to support the collaboration between service providers instead of using a centralized 
platform. As the information in a blockchain needs to be accessible to all in order to verify
its validity, the identities of the users can be found with different techniques. In this project, 
an extensive survey on non-interactive zero-knowledge arguments for the protection
of privacy in blockchain and smart contract applications was conducted and published. 
Furthermore, a discussion on the privacy of blockchain applications in the emerging 6G 
service market was published. We also studied the properties of fundamental building 
blocks for blockchains, cryptographic hash functions. According to our results, the hash 
function in differentiability does not guarantee the structural integrity of the hash 
algorithm in the standard model. Furthermore, analysis of the security of digital signatures 
(a building block for transactions) in relation to quantum computing and 6G was made. All 
in all, the main aspects of blockchain technology, including the architecture, data models, 
vulnerabilities, and applications related to the mobile network and the service market
were studied and implemented in this project. We have set up two testing environments to 
compare and verify the performance of our solutions (Hyperledger Fabric and Ethereum).
In our current research, we are studying the intersection of 6G and blockchain for novel 6G 
services and increasing the energy-efficiency of the blockchain solutions.

Several visits were made during this project. The findings from this project have been 
implemented in two different courses in the ITEE Computer Science curriculum. The 
fundamentals of blockchain technology were incorporated into the course “Modern
cryptography” taught by Juha Partala and “Distributed Systems” taught by Xiang Su and 
included in the degree program. The project has consulted, negotiated and received sparring 
from the following companies and organizations: PAYIQ, Maas Global, Urban Go, Oulu city.

Takeaway message
This project provided results to enable trusted and distributed blockchain-based service 
markets. The findings from this project have been implemented in two different courses in 
the ITEE Computer Science curriculum.

Top five publications
Nguyen, H., Nguyen, T., Leppänen, T., Partala, J., & Pirttikangas, S. (2022) Situation Awareness for 
Autonomous Vehicles Using Blockchain-based Service Cooperation. In 2022 Springer 34th International 
Conference on Advanced Information Systems Engineering. Springer. 
https://doi.org/10.1007/978-3-031-07472-1_29
Nguyen, T., Lovén, L., Partala, J., & Pirttikangas, S. (2021). The Intersection of Blockchain and 6G 
Technologies. In 6G Mobile Wireless Networks (pp. 393-417). Springer, Cham. 
https://doi.org/10.1007/978-3-030-72777-2_18
Partala, J., Nguyen, T. H., & Pirttikangas, S. (2020). Non-interactive zero-knowledge for blockchain: A 
survey. IEEE Access, 8, 227945-227961. https://doi.org/10.1109/ACCESS.2020.3046025
Nguyen, T., Tran, N., Loven, L., Partala, J., Kechadi, M. T., & Pirttikangas, S. (2020, March). Privacy-aware 
blockchain innovation for 6G: Challenges and opportunities. In 2020 2nd 6G Wireless Summit (6G 
SUMMIT) (pp. 1-5). IEEE. https://doi.org/10.1109/6GSUMMIT49458.2020.9083832
Nguyen, T. H., Partala, J., & Pirttikangas, S. (2019, July). Blockchain-based mobility-as-a-service. In 2019 
28th international conference on computer communication and networks (ICCCN) (pp. 1-6). IEEE. 
https://doi.org/10.1109/ICCCN.2019.8847027

2.5 Prediction and Decision Support Systems for Knee Osteoarthritis

Responsible PIs:

SIMO SAARAKKALA, Professor, Medical 
Imaging, Physics and Technology (MIPT), 
Faculty of Medicine  

MIIKA NIEMINEN, Professor, Medical Imaging, 
Physics and Technology (MIPT), Faculty of 
Medicine 

GROUP MEMBERS
Postdoctoral Researchers:
Neslihan Bayramoglu
Victor Casula
Aleksei Tiulpin

Doctoral Researcher:
 Egor Panfilov

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief 
Osteoarthritis (OA) is the most common joint disease. In addition to reduced quality of life, 
OA imposes a large economic burden on society. Despite extensive research, the etiology 
of OA is still poorly understood, and progression is difficult to predict. Identification of 
patients with knee symptoms that who will not benefit from evaluation or treatment in 
specialized healthcare (e.g., MRI or surgery) could promote significant cost savings to 
the healthcare system and, moreover, save patients from unnecessary examinations or 
treatments. Currently, however, sufficient clinical prediction models and decision support 
systems for OA are lacking. The objective of the project was to develop and validate a 
set of computational models for the diagnostics of OA, and the prediction of OA onset 
and progression. Figure 18 shows a schematic overview of the computational methods 
developed and studied within the project. The studies addressed two core research 
directions: I - automatic osteoarthritis (OA) detection and severity grading from clinically 
acquired knee radiographs (Bayramoglu et al. 2020, 2021, 2022), and II - AI-based 
extraction of new imaging biomarkers from magnetic resonance imaging data for OA 
progression prediction and monitoring (Panfilov et al 2019, 2022).

The aim of the produced tools was to find informative risk factors and determinants of 
knee OA and its progression, thus supporting the clinical research and eventually clinical 
decision making. In the development and validation phases of the project, multiple 
datasets were used, including the publicly available cohorts. To develop computational 
models for diagnostics and progression prediction, state-of-the art machine learning (deep 
learning) and computer vision algorithms were extensively used. We employed methods 
for classification and semantic segmentation of images, adversarial training for domain 
adaptation, image registration, and more.
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Findings/contribution to scientific discussions 
We investigated: 1) the effect of the placement of the region-of-interest (ROI) for the texture 
analysis of subchondral bone in knee radiographs (XRs), and 2) the ability of several texture 
descriptors to distinguish between the knees with and without radiographic osteoarthritis 
(OA). We proposed a fully automated method to locate the most informative SB ROI in plain 
XRs using adaptive segmentation. Compared to the current state-of-the-art approaches, 
our results suggest that the proposed adaptive ROI approach in the texture analysis of 
subchondral bone can increase the diagnostic performance to detect the presence of 
radiographic OA.

We further developed a deep learning method for the assessment of radiographic 
patellofemoral (PF) OA status from knee lateral view XRs and assessed the ability of deep 
imaging features to predict PFOA. Our model had superior discriminative ability over models 
using patient characteristics and clinical assessments. In another study, we proposed a novel 
automated method, based on a combination of joint shape and convolutional neural network 
(CNN) based bone texture features, to distinguish between the knee radiographs with and 
without radiographic osteoarthritis. 

We also investigated the automated texture analysis of the patella from lateral view 
radiographs. Specifically, we studied whether texture features can be used to distinguish the 
knees with definite radiographic PFOA from healthy knee XRs. We developed an accurate 
automatic method for knee cartilage morphometry from magnetic resonance imaging (MRI) 
data. The first study on this topic introduced a deep learning-based approach for cartilage 
segmentation that was systematically compared to the best prior methods demonstrating a 
superior performance. In the latest study we developed a method for the automatic extraction 
of imaging biomarkers directly from MRI data, contrary to the more conventional multi-
stage feature extraction.  

Figure 18. Schematic overview of the computational methods developed and studied within the project.

Takeaway message
Our studies suggested that osteoarthritis (OA) diagnostics with knee radiographs and 
magnetic resonance imaging (MRI) data is feasible in a fully automated manner with high 
performance. For OA progression prediction, however, more work is required to combine 
the multimodal, longitudinal, and causal aspects of the data, along with state-of-the-art 
medical knowledge on OA phenotypes.

Top five publications 
Bayramoglu, N., Tiulpin, A., Hirvasniemi, J., Nieminen, M. T., & Saarakkala, S. (2020). Adaptive segmentation 
of knee radiographs for selecting the optimal ROI in texture analysis. Osteoarthritis and cartilage, 28(7), 
941-952. https://doi.org/10.1016/j.joca.2020.03.006
Bayramoglu, N., Nieminen, M. T., & Saarakkala, S. (2021). Automated detection of patellofemoral 
osteoarthritis from knee lateral view radiographs using deep learning: data from the Multicenter 
Osteoarthritis Study (MOST). Osteoarthritis and Cartilage, 29(10), 1432-1447.  
https://doi.org/10.1016/j.joca.2021.06.011
Bayramoglu, N., Nieminen, M. T., & Saarakkala, S. (2022). Machine learning based texture analysis of patella 
from X-rays for detecting patellofemoral osteoarthritis. International journal of medical informatics, 157, 
104627. https://doi.org/10.1016/j.ijmedinf.2021.104627
Panfilov, E., Tiulpin, A., Klein, S., Nieminen, M. T., & Saarakkala, S. (2019). Improving robustness of deep 
learning-based knee MRI segmentation: Mixup and adversarial domain adaptation. In Proceedings of the 
IEEE/CVF International Conference on Computer Vision Workshops (pp. 0-0).  
https://doi.org/10.1109/ICCVW.2019.00057
Panfilov, E., Tiulpin, A., Nieminen, M. T., Saarakkala, S., & Casula, V. (2022). Deep learning-based 
segmentation of knee MRI for fully automatic subregional morphological assessment of cartilage tissues: 
Data from the Osteoarthritis Initiative. Journal of Orthopaedic Research®, 40(5), 1113-1124.  
https://doi.org/10.1002/jor.25150

Titles of completed and upcoming doctoral dissertations
Upcoming: Egor Panfilov, “Prediction of osteoarthritis progression via deep learning and multimodal data 
fusion” (tentatively in 2023).
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2.6 Proactive and Context-Aware Networks under Reliability and 
Latency Constraints - NOOR

GROUP MEMBERS

Responsible PI: 
  
MEHDI BENNIS, Professor, CWC-Radio 
Technologies, Faculty of Information 
Technology and Electrical Engineering (ITEE) 

The project in brief 
The overarching goal of this project was to lay down the theoretical and algorithmic 
foundations for massive, low-latency, ultra-reliable and proactive wireless networks. 
Ensuring ultra-reliable and low-latency communication (URLLC) for 5G wireless networks 
and beyond mandates a departure from expected utility-based network design approaches, 
in which relying on average quantities (e.g., average throughput, average delays and 
average response times) is a necessity. Instead, a principled and scalable framework, which 
takes into account delay, reliability, packet size, network architecture, and topology (across 
access, edge, and core) and decision making under uncertainty is lacking. The questions 
addressed in the project were how to train machine learning (ML) models in a totally 
distributed manner under resource constraints to ensure reliability and low-latency. Figure 
19 illustrates the vision, challenges and key enablers related to URLLC.

Postdoctoral Researcher:
Anis ElGabli
Doctoral Researchers:
Hamid Shiri

Figure 19. URLLC vision, challenges, and key enablers.

Mounssif Krouka

The research of this project 
supports the following 
United Nations Sustainable 
Development Goals

Findings/contribution to scientific discussions
The objectives of the NOOR project were to lay down the theoretical and algorithmic 
principles of distributed and communication ML over and for wireless networks. The 
project has provided a significant number of publications, invited guest speeches
and tutorials at prestigious IEEE conferences, creating a real scientific impact. These 
publications were both theoretical in nature while having an impact on real-world 
applications. The research is continuing beyond the lifetime of the project. In terms of key 
findings, we proposed novel ML algorithms that are communication efficient and at the 
same time ensure privacy. We also showed how split learning can allow joint inference 
between devices and servers for low-latency applications.

A few EU proposals were submitted in April 2022. Scientific breakthroughs were made on 
how to provide fast and robust training methods when resources are taken into account. 
The main focus has been on how multiple agents or devices collaboratively train a model
to solve a given task. The project has promoted multi-disciplinarity such that the entire 
project cuts across statistics, wireless communication and ML/AI domains. International 
collaboration was started with Purdue University in the context of edge ML over wireless 
networks.

Takeaway message
The proposed machine learning (ML) algorithms for wireless networks that are 
communication efficient and at the same time ensure privacy can be applied to various 
applications beyond the scope of this project, for instance in the case of edge AI where 
data is private and application requirements mandate fast and robust training. The lessons 
learned include that going back to fundamentals is more important than starting with 
applications.

Top five publications
Elgabli, A., Park, J., Bedi, A.S., Bennis, M., Aggarwal, V., (2020). GADMM: Fast and Communication Efficient 
Framework for Distributed Machine Learning. J. Mach. Learn. Res. 21 (76), 1-39. https://jmlr.org/papers/v21
/19-718.html 
Issaid, C.B., Elgabli, A., Park, J., Bennis, M., Debbah, M. (2022). Communication Efficient Decentralized 
Learning Over Bipartite Graphs. IEEE Transactions on Wireless Communications. 
https://doi.org/10.1109/TWC.2021.3126859.
Krouka, M., Elgabli, A., Issaid, C.B., Bennis, M. (2021). Energy-efficient model compression and splitting for 
collaborative inference over time-varying channels. 2021 IEEE 32nd Annual International Symposium on 
Personal, Indoor and Mobile. https://doi.org/10.1109/PIMRC50174.2021.9569707
Krouka, M., Elgabli, A., Issaid, C., Bennis, M. (2021). Communication-Efficient Split Learning Based on Ana-
log Communication and Over the Air Aggregation. arXiv preprint arXiv:2106.00999. 
https://doi.org/10.1109/GLOBECOM46510.2021.9685045
Elgabli, A., Issaid, C.B., Bedi, A.S., Bennis, M., Aggarwal, V. (2021). Energy-Efficient and Federated Meta-
Learning via Projected Stochastic Gradient Ascent, arXiv preprint arXiv:2105.14772. 
https://doi.org/10.48550/arXiv.2105.14772

Titles of completed and upcoming doctoral dissertations
There will be two thesis coming up next year 2023 (M. Krouka and H. Shiri)
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2.7 Sensor Within: Harnessing Human Biology for Sensing 
Applications

GROUP MEMBERS

 Responsible PIs:

JUHA RÖNING, Professor, Biomimetics 
and Intelligent Systems Group, Faculty 
of Information Technology and Electrical 
Engineering (ITEE)

SEPPO VAINIO, Professor, Faculty of 
Biochemistry and Molecular Medicine, 
Kvantum Institute

Postdoctoral researchers:
Nsrein Ali
Geneviève Bart
Anatoliy Samoylenko
Pekka Siirtola
Lauri Tuovinen

Doctoral Researcher:
Tirthankar Paul

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief
The natural signaling within the human and animal body elements includes signaling 
between cells. This happens throughout the body by means of nano size vesicles called 
exosomes vesicles (EV). These carry with them a wealth of information about the body 
and its organs status, including physiology and the onset of diseases, with demonstrated 
potentialities. Exploiting this may represent a consistent step beyond the parameters that 
currently can be tracked (hearth rate, breath rate, pulse oximetry, muscle activity through 
EMG, motion through accelerometers, etc.), and may offer about 12,000 parameters to 
be followed within but also outside the clinical environment. The proposed framework 
includes non-invasive access to human body parameters and their envisaged access 
for personalized medicine services. Further, expected exploitation of the results and 
technologies include critical applications such as novel means of bio authentication 
exploiting the uniqueness of cell-originated traces (e.g., DNA/RNA species), as well as 
visionary paths like the bio-Internet of Things up to social interaction including bio arts. 

In a nutshell, life status is measured by “living/vital “sensors”, hence “Life is measured with 
life”. We have now established protocols to move on to a large scale also with “decentralized 
clinical trials” with our established “smart plaster” solutions (see the left side of Figure 20) 
in conditions that enable sample collection with or with exercise and while conducting all 
activities in everyday life including sports and contact games. Moreover, we can induce 
sweating experimentally also in with clinically already used technology and with drugs. 
This allows us now to proceed to address EV molecular analytes in controls and the elderly 
and babies, given that the tools applied are clinically verified (see the middle figures of 
Figure 20). We envision that the solutions also already used in the clinic to track patients 
based on QR codes will serve as a way to easily biobank patient samples routinely of the 
patients entering the clinic (see the right side of  Figure 20).

Figure 20. Approach to harnessing human biology for sensing applications.

Findings/contribution to scientific discussions
The PIs have filed a patent application regarding a method for obtaining biomarkers from 
cells. These natural “sensors” present in the body can be accessed through the proposed 
technology. Information conveyed by the exosomes from the inside of cells is carried 
in body fluids, including sweat. It is therefore possible to collect this information non-
invasively directly from the skin. The collected information reveals a range of variables 
of human life. This does not only include health and well-being related parameters, but it 
also messages about emotions. This offers novel possibilities for live bio tracking and new 
modalities for gaming via the emerging bioelectronic solutions.

Genetic information from DNA and miRNA is found in the exosomes included in the 
sweat collected from the skin. The pandemic virus from the inter and intra-family virus 
sequences has been detected using this method. The GeneCellNano Flagship is developing 
new biological drugs, so-called ATMP products, biomarkers and diagnostics for diseases 
with unmet clinical needs.

Takeaway message
The natural “sensors” present in the body can be accessed through the proposed technology. 
Information conveyed by the exosomes from the inside of cells is carried in body fluids, 
including sweat. It is therefore possible to collect this information non-invasively directly 
from the skin.

 
Top five publications
Paul, T., Vainio, S., & Roning, J. (2022). Detection of Intra-family Coronavirus Genome Sequences
Through Graphical Representation and Artificial Neural Network. Expert Systems with Applications, 194 
(December 2021), 116559. https://doi.org/10.1016/j.eswa.2022.116559
T Paul, S Vainio, J Roning, (2020) Clustering and classification of virus sequence through music 
communication protocol and wavelet transform, Genomics, 2020, ISSN 0888-7543. 
https://doi.org/10.1016/j.ygeno.2020.10.009
Monteiro-Reis et al. (2021). Secreted Extracellular Vesicle Molecular Cargo as a Novel Liquid Biopsy Diag-
nostics of Central Nervous System Diseases. Int J Mol Sci. 2021 Mar 23;22(6):3267. 
https://doi.org/10.3390/ijms22063267
Perevedentseva et al. (2020). Au nano star nanoparticle as a bio-imaging agent and its detection and visu-
alization in biosystems. Biomed Opt Express. 2020 Sep 25;11(10):5872-5885. https://doi.org/10.1364/
BOE. 401462
Andjus et al. (2020). Extracellular Vesicles as Innovative Tool for Diagnosis, Regeneration and Protection 
against Neurological Damage. Int J Mol Sci. 2020 Sep 18;21(18):6859. https://doi.org/10.3390/ijms
21186859

Titles of completed and upcoming doctoral dissertations:
Genome (Coronavirus and Sweat) Analysis with Machine Learning Algorithms. Tirthankar Paul
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2.8 Sparsity-Aware Online Signal Processing with Compressive 
Sensing – PROVING

GROUP MEMBERS

Responsible PI: 

MARIAN CODREANU, Adjunct Professor, 
CWC-Radio Technologies,Faculty of 
Information Technology and Electrical 
Engineering (ITEE)

Doctoral Researchers:

Markus Leinonen
Mohammad Moltafet
Mohammad Hatami

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief
Emerging compressed sensing (CS) theory provides fundamentally new ways for 
acquisition, compression, transmission, processing, storage, and sharing of data. The goal 
of the project was to derive customized algorithms for two CS applications: 1) compressive 
wireless sensor networks for automatic process monitoring; in which sensors wirelessly 
convey compressive measurements to a central processor which detects anomalies in the 
monitored process (in real time) and 2) high resolution image & video signal reconstruction 
from block compressive measurements; in which the main challenge stems from the fact 
that the measurements vector corresponding to the entire image/video signal is too large to 
be processed all at once. 

Findings/contribution to scientific discussions
Since information signals are often continuous the digital communication of compressive 
measurements requires quantization. In such a quantized compressed sensing (QCS) 
context, this project studied the joint optimization of the remote acquisition of a sparse 
source through vector quantized noisy compressive measurements together with a 
reconstruction algorithm.

We developed a deep encoder-decoder architecture, consisting of an encoder deep neural 
network (DNN), a quantizer, and a decoder DNN, that realizes low-complexity vector 
quantization aiming at minimizing the mean-square error of the signal reconstruction 
for a given quantization rate. We devised a supervised learning method using stochastic 
gradient descent and backpropagation to train the system blocks. 

We also considered the problem of compressive sensed video-signal recovery via an 
iterative thresholding algorithm. Traditionally, some fixed representation basis (or 
sparsifying transform) is applied at each iteration of the algorithm. In order to improve 
the recovery performance, at each iteration the thresholding was applied for different 

transforms to obtain several estimates for each pixel. Then the resulting pixel value is then 
computed based on obtained estimates using simple averaging. However, calculation of the 
estimates leads to significant increase in reconstruction complexity. Therefore, we proposed
a heuristic approach, where at each iteration only one transform is randomly selected from 
a set of transforms.

We have addressed the problem of optimized data gathering in time-critical Internet
of Things (IoT) applications such as process monitoring and control systems, where the 
information freshness is of paramount importance. Specifically, we considered an IoT-
based status update system with multiple users, multiple energy harvesting sensors, and 
a wireless edge node. We aimed to find the best action of the edge node to minimize the 
age of information of the served measurements. The project also facilitated academic 
collaboration with two world class research groups: Prof. G. Giannakis, University of 
Minnesota, USA and Prof. G. Kramer, Technical University of Munich, Germany.

Top five publications
Leinonen, M., Codreanu M., Giannakis, G. B. (2019), Compressed Sensing with Applications in 
Wireless Networks. Foundations and Trends® in Signal Processing: Vol. 13: No. 1-2, pp 1-282, ISBN: 
19328346. http://dx.doi.org/10.1561/2000000107
Belyaev, E., Codreanu, M., Juntti, M., Egiazarian, K. (2020). Compressive sensed video recovery via iterative 
thresholding with random transforms. IET Image Processing, vol. 14, no. 6, pp. 1187-1199, May 2020. https
://doi.org/10.1049/iet-ipr.2019.0661
Leinonen, M., Codreanu, M. (2020). Low-complexity vector quantized compressed sensing via deep neural 
networks. IEEE Open Journal of the Communications Society, vol. 1, pp. 1278–1294, Aug. 2020. 
https://doi.org/10.1109/OJCOMS.2020.3020131
Moltafet, M., Leinonen, M., Codreanu, M. (2021). Average AoI in multi-source systems with source-aware 
packet management,” IEEE Transactions on Communications, vol. 69, pp. 1121–1133, Feb. 2021. 
https://doi.org/10.1109/TCOMM.2020.3036672
Hatami, M., Leinonen, M., Codreanu, M. (2021). AoI minimization in status update control with energy 
harvesting sensors. IEEE Transactions on Communications, vol. 69, no. 12, pp. 8335–8351, Dec. 2021. 
https://doi.org/10.1109/TCOMM.2021.3114681

Titles of completed and upcoming doctoral dissertations
Moltafet, M. (2021). Information Freshness in Wireless Networks, June 2021, ISBN 978-952-62-2991-1. 
http://jultika.oulu.fi/files/isbn9789526229911.pdf
Hatami, M. Machine Learning Methods for Next Generation Wireless IoT Networks (expected in 2023).
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2.9 Towards Reading Micro-expressions in the Real World

Responsible PI: 
 
GUOYING ZHAO, Academic Professor, 
Center for Machine Vision and 
Signal Analysis (CMVS),Faculty of 
Information Technology and Electrical 
Engineering (ITEE)

Postdoctoral Researchers:
Xiaobai Li
Nhat Vo
Kevin Homan Cheng

Doctoral Researchers:
Yante Li
Muzammil Behzad
 
The research of this project 
supports the following 
United Nations Sustainable 
Development Goals

The project in brief
Facial micro-expressions (MEs) are a special form of spontaneous facial expressions which 
may occur when people try to hide their true feelings. MEs are important clues which 
can be used to reveal people’s true feelings and have many potential applications, such 
as in clinical diagnoses and online education. However, MEs are difficult or impossible 
to capture with the naked eye as they are very short, fleeting and subtle. The objective of 
the project was to combine our expertise on computer vision research with theory and 
guidance from psychology and learning technology to develop camera-based methods and 
technologies for reading micro-expressions in real-world applications. ME detection and 
recognition were investigated to determine indications of emotions from human faces. 
Furthermore, the detection of facial action units (AUs) and their mapping to emotions 
were explored for better understanding of emotions. In addition, we studied 3D/4D facial 
expressions from multi-views to combat the inherent problems of processing 2D facial 
images, e.g., issues with out-of-plane motions, head pose variations, and illumination. 
Different common facial expressions are shown in Figure 21. A new 4D ME dataset was 
collected which can be used for developing 4D-based approaches or exploring the fusion of 
multiple video sources for the task of ME analysis in the future. The project was connected 
to another Business Finland project “Quantifying human experience for increased 
intelligence within work teams and in the customer interface” and the Academy of Finland 
ICT 2023 project “Context-aware autonomous neural network learning”.

Figure 21. Different common facial expressions from right to left: one example facial expression in 2D, one 
example micro-expressions (ME) in 2D, an example ME in a 3D sequence, and an ME in a 3D sequence 
without texture.

GROUP MEMBERS

Findings/contribution to scientific discussion
The research in this project has led to many publications in conferences and journals. A
new dataset was collected and published and many new computer vision, and machine 
learning algorithms were proposed and developed. Firstly, we collected a new ME dataset 
including 4D data (3D+temporal) along with three other video modalities which has good 
potential for future use and applicability in many corresponding studies. It is the first 4D 
ME dataset which can contribute to emotion understanding from multiple views and will 
open new avenues in research. Besides the dataset, we did the first work developing facial 
AU detection methods to look precisely at muscle movements on face and further explore 
the relationship between facial muscle movements and MEs to better understand emotions. 
We provided the baselines for ME-AU detection and indicated that recognizing MEs with 
AU detection will be a fruitful future direction for research.

We also studied 3D/4D facial (micro-) expression analysis with multi-view collaboration. 
We designed suitable representations from these higher dimensional facial geometries 
which can help in developing effective systems for facial (micro-) expression recognition 
for future 4D ME analysis. Our proposed methods cannot only be utilized for facial 
analysis, but also for other complex fine-grained analyses, such as forest changes. A 
mobility cooperation project with a remote sensing team from Wuhan University was 
funded by the Academy of Finland for forest analysis. In addition, facial analysis methods 
have been applied in collaborative interaction and education field to analyze and improve 
collaborative learning. Moreover, we also hosted micro-expression workshops in top 
conferences in the computer vision field with universities from the UK and China to 
popularize MEs and highlight the challenges of ME analysis.

Based on this project, several new projects are being funded, such as the Academy 
Professor project (EmotionAI) and Academy ICT 2023 project (TrustFace) which further 
contribute to the research into face analysis and emotion interpretation. Additionally, one 
postdoc researcher has been selected for a tenure track position as assistant professor, one 
Academy postdoc position was awarded and two doctoral researchers have graduated with 
PhD degrees. This is multidisciplinary research, including computer vision, psychology
and learning sciences. We have been collaborating with Prof. Järvelä from LET at the 
University of Oulu to apply the developed methods to the learning sciences and education. 
We have also collaborated with Prof. Pantic and Prof. Zafeiriou from Imperial College 
London for new 4D dataset collection and machine learning method development.

Takeaway message
Leveraging advances in AI and machine learning enables machines to detect and recognize 
facial expressions and micro-expressions for better understanding human emotions and 
provides new platforms and tools for facilitating human-human and human-computer 
interactions and collaborations in various online services and applications.

Top five publications
Li, Y., Huang, X., Zhao, G. (2020). Joint local and global information learning with single apex frame detec-
tion for micro-expression recognition. IEEE Transactions on Image Processing 30: 249-263 
https://doi.org/10.1109/TIP.2020.3035042.
Li, Y., Huang, X., Zhao, G. (2021). Micro-expression action unit detection with spatial and channel attention. 
Neurocomputing 436: 221-231. https://doi.org/10.1016/j.neucom.2021.01.032
Behzad, M., Li, X., Zhao, G. (2021). Disentangling 3D/4D Facial Affect Recognition With Faster Multi-View 
Transformer. IEEE Signal Processing Letters 28: 1913-1917. https://doi.org/10.1109/LSP.2021.3111576
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Behzad, M., Vo, N., Li, X., Zhao, G. (2021). Towards reading beyond faces for sparsity-aware 3d/4d affect 
recognition. Neurocomputing 458: 297-307. https://doi.org/10.1016/j.neucom.2021.06.023
Li, X., Cheng,  S., Li, Y., Behzad, M., Shen, J., Zafeiriou, S., Pantic, M., Zhao, G. (2022). 4DME: A sponta-
neous 4D micro-expression dataset with multimodalities. IEEE Transactions on Affective Computing. Ac-
cept with minor revision. https://doi.org/10.1109/TAFFC.2022.3182342

Titles of completed and upcoming doctoral dissertations
Li, Y. (2022). Machine learning for perceiving facial micro-expression. Doctoral dissertation, University of 
Oulu. Acta Universitatis Ouluensis, C-827, http://urn.fi/urn:isbn:9789526233055
Behzad, M. (2022). Deep Learning Methods for Analyzing Vision-Based Emotion Recognition from 3D/4
D Facial Point Clouds. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-828, 
http://urn.fi/urn:isbn:9789526233055.
Upcoming: Tran, T.-K.: Micro-expression spotting based on supervised learning.

2.10 TWIsted LIGHT for Digital Tissue Diagnosis – TWILIGHT

Responsible PI: 
 
IGOR MEGLINSKI, Professor, 
Optoelectronics and Measurement 
Techniques, Faculty of Information 
Technology and Electrical Engineering 
(ITEE)

Postdoctoral Researchers: 
Ivan Lopushenko
Alexander Bykov
Benjamin T. Hogan 

Doctoral Researchers:
Mariia Borovkova 
Ruixue, Zhu
Tatiana Avsievich 
Yana Tarakanchikova
Anton Sdobnov

GROUP MEMBERS

The project in brief 
The overall aim of the project is to explore a radically new photonics-based technology by 
establishing a proof-of-concept utilizing an emerging paradigm in physics – the orbital 
angular momentum (OAM) of light, which is a fundamental concept in OAM-tissue 
interaction and transferring the developed technology to current practice of histopathology 
and advanced microscopy to revolutionize the diagnosis of socially dangerous diseases, 
such as cancer, diabetes, or Alzheimer’s disease. To realize the vision of this proposal, 
a multi-disciplinary consortium, comprised academic experts in polarization theory, 
computational modeling of light-tissue interaction, modern photonic technologies and 
polarimetry instrumentation, tissue phantoms design and fabrication, as well as the 
industrial partners, designed a low-cost mobile imaging system suitable for clinical 
diagnosis. Figure 22 schematically illustrates the experimental system developed for the 
screening of paraffin-embedded tissue blocks (left side); the resulting image of tissue block 
and the Stocks vector depicted on a Poincare sphere, used as a quantitative marker (center); 
the results of histological investigation for the same tissue, obtained with the standard 
biopsy procedure for validation (right side).

Figure 22. Schematic presentation of the TWILIGHT project approach for digital tissue diagnosis.

The research of this 
project supports 
the following 
United Nations 
Sustainable 
Development Goals

38
—
39

3938

https://doi.org/10.1016/j.neucom.2021.06.023
https://10.1109/TAFFC.2022.3182342
http://urn.fi/urn:isbn:9789526233055
https://doi.org/10.1109/TAFFC.2022.3182342
http://urn.fi/urn:isbn:9789526233055Li
http://urn.fi/urn:isbn:9789526232935.Behzad
http://urn.fi/urn:isbn:9789526233055
http://urn.fi/urn:isbn:9789526233055
http://urn.fi/urn:isbn:9789526233055Behzad
http://urn.fi/urn:isbn:9789526232935


Findings/contribution to scientific discussion
The results of the project revealed that light with an angular spin momentum scattered 
within tissues is highly sensitive to the presence of malformations, such as cancerous
cells, amyloid-beta plaques among others, allowing the identification of the presence of 
socially dangerous diseases with the highest accuracy. Further developments of the system 
and exploitation of commercialization perspectives of the findings are planned (e.g. in
the frame of H2020 Attract project). A translational study, facilitated by the project, for 
experimental characterization of brain tissue samples with various stages of Alzheimer’s 
disease was further carried out in close collaboration with Oslo University Hospital 
(Norway) and a medical company (DeePathology Ltd., Israel) aiming at establishing
clinical protocols and standards for a stand-alone Alzheimer’s assessment. In addition,
the perspectives of further optical tweezer studies, in collaboration with LUMICKS (The 
Netherlands), are focused on a mutual interaction of red blood cells (RBC) influenced by 
nano-materials as a part of new medical paradigm dedicated to the use of RBCs as drug 
delivery carriers.

As scientific breakthroughs, the project: a) pioneered the application of circularly polarized 
light for screening amyloid-beta plaques for the diagnosis of Alzheimer’s disease; b) 
contributed to the mechanistic study of mutual interaction of red blood cells incubated
with nano-capsules utilizing optical tweezers; c) contributed to the development of a 
revolutionary stand-alone histophotopathology – optical biopsy technique; d) pioneered the 
use of circularly polarized light in a Stokes vector approach for definitive cancer diagnosis 
utilizing machine learning and deep learning.

Delivering this Infotech project brings together experts in the diverse respective fields, 
including laser and photonics technologies, optical and biomedical engineering, condensed 
matter physics, computational modelling, biomedical optics, material science, biomedical 
instrumentation, biopsy and histopathology, artificial intelligence & machine learning and 
image processing, to go beyond current mainstream collaboration configurations in joint 
science-and-technology research.

During the project a close national and international collaboration with the end-user 
professionals in cancer detection, care of human skin, cells screening and Alzheimer 
disease diagnosis from Aston Brain Centre (ABC), Oulu University Hospital (OYS), BioBank
Borelis, Oslo University Hospital, University Hospitals of Geneva, Unilever, LUMICKS, 
oms-OSRAM, and Hannover Medical School has been established.

Takeaway message
The results of the project revealed that light with a scattered angular momentum within 
tissues is highly sensitive to the presence of cancer cells as well as amyloid-beta plaques 
which allows the identification of the cancerous lesions in the early stages as well as reliable 
Alzheimer’s disease detection.

Top five publications
Borovkova, M., Sieryi, O.,Lapushenko, I., Kartashkina, N., Pahnke, J., Bykov, A., Meglinski, I. (2022). 
Screening of Alzheimer’s Disease with Multi-wavelength Stokes Polarimetry in a Mouse Model. IEEE 
Transactions on Medical Imaging, Vol.41, No.4, 977-982 (2022). https://doi.org/10.1109/tmi.2021.
3129700
Ivanov, D., Dremin, V., Genova, T., Bykov, A., Novikova, T., Ossikovski, R., Meglinski, I. (2022). Polarization-
based histopathology classification of ex vivo colon samples supported by machine learning. Frontiers in

Physics, Vol.9, 814787. https://doi.org/10.3389/fphy.2021.814787
Ushenko, V.A.,  Hogan, B.T., Dubolazov, A., Grechina, A.V., Boronikhina, T.V., Gorsky, M., Ushenko, A.G.,  
Ushenko, Y.O., Bykov, A., Meglinski, I. (2021). Embossed Topographic Depolarization Maps of Biologi-
cal Tissues with Different Morphological Structures. Scientific Reports, Vol.11, 3871. 
https://doi.org/10.1038/s41598-021-83017-2
Ushenko, V., Hogan, B.T., Dubolazov, A., Piavchenko, G., Kuznetsov, S.L., Ushenko, A.G., Ushenko, Y.O.
Gorsky, M., Bykov, A., Meglinski, I. (2021). 3D Mueller matrix mapping of layered distributions of 
depolarization degree for analysis of prostate adenoma and carcinoma diffuse tissues. Scientific 
Reports, Vol.11, 5162. https://doi.org/10.1038/s41598-021-83986-4
Zhu, T., Avsievich, T., Popov, A., Bykov, A., Meglinski, I. (2021). In vivo nano-biosensors of red blood cell-
mediated delivery. Biosensors & Bioelectronics, Vol.175, 112845. 
https://doi.org/10.1016/j.bios.2020.112845

Titles of completed and upcoming doctoral dissertations
Borovkova, M. (2021). Polarization and terahertz imaging for functional characterization of biological 
tissues. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-783, 
http://urn.fi/urn:isbn:9789526228914.
Peyvasteh, M. (2021). Polarimetric and spectral imaging approaches for quantitative characterization of 
inhomogeneous scattering media including biotissues. Doctoral dissertation, University of Oulu. Acta 
Universitatis Ouluensis, C-799,  http://urn.fi/urn:isbn:9789526230443.
Tarakanchikova, Y. (2021). Multilayered polyelectrolyte assemblies as delivery system for biomedical 
applications. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-809, 
http://urn.fi/urn:isbn:9789526231112
Zhu, R. (2022). Interaction peculiarities of red blood cells and hemorheological alterations induced by 
laser radiation. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-809, 
http://urn.fi/urn:isbn:9789526233543.
Avsievich, T. (2022). Red blood cells and novel nanomaterials : towards nanosafety and nanomedicine. 
Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-843, 
http://urn.fi/urn:isbn:9789526234229
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2.11 Vision Sensing Technologies for Healthcare Diagnosis
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Analysis (CMVS), ITEE

Postdoctoral Researchers:

Salah Eddine Bekhouche
Mohammad Tavakolian
Johanna Kallio

Doctoral Researchers:
Constantino Álvarez Casado
Wheidima Carneiro de Melo

GROUP MEMBERS

The project in brief
Automated medical diagnosis assistance and health monitoring are emerging topics of 
interest as they provide unobtrusive, objective information on a patient’s condition. Our 
recent research suggests that up to 30 medically relevant symptoms or conditions can be 
detected or at least assessed objectively using computer vision methods and facial images, 
although currently, they are not exploited clinically. 

This project focused on the creation of novel video analysis solutions to leverage specific 
clinically relevant data, with the aim of pursuing the opportunity to move assistive 
diagnosis technology from very controlled laboratory conditions to real world scenarios. 
The project focused on the implementation of novel deep learning and machine vision 
models in four use cases related to major primary healthcare challenges (namely 
stress, pain, depression, and respiratory illness), relying on both publicly available data 
and data collected at the hospital during targeted pilots in collaboration with medical 
practitioners. The developed solutions for vision-based medical diagnosis include novel 
deep representation methods based on transfer learning and self-supervised schemes. In 
addition, several models have been adapted to their use in embedded devices, bringing the 
technology into practice and potentially changing the way that healthcare is performed. 
Figure 23 illustrates a real-time face analysis demo of the project. 

Figure 23. A real-time face analysis demo for primary healthcare, including both RGB and thermal 
cameras, forming the basis for data collection, biosignal extraction and analysis.

Findings/contribution to scientific discussion
This project has established several ongoing collaborations with clinical partners. 
Multidisciplinary collaborations with medical practitioners are at the core of the project 
and have guided the data analysis work. At the national level, data collection in targeted 
pilots is ongoing in both Oulu and Kuopio University Hospitals. At the international levels, 
the project has established collaboration with the Karolinska Institutet and Johns Hopkins 
University. These collaborations allowed the project access to some unique clinical and pre-
clinical data, collected in different countries. 

From the point of view of data acquisition and collection, the priority lies with the creation 
of suitable tools for capturing the data in an easy manner, in ways that do not hinder the 
regular healthcare pathways. In this context, carefully designed user interfaces, on-device 
computations, and safe and secure data management practices have been shown to be of 
extreme importance. Some of the methods developed during the project have resulted in 
fast real-time models, such as a face alignment model, that has become a standard, and has 
been included in the most popular computer vision libraries. 

From the analysis point of view, the project has shown that the feature-space representation 
of regular video-data in the clinical environment can be improved with the use of wise 
techniques that rely in the transformation of video into more compact representations and 
the use of transfer learning and pre-trained models to improve efficiency. In addition, semi-
supervised techniques have proven to be very promising. Research related to these novel 
architectures has resulted in several publications in top forums, and state of the art results 
in both pain estimation, and depression assessment from videos. The result of this project 
has resulted in several spin-off projects funded by Profi projects, the 6G Flagship project, 
and a continuation Infotech project at the University of Oulu. 

The research of this project supports the 
following United Nations Sustainable 
Development Goals
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Takeaway message
This project explored the opportunity to move video-based assistive diagnosis technology 
from controlled laboratory conditions into real world scenarios, where it could be adopted 
by doctors and practitioners at primary healthcare facilities, reducing examination times 
and costs and potentially changing the way that medical and health care are performed.

Top five publications
de Melo, W. C., Granger, E., & Bordallo López, M. (2021). Mdn: A deep maximization-differentiation
network for spatio-temporal depression detection. IEEE Transactions on Affective Computing.
https://doi.org/10.1109/ICASSP40776.2020.9054375
Álvarez Casado, C., & Bordallo López, M. (2021). Real-time face alignment: evaluation methods, training 
strategies and implementation optimization. Journal of Real-Time Image Processing, 18(6), 2239-2267. 
https://doi.org/10.1007/s11554-021-01107-w
Tavakolian, M., Lopez, M. B., & Liu, L. (2020). Self-supervised pain intensity estimation from facial videos via 
statistical spatiotemporal distillation. Pattern Recognition Letters, 140, 26-33. 
https://doi.org/10.1016/j.patrec.2020.09.012
de Melo, W. C., Granger, E., & Bordallo Lopez, M. (2020, May). Encoding temporal information for automatic 
depression recognition from facial analysis. In ICASSP 2020-2020 IEEE International Conference on 
Acoustics, Speech and Signal Processing (ICASSP) (pp. 1080-1084). IEEE.
https://doi.org/10.1109/ICASSP40776.2020.9054375
Tavakolian, M., & Hadid, A. (2019). A spatiotemporal convolutional neural network for automatic pain 
intensity estimation from facial dynamics. International Journal of Computer Vision, 127(10), 1413-1425. 
https://doi.org/10.1007/s11263-019-01191-3

Titles of completed and upcoming doctoral dissertations
Tavakolian, M. (2021). Efficient spatiotemporal representation learning for pain intensity estimation from 
facial expressions. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-788, 
http://urn.fi/urn:isbn:9789526229720.
Kallio, J. (2021). Unobtrusive stress assessment in knowledge work using real-life environmental sensor 
data. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-803, 
http://urn.fi/urn:isbn:9789526230634.
Carneiro de Melo, W. (2022). Deep representation learning for automatic depression detection from facial 
expressions. Doctoral dissertation, University of Oulu. Acta Universitatis Ouluensis, C-837, 
http://urn.fi/urn:isbn:9789526233673.
Álvarez Casado, C. (2023). Automatic Biosignal Extraction and Analysis in Primary Healthcare from 
Embedded and Remote Video. Unpublished doctoral dissertation, University of Oulu. Acta Universitatis 
Oulensis (expected November 2023)

2.12 Vision-Based 3D Perception for Mixed Reality Applications

GROUP MEMBERS

Responsible PI:
JANNE HEIKKILÄ, Professor, Center for 
Machine Vision and Signal Analysis (CMVS), 
Faculty of Information Technology and 
Electrical Engineering (ITEE)

Co-PI:
ESA RAHTU, Adjunct Professor, Tampere 
University

Postdoctoral Researcher:
Matteo Pedone

Doctoral Researchers:
Lam Huynh
Phong Nguyen

The research of this  
project supports the  
following United  
Nations Sustainable  
Development Goals

The project in brief
Mixed reality (MR) technologies merge virtual and real worlds and enable interaction with 
artificial objects. When creating visualizations where virtual and real objects co-exist, 
it is a prerequisite to align them geometrically on the MR display device using computer 
vision methods. This poses several challenges due to aspects such as  user movement 
and occlusions that can be handled only if the scene depth is known. In this project, we 
investigated monocular depth estimation to provide a potential solution for resolving dense 
depth from ordinary color images in a cost-efficient manner without additional hardware. 
However, the accuracy of monocular depth estimation often remains relatively low, and 
to mitigate this problem also approaches to using complementary information were 
studied. Another topic addressed is novel-view synthesis. This allows changing the camera 
viewpoint computationally and enables virtual cameras that can move freely without 
physical constraints. The main challenge is that the input data is typically incomplete, 
and the missing information needs to be hallucinated using machine learning techniques. 
The project is directly related to 3D vision which is the core research area in the PI’s team. 
Figure 24 illustrates the project’s approach to dense depth estimation.

Figure 24. Vision-based depth estimation with a point-fusion network.
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Findings/contribution to scientific discussion
One of the central findings in the project has been that monocular depth estimation using 
deep neural networks provides a viable approach to acquiring the 3D scene structure for 
applications such as MR. The main benefit is that only a single color image is needed, 
which greatly simplifies the hardware setup and makes it free from synchronization issues. 
Moreover, it represents the 3D geometry as a dense depth map, which is more versatile 
and easier to process than a sparse 3D point cloud typically obtained from conventional 
structure-from-motion or simultaneous localization and mapping (SLAM) systems. As 
a result, several machine learning-based methods have been developed that not only 
perform depth estimation based on single images, but which can also exploit additional 
geometric information from sparse point clouds produced by some conventional multi-view 
techniques, which is particularly useful in cases where highly accurate 3D reconstruction is 
needed. The solutions developed can achieve better performance in terms of accuracy while 
requiring smaller model sizes with less weights than existing methods. Neural architecture 
search (NAS) was also shown to be useful for optimizing the models and generalizing them 
to other dense prediction problems.

Using the patiotemporal consistency of the scene flow is another approach for 
incorporating additional information to depth estimation. More specifically, we 
investigated non-rigid structures from motion, and exploited similar concepts in training 
a CNN that produces dense depth maps from image patches of several consecutive video 
frames exhibiting deformable object motion. One of the key results of this research was 
the formulation of loss functions that are invariant to certain geometric transformations 
causing ambiguities in depth estimation.

Novel-view synthesis opens up new opportunities for MR applications, for example, to 
see around corners or through obstacles. In this project, several learning-based methods 
for view synthesis of static and dynamic scenes have been proposed based on implicit 
and explicit scene representations. While implicit representations can be highly accurate, 
they typically lead to complex and scene-specific models. On the other hand, it was shown 
that the explicit representations based on depth information can provide a practical and 
computationally efficient solution. Finally, a hybrid approach was devised that shares the 
best of both worlds.

Takeaway message
Depth plays a fundamental role not only in embedding virtual objects in real scenes, but 
also in rendering real scenes from virtual viewpoints. Depth information needed in this 
process can be reliably acquired using passive image-based techniques even from a single 
view without having active depth sensors.

Top five publications
Pedone, M., Mostafa, A., & Heikkilä, J. (2022). Learning-based non-rigid video depth estimation using 
invariants to generalized bas-relief transformations. Journal of Mathematical Imaging and Vision, 
accepted June, https://dx.doi.org/10.1007/s10851-022-01105-y
Huynh, L., Nguyen, P., Matas, J., Rahtu, E., & Heikkila, J. (2021). Boosting Monocular Depth Estimation with 
Lightweight 3D Point Fusion. International Conference on Computer Vision (ICCV), 12747–12756.  
http://dx.doi.org/10.1109/ICCV48922.2021.01253 
Nguyen, P., Karnewar, A., Huynh, L., Rahtu, E., Matas, J., & Heikkilä, J. (2021). RGBD-Net: Predicting Color 
and Depth Images for Novel Views Synthesis. Int. Conf. on 3D Vision (3DV), 1095–1105.  
http://dx.doi.org/10.1109/3DV53792.2021.00117 

Nguyen, P., Huynh, L., Rahtu, E., & Heikkilä, J. (2021). Sequential View Synthesis with Transformer. ACCV 
2020, In Lecture Notes in Computer Science, 12625, 695–711. 
http://dx.doi.org/10.1007/978-3-030-69538-5_42
Huynh, L., Nguyen, P., Matas, J., Rahtu, E., & Heikkilä, J. (2020). Guiding Monocular Depth Estimation Using 
Depth-Attention Volume. ECCV 2020. In Lecture Notes in Computer Science, 12371, 581–597. 
http://dx.doi.org/10.1007/978-3-030-58574-7_35

Titles of completed and upcoming doctoral dissertations
Huynh, L. (2022). From 3D Sensing to Dense Prediction. Acta Universitatis Ouluensis. C, Technica, 
University of Oulu. http://urn.fi/urn:isbn:9789526235165
Nguyen, P. (2023). Implicit and Explicit Scene Representations for Learning-Based Novel-View Synthesis. 
Acta Universitatis Ouluensis. C, Technica, University of Oulu, to appear.
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3. Emerging research projects in  
 2019-2022
The University of Oulu launched its first Emerging project call in 2018. The goal of the 
Emerging program is to support emerging project leaders to progress toward cutting-edge 
international multidisciplinary research by building their own independent, strategically 
focused research with the support of the University of Oulu’s spearhead and other top 
projects. In the next subsections, the five Emerging research projects are introduced that 
received University of Oulu’s strategic funding via the Infotech Oulu Focus Institute in 
2019-2022.

3.1 Phase-Shifter Based Integrated Millimeter-Wave Power 
Amplifier Architectures for 5G – MIMEPA

GROUP MEMBERS

Responsible PI: 
   
JANNE AIKIO, Postdoctoral Researcher, 
Circuits and Systems Research Unit, Faculty 
of Information Technology and Electrical 
Engineering (ITEE)

 Doctoral Researcher: 
Jere Rusanen 

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief
Next big leap in telecommunications is taking place in the use of millimeter wave radio 
frequencies. Due to the increased path losses in wireless propagation in these frequencies, 
this project has proposed the use of large phased arrays. The antenna sizes are reduced 
due to the decreased wave-length, which forces the transceivers to be highly integrated. 
This poses challenging requirements on the transmitters power amplifiers (PA). For fifth 
generation mobile communication (5G) transmitters an integrated low power PA, preceded 
by each antenna element in an array, is needed, and the following properties are proposed 
in this project: a PA with frequency tuning, load-pull for different power levels, and analog 
linearization. The project aims to design, build and test real prototype power amplifier 
circuits using modern 22nm SOI CMOS technology. This project is related to the PI’s 
Academy of Finland research project MIMEPA (grant 323779). Figure 25 illustrates the 
fabricated amplifier.
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Figure 25 . Micrograph of fabricated Orthogonal Load Modulated Balanced Amplifier using 22nm 
FDSOI CMOS technology.

Findings/contribution to scientific discussion
In this project we have developed several integrated power amplifier (PA) structures using 
modern 22nm CMOD FDSOI technology at a frequency range of 24-31 GHz and compatible 
for 3GPP/NR FR2 bands n258 and n257. The core of the integrated PA architectures is a 
3-stack power cell that was first used in single ended transformer matched PA delivering
an output power of 16.3 dBm with a peak PAE of 23 %. The second implementation was a 
dual input PA with transformer-based power combining. This single ended load modulating 
PA provided 19.5 dBm of output power and a peak PAE of 17%. The PA was very linear and 
with a 100 MHz 64-QAM OFDM signal the PA achieved a −28 dBc adjacent channel leakage 
ratio (ACLR) at 7.6 dBm output channel power. This PA was part of a larger mmWave front-
end structure. The corresponding publication was selected as the best publication of the
50th European Microwave conference (EuMC), which is the leading Microwave conference 
in Europe. The third structure is the first integrated Orthogonal Load Modulating Balanced 
Amplifier structure, that provides 19.6 dBm output power with a 21.6% drain efficiency.
The linearity was excellent, and we were able to measure 11.4 dBm output power with -24
dB EVM by using a 100MHz OFDM 64-QAM modulated signal. Compared to other load 
modulated Ka-band PAs, the prototype delivered similar or better performance vs. the 
State-of-the-Art, showing that it is a promising candidate for 5G mmWave use. This project 
significantly helped for the Academy  of Finland’s call in 2018, for which the PI was granted 
an Academy of Finland research project (grant 323779).

Takeaway message
In this project we have shown that integrated load modulating power amplifier structures 
using modern CMOS technology are a viable option when designing front-ends for future 
mmWave transceivers. A small area is vital in mmWave phased arrays, where each antenna 
is preceded by a small power PA.

Top five publications
Rusanen, J., Sethi, A., Tervo, N., Rahkonen, T., Pärssinen, A., Kiuru, V., Aikio, J. (2022). Ka-Band Orthogonal 
LoadModulated Balanced Amplifier in 22 nm CMOS FDSOI. 16th European Microwave Integrated Circuits 
Conference. https://oadoi.org/10.23919/eumic54520.2022.9923540
Hietanen, M., Rusanen, J., Aikio, J., Tervo, N., Rahkonen, T., & Pärssinen, A. (2021). Ka-band time-domain 
multiplexing front-end with minimum switch area utilization on 22 nm fully depleted silicon-on-insulator 
CMOS technology. International Journal of Microwave and Wireless Technologies, 13(7), pp. 641-651. 
March 2021. https://doi.org/10.1017/S1759078721000428

Hietanen, M., Rusanen, J., Aikio, J., Tervo, N., Rahkonen, T., Pärssinen, A. (2021) Ka-Band TDD Front-End 
with Gate Shunt Switched Cascode LNA and Three-Stack PA on 22nm FDSOI CMOS Technology. Pro-
ceedings of the 50th European Microwave Conference (EuMC), 10-15 January 2021, Utrecht,
The Netherlands, pp. 945-948. https://doi.org/10.23919/EuMC48046.2021.9338230 (NOTE: Best 
publication of 50th European Microwave Conference)
Rusanen, J., Tervo, N., Rahkonen, T., Pärssinen, A., Aikio, J. (2021). Ka-Band Dual Input Stacked 22 nm 
CMOS FDSOI Power Amplifier with Transformer-Based Power Combiner. Proceedings of the 15th Eu-
ropean Microwave Integrated Circuits Conference (EuMIC) 10-15 January 2021, Utrecht, The Nether-
lands. http://urn.fi/urn:nbn:fi-fe2021050328377
Rusanen, J., Hietanen, M., Sethi, A., Rahkonen, T., Pärssinen, A., Aikio, J. (2019). Ka-Band Stacked Power 
Amplifier on 22 nm CMOS FDSOI Technology Utilizing Back-Gate Bias for Linearity Improvement. 2019 
IEEE Nordic Circuits and Systems Conference (NORCAS). https://doi.org/10.1109/NORCHIP.2019. 
8906915

Titles of completed and upcoming doctoral dissertations
Upcoming doctoral dissertation (planned for Q4/2023): Rusanen, J. Integrated 
Millimeter-Wave Power Amplifier Architectures for 5G.
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GROUP MEMBERS

3.2 Multimodal Assessment of Pain in Intensive Care

Responsible PI:
JUKKA KORTELAINEN, MD, PhD, Center for 
Machine Vision and Signal Analysis (CMVS), 
Faculty of Information Technology and 
Electrical Engineering (ITEE)

Doctoral researcher:

Nooshin Bahador

The project in brief
The assessment of neurological functioning as a signal processing problem brings 
challenges including dimensionality (due to the number of channels), heterogeneity 
(due to the different range of values) and multimodality (due to the different sources). 
In this regard, this project intended to quantitatively examine with certainty, whether 
machine/deep learning architectures would enable learning whether these would more 
discriminative features for precisely tracking time-frequency changes in physiological 
data and outperform other techniques. This work utilizes machine/deep learning in 
developing computationally efficient methods for evaluation of neurological function 
by interpreting information from multiple channels and modalities. These modalities 
include electroencephalogram (EEG) and electrocardiogram (ECG) data. Experimental 
data from three separate datasets was used for this study including patients with healthy 
brain function undergoing anesthesia (N = 20), comatose cardiac arrest survivors (N=102), 
and patients suffering from delirium (N=15). The research questions in this project were: 
What kinds of artifacts are present in the data and which ones should be removed? Which 
features can be used to capture the dynamics of neurological functioning? How can deep 
learning methods be applied for different phases of preprocessing, fusion, and prediction? 
How can information about different modalities and different channels be fused in a more 
unified representation? 

Findings/contribution to scientific discussion
The results of this project included a deep/machine learning –based algorithm for the 
detection of artifacts from EEG recordings, techniques for the reconstruction of bad 
epochs, a data fusion method for mapping signals from multichannel multimodality space 
to lower dimensional space to reduce the volume of data, and a deep learning solution for 
predictive outcomes. The proposed techniques also provided the possibility of embedding 
time-frequency information as well as spatial dependencies over modalities and channels 
into a more compacted form. This is expected to provide significant benefits when 
obtaining a more unified and global view of different aspects of the physiological data at 
hand, and yet maintaining the desired performance level in decision making. International 
collaborations included visiting scholars from the Swiss Federal Institute of Technology 
Lausanne (Switzerland) and the University Health Network (Canada).

The research of this 
project supports the 
following United Nations 
Sustainable Development 
Goals 

Take away message
Extracting multimodal information about neurological functioning from the intensive care 
environment is demanding and has significant challenges related to e.g. artifact removal 
and feature extraction. When successfully extracted, this information, however, may 
provide fundamental help for treatment related decision making, substantially improving 
the care of critically ill patients.

Top five publications:
Bahador, N., Kortelainen, J. (2021). A Robust Bimodal Index Reflecting Relative Dynamics of EEG and HRV 
with Application in Monitoring Depth of Anesthesia. IEEE Trans Neural Syst Rehabil Eng. 2021 Nov 16. 
https://doi.org/10.1109/TNSRE.2021.3128620
Bahador, N., Kortelainen, J. (2022). Deep learning-based classification of multichannel bio-signals using 
directedness transfer learning, Biomedical Signal Processing and Control, Volume 72, Part A, 103300, 
ISSN 1746-8094. https://doi.org/10.1016/j.bspc.2021.103300.
Bahador, N., Jokelainen, J., Mustola, S.,  Kortelainen, J. (2021). Reconstruction of Missing Channel in EEG 
Using Spatiotemporal Correlation-Based Averaging. J. Neural Eng. 
https://doi.org/10.1088/1741-2552/ac23e2.
Bahador, N., Zhao, G., Jokelainen, J., Mustola, S., Kortelainen, J. (2021). Morphology-preserving recon-
struction of times series with missing data for enhancing deep learning-based classification, Biomedical 
Signal Processing and Control, Volume 70, September 2021, 103052. 
https://doi.org/10.1016/j.bspc.2021.103052
Bahador, N., Jokelainen, J., Mustola, S., Kortelainen, J. (2021). Multimodal Spatio-Temporal-Spectral 
Fusion for Deep Learning Applications in Physiological Time Series Processing: A Case Study in 
Monitoring the Depth of Anesthesia, Information Fusion. https://doi.org/10.1016/j.inffus.2021.03.
001.

Titles of completed and upcoming doctoral dissertations
Bahador, N. Assessment of Neurological Function Based on Physiological Signals Processing Using Ma-
chine/Deep Learning Techniques. (tentatively 2023)
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GROUP MEMBERS

3.3 Revolutionary GNSS Reception Method for Positioning 
and Sensing

Responsible PI: 

MARKUS BERG, Senior Research Fellow, 
CWC-Radio Technologies, Faculty of 
Information Technology and Electrical 
Engineering (ITEE)

Doctoral researcher: 

Ankit Regmi

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief
The objective of this 4-year doctoral research project was to develop Global Navigation 
Satellite System (GNSS) based sensing and positioning technology for various possible 
applications. During the project, a dual circularly polarized GNSS reception method 
based on the signal carrier-to-noise measurement of a multipath propagated GNSS 
signal was developed for environmental sensing. In addition to sensor HW development, 
theoretical research work, computer modelling, and field tests were done to extract sensing 
parameters from the signal. The sensing method has been successfully trialled in different 
environments to measure various parameters including sea level, sea ice thickness, snow 
thickness, snow water equivalent, and soil moisture. The project has offered a promising 
measurement method and system for environmental and hydrological parameter 
monitoring that is crucial considering global climate warming. Figure 26 illustrates the 
measurement setup. 

Figure 26. Dual circular polarized GNSS 
reflectometry sensor at Nallikari, near 
Oulu performing remote ice thickness 
measurements. 

Findings/contribution to scientific discussion
Scientific breakthroughs include the remote measurement of snow related hydrological 
parameters using a GNSS-R sensor. International European-wide research collaboration 
started in 2021 when we found other research groups targeting remote in-situ 
measurement of hydrological parameters. The project became multi-disciplinary because 
most promising application areas were found in measuring hydrological parameters. New 
collaborators include the Finnish Meteorological Institute (FMI) and this has led to a project 
proposal submission to Climate actions call in Q1/2022. Further, the doctoral researcher 
has published international reviewed articles and submitted one invention report of the 
measurement method.

Takeaway message
Current radio frequency signals serving accurate navigation and positioning, can be 
efficiently utilized for alternative applications such as remote environmental sensing.

Top five publications
Regmi, A., Berg, M., & Pärssinen, A. (2019). A Method for Ice Thickness Characterization Using GNSS C/
N0 data. Proceedings of the 8th Asia-Pacific Conference on Antennas and Propagation, South Korea, 
534-538, https://doi.org/10.1109/APCAP47827.2019.9472017
Regmi, A., Pärssinen, A., & Berg, M. (2019). Sea Surface Characterization using Dual Polarized GNSS 
Reception System. Proceedings of the 14th European Conference on Antennas and Propagation, 
Denmark, 1-5, https://doi.org/10.23919/EuCAP48036.2020.9135227
Regmi, A., Islam, M. R., Pärssinen, A., & Berg, M. (2020). Depolarization Due to Wedge Diffraction in 
Satellite Radio wave Communication. Proceedings of the 14th European Conference on Antennas and 
Propagation, Denmark, 1-4, https://doi.org/10.23919/EuCAP48036.2020.9135519
Regmi, A., Hänninen, T., Leinonen, M. E., Pärssinen, A., & Berg, M. (2021). Dynamic Dual Polarized GNSS 
Reflectometry Using UAV. Proceedings of the 15th European Conference on Antennas and Propagation, 
Germany, 1-5, https://doi.org/10.23919/EuCAP51087.2021.9411371
Regmi, A., Leinonen, M. E., Pärssinen, A., & Berg, M. (2022). Monitoring Sea Ice Thickness using GNSS-
Interferometric Reflectometry. IEEE Geoscience and Remote Sensing Letters. Accepted.  
https://doi.org/10.1109/LGRS.2022.3198189

Titles of completed and upcoming doctoral dissertations
Regmi, A. (2023). Dual Polarized GNSS Reflectometry for Sensing and Positioning [Unpublished doctoral 
dissertation], University of Oulu
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3.4 Towards Monitoring the (G)lymphatic System

GROUP MEMBERS

Responsible PI: 
 
TEEMU MYLLYLÄ, Associate Professor 
(Tenure Track), Medical Imaging, Physics 
and Technology, Faculty of Medicine

Postdoctoral Researcher:

Hany Ferdinando

Doctoral Researchers:
Sadegh Moradi
Erkki Vihriälä
Aleksandra Zienkiewicz

The research of this project supports the 
following United Nations Sustainable 
Development Goals

The project in brief
This project focuses on developing new methods to monitor neurohydrodynamics to study 
the brain clearance mechanism and (g)lymphatic system. The term glymphatic system was 
first used in 2013 to describe the pathway for removing protein waste products from the 
central nervous system (CNS). The glymphatic system and fluctuations in cerebrospinal 
fluid (CSF) have attracted considerable interest in recent years, particularly in relation to 
the origins of dementia. 

In this project, we have developed an optics-
based technique for sensing glymphatic system 
related parameters in humans, and closely 
worked with clinical collaborators to develop 
and validate wearable technology and analysis 
models to sense glymphatic activity related 
parameters. See current prototype in Figure 27.

Figure 27. Glymphometer prototype, piloting in a 
Mehiläinen occupational healthcare center.

Findings/contribution to scientific discussion
During this Emerging project new competitive funding projects related to this project 
have included: Business Finland funded Glymphometer project, with total funding of 
785,000 euros in 2020-2023. Scientific breakthroughs include the Glymphometer protype 
that can distinguish patients with Alzheimer’s disease. New measurement methods and 
data analysis models have been developed. This project is engaged in strong collaboration 
with the University of Oulu, Oulu University Hospital (Prof. Vesa Kiviniemi group) and 
Biocenter Oulu (Prof. Lauri Eklund group).  International collaboration is being carried
out with the Donders Institute, Netherlands; Copenhagen University, Denmark; Charité, 
Germany; and Rutgers Medical School, USA.

Takeaway message
The project has developed an optics-based technique for sensing glymphatic system
related parameters in humans, and closely worked with clinical collaborators to develop 
and validate wearable technology and analysis models to sense glymphatic activity related 
parameters. The results can be used to distinguish patients with Alzheimer’s disease.

Top five publications
Borchardt, V., Korhonen, V., Helakari, H., Nedergaard, M., Myllylä, T., & Kiviniemi, V. (2021). Inverse 
correlation of fluctuations of cerebral blood and water concentrations in humans. The European Physical 
Journal Plus, 136(5), 1-14. https://doi.org/10.1140/epjp/s13360-021-01480-2
Zienkiewicz, A., Favre, M., Ferdinando, H., Iring, S., Serrador, J., & Myllylä, T. (2021). Blood pressure wave 
propagation—a multisensor setup for cerebral autoregulation studies. Physiological Measurement, 
42(11), 115007. https://doi.org/10.1088/1361-6579/ac3629
Ferdinando, H., Seppälä, E., & Myllylä, T. (2021). Discrete Wavelet Transforms-Based Analysis of 
Accelerometer Signals for Continuous Human Cardiac Monitoring. Applied Sciences, 11(24), 12072. 
https://doi.org/10.3390/app112412072
Myllylä, T., Kaakinen, M., Vihriälä, E., Jukkola, J., Zhao, Z., Ferdinando, H., ... & Eklund, L. (2020, May). 
Functional NIRS study of blood brain barrier disruption when induced by focused ultrasound and intra-
arterial mannitol infusion. In Tissue Optics and Photonics (Vol. 11363, pp. 74-79). SPIE. 
https://doi.org/10.1117/12.2555843
Myllylä, T., Harju, M., Korhonen, V., Bykov, A., Kiviniemi, V., & Meglinski, I. (2018). Assessment of the 
dynamics of human glymphatic system by near-infrared spectroscopy. Journal of biophotonics, 11(8), 
e201700123. https://doi.org/10.1002/jbio.201700123

Title of upcoming doctoral dissertation
Moradi, S. “Measurement of Neurohydrodynamics using wearable technology” (tentatively in 2023).
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GROUP MEMBERS

3.5 Entropy-AWARE Instrumentation for Just-In-Time Anomalous 
Human Behaviour Interventions - SENSATE

Responsible PI: 
   
DENZIL FERREIRA, Associate Professor, Center for 
Ubiquitous Computing,Faculty of Information Technology 
and Electrical Engineering (ITEE)

Doctoral researcher: 
Kennedy Opoku Asare

The project in brief
SENSATE aims at modelling anomalous human behavior via ubiquitous instrumentation 
sensing. The goal is to explore the contextual vectors that may lead to depressive behavior, 
a collaborative effort with the UCLA Depression Grand Challenge and the European 
Alliance Against Depression with the largest scale of depression patients (100,000+) and 
linking with 2 Infotech top projects: Prof. Zhao’s micro-expressions and Prof. Lopez’s 
vision-based physiological health assessment methods.

Traditionally, emotional and affective data is qualitative or subjective (e.g., questionnaires, 
diaries). Micro-expressions could provide invaluable and timely objective data on the 
current emotional state. Physiological health measurements augment emotional states with 
wellbeing and affective states. Both are correlated (e.g., we may be sick and therefore more 
tired or stressed), thus fully bridging SENSATE with these top projects. Having a large real-
world dataset for methods’ validation will result in the highest quality research outcome.

Findings/contribution to scientific discussion
Together with expert clinicians, psychiatrists, and computer scientists from the University 
of Pittsburgh, USA, Ulm University, Germany, University of Helsinki, Finland and the 
University of Oulu, Finland, we developed human behaviour sensing and modelling tools 
for just-in-time interventions for depression, by means of smartphones and wearable 
sensor instrumentation, statistical analyses and applied machine learning. With recourse 
to scientific research ethics and integrity, we investigated: which objective and subjective 
measures may be insightful to understand the complex vectors of depression behaviour; 
how to detect anomalous behaviour and the disappearance of normal routines; and how to 
use smartphones and wearable technology to detect and monitor symptoms of depression.

Takeaway message
In SENSATE, together with our collaborators, we developed human behavior sensing 
methods and modelling tools for just-in-time interventions for depression, by means 
of smartphones and wearable sensor instrumentation, statistical analysis and applied 
machine learning.

Top five publications
Opoku Asare K., Moshe I., Terhorst Y., Vega J., Hosio S., Baumeister H., Pulkki-Råback L., & Ferreira D. 
(2022). Mood ratings and digital biomarkers from smartphone and wearable data differentiates and 
predicts depression status: A longitudinal data analysis. In Pervasive and Mobile Computing. 
https://doi.org/10.1016/j.pmcj.2022.101621
Opoku Asare K., Visuri A., Vega J., & Ferreira D. (2022). Me in the Wild: An Exploratory Study Using 
Smartphones to Detect the Onset of Depression. In EAI International Conference on Wireless Mobile 
Communication and Healthcare. https://doi.org/10.1007/978-3-031-06368-8_9
Opoku Asare K., Terhorst Y., Vega J., Peltonen E., Lagerspetz E., & Ferreira D. (2021). Predicting Depression 
From Smartphone Behavioral Markers Using Machine Learning Methods, Hyperparameter Optimization, 
and Feature Importance Analysis: Exploratory Study. In Journal of Medical and Internet Research. 
https://doi.org/10.2196/26540
Moshe I., Terhorst Y., Opoku Asare K., Bosse Sander L., Ferreira D., Baumeister H., Mohr D., & Pulkki-
Råback L. (2021). Predicting Symptoms of Depression and Anxiety Using Smartphone and Wearable Data. 
In Frontiers of Psychiatry. https://doi.org/10.3389/fpsyt.2021.625247
Opoku Asare K., Visuri A., & Ferreira D. (2019). Towards Early Detection of Depression Through 
Smartphone Sensing. In ACM International Joint Conference on Pervasive and Ubiquitous Computing. 
https://doi.org/10.1145/3341162.3347075

Title of upcoming doctoral dissertation
Opoku Asare, Kennedy. Assessing Mental Disorders with Digital Biomarkers (tentatively early 2023)
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4. Publication analysis
A bibliometric analysis of the research of the PIs and researchers involved in the spearhead 
and emerging projects presented in Chapters 2 and 3 has been conducted by the Oulu 
University Library -bibliometric services based on the Scopus database. The publications 
produced by the project PIs and funded researchers have been collected from the period 
2018-2021.

Figure 28 presents a summary of all publications prepared by the PIs and their funded 
researchers in the spearhead projects. The total number of publications is 291 for all the 
spearhead projects including theses, scientific books, non-refereed scientific articles, peer-
reviewed scientific articles and other reportable publications. The spearhead projects started 
their work and recruitments to hire post-docs and doctoral researchers in 2018. As a result, 
the number of publications has increased from 2018 to 2021. 

Figure 28. Publications produced as a result of the spearhead projects in 2018-2021.

Figure 29 presents a summary of the publications prepared by the PIs of the emerging 
projects and all the researchers working in their research groups regardless of their funding 
source. A wider group was selected for the publication analysis due to the nature of the 
emerging projects, where the project PI is typically just forming their own research topic 
and group and funding is given to only one doctoral researcher in each project. 

The total number of publications is 166 for all the emerging projects’ group members 
including theses, scientific books, non-refereed scientific articles, peer-reviewed scientific 
articles and other reportable publications. 
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Figure 29. Publications produced as a result of the emerging projects in 2018-2021.

Figure 30. Research topics covered in the emerging spearhead projects’ publications.

Figure 30 presents the high-level research topics in the publications produced as a result 
of the spearhead projects and by their researchers. The main research topics are computer 
science, mathematics, physics, materials science, physics, material science, engineering, 
and medicine. The closer the circle is to the center, the more multi-disciplinary the research 
is. For example, medicine includes several multidisciplinary research topics as illustrated by 
the topic cluster circles close to the center of the circle.

Figure 31 presents the high-level research topics in the publications among all the 
emerging projects’ PIs and all the researchers working in their groups. The main research 
topics are computer science, mathematics, physics, materials science, material science, 
engineering, and medicine. Also, among emerging projects, the medicine cluster includes 
several multidisciplinary research topics.

Figure 31. Research topics covered in the emerging projects’ publications.
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Figure 32. Field-weighted citation 
impact of the spearhead projects.

Figure 32 presents the field-weighted citation impact (FWCI) on the x-axis and output in 
the top 10% citation percentiles in the y-axis for the publications prepared by the PIs of the 
Infotech spearhead research projects and their researchers. The FWCI (on the x-axis) is the 
ratio of the total citations actually received and the total citations that would be expected 
based on the average of the subject field indicating how the citations compare with the 
average number of citations by similar publications. An FWCI value equal to 1 corresponds 
to performing as the global average, while an FWCI score higher than 1 work is cited more 
than the global average. Infotech spearhead project’s FWCI is higher than 2 indicating 
that those publications have received more than twice as many citations as the average in 
the field. The resulting FWCI score is much higher than the world average, the average in 
Finland and the average at the University of Oulu. 

Outputs in the top 10% citation percentiles (on the y-axis) indicate the extent to which the 
publications are present in the top 10% of the most-cited publications in the same research 
field and year including journal articles and reviews. Infotech spearhead projects output 
in the top 10% citation percentiles is over 27.5 indicating that a much higher number of 
articles from Infotech spearhead projects are in the top 10% citation percentile than the 
world average, the average in Finland and the average at the University of Oulu.

Figure 33. UN SDGs 
in publications of the 
spearhead projects.

Figure 33 illustrates the UN SDGs in publications prepared by the PIs of the Infotech 
spearhead research projects and their researchers. The main themes are affordable and 
clean energy (SDG 7) and good health and well-being (SDG 3), followed by themes related 
to industry, innovation and infrastructure (SDG 9) and sustainable cities and communities 
(SDG 11).
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5. Future outlook
The spearhead research projects presented in Chapter 4 and emerging projects in Chapter 
5 formed the core of Infotech Oulu Focus Institute’s research projects in the time frame 
2018-2021 and 2019-2022, respectively. Infotech will continue to promote multidisciplinary 
and internationally significant research, cross-faculty research cooperation, and researcher 
interaction and a community spirit. Infotech supports multidisciplinary spearhead projects, 
engages in foresight work and initiates new research projects, develops doctoral education, 
strengthens international networking, and promotes the popularization of science and 
participates in stakeholder cooperation. 

The University of Oulu’s strategic funding will be channeled via the Infotech Focus 
Institute to twelve new spearhead research projects for the time period 2022-2025 and 
five new emerging projects for the period of 2023-2026. Figure 34 presents the PIs and key 
researchers of the new spearhead and emerging projects. 

Twelve new spearhead research projects, each with 1-2 post-doctoral researcher and 1-2 
doctoral researcher positions, have started in January 2022 on the following topics: 

• Heikkilä Janne, Liu Li: A Framework for General Spatial AI (FRAGES)

• Hämäläinen Matti, Hannu Jari: SmartBAN Enabled Human Vital Sign Measurements 
(SEHU)

• Juntti Markku: Energy-Efficient Wireless Access (EEWA)

• Juuti Jari, Bai Yang, Jantunen Heli: Low-energy high-performance sensing materials 
for environment digitalization

• Komsa Hannu-Pekka, Kordas Krisztian: Memristors and neuromorphic sensors from 
vertically aligned layered materials

• LaValle Steven: ViRTIA: Virtual Reality-Based Telepresence through Improved 
Autonomy

• Myllylä Teemu: Accurate, deep tissue functional spectroscopy for a wide field of 
biomedical research

• Röning Juha, Vainio Seppo, Izzi Valerio, Sebert Sylvain, Pimenoff Ville: Safe 
biomonitoring by bioICT integrated wearables

• Samarakoon Sumudu: Robust and Reliable Delay-Sensitive Communication and Control 
Co-Design (R2D2)

• Silvén Olli, Bordallo López Miguel: MAALI: Multisensory automation for assisted living

• Tölli Antti: Immersive Extended Reality Environments with Cache-aided Directional 
Access

• Zhao Guoying: Towards Secure and Reliable Deep Learning Systems against 
Adversarial Attacks

Five new projects with one 4-year doctoral researcher position will start in January 2023 
on the following topics: 

• Gilman Ekaterina: What a healthy future city feels like?

• Karppinen Pasi: Social equality for digital rural areas

• Partala Juha: Provably Authentic Model Training in Machine Learning

• Särestöniemi Mariella: Portable diagnosis and deep tissue monitoring with microwaves

• Tiulpin Aleksei: Bayesian deep learning for opportunistic disease screening.

Infotech will launch foresight work to identify future research themes in the University of 
Oulu’s strategic research area of Digitalization and Smart Society. Infotech research will 
be connected more strongly to national and international networks. Societal impact will 
be sought via promoting sustainability topics in the focus area of research and actively 
contributing to relevant regulations including responses to public consultations by policy 
makers. 

Researcher collaboration will be promoted by arranging events for information sharing 
including ICT Research Breakfasts and multi-disciplinary seminars and multi-disciplinary 
project preparations on-demand. Doctoral education in the focus area will be strengthened 
with Infotech branded lectures and courses. 

Figure 34. Infotech projects’ key researchers at the kick off day on the 27th of September 2022.
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