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Executive Summary 

 

The NSF–sponsored workshop on Advancing Underwater Cyber Infrastructure for Blue 
Science, or BLUE-UCI 2021, was held virtually on Jan. 12 and Jan. 14, 2021.  Webinar 
presentations were organized into four sessions: 1. Ocean Science Perspectives: Needs and 
Challenges; 2. IoUT Hardware, Electronics, and Applications in Extreme Environments; 3. 
Underwater Communications, Signal Processing, and Networking; and 4. Marine Robotics and 
Artificial Intelligence for IoUT.  

Zoom discussion panels followed the webinar sessions and discussed three important 
topics related to underwater cyber infrastructure: Q1. What are the most important challenges in 
underwater cyber infrastructure? Q2. What are the actions we can take to address these 
challenges in short term (~5 years) and in long term (~10 years)? Q3. What are the 
environmental and societal impacts of the technological advances in underwater cyber 
infrastructure?  

Based on the webinar presentations and panel discussions, the organizing team 
summarized four recommendations and several specific research directions. Those will help the 
NSF with a strategic planning and funding program that supports the next-generation advances in 
underwater technologies while reducing environmental footprint. As the UN Decade of Ocean 
Science for Sustainable Development starts in 2021, it is timely for the NSF to develop such a 
program that addresses the cyber infrastructure of underwater technologies and directly impacts 
the blue economy and the blue science. 

 The details of the workshop, including this report and the video recordings of the 
presentations, are found on the workshop website: ​https://www.blue-uci2021.org  
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1. Workshop Overview 

The NSF–sponsored workshop on Advancing Underwater Cyber Infrastructure for Blue 
Science, or BLUE-UCI 2021, was held virtually on Jan. 12 and Jan. 14, 2021. The overall goal 
of the workshop was to help NSF with strategic planning in addressing the cyber infrastructure 
of underwater technologies affecting the blue economy, in particular an appropriate funding 
program that supports the next-generation advances in underwater technologies while reducing 
environmental footprint. The workshop was divided into four sessions: 

o Session 1 - Ocean Science Perspectives: Needs and Challenges 
o Session 2 - IoUT Hardware, Electronics, and Applications in Extreme Environments 
o Session 3 - Underwater Communications, Signal Processing, and Networking 
o Session 4 - Marine Robotics and Artificial Intelligence for IoUT 

Each session consisted of webinar presentations and a discussion panel. The webinar 
presentations included one 30-minute keynote speech, two to four 10-minute short talks, and 
several 3-minute pre-recorded lightning talks. The discussion panel ran for an hour after the 
webinar presentations. The discussion panel utilized a Zoom meeting and four breakout rooms to 
facilitate the discussion. The workshop schedule and the list of presentations are detailed in 
Appendix A. Links to the video recordings of the presentations are also included on the 
workshop website: https://www.blue-uci2021.org/agenda.html. 

The total number of registrants 
for the workshop webinar is 161, 
among those, 53.4% are from 
academia, 23.0% are from 
research laboratories and 
industry, 20.5% are from the 
government, and 3.1% are from 
non-profit organizations or other 
organizations, as shown in Fig. 
1. Based on the emails of the 
registrants, 84.5% of the 
registrants are US-based, and 
15.5% are international 
participants. 

The actual attendance to each session is listed in Table 1, based on the Zoom webinar 
attendance report and the time durations of the attendees. Attendees who stayed in a session for 
less than 10 minutes are excluded from the counts. 
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Table 1. Workshop attendance 

Session # Session 1 Session 2 Session 3 Session 4 
Webinar 99 98 84 70 
Discussion panel 52 56 63 50 



 

2. Panel Discussions 

The panel discussions were centered on the following three questions:  

Q1.What are the most important challenges in underwater cyber infrastructure? 
Q2.What are the actions we can take to address these challenges in short term (~5 

years) and in long term (~10 years)? 
Q3.What are the environmental and societal impacts of the technological advances in 

underwater cyber infrastructure? 

Q1. Most important challenges 

The panels recognize the importance for an underwater cyber infrastructure to include or provide 
the following functionalities:  

● Underwater Positioning, Navigation, and Timing (PNT) systems that can provide 
services similar to the Global Positioning System (GPS);  

● Wired and wireless communication networks for the transmission and sharing of 
data among all assets; 

● Power/ energy supplies to support underwater and marine systems;  
● Sensors and actuators that form the internet of underwater things (IoUT) systems; 
● Robotic platforms such as Remotely Operated Vehicles (ROV), Autonomous 

Underwater Vehicles (AUV), gliders, and other marine robots for data collection 
and infrastructure maintenance. 

 

Underwater PNT or GPS systems and communication networks are essential to providing 
connectivity between underwater assets and human activities. Localization and communication 
are tightly coupled and serve as the core of the cyber infrastructure.  Underwater communication 
networks connect the PNT system nodes, mobile platforms, and underwater platforms, while 
underwater PNT provides critical timing to communication networks and critical positioning and 
navigation information to underwater assets. The recommendation from ​OceanObs2019​ clearly 
suggested “a sustained multipurpose acoustic network for passive monitoring, tomography, 
underwater positioning and communication in the integrated Arctic observing system, with 
eventual transition to global coverage.”  Such a unified cyber infrastructure is also critical to 
other research areas, technology development, and the blue economy. 

On the other hand, no system can operate without a reliable power supply, and 
communications, mobility, and sensing come at a significant energetic cost, and typically 
represent the largest portion of system energy budgets. Despite recent advancements in energy 
technologies, providing efficient power or energy to underwater infrastructures remains a 
significantly challenging problem that is interrelated with the push for innovation in other areas 
of cyber infrastructure.  
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If a cyber infrastructure can provide the PNT, communication, and power services, 
underwater mobile platforms and sensors/actuators can take advantage of it and provide 
enhanced services to all applications. Although existing sensor/actuator technologies may be 
modified to suit some underwater needs, unique challenges associated with underwater sensing 
and actuation have not been sufficiently addressed, including high pressure of deep-ocean, 
long-term deployment, large scale and spatial coverage, extreme heat/corrosion conditions, 
biofouling, special sensitivity requirements related to microplastics, biomaterial, bacteria 
sensing. Integration of sensors into robotic platforms furthers demand for sensor miniaturization 
and power management. In addition to those challenges, marine robotic platforms need to 
operate autonomously with high precision and reliability. These demands require a high level of 
intelligence to deal with faults and unexpected environmental changes over a long operation 
period.  

 The priorities and technical challenges of these systems are tightly related to the targeted 
applications. For example, the commercial sector includes fisheries, shipping, oil and gas, and 
underwater mining; the scientific research sector includes environmental sensing and monitoring, 
maritime archaeology, marine biology, and physical, geological, biological, and chemical 
oceanography. In the fishery and shipping applications, underwater GPS and tracking could 
enable asset tracking and fisheries technologies with less bycatch and ecosystem damage; 
underwater wireless communications and sensing technologies can improve interoperability to 
reduce cost; utilizing small AUVs and marine robots can also improve remote operations and 
reduce cost. In the underwater mining applications, durable and robust underwater ROVs and 
robots are highly desirable to reduce risk of human operators in extreme conditions; underwater 
sensing, communications and tracking are essential for robotic platforms to perform intelligent 
operations. In the environmental studies and oceanography applications, it is challenging to 
provide any of the services for long-term deployment and large-scale operation.  In particular, it 
is desirable to have the PNT service at the basin scale without strong noise pollution; the 
high-bandwidth large-range communication networks will enable AUVs and marine robots to 
sample areas of interests in real-time; sensing technologies are needed for detecting and tracking 
microplastics, CO​2​, and pH and other ocean variables that have been elusive to measure without 
physical ocean samples. In marine biology studies, softbody sensors and robots are desirable in 
some applications and deep-ocean in situ sensing is also desirable.  

As for those underwater scientific fields and applications, the panels have also identified 
some potential enabling technologies and research challenges. The potential enabling 
technologies include but not limited to underwater IoT, underwater communications and 
networking, underwater GPS/tracking, underwater robotic design and control, marine power 
energy supply, and underwater sensors and actuators. The research challenges include but not 
limited to: How to conduct long-term deep ocean in situ sensing? How to conduct long-term 
large-scale microplastics sensing? How to deploy long-term underwater environmental sensing? 
How to detect the underwater pollutants (e.g., chemicals, particles, industrial, agricultural, and 
residential waste, noise, or the spread of invasive organisms) and effectively deliver the sensed 
information? How to balance the underwater sensors’ durability and robustness? How to reduce 
the power demand of underwater mining? How to guarantee the robustness of underwater mining 
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operations in extreme underwater conditions? How to reduce the power demand of underwater 
mining? How to establish interoperability to reduce the underwater research cost?  

In terms of performance metrics, different application areas also exhibit different 
priorities in terms of reliability, cost, maintenance, interoperability, and security. Significant 
obstacles are present in the existing underwater technologies. For example, the reliability of 
energy sources, positioning systems, communication networks, and sensing instruments is of 
critical importance, especially for the long-term operation of sensing platforms.  Cost and 
maintenance are very sensitive to the fishery and shipping sector. Interoperability is important 
for scaling up the operations in underwater mining and sensing, as well as promoting 
collaboration and competition.  System security is of high importance for military applications 
and may adopt similar approaches used by terrestrial systems for commercial applications and 
scientific research.  

 ​As technologies in communication, sensing, and autonomy have enabled the 
oceanography community to push forward the concept of a networked ocean (as envisioned 
through the UN Decade of the Ocean that began in 2021), the strategic focus on underwater 
cyber infrastructure is timely. The panels recognized the differences in mission, vision, and 
resource management taken by NSF and DoD agencies (ONR, NASA, DARPA, etc.).  Some 
programs often identify a single, most compelling application or challenge that requires multiple, 
simultaneous technology advances to achieve.​ ​Such examples include the GPS project from the 
Navy, the moon-landing and Mars exploration projects from NASA, the desert and urban 
autonomous driving challenges from DARPA, as well as the global ocean drifter ARGO program 
from NOAA. In contrast, NSF’s approach to infrastructure often identifies the most important 
needs common to many application areas and builds infrastructure to serve those needs. For 
example, the NSF ​UNOLS​ academic research fleet program provides ship time to support all 
areas of ocean science and engineering research. The NSF Ocean Observatory Initiative (​OOI​) 
program and many other NSF’s large facilities are listed ​here​. 

Several panelists working at the interface of ocean science and engineering reported that 
they have had difficulty obtaining NSF funding to support and test cyber infrastructure-related 
developments.  Funding available from NSF-OCE primarily supports basic research, and 
science-driven experiments may not have the flexibility required for sufficient design, testing, or 
development of higher-risk technological development.  Similarly, funding driven by 
engineering needs would benefit from opportunities to field-test and harden new technologies in 
realistic environments, working within a research team focused on high impact, contemporary 
issues in ocean science.  NSF investment in underwater cyber infrastructure could potentially be 
transformative to simultaneously enable research advances typically supported by different 
programs or directorates.  

The dialogue between ocean scientists and engineering researchers revealed significant 
gaps between ocean science and underwater engineering. On the one hand, ocean scientists see a 
lot of needs in better engineering solutions, ranging from energy harvesting, PNT, wireless 
communications, and sensing instrumentation. On the other hand, engineering researchers don’t 
see what applications their research and innovations might target, and many do their research 
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because of their curiosity or “boredom”. The gap between engineering research and fieldable 
instrumentation that serves ocean scientists is often so big that many engineering innovations fall 
into the “valley of death”.  The relatively small size of the scientific oceanography community 
does not provide sufficient profit or market incentive for manufacturers.  Some panelists 
commended the NSF I-CORPS program as a great mechanism of engaging academic researchers 
with industry and market and the NSF PFI (Partnership for Innovation) program and the 
Technology Transfer (TT) options in other programs for their effort on bridging the gap.  

Many panelists also recognized that the UN ​Decade of Blue Science​ Initiative starts in 
January 2021, and emphasized that it is desirable to identify a breathtaking goal in underwater 
applications.  Examples mentioned by some panelists include an organized large scale effort to 
understand the spatial variability of the effects of climate change, mapping 90% of the global 
ocean, any-time any-where connectivity in the ocean, revolutionizing the fishery industry, 
connecting oceans with all people, underwater video transmission, underwater internet, cleaning 
the global ocean, deep ocean tourism, and ocean habitats.  The panels would recommend 
identifying a commonly needed infrastructure that can serve multiple applications.  

Q2. Short-term and long-term actions 

In the panel discussions, we define the short term as 3 -- 5 years and the long-term as 5 -- 10 
years. The panels recognized that the advances in underwater technologies often take much 
longer to achieve than terrestrial technologies and often require much more investment as most 
underwater technologies face more challenges and obstacles. Some of the biggest obstacles are 
lack of investment, lots of barriers to entry, lack of economic drivers outside of a small 
science-driven community, and lack of collaboration.  

The panels provided many good suggestions on attainable action items. Those include:  

● Enhancing government regulation vs promoting customer-base market and research 
consortia; 

● Incentivizing new products and technology innovations via investment in 
commercialization such as I-CORPS and SBIR. 

● Operating existing technologies in new ways vs developing new technologies -- 
supporting whichever will enable paradigm changes 

● NSF has traditionally favored performance improvement over cost reduction. However, 
cost reduction would promote scaling up, so cost reduction enables  scalability;  

● Standardization will improve interoperability, but standardization effort is largely 
unfunded. Most existing underwater technologies are proprietary systems that may be 
easier to achieve network/asset security, but really drives the price high and sets high 
barriers to newcomers; 

● Finding common goals to attract a diverse community to work on a grand challenge, 
dreaming big and deep and far; 

● Enabling interaction among engineering and ocean science communities, fostering 
interdisciplinary collaborations; 

● Fostering international collaboration and re-evaluating export control policies and 
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regulations; 
● Stimulating interests in general public and recruiting the next generation of researchers; 

Creating more media coverage such as movies and broadcasts (My Octopus Teacher, 
Robert Ballard Ted Talk, etc.), making media splashes such as the national broadcast of 
NASA spacecraft docking; 

● Articulating positive images and societal impacts of ocean technologies to the general 
public,  taking advantage of the UN ​Decade of Blue Science for Sustainable 
Development​ program.  

Technologically, the panels discussed specific approaches to addressing some of the cyber 
infrastructure needs: comparing quantum-based underwater navigation and beacon-based 
underwater navigation; considering hybrid communication systems that combine cabled systems 
with wireless systems; Considering a joint network that can provide multiple services such as 
PNT, communications, and data collection;  promoting smart energy harvesting; developing a 
fleet of cost-effective mobile platforms; exploring new sensing and actuation technology towards 
large scale deployment.  The top three recommended short-term and long-term actions are listed 
in Table 2. 
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Table 2. Recommended Actions for the Research Community 

 Short-term Actions Long-term Actions 

Encourage collaboration between engineering 
and ocean science communities through 
workshops, data sharing, and 
interdisciplinary meetings  so that the 
engineering community becomes more 
familiar with fundamental questions in 
oceanography, and the oceanography 
community becomes aware of the 
logistical/infrastructure challenges that can be 
solved through engineering efforts. 

Foster inter-agency collaboration and 
international collaborations; join the ​UN 
Decade of Blue Science​ program; create 
fundamentally interdisciplinary programs to 
bridge the funding gap between ocean 
science and engineering; 
 

Develop shared testbeds, data repositories, 
and marine assets for underwater research, 
teaching, and technology development, lower 
the barrier of entry. 

Identify grand challenges for underwater 
cyber infrastructure: energy, navigation, 
communications, marine transportation, 
robotics, and sensing.  

Develop training platforms and curricula for 
underwater technologies including 
navigation, communications, robotics, and 
sensing;  

Promote interoperability and 
standardization, address export control and 
other restrictions 

https://oceandecade.org/
https://oceandecade.org/
https://oceandecade.org/
https://oceandecade.org/


 

 

Q3. Environmental and Societal Impacts 

 ​The panels identified several environmental impacts that underwater technologies may bring: 

● Increased level of underwater noise and interference due to beacon-based constant 
pinging of underwater GPS system at ~ 900 Hz, strong transmission from sonar imaging 
systems, and potential increase of acoustic transmission from dense acoustic 
communication networks;  

● Sound pollution from these technologies and surface-based industries (e.g., shipping).  
● Increase of plastic, both in the form of microplastics and as “scientific litter” on the 

seafloor and in the water column due to loss of fishery gear, research instruments, AUVs, 
and other mobile robots. Currently, the estimated loss of assets is at 10% of the 
operational deployment. The contribution of the research-related pollution is significantly 
smaller than that of shipping, fisheries, and other non-scientific human activities, the 
scientific research community carries an additional burden, and must be sensitive to the 
microplastic pollution problem, proactively developing and using new materials with less 
harmful impact to the environment it seeks to study.  

● Nets, cables, and surface structures cause entanglement to wildlife (and AUVs), and are 
subject to additional risk at the surface due to vandalism and physical stressors. Reducing 
the oceanographic and fisheries communities’ reliance on surface buoys and subsurface 
cables and nets would reduce the threat on endangered marine mammals.  

The panels also pointed out many positive societal impacts that underwater technology advances 
would bring: 

● Enabling sustainable economic growth in fishery and aquaculture, shipping, mining, and 
related industries; 

● Improving seafloor mapping of the Exclusive Economic Zone (​EEZ​) and improving the 
surveillance of coastal regions;  

● Enabling understanding of climate change, formation and prediction of extreme weather, 
life cycles in oceans and lakes, and other topics that are important for the well-being of 
the earth; 

● Enhancing sensing technologies and increasing data collection to better characterize the 
ocean and marine resources; 

● Educating the general public about how important the oceans and fresh-water bodies are 
to humanity, as well as the UN ​Convention of the Law of Seas​; Projecting positive 
images of ocean science research, engineering advances, and technology development; 

● Communicating direct and indirect impacts of human activities on oceans and other 
aquatic systems. Refer to the ​UN​ Global Programme of Action for the Protection of the 
Marine Environment from Land-based Activities​. Some good examples of indirect impact 
are: international trade and shipping increase have put tremendous stress on oceans; 
extensive salt use for de-icing results in salinity increase in freshwater systems; green gas 
emission puts a high demand on oceans to absorb more CO​2​; everyday use of plastics 
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leads to heavy microplastics pollution in rivers, lakes, and oceans than lost scientific 
instruments.  

 

3. Recommendations 

The planning team reviewed the workshop webinars and panel discussions, and here, 
summarize the opinions gathered from the workshop and propose some recommendations to the 
NSF. It is our hope that these recommendations will help NSF to form a meaningful call for 
broader participation from the research community to promote fundamental research, technology 
advancement, and field integration in the near future.  
 ​Recommendation 1:​ developing a program to promote innovation in a sustained and integrated 
cyberinfrastructure that provides multiple services simultaneously,  including but not limited to 
positioning, navigation, and timing (PNT), communication and networking, energy 
replenishment, and data collection.  Without increasing environmental impacts, the ocean 
community envisions the urgent needs for a unified multi-purpose cyber infrastructure that is 
sustainable, achieves the highest performance, and best utilizes the existing resources.  
 ​Recommendation 2:​ promoting interdisciplinary research among ocean science and 
engineering disciplines, engaging multi-sector collaborations among academia, government, 
non-profit organizations, and industry, and developing across-national collaborative programs.  
 ​Recommendation 3:​ emphasizing research activities that address broader impacts on both 
societal and environmental aspects; promoting innovations that help us to understand the 
influence of human activity and economic development on the ocean environment, and  requiring 
specific measures of success on these efforts.  
Recommendation 4:​ engaging NSF’s ​Mid-scale Research Infrastructure​ program, other funding 
agencies, and international partnership to develop a coalition of programs; engaging the UN 
Decade of Ocean Science for Sustainable Development​ program. 

 
The potential research topics for a sustainable cyber infrastructure for scalable underwater 
operations are listed here: 

1.  Unified Infrastructure Communications and Networking: The team also points out some 
potential directions for underwater cyber infrastructure solutions:  

1.1 How to take advantage of the SMART (Scientific Monitoring And Reliable 
Telecommunications)​ submarine cable system​ and add underwater PNT, wireless 
communications, AUV support, and sensing capabilities? Innovations are called to provide such 
multi-purpose services with minimum impacts on wildlife and the ocean environment while 
being cost-effective so that the system can scale up to basin coverage.  

1.2 How to provide PNT services without increasing sound pollution underwater? One 
potential direction is to utilize the ​quantum compass​ for underwater GPS; another direction is to 
utilize communication signals and machine learning for navigation and localization services as 
well as sense. 
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1.3 There are many areas that technologies based on electromagnetic waves (both for 
communication and local GPS) offer competitive or even superior performance with smaller 
environmental pollution and lower required size, weight, and power. This is a relatively 
unexplored area of research. 

1.4 The team recognized that one of the prioritized research topics is  providing reliable 
and sustainable power supplies to underwater assets and activities. Potential topics include 
energy harvesting from the ocean environment, novel battery technology and power management 
for long-term deployment.  Multiple agencies including NSF have many existing programs that 
support underwater energy innovations, technology development, and field applications. It is 
wise to take the constraints of the existing and emerging energy solutions into account when 
proposing works in underwater cyber infrastructure.  

2. Sensor and IoUT Technology: 

2.1  Innovations in sensing technologies and biodegradable materials and circuits may be 
utilized to monitor the underwater environment and reduce the ocean garbage from lost 
instruments and other assets. With the current level of 10% loss of ocean mobile assets, the 
accumulation of microplastics and its impact will not be negligible.  

2.2  Monitoring other environmental aspects, for example, pH, CO​2​, chemical pollutants, 
bacteria, etc., also remains a challenge in terms of sensitivity, accuracy, and in situ capability. 
Miniaturization, power, and weight are also significant limitations to integration of new sensors 
onto mobile platforms.  Some of the topics are also listed in the report of NSF 2018 ​Seafloor 
Instrumentation Workshop​.  

2.3 Develop task-oriented UIoT infrastructure/network architecture (e.g., underwater 
pollutant detection, aquaculture and fishing, offshore oil and gas infrastructure health 
monitoring, etc.) by integrating novel underwater sensing, marine robotic, and short/long-range 
underwater communications techniques.  

3. Marine Robotics: 

3.1 Establish principles and design methodologies that utilize marine robots as mobile 
sensor platforms to collect controlled Lagrangian data streams for a broad scope of 
spatial-temporal processes underlying ocean and environmental phenomena. Encourage the 
integration of oceanographic models and data-driven models with marine autonomy under 
realistic constraints on data rate, localization accuracy, sensor capability, and power budget. 

3.2 Leveraging communication, networking, localization, and power support provided by 
the underwater cyber-infrastructure, promote technology advancements towards persistent 
autonomy for marine robots to maintain a longer-term presence in three-dimensional ocean 
environments, including the surface, the bottom, and the water column.  
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3.3 Develop cost-effective open-source hardware and software systems, maintain shared 
testbed and common datasets to lower the barrier for broader participation from the community 
in research and education activities on marine robots.  

3.4 Extend the scope of applications of marine robots in the blue economy. Form 
partnerships with industry and research institutions focusing but not limited to: aquaculture and 
fishing, environmental monitoring and cleaning, underwater data centers, shipping and 
transportation, oil and gas.  
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Appendixes 

Appendix A. Detailed Workshop Schedule and List of Presentations 

  ​DAY 1: TUESDAY JAN. 12TH, 2021 

Session 1: Ocean Science Perspectives: Needs and Challenges 
10:00 am - 10:10 am Opening Remarks 
10:10 am - 10:40 am keynote speech + Q&A: 

o  ​ ​“Essential Elements for Underwater Cyber Infrastructure”​ -- Bruce Howe 
(University of Hawaii) 
 

10:45 am - 11:25 am, four short talks  
o  ​ ​“Looking forward - Marine Robotics and High-Resolution Mapping in the 
Ocean”​ -- Hanumant Singh (Northeastern University) 
o  ​ ​“Summary of 2018 NSF Seafloor Sensing Workshop and Recommendations” 
-- Christopher Parrish(Oregon State University) 
o  ​ ​“The JANUS Underwater Communication Standard”​ -- Joao Alves (CMRE 
Italy) 
o  ​ ​“Underwater Communication Signal from the Perspective of Ocean Noise 
Management”​ -- Shane Guan (Bureau of Ocean Energy Management) 
 

11:30 am - 11:55 am, seven 3-min lightning talks  ​pre-recorded lightning talks video   
  

o   ​“Why Every Seafloor Seismic and Geodetic Sensor Needs to Be Connected to 
the IoUT” -- William Wilcock (University of Washington) 
o   ​“Ocean Observing Systems and Resident Underwater Robotics” -- Dana 
Manalang (APL, University of Washington) 
o   ​“Acoustic Propagation, Acoustic Navigation, Arctic Oceanography” -- Lora 
Van Uffelen (University of Rhode Island) 
o   ​“Pushing the (Glider) Envelope: Glider-based Navigation and Subsea Current 
Measurements” -- Sarah Webster (APL, University of Washington) 
o   ​“Augmenting Scientific Research with an Underwater Internet of Things” -- 
Jules Jaffe (Scripps Institute of Oceanography) 
o   ​“Real-time Passive Acoustic detection of Endangered North Atlantic Right 
Whales Using Autonomous Underwater Technology” -- Genevieve Davis (NOAA) 
o   ​“Ropeless fishing networks” -- Mark Baumgartner (WHOI) 

 
11:50 am - 12:50 pm breakout room discussion 
Lunch break 
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Session 2: IoUT Hardware, Electronics, and Applications in Extreme Environments 
 
1:30 pm - 2:00 pm keynote speech + Q&A 
  

o  ​ ​“Building the Internet of Underwater Things”​ -- Fadel Adib (MIT) 
 

2:05 pm - 2:35 pm, two short talks 

o  ​ ​“New Directions in Underwater Communication Electronics”​ -- Santanu Das 
(ONR) 
o  ​ ​“State-of-the-art Acoustic Telemetry for Studying Aquatic Animal Behavior 
and Survival: Current Capabilities and Future Advances”​ -- Daniel Deng (PNNL) 
 

 2:40 pm - 3:10 pm nine 3-min lightning talks  ​pre-recorded lightning talks video   
o   ​“Underwater Acoustics Research Supporting the IoUT” -- Andrew Barnard 
(MTU) 
o   ​“Challenges and Opportunities in Ocean Sensing” -- Xuejue 'Sophie' Wang 
(Uconn) 
o   ​“Blue Energy to Power the Blue Science and Economy” -- Lei Zuo (VT) 
o   ​“Efficient Ultra-Low Frequency Transmission with Magnetic Pendulum Arrays 
for Underwater Applications” -- Ethan Wang (UCLA) 
o   ​“A Mechanically Based Magneto-inductive Transmitter with Electrically 
Modulated Reluctance” -- Nader Behdad (WISC) 
o   ​“Magnetic Induction-based Underwater Communications” -- Zhi Sun (Buffalo) 
o   ​“Riding the Stress Wave: integrated monitoring and Communications for 
Offshore Pipelines” -- Miao Pan (UH) 
o   ​“Electromagnetic waves for Communication and Navigation Underwater” -- 
Majid Manteghi (VT​） 
o   ​“Cybersecurity is an extra-functional requirement (XFR)” -- John Jorgensen 
(ABS) 

 3:10 pm - 4:10 pm breakout room discussion 

 4:15 pm - 4:30 pm Day 1 concluding remarks  
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 ​DAY 2: THURSDAY JAN. 14TH, 2021 

Session 3: Underwater Communications, Signal Processing, and Networking 

10:00 am - 10:30 am keynote speech + Q&A: 

o  ​ ​“​Underwater Communications, Signal Processing, and Networking”​ -- ​Milica 
Stojanovic (Northeastern University) 

 10:35 am - 11:05 am three short talks 

o  ​ ​“Status of Underwater Acoustic Communications”​ -- Bob Headrick (ONR) 

o  ​ ​“Infrastructure to Advance Mobile Underwater Wireless Networking Research” 
-- Aijun Song (University of Alabama) 

o  ​ ​“Networking and Acoustic Communications at NRL”​ -- Lloyd Emokpae (NRL) 

11:15 am - 11:35 am, six 3-min lightning talks 

 pre-recorded lightning talks video 

o   ​“Signal Processing and Communication Systems, Underwater Acoustics and 
Acoustic Communications” -- Andy Singer (UIUC) 

o   ​“Underwater Acoustic Communications and Networking” -- Zhaohui Wang 
(MTU) 

o   ​“Underwater  Wireless Communications & Networking” -- Prasad Anjangi 
(Subnero Inc.) 

o   ​“Network-Layer Challenges in Underwater Wireless Communications” -- 
Xiaoyan Hong (University of Alabama) 

o   ​“Underwater Wireless Networking” -- Mohamed Younis (UMBC) 

o   ​“Deep Reinforcement Learning for Underwater Acoustic Networks” -- Rosa 
Zheng (Lehigh University) 

11:40 am - 12:50 pm breakout room discussion 

Lunch break 
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Session 4: Marine Robotics and Artificial Intelligence for IoUT 

 1:30 pm - 2:00 pm keynote speech + Q&A 

o  ​ ​“Underwater Communication for Marine Robotics”​ -- Mandar Chitre (NUS 
Singapore) 

2:05 pm - 2:45 pm, four short talks 

o  ​ ​“Applications of Acoustic Communications”​ -- Lee Freitag (WHOI) 

o  ​ ​“Enabling Undersea Persistent Autonomy”​ -- Nina Mahmoudian (Purdue) 

o  ​ ​“Marine Robotic Networks: From Platforms to Services”​ -- Fumin Zhang 
(Georgia Tech) and Catherine Edwards (U Georgia) 

o  ​ ​“Ocean Thermal Energy to Power Underwater Systems”​ -- Yi Chao (Seatrec) 

 2:50 pm - 3:10 pm, four 3-min lightning talks ​ pre-recorded lightning talks video   

o   ​“Marine Vehicles and Marine Environments” -- Geoff Hollinger (Oregon State 
University) 

o   ​“The Naviator: An Unique Multirotor Unmanned Air/Underwater Vehicle” -- 
Javier Francisco Diez (Rutgers, The Navigator) 

o   ​“Underwater Localization, Coral Classification, Mapping, Exploration, and 
Coverage” -- Ioannis Rekleitis (U. of South Carolina) 

o   ​“Robotic Vehicle System for Novel Ocean Obs” -- Joao Sousa (University of 
Porto) and Kana Rajan (University of Porto/SIFT LLC) 

3:15 pm - 4:15 pm breakout room discussion 

4:15 pm - 4:30 pm closing remarks 
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Appendix B. Slides of Keynotes  

Session 1 Keynote  Speech  

“Essential Elements for Underwater Cyber Infrastructure” 
 -- Bruce Howe (University of Hawaii) 
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Session 2 Keynote  Speech  

“Building the Internet of Underwater Things”  
-- Fadel Adib (MIT) 
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Session 3 Keynote  Speech 

“Underwater Communications, Signal Processing, and Networking” 

 -- Milica Stojanovic (Northeastern University) 
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Session 4 Keynote  Speech  

“Underwater Communication for Marine Robotics”  

-- Mandar Chitre (NUS Singapore) 
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Appendix C. Slides of Short Talks 

Session 1 Short Talk 

“Looking forward - Marine Robotics and High Resolution Mapping in the Ocean”  
-- Hanumant Singh (Northeastern University) 

 

 

 

60 

https://blue-uci2021.org/Recordings_Webinar/2021-01-12%20Session1/session1short1.mp4


 

 

 

 

61 



 

 

 

 
62 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

63 



 

Session 1 Short Talk 

“Summary of 2018 NSF Seafloor Sensing Workshop and Recommendations” 
 -- Christopher Parrish(Oregon State University) 
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Session 1 Short Talk 

 ​“The JANUS Underwater Communication Standard”  
-- Joao Alves, CMRE Italy 
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Session 2 Short Talk 

“New Directions in Underwater Communication Electronics”  

-- Santanu Das (ONR) 
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Session 2 Short Talk 

“State-of-the-art Acoustic Telemetry for Studying Aquatic Animal Behavior and Survival: 
Current Capabilities and Future Advances” 
 -- Daniel Deng (PNNL) 
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Session 3 Short Talk 

“Infrastructure to Advance Mobile Underwater Wireless Networking Research”  

-- Aijun Song (University of Alabama) 

 

 

88 

https://blue-uci2021.org/Recordings_Webinar/2021-01-14%20Session3/session3short2.mp4


 

 

 

89 



 

 

 

90 



 

 

 

91 



 

 

 

92 



 

 

 

93 



 

 

 

94 



 

 

 

 

 

 

 

 

 

 

 

95 



 

Session 3 Short Talk 

 ​“Networking and Acoustic Communications at NRL” 

 -- Lloyd Emokpae (NRL) 
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Session 4 Short Talk 

  ​“Applications of Acoustic Communications” 

 -- Lee Freitag (WHOI) 
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Session 4 Short Talk 

“Enabling Undersea Persistent Autonomy”  

-- Nina Mahmoudian (Purdue) 
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Session 4 Short Talk 

“Marine Robotic Networks: From Plateforms to Services” 

 -- Fumin Zhang (Georgia Tech) and Catherine Edwards (U Georgia) 
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Appendix D. Workshop Planning Tips 

D.1. Instructions for Preparing Lightning Talks 

Each session will have a series of pre-recorded 3-minute lightning talks. These talks 
should contain original contents and answer the questions in this ​template 
3-minTalkTemplate.pptx​.  

o What is your area of expertise? 
o What are the challenges in your research/application area?  
o How are the challenges related to underwater wireless communications and sensing?  
o How do you rate the current state of the art in underwater wireless communications 

and sensing? 
o What are the most critical issues in underwater wireless communication and sensing 

for the research community to tackle? 
o What are the potential environmental and societal impacts of technological 

advancement? 
o What are the opportunities for industry-government-academia collaboration? 

The pre-recorded lightening talk will be strictly limited to 3 minutes and the maximum 
size is 300 MB. Please use the link provided to you to upload your video.  
 
Several tools are available to record your presentation: 
      ​Loom: ​Loom allows you to record your screen, voice, and face and create an instantly 
shareable video. Instructions on Loom are available ​here.  
      ​Microsoft PowerPoint: ​You could also record your ​Voice over PowerPoint 
presentation ​and then ​convert it to MP4  
 
Meeting Software: ​You could use any meeting software if the video quality is good. Here 
are some links to instructions on recording a meeting on different platforms: 
      ​WebEx: ​Record a Cisco Webex Meeting 
      ​OBS: ​How to Record a Presentation using OBS Studio-IEEE CPC [YouTube Video] 
      ​Skype: ​How do I record my Skype calls 
      ​Google Meet:​ ​Google Meet Help  
      ​Zoom: ​Local Recording - Zoom Help Center 
      ​GoToMeeting: ​How to Record a GoToMeeting Session 
      ​Microsoft Teams: ​Record a meeting in Teams - Office Support 
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D.2. Tips on Moderating an Online Panel 

Notes were taken at the online rehearsal for NSF workshop blue-uci2021 

Check zoom settings and appearance: 

1. Ask all participants to turn their cameras on. Fit all participants’ video on one screen so you 
can see all of them at once; 

2. Check your own camera settings and room lighting. If the background is cluttered, use a 
virtual background. Dress up professionally, at least on the top portion of your body  

Some good tutorial videos about how to look good on camera are available here (for guys) or 
here (for gals). 

Be confident with good prep: 

1. Demonstrate confidence. We have been using video conferences for more than 9 months 
now and we are pretty good at it. If you run into technical issues, a student in the room will 
help you.  

2. Hosting a video conference is a little bit more work than face to face conference and how 
do we do better than a routine job? Short answers: use a slightly faster tempo, call on 
everyone, and use interesting/debatable/controversial questions.  

3. Consider the audience and participants: what are the difficulties they experience? Lack of 
attention, distractions, getting bored, multitasking. So how to attract attention and keep people 
engaged? Let’s learn from interesting TV shows which use conflicts, controversy, or debate.  

Safe options for professional meetings: may not be strong conflicts, but debate questions and 
different opinions related to the theme of the discussion.  Even fake debate can get people 
excited. 

4. Good prep boosts confidence: go over the session talks and the pre-recorded videos. Get to 
know the people in the session, prepare questions ahead of time, have a couple of people you 
know in the room to help stimulate discussion.  

5. Be conscious that you are in charge: you are managing the time, energy, and attention of 
everyone in the room. You set up and manage the dynamics of the discussion. 

Procedures 

1. Introduce all participants: hello to everyone as they join the room. Let everyone introduce 
themselves, starting the introduction with yourself to set an example, keep it as short as one 
minute.  

This is different from introducing a speaker in the webinar sessions. More on that later. We 
will have a zoom meeting to exchange information about the attendees. 
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2. Put out the questions to be discussed by showing them on the screen for a short time, then 
stop screen sharing so you can see everyone in the discussion panel. You may copy the 
questions into the Chat Box. Go around the room so everyone gets a chance to speak. May go 
in different orders for different questions.  

For difficult questions/tasks, ask someone you know well to step up first. Ask the keynote 
speakers or the short-talk speakers as your helper.  

3. How to stimulate someone who is shy to speak up? Use specific praises, show interest in 
their opinion, give them a bit more time, don’t force; 

4. How to stop someone who rambles on and on or who goes off-topic? Clearly set the time 
limit for each question per person. Try to maintain the time limit as closely as possible. if 
someone goes over the limit a lot, acknowledge their opinion by rephrasing what they say 
(what I hear you say is …, what I understand from you is … ), and then say: this is a really 
interesting question/opinion/problem, and I think it is different from what we are trying to 
address here (or it would take more time than we have today), so let us focus on …. ( or let’s 
move on to the next person).  

A tip used by radio interviewers: play a soft music piece or alarm and make it louder if the 
speaker drags on.  

5. Prepare some controversial questions and fake debates. We shall have a zoom meeting to 
discuss those and ask the NSF PMs for their inputs. 

6. Have another person or two to scribe the discussions. Consider asking the student helper to 
promote you any chat messages if you do not get to those. 

Zoom Webinar sessions: 

1. How to start the workshop or a session: have someone from NSF address the audience and 
give opening remarks. Need to nail down names for each session. 

2. How to introduce the keynote speakers: treat them as VIPs and formally introduce them 
before their talks. What is considered a bad introduction? Two extremely bad cases: 

 a. read the bio word by word – long and boring 

b. very short, just a name and a title of the talk may be the affiliation. That’s it. 

Some good examples are given by the team:  

a. Start by saying the name, formal title, and affiliation clearly. (Do not say: so and so 
does not need an introduction) 

b. Highlight the biggest achievement in their career and put it in perspective: The first 
person to work on x problem, the first to solve y, leading the best xy effort/team, despite 
the mainstream working on z, he/she insisted on w approach, the best know paper that 
started a new field of study, the most recent publication that investigates …., NSF career 
award, professional fellowship (IEEE fellow, ASA fellow, and NAE member, etc). 
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c. Provide some insights about the speaker that the general public cannot get from google 
search. Be careful about using their personal hobby that is not related to the profession. 
Ask the speaker beforehand for permission if you consider sharing those non-professional 
aspects (soccer player, ballroom dancer, etc.).  Scuba diving may be good ​☺ 

d. Be respectful w/o flattering.  No “your majesty” or “your honor”, Haha. 
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D.3. Website Creation and Maintenance  

Website creation follows three steps: 1. Finding a website host and data storage space, 2. 
Selecting a web editing tool and data storage method, 3. Content editing. Some tips and 
experiences are shared here for future reference and maintenance. 

1. Find a website host and data storage space 

Firstly, to get the domain name, several web hosts were considered: Lehigh LTS, GoDaddy, and 
Network Solutions.  Lehigh LTS can host a website for this special project with minimum cost, 
but only under the lehigh.edu domain. The LTS has to take charge of all content editing with 
Drupal Content Management System​ which often takes about 24 hours to turn around. ​A domain 
name of our choice can be purchased at Network Solutions for $40 /year and a bit less with 
GoDaddy. Hosting the website will cost additional depending on the services you use.  

We selected the Network Solutions Web Hosting for Premium (Hosting-Unix) package with a 
one-year subscription. The following services are included in this package: the domain name, 
unlimited disk space, unlimited email boxes,  SiteLock Premium (Malware Scanning, Auto 
Malware Removal: protect the website and mailboxes from malicious attacks), and SSL 
Certificate (get a website with https:// instead of http:// so the website is considered safe to 
browse). 

The common data storage spaces include Lehigh network drives, google drive, and Dropbox. We 
would like the data storage space to be easily accessible by multiple users inside and outside of 
Lehigh University and also allow external users to fill in forms and upload files. To share the 
video of the pre-recorded lightning talks, we use the Dropbox file request function so that the 
users can upload their files through a link. Lehigh University provides all students and faculty 
unlimited Dropbox space for $100/year and a Google Drive space of 15 GB without extra 
charge. We used both Dropbox and Google Drive to store and share files. All video recordings 
are also copied to Network Solutions website storage for easy link and access.  

 

2. Selecting a website creation/editing tool 

A resource page for website creation and editing tools is provided by Lehigh LTS at 
https://confluence.cc.lehigh.edu/display/LKB/Website+Creation+and+Tools​, where the 
commonly used tools for non-professional website creation are WordPress, Google Site, and 
Confluence. The experienced web developer will code a static page with HTML, CSS, Java, 
and/or Javascript.  

HTML makes up the layout and structure for the website; CSS is used to style a website and is 
used hand in hand with HTML to add colors, backgrounds, layouts, font sizes, and more. This 
language is a core technology web developers use to design and build websites; Java is an 
object-oriented programming language used to develop website content, games, apps, and 
software. Java is used in the production of most Android apps; JavaScript is a lightweight 
programming language (“scripting language”) used to make web pages interactive. 
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For the ​blue-uci 2021 workshop website​, we used HTML and CSS, here are some useful tutorial 
websites for reference: 

Our workshop assistant Ms. Chuqi Chen used a text editor to write HTML and CSS codes for the 
website. Tutorials for HTML and CSS are found here: ​HTML Tutorial​ and ​CSS Tutorial​. 

To change the content on the website via Network Solutions and a text editor directly, first, log 
in, and then click "Upload Files (FTP)" under the My Hosting Packages section:

 

 then in the following screen, choose the "File Manager" tab: 

 

and then click the "File Manager" button in the window below: 

 

 

The file folders will appear and an HTML file may be modified by opening it directly as a text 
editor. 

3. Content editing 

The contents of the website are heavily borrowed from the Smart Oceans 2020 workshop website 
https://smartoceans2020.org​ whose creators Drs. Fadel Adib of MIT and Josh Anderson of 
WHOI gave us some insights via a zoom meeting. To avoid creating an interactive website, the 
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registration function was achieved with a link to a Google Form which allows the user to fill in 
and submit the form. Google forms also collect the information of the attendees and export lists 
and statistics. We changed the settings of the form and also purchased the upgrade option. An 
important setting is to uncheck the “​Requires sign-in” option, so people do not need to sign in to 
their Google accounts to access the form as many do not have a google account. To reduce 
multiple entries from the same user, we also set up an automatic reply to send an email from 
Google Form and tell the user that the registration has been received. Moreover, before the 
workshop, we also send emails from Google Forms to the registered attendees with reminders, 
and the Zoom Webinar meeting ID, and the agenda for the workshop. This feature requires a 
paid upgrade of $20/mon. 

All photos and bios of our invited speakers were taken from websites with no or minimal effort 
from the speakers.  All wordings and appearance were checked by the planning team members to 
ensure quality and accuracy. Every page was also tested on different web browsers such as 
Firefox, Google Chrome, Microsoft Edge, and mobile devices.  As a future improvement, we 
may use ​Go links​ to shorten the long links to Zoom meeting/Google forms, etc.  
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