TECHNICAL REPORT

Award Number:
N000174-20-1-0007

Title of Project:
Advancing Self-Localization and Intelligent Maneuvering (SLIM) for Swarm of Autonomous
Unmanned Underwater Vehicles using Machine Learning

NEEC POCs:
Devon Gormley, Thai Tran

Period of Performance:
June 1, 2020, to June1, 2021

Prime Offeror:
South Dakota School of Mines and Technology

Technical Contacts:
Hadi Fekrmandi*, Randy Hoover**, Jason Ash*
*Department of Mechanical Engineering
**Department of Computer Science and Engineering
South Dakota School of Mines and Technology
501 E. St. Joseph Street CM 130
Rapid City, SD 57701
Phone: (605) 394-2585
Email: Hadi.Fekrmandi@sdsmt.edu

Table of Contents
Table of Contents........................................................................................................................................... 2
Introduction............................................................................................................................................ 1
Technical Objectives ............................................................................................................................. 2
A.

Problem Description ......................................................................................................................... 2

B.

Notional Mission Description ........................................................................................................... 2
Research Work....................................................................................................................................... 4
South Dakota Mines’ Project-Based Learning (PBL) Curriculum ........................................................ 5
Partner Collaboration and Mentoring .................................................................................................... 6
Supervised Research .............................................................................................................................. 8
Literature Review .................................................................................................................................. 8
Concluding Remarks ........................................................................................................................... 10
Future Work ......................................................................................................................................... 10
Acknowledgement .......................................................................................................................... 11
References....................................................................................................................................... 11
Appendices ..................................................................................................................................... 13

A.

Project Description (SLIM Proposal Executive Summary and Research Thrusts) ........................ 13

B.

Curriculum Development (ME Product Development Process) .................................................... 14

C.

Senior Design Proposal .................................................................................................................. 15

D.

White Paper (submitted to ONR NURP Program) ......................................................................... 16

E.

Proposal (submitted to NASA EPSCoR Major Grant) ................................................................... 17

F.

Poster Presentation (presented at NAML2021 Workshop) ............................................................ 18

G.

MS Thesis (by Alexander Frye) ..................................................................................................... 19

H.

Peer Reviewed Publication 1 .......................................................................................................... 20

I.

Peer Reviewed Publication 2 .......................................................................................................... 21

J.

Peer Reviewed Publication 3 .......................................................................................................... 22

K.

Peer Reviewed Publication 4 .......................................................................................................... 23

L.

United States Patent Application Publication ................................................................................. 24

M.

Technical Report 1 (on UUV Simulator Task) ............................................................................... 25

N.

Technical Report 2 (on Autonomous Robot Perception Task) ....................................................... 26

O.

Technical Report 3 (on AUV Safety Task) .................................................................................... 27

P.

Campus Visit Agenda (June 2021) ................................................................................................. 28

Q.

Educational Partnership Agreement (EPA) .................................................................................... 29

Introduction
In the first year of the performance, the South Dakota School of Mines & Technology (South
Dakota Mines) partnered with Naval Undersea Warfare Center division at Keyport, WA (NUWCDIV-KPT) and engaged in multiple activities to develop a research program sponsored by the
Naval Engineering Education Consortium (NEEC), few of related activities shown in Figure 1.
This included initiation of fundamental research on self-localization and intelligent mapping
(SLIM) to improve undersea robot perception and offering a STEM workforce training and
development program that is shaped by the inherent challenges in Naval Sea Systems Command
(NAVSEA). The research work related to localization and intelligent maneuvering of multiple
autonomous unmanned underwater vehicles (UUVs) in cooperative missions along with a projectbased learning (PBL) curriculum aimed to cultivate the technical foundation and practical skills in
students involved to address these challenges. The research objective of SLIM is to expand the
Navy’s UUV capabilities through artificial intelligence to static undersea sensors and/or dynamic
undersea groups to improve autonomous perception and data fusion in an effort to generate world
models from individual sensing while localizing the sensors and UUV swarm within the model.

Figure 1. NEEC SLIM students, sponsors, PIs, & collaborators engaged in NEEC SLIM program during the FY 20-21

The educational objective of NEEC SLIM is to establish a program that seeks workforce
development through a training curriculum that incorporates supervised research opportunities in
robotics and autonomous systems with South Dakota Mines faculty advisors in close
collaborations with the NUWC-DIV-KPT. The program recruited multiple new fellows both in
graduate and undergraduate levels despite the restrictions due to remote working/learning during
the pandemic. We built upon an existing core PBL program that focuses on product design and
development process and leveraged it by involving students from multiple disciplines including
mechanical, electrical, and computer science & engineering. The NEEC fellows were introduced
and trained in robotics/mechatronics topics to ensure a thorough understanding of NAVSEArelevant concerns. The SLIM research aims to produce specialists who have the skills required to
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envision, develop, and deploy autonomous and semi-autonomous undersea systems that directly
address Navy’s mission particularly in Intelligence, Surveillance and Reconnaissance (ISR) using
collaborative UUV missions. Specifically, during this period of performance, South Dakota Mines
emphasized two specialized core areas for NEEC students to master in order to develop these
systems effectively:
a. A theoretical perspective of how to develop autonomous systems capable of conducting
localization, guidance, navigation, and control (GN&C) while maneuvering in challenging
environments of undersea.
b. A PBL-based experience that challenges students to develop innovative concepts and
systems that can support automation of naval missions.
c. Fundamental research focus during the current period of performance was on robot
perception and multi-agent cooperative localization in simulation environment.

Technical Objectives
An initial description of a potential UUV mission for South Dakota Mines research applications
was discussed and finalized during the kick-off meetings in April (introduction) and June 2020
(technical), that shaped the plan of work over the current period of performance:

A. Problem Description
“KPT-04: Expand Unmanned Underwater Vehicles (UUV) capabilities through artificial
intelligence (AI) to static undersea sensors and/or dynamic groups (unmanned vehicles) to improve
autonomous perception. Include generation of world models, self-localization, and
obtaining/processing information for autonomous planning and decision making.”
B. Notional Mission Description
Title: Scouting / Preparation of Environment
Domain: Underwater with occasional surface expression
Environment: Littoral – Harbor or near-shore environment
Vehicles (Platforms): Standard small scale UUVs like the IVER or REMUS 100. These UUVs
should have readily available models for M&S purposes. Keyport’s use of one such vehicle might
aid in acquisition of relevant “live” sensor data (see below).
Sensors: Video (optical) and acoustic.
Description1: To map a harbor approach from underwater, identifying obstacles and other objects
of interest. Being a harbor environment (often the outflow for streams and rivers), the water is
1
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likely to be murky, the bottom type of variable, and the acoustic environment may be complex.
The underwater environment may also have pilings, piers, and other obstacles including possibly
nets. To mitigate the inherent risks to this mission, multiple vehicles can be used to assist each
other in accomplishing the goals of the mission. An important secondary goal of the mission is
vehicle “safety.” The vehicles need to monitor their own status/position to enable returning to the
retrieval point by the retrieval time. A potential complication to the mission is that the vehicles
also need to remain “stealthy” or undetected by certain adversaries.
Tasks potentially necessary for the Mission (initial list, might not be comprehensive): Path
planning using waypoints and/or search patterns, perception with multiple sensors (may include
some sensor fusion), self-localization, in-mission communication/multi-vehicle collaboration,
movement, obstacle/collision avoidance, status monitoring.
Assumptions: We agreed on a simulation of the relevant environment for development purposes,
as well as a potential path for demonstration. The assumption is that this should be made easy to
avoid harmful impact to the real intent of the project. A potential starting point involved using
OpenMAS toolbox followed by developing our Gazebo toolbox based on the prior work in Matlab.
A conceptual scenario of underwater surveillance based on unmanned systems, is illustrated in
Figure 2. A network of heterogenous unmanned autonomous systems, each one carrying one or
more specific payloads and fulfilling a specific mission, communicates, collects data, and performs
real-time monitoring. The communication infrastructure between the underwater and air
environment is guaranteed by USVs acting as gateway buoys, i.e. equipped with acoustic and radio
modems. The support ship is a NATO research vessel used to conduct a wide range of
oceanographic activities and can act as C2S. In the sketch, UUVs are equipped with vector sensors
and/or acoustic arrays for intruders’ detection. Moreover, some of them are equipped with side
scan sonar payloads for seabed exploration.

Figure 2. A conceptual scenario of underwater surveillance based on unmanned systems. [10]

3

UUV development is not the focus of this project, which means that any “live”
testing/demonstration or data based on “live” measurements must be provided. Gathering this data
is likely to be considered outside of the scope of this project. In addition, obtaining relevant sensor
data related to the mission for development, machine learning training sets, testing,
demonstrations, and other research goals is possible. This may prove to be difficult and/or require
unidentified resources. The use of SLAM like algorithms (such as SLIM and CLAM) with the
sensors available for the UUV(s) is plausible and increases localization and mapping capability.
Research Work
During this period of performance, we pursued the research activities of the NEEC SLIM proposal
[appendix A], a training program was formulated to provide a course of study that balances theory
and practice. We envision that, upon completion, there will be opportunities for experimental
validation and verification in partnership with NUWC-DIV-KPT toward developing a Navy future
workforce that has experience in addressing undersea research challenges through advancement in
autonomous undersea technologies. The objective of the current period of performance is to
improve autonomous perception and data fusion and generate world models from individual
sensing while localizing the sensors and UUV swarm within the model. To achieve these
objectives, we accomplished a first milestone a self-localization and intelligent mapping (SLIM)
system for operation in underwater environments by developing a distributed state estimation
method [1] and using vision-based pose estimation camera sensors [2], [3]. The work also included
the development of a Gazebo toolbox2 [4], completion of a MS thesis [5] publication of a prior
collaboration on inspection robotics [6] and submission of patent application [7] and progress
towards development of a machine learning based fault identification & risk management [8], [9].
To enable the development and deployment of these next generation NAVSEA-focused robotic
systems, the NEEC program at South Dakota Mines builds upon our project-based learning
curriculum [appendix B] to cover core robotic concepts as well as key ideas specific to the Navy’s
applications. Novel concepts in autonomous systems GN&C integrate ideas from three core areas
of perception, cognition, and action, and together, these enable the robot to sense, think, and act
autonomously. These functionalities are the fundamentals to the development of autonomous
robots for a range of undersea applications. However, each of these core areas must also be
considered in the context of Navy priority application scenarios. To create robots capable of tasks
such as surveillance, reconnaissance, performing mapping, and maintaining effective
communication while conducting a collaborative task, it is necessary for the student, engineer, and
researcher to have a specialized understanding of the unique challenges and constraints of the
marine engineering and subsea systems [10]. This may entail, for example, being able to translate
received information regarding the state of neighboring robots in a distributed and time-varying
network into a set of planning and decision algorithms to ensure viability of the cooperative task
given the limited resources on board to accomplish maneuvering and conducting mapping of the
areas of interest. These types of considerations may be mentioned briefly in traditional STEM
2
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robotic programs but are crucial to the development of robot systems that can operate in GPSdenied and remote undersea environments and execute the types of missions required for Navyrelevant applications. Therefore, a hands-on training program of this kind was emphasized as an
essential component for training prospective engineers with a strong foundation augmented with
the necessary domain knowledge to enable the designing, manufacturing, and deployment of
advanced technologies and integrate to final products. Therefore, alongside technical work, we
worked towards developing and integrating an effective coursework training program to ensure
the program first establishes the design foundation for student trainees to obtain basic
understanding of fundamentals, as shown in Figure 3. The goal was for the systems to be developed
by NEEC fellows to be capable of employing state-of-the-art robot perception, motion,
localization, mapping, planning, and decision-making for maximum autonomy and reliable
performance. Moreover, the product of NEEC SLIM to adequately address the research needs
[section 2] and ultimately deployable for validation and verification and technology development.

South Dakota Mines’ Project-Based Learning (PBL) Curriculum
To develop a STEM workforce equipped with the core competencies needed to address NAVSEArelevant applications, we pursued an effective traineeship of tightly integrated, domain-specific
concepts, applications, and experiences throughout the program. Relevant case studies were
introduced to the course curriculum including the final course projects to motivate the development
of autonomous robotic systems. Moreover, in the context of the NEEC training program, these
efforts illustrated the need for a systems-level analysis of autonomous robots’ and design for safety
and reliability when developing applications to meet the rising demand for automation effectively.

Figure 3. During the FY20-21 period of performance, a formal product development process has been developed and infused
throughout the four years of the curriculum of the Department of Mechanical Engineering 3
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South Dakota Mines Product Development Process (PDP)
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The product development process (PDP) curriculum must also integrate a practical, hands-on
experience by developing skills that accomplish NAVSEA-relevant tasks. This was emphasized
to be achieved through learning a core set of project-based learning (PBL) courses within South
Dakota Mines mechanical engineering program. PI Dr. Hadi Fekrmandi, PE, taught the junior and
senior level courses in PDP track and implemented this model in the context of a final course
project on a mobile robot development though a PBL approach [see student presentations 4]. Co-PI
Dr. Randy Hoover taught senior elective and graduate courses on intelligent embedded systems
and autonomous systems where students investigate a broad spectrum of topics including robot
design, sensing, computing, software, payload, and operating environment.

Partner Collaboration and Mentoring
During the current period of performance, students and advisors worked closely with the partner
center at NUWC-DIV-KPT to identify and define specific NAVSEA-relevant problems.
Engagement with the Keyport center consisted of project kick-off meetings (April and June 2020),
technical exchange meetings (TEM) (October 2020 & January 2021), and an information seminar
where students attended a presentation by Mr. Thai Tran discussing the NEEC opportunities and
communicating directly with students in a Zoom meeting. Currently, the PI and CO-PIs are
working the planning and coordination of a collaborative senior design project that involves
autonomy in a robotic competition, and participating students are envisioned to continue the
autonomous GN&C task during the summer internship program at NUWC-DIV-KPT facilities.
South Dakota Mines STEM students will be paired with scientists/engineers at these facilities
where they will be working on further development and validation of the research products under
the guidance of their site mentors. This will be mutually beneficial for the NEEC SLIM as the
summer internship, the faculties will aid in monitoring the progress of the research, and, upon
returning, they will integrate the student experience to leverage the robotics research to better
target research needs. An overview of partnership activities some during the period of performance
is as follows:
•
•
•
•
•
•
•
•
•
•
•
4

Submission of a revised NEEC SLIM proposal [research thrusts in appendix A]
Participating and briefing the research at the NAML20 workshop (February 2020)
Proposal for ONR FY20 long range broad agency announcement
Initial GRANT12964921 kickoff meeting (Introduction to team) (April 2020)
Announcing the ONR Global-X Challenge opportunity to South Dakota Mines students
Requesting proposal support letter for South Dakota CRG proposal 2020
Follow up GRANT12964921 kickoff meeting (Technical discussion) (June 2020)
Zoom meeting with Mr. Tyler Paine on discussion of white paper preparation for ONR
Announcing the NREIP's Summer 2021 fellowship to campus community
Communicating the NEEC SLIM with Women in Science & Engineering (WiSE) society
Senior design project proposal [appendix C]

South Dakota Mines Mechatronics YouTube Channel
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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1st NEEC Technical Exchange Meeting (NEEC TEM) (October 2020)
Zoom meeting for discussion of budget
Communicating with NURP program via DOD quad chart followed by Phone Con
White paper submission for NURP program [appendix D]
NEEC opportunities news at faculty research website
Summer faculty research program at ONR
2nd Keyport NEEC TEM (January 2020)
NEEC TEM resume submission link for campus community by Career Services office
NUWC information session held on employment opportunities
Support letters for NASA EPSCoR major research grant proposal
Forming proposal idea for new solicitation titled Naval Horizons
A new ONR STEM program consideration
Hosting the information session on employment opportunities at Navy
NASA EPSCoR major research grant pre-proposal [appendix E]
NEEC SLIM senior design project description announcement
Presenting at NUWC-DIV-KPT lecture series guest speakers
Participating & briefing the SLIM research at the NAML21 workshop (March 2021)
3rd NEEC TEM (via review comments on NAML21 poster by technical POC [appendix F]
Sharing the NSIN X-Force student fellowship /meeting with local NSIN representative
Encouraging good students for acting on NEEC student resume submission
Making the employment opportunities at Keyport available through university webpage
Sharing opportunities with students including WFC-Wide Virtual Career Fair
Participating in the ONR-Global Arctic Portfolio Seminar Series & NAML2021 workshop
Sharing NEEC SLIM updates in social media including NEEC LinkedIn & Facebook pages
Attending the monthly progress discussions via PhoneCon
Following the guidelines for research information sharing
Working with students towards the annual NEEC TEM consideration
Management of FY20-21 SDSMT Grant Award N002531910003
Preparation for attending National NEEC TEM [In progress]
Coordination of NUWC division at Keyport visit from South Dakota Mines campus
4th Keyport NEEC Technical Exchange Meeting (June 2021)
Content provided for updating the NEEC 2021 Proceedings5
Connection of Tech Bridge with Elevate Rapid City
NUWC-DIV-KPT visit from South Dakota Mines [appendix P]
Educational Partnership Agreement (EPA) [appendix Q]

2021 Naval Engineering Education Consortium Proceedings
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Supervised Research
At both the AIM and MARS laboratories at South Dakota Mines, students were guided by the
investigative team to engage in NEEC SLIM research designed to impart the necessary skills to
develop robotic solutions to critical, unsolved autonomous systems problems. For example,
significant state estimation challenges arise in remote to access undersea environments due to
communication challenges, relying on noisy sensor data, and the need for improved state
estimation. The supervised research component enabled trainees to develop the necessary skills to
understand the state of the art, identify the needs to overcome limits in operations in relevant
domains, and find solutions that enable robots to operate autonomously using limited sensor data.
The research products from the period of performance includes poster and oral presentations
[appendix F], MS thesis [appendix G], peer reviewed publications [appendices H, I, J, K].
Moreover, publication of a United States Patent application from a prior collaboration with
NUWC-DIV-KPT was accomplished during the current period of performance [appendix L].
Technical reports by NEEC fellow students engaged in supervised research involves initiation of
work with UUV simulator environment [appendix M], experimental validation of autonomous
GN&C [appendix N], and implementation of a sensor fault detection on REMUS100 AUV
[appendix O].

Literature Review
During the period of performance NEEC SLIM team conducted a thorough literature review and
obtained a comprehensive state-of-the-art of relevant research on AUV platforms, in this section
a summary of this work is presented.

Figure 4. Outline of underwater sensor technologies and navigation classifications. None of the techniques mentioned here is perfect solution to
the challenges, in practice it is common for a vehicle to employ a combination of these procedures [12].
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The goal is to facilitate the transition of the fundamental research conducted in SLIM project into
AUV application domain which will be continued during the next period of performance to pave
the way for ultimately testing and validation of the method. AUVs are utilized in a wide range of
domains including homeland security, scientific research, and commercial applications. Defense
applications include intelligence, surveillance, and reconnaissance for port and harbor security.
They are also deployed for scientific and environmental monitoring, deep sea exploration, and
inspection and maintenance of offshore oil and gas infrastructure [10]. To expand the capabilities
of the underwater vehicles it is essential for improving the robot perception for reliable
autonomous navigation of underwater vehicles. The harsh and unstructured nature of the
underwater environment causes significant challenges for GN&C of underwater autonomous
systems [11]. However, with recent advances, this field is progressing at an unprecedented rate. A
recent survey article reviewed the role of marine robots, unmanned underwater vehicles (UUVs),
in underwater surveillance for control and monitoring of an area of interest. One of the key
challenges that researchers are facing in improving the persistence is the precise positioning of
underwater vehicles, where the constraint of the drift of error over time becomes a crucial barrier
to long-term missions as surveillance [12].
Current AUV navigation and localization techniques fall in to three main categories shown in
Table 1. These methods are useful, but their performances are fundamentally limited. A
comprehensive survey paper [13] stated that the advances in underwater communications, and the
application of simultaneous localization and mapping (SLAM) technology to the underwater realm
have yielded new possibilities in the field. The more recent survey paper [12] conducted a review
of the state-of-the-art AUV navigation and localization along with a description of some of the
more commonly used methods. The methods are often combined in a hybrid scheme to provide
increased performance [14].
Table 1. AUV Navigation and Localization sensor techniques fall in to three main categories [12]

Method
Inertial/dead reckoning
(INS/DR)
Acoustic transponders and
modems
Geophysical

Description
Inertial navigation uses accelerometers and gyroscopes for increased accuracy to
propagate the current state. Nevertheless, all the methods in this category have
position error growth that is unbounded.
Techniques in this category are based on measuring the time of flight (TOF) of
signals from acoustic beacons or modems to perform navigation.
Techniques that use external environmental information as references for
navigation. This must be done with sensors and processing that are capable of
detecting, identifying, and classifying some environmental features.

The survey paper [10] reviewed the defense role of marine robots, in particular unmanned vehicles,
in control and monitoring of an area of competence aimed at identifying potential threats in support
of homeland defense, antiterrorism, force protection, and Explosive Ordnance Disposal (EOD).
The problem of autonomous underwater navigation and state estimation environments is perceived
very challenging primarily due no access to a global positioning system. Moreover, due to the
rapid attenuation of radio-frequency signals, acoustic communication is primarily used in the
underwater domain that suffers from low bandwidth and unreliable network. To solve the AUV
9

localization problem, researchers have employed expensive inertial sensors, used installed beacons
in the region of interest, or required periodic surfacing of the AUV [15].
Concluding Remarks
Because of the NEEC SLIM program, and through collaboration with researchers of NUWC-DIVKPT, South Dakota Mines will continue training the next generation of roboticists and engineers
that have technical foundations and practical skills needed by the Navy. During the NUWC-DIVKPT visit from South Dakota Mines campus [appendix P] several avenues were discussed for
further development the partnership through an Educational Partnership Agreement (EPA)
[appendix Q] for providing a well-trained workforce and conducting collaborative research. The
innovative products developed by this program will support the NAVSEA fleet and autonomous
cooperative robot missions. Furthermore, the NEEC SLIM research is envisioned to grow through
multiple grant proposal submission efforts to specific programs identified within ONR among
other agencies including NASA, NSF, and AFOSR.
NEEC students will continue to undertake a specialized design curriculum with robotics to ensure
a thorough understanding of undersea-relevant concerns. The program will incorporate supervised
research opportunities with South Dakota Mines faculty advisors and establish collaborations with
NUWC-DIV-KPT researchers at NAVSEA warfare centers. These research opportunities aim to
produce specialists with the skills required to envision, develop, and deploy autonomous and semiautonomous systems that directly address NUWC-DIV-KPT’s technological needs. Specifically,
we have identified two specializations in addition to the three core areas that students must master
in order to develop the educational curriculum:
1. Theoretic perspective of how to develop autonomous systems to access undersea
environments including undersea domain
2. Practical experience challenges students to build systems that can operate in challenging
undersea environments.
The NEEC SLIM program was formulated according to the mission statement and the objectives
of the NEEC program to provide a course of study that balances theory and hands-on experiences
to provide future opportunities for further development of SLIM into deployable technologies
developed by NEEC fellows at NUWC-DIV-KPT through avenues provided by the partnership.
The PI and Co-PIs involved will continue toward addressing relevant NAVSEA challenges
through the advancement of robotics education.

Future Work
The objective of the next period of performance is to expand the Navy’s UUV capabilities through
artificial intelligence (AI) to static undersea sensors and/or dynamic undersea groups. Work has
started towards integrating the DSE algorithm for validation and verification in the UUV simulator
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environment6. Over the next period of performance, we will continue the research towards
intelligent maneuvering through machine learning in dynamic undersea environments to
investigate the impact of the improved robot perception on operational navigation, planning, and
decision making. For next period of performance an important objective of NEEC SLIM research
is to implement the hybrid distributed state estimation developed during the current period of
performance in the UUV simulator domain and study the impact of the improved state estimation
on intelligent decision making and overcoming the underwater navigation challenges from the
aspect of control, perception, and design of a framework for collaboration. The status of research
will be regularly communicated with NEEC program POCs as well as Naval Undersea Research
Program (NURP) POC for review and feedback comments.
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SOUTH DAKOTA SCHOOL OF MINES AND TECHNOLOGY
SENIOR DESIGN PROJECT PROPOSAL – SPRING 2021
Project Title: Self-Localization and Intelligent Mapping (SLIM) for Autonomous Underwater
Vehicles (AUVs)
Proposed/Advised by: Dr. Fekrmandi, Dr Hoover, Dr. Hinker, Mr. Kolb, Dr. Ragi.
Sponsored by:

Naval Undersea Warfare Center – Keyport Division

Project Description:
Majority of self-localization algorithms for existing
autonomous systems are not suitable for undersea
domains due to their heavy reliance on network
connectivity and broadband communication. A
distributed guidance and control approach is
developed by the SLIM research team that enables
decentralized
self-localization
for
multiple
autonomous agents. The goal of the proposed senior
design is to increase localization and mapping
capability of robots to enable effective autonomous
multi-AUV collaborative tasks in undersea domain.

Figure 1. Illustration of collaborative Multi-AUV
missions (photo courtesy of SWARMS project)

The particular mission of Navy is interest is to map a harbor from underwater and identifying
obstacles and other objects of interest. Being a harbor environment (often the outflow for
streams and rivers), the water is likely to be murky, the bottom type variable, and the acoustic
environment may be complex. The underwater environment may also have pilings, piers and
other obstacles including possibly nets. There are several modeling and simulation
environments readily available for AUV simulations and the students will have the opportunity of
being mentored by research engineers at Keyport along with the faculty advisors in the team.
This project is sponsored by Naval Engineering Education Consortium (NEEC) and learning
outcomes through working on this project will lead to experience in multiple topics of autonomous
systems including way-point tracking, perception with multiple sensors fusion, self-localization,
multi-vehicle collaboration, robot motion and observation modeling, obstacle/collision avoidance,
and multi-robot collaboration for reliable autonomous exploration, mapping and reconnaissance.
Project Duration: 1 semester
Technical Areas Encompassed: Autonomous Underwater Vehicles (AUVs), Robot Operating
System (ROS), Gazebo Simulation, Instrumentation and control, mechatronics, Programming
skills in MATLAB and Python.
Any other special requirements: N/A
Number of Students/Disciplines required (1 EE, 2 CS, 1-2 CENG):
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Summary

Coordination of a team of UUVs for cooperative function in underwater environments is
more challenging than the ground or aerial multi-agent robots due to the characteristics of
large delay, short range and high noise in acoustic communication, coupled with the random
interference of various obstacles and the uncertainties of the time-varying currents in the
underwater environment. Moreover, the information perceived by multi-UUVs is of time latency and inconsistency. Path planning presents non-linearity and time variation, and there
are multi-stages of uncertainties in localization, tracking and control of multi-UUV systems
unique to underwater environment. The proposed work builds upon ongoing collaboration
between SD Mines and Naval Undersea Warfare Center (NUWC) at Keyport, WA on developing self-localization and intelligent mapping (SLIM) for underwater domain world by
developing a distributed state estimation for decentralized localization and control of multiUUV teams with resilience and cooperative capabilities. Majority of multi-agent guidance,
navigation and control (GN&C) methods are not suitable for undersea domains due to their
heavy reliance on network connectivity and broadband communication among agents. The
proposed team resilience and intelligent maneuvering (TRIM) differs from typical GN&C
methods by introducing a novel decentralized state estimation and communication protocol with characteristics including scalability, modularity, and robustness to communication
bandwidth limit and network failure that are essential to reliable undersea cooperation. Once
developed TRIM framework will enable effective multi-agent cooperative missions where
UUV agents are enabled to autonomously pursue and accomplish the mission objectives in
underwater challenging environments.
Research Objective
The overall objective of this proposal is develop a framework for resilience
guidance and coordination for Navy’s cooperative multi-UUV missions.
To achieve this objective aim leveraging multi-UUV communication and
intelligent decision making in an decentralized framework for localization,
guidance and control using distributed state estimation and reinforcement
learning.

2

Technical Approach and Justification

Undersea domains are characterised by partial observability, in which agents receive incomplete and uncertain observations about the environment, and the actions of other agents and
network connectivity are unreliable [1]. To accomplish undersea cooperative multi-agent
systems (MAS), several fundamental challenges in communication and control must be overcome [2,3]. In an ideal state estimation process all the agents send their raw observations to
a central node that is responsible for calculating an estimate based on the collective information and communicating it back [4]. But this is not always possible owing to link failures as
well as bandwidth and energy constraints [5]; nor is it always desirable as it also introduces
a single point of failure. On the other side, decentralized state estimation techniques, adopt
a message passing protocol between agents and strive to achieve the same result as the cen-
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tralized estimation via a hybrid process that is illustrated in Fig. 1. To manage the undersea
communication challenges, UUV agents will utilizes Gaussian mixture probability hypothesis
density (GM-PHD) filter that is a promising technique for multi-target tracking in noisy and
cluttered environment and has successfully integrated target detection, tracking, and identification [6]. In the context of this proposal we plan to develop a distributed framework for
multi-UUVs communication and state estimation that will lead to team resilience via well-informed and intelligent decision making in multi-UUV missions. In collaboration with NUWC
division at Keyport, WA the proposed method will be validated in experimental facilities as
well as undersea domain using a measurable scale for team resilience performance.
Undersea domains are characterised by partial observability, in which agents receive incomplete and uncertain observations about the environment and the actions of other agents. Most
of the existing research in artificial intelligence
in MAS is concerned with the development of
autonomous agents that can interact effectively
with other agents. However, the design of methods that can effectively learn to identify, track,
and predict dynamic behaviours of other agents
remains a significant open problem [7]. Moreover, current methods either assume that this
knowledge is given for all agents, and it includes
all possible decision factors in the model, or they
engage in an exhaustive, combinatorial search to Figure 1: Illustration of decentralized state
identify the relevant decision factors. To create estimation using information-based comteam resilience for multi-UUVs operating under munication protocol.
partial observability and in the absence of complete domain knowledge, they need to obtain
a solid perception of swarm and use it to effectively reconstruct behaviour models of all other
agents. To address these, we aim to develop and implement a distributed Q-learning network
for multi-UUV decision making to achieve a reliable, cooperative function. Reinforcement
learning is an emerging machine learning field [8] that is inspired by the way humans learn,
it consists of an iterative approach in which an agent, by interacting with and receiving
feedback from its environment, attempts to learn an optimal action selection policy (Fig. 2).
The proposed distributed state estimation will ensure effective communication of information
among the UUV agents in the team in a network with partial and dynamically changing connectivity. The development of implementation of a distributed DQN learning under TRIM
framework will offer a ubiquitous team resilience for the MAS autonomous state estimation,
guidance, and control in a real-world multi-UUV scenario with limited training and partial
observably. Moreover the collaborative effort with NUWC Keyport is designed to enhance
the experience and professional development of ONR fellows and it will pave the way to a
new wave of trained workforce familiar with autonomous guidance, control and variegation
technologies capable of addressing the multi-UUV communication and cooperation in noisy
and cluttered environment of undersea domain.
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Naval Relevance and Alignment

To attract more academically-trained professionals to
weapon/underwater vehicle-related research, thereby increasing the ’knowledge base’ for undersea weapon and vehicle technologies, the Office of Naval Research (ONR) has
created the Navy Undersea Research Program (NURP).
The proposed work is in alignment with three out of six
core areas of ONR sea platforms and weapons division
(Code 333) including autonomy, guidance, control and vehicle technology. The STEM student involvement and the
Figure 2: Interaction of state expertise developed during the process in SDSM&T being
estimation and experience-based a STEM focused- institution will contribute to the overall
policy reconstruction for deci- United States Department of Navy’s mission that is to resion making in DQN-learning cruit, train, equip, and organize to deliver combat-ready
method.
naval forces [9]. The TRIM guidance and control framework will directly contribute to several military and civilian applications where multi-UUVs
team resilience and decision making plays a crucial role in mission success including mine
countermeasure, anti-submarine warfare and intelligence, surveillance, and reconnaissance,
multi-sensor inspections of underwater facilities, oceanography, and underwater robotic systems tasks [10].
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Naval Partnerships

To enhance research relevance and alignment with naval priorities in the robotics and
machine-learning related disciplines and provide mentorship experiences for SDSM&T graduate students, the university will partner with the Naval Undersea Warfare Center at Keyport,
WA. The PI and SDSM&T STEM students will be working closely with Keyport researchers
in developing a workforce for naval shipyards with experience in critical areas of multi-agent
autonomous systems. Moreover, the technology will be validated using the existing UUVs
at Keyport facilities. The academic advisor, Dr. Hadi Fekrmandi, is a professional engineer
(PE) with background and expertise in control and robotics. He also has extensive experiences in educational and research partnership programs through involvement with STEM
workforce development programs [11]. The proposed approach of this research builds on
the PIs’ complementary expertise of autonomous robotics [12], and multi-agent systems [13]
[Additional references included in CV due to page limit].
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Management Approach

The TRIM research project will include recruiting one PhD-level graduate student in the area
of multi-agent autonomous systems . There are two masters-level students in the multi-UUV
research who are jointly supported by the NEEC program and ME/CSE assistantships. In
addition, the proposed work will utilize the national science foundation’s graduate research
fellowship program (NSF-GRFP) to leverage the existing agreements by recruiting additional
graduate-level, US citizen students to the project. Potential student recruits will be screened
by their resumes, experiences, and professional aspirations. At the project’s completion, they
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will be prepared with proper experiences required to pursue a career at Keyport or other
naval research laboratories. Project milestones and deliverables is presented in Table 1.
Table 1: Gantt chart illustrating the proposed tasks and timeline for the current proposal.
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Metrics of Evaluation

It is envisioned that due to the collaborative nature of the proposed research, the MS level
graduate students as well as the working on the project will also be able to contribute in
fulfilling the objectives. As a result, the multi-disciplinary research conducted at SDSM&T
will complement the existing educational cooperative agreement by providing a foundation
where the new graduate students will have the opportunity to have their theses/dissertations
tailored to the research priorities of ONR. Students will also participate in regular video
conference meetings and will directly communicate with NURP program coordinators to
receive valuable feedback on the progress.

7

Rough Order of Magnitude Cost

The budget is primarily allocated for supporting a graduate research assistant (GRA) in
the PhD level and will lead the distributed decision making task. Currently three MS level
students are working on development of the distributed state estimation. The experience
knowledge of the graduate students in the proposed work will benefit the component in
the existing partnership with Keyport via NEEC grant that targets to attract outstanding
STEM undergraduate students through SDSM&T senior design that is structured to form
teams from students with multiple engineering disciplines including mechanical, electrical,
computer, environmental, and mining engineering.
Table 2: The budget components to accomplish collaborative work in the current proposal.
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South Dakota NASA EPSCoR Program
Major Research Grant
A.

General Information

1.

Project Title

Development of a distributed guidance and control using vision sensor for multi-agent intelligent lunar exploration robots (MILER) (pre-proposal)
2.

Investigative Team

The current proposed research project combines researches from two of South Dakota’s
institutions of higher education as outlined in the following Table.
SDSM&T (Lead Institution)
Science PI: Dr. Hadi Fekrmandi
Assistant Professor
Mechanical Engineering
Hadi.Fekrmandi@sdsmt.edu
SDSU (Collaborating Institution)
Co-PI: Dr. Kwanghee Won
Assistant Professor
Electrical Engineering & Computer Science
Kwanghee.Won@sdstate.edu

3.

Co-PI: Dr. Randy C. Hoover
Associate Professor
Computer Science & Engineering
Randy.Hoover@sdsmt.edu
Co-PI: Dr. Tim Hansen
Assistant Professor
Electrical Engineering & Computer Science
Timothy.Hansen@sdstate.edu

Other in-state or out-of-state collaborators and their role
• Ken Harding: UG Commercial Manager, Caterpillar Inc., MineStar Solution.
– Role: Collaboration on autonomous mining systems.
• Osama Haddadin: Chief Technologist, L3Harris, Broadband Communications Segment.
– Role: Collaboration on multi-robotic communication network.
• Aaron Darnton: Research Engineer, Naval Undersea Warfare Center, Keyport, WA.
– Role: Collaboration on Self localization and intelligent maneuvering.
• Amirhossein Tamjidi: Software Engineer, Zoox, Driving Algorithms Team.
– Role: Collaboration on probabilistic approaches in robotic systems.
• Clinton Thompson: Alexander Burch, Boeing Research & Technology, Health Management & MRO Technologies.
– Role: Collaboration on reliability and swarm health.
• John Preheim: Raven Industries, Director of Engineering & Applied Technology
– Role: Collaboration on intelligent autonomy.
• Robert Hall: Mining Engineering, South Dakota Mines Mining Hub director.
– Role: Collaboration on autonomous vision sensors.
1

4.

NASA research contact or technical monitor and their role

The current research project involves collaborations between three different NASA centers.
Contact names, roles, and responsibilities are outlined in the following table.
Collaborating NASA Centers
NASA Goddard
Joseph Galante, PhD
joseph.m.galante@nasa.gov
NASA Marshall
John Rakoczy
john.m.rakoczy@nasa.gov
NASA Ames
Nicholas B. Cramer, Ph.D.
Nicholas.B.Cramer@nasa.gov

Project Role
NASA Technical Monitor
Attitude Estimation/Control System Analyst
CubeBot (lunar hopping robot) PI
NASA Technical Monitor
Vision & Deep Learning
NASA Technical Monitor
Multi-robot System Autonomy
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5.

General Budget Level

The general budget for the proposed project is outlined in Table 1. The budget allocates
funds for faculty, students, travel for collaboration meetings with our technical monitors at
NASA, dissemination costs, supplies, and indirect costs.
Table 1: Preliminary Cost Proposal

At SDSMT PI Dr. Hadi Fekrmandi and Co-PI Dr. Randy Hoover along with the support
from the academic departments and the Office of Sponsored Programs have budgeted for
supporting 2 graduate research assistants for 3 years and 0.5-1 month summer salary each
year. At SDSU, Co-PIs Dr. Kwanghee Won and Dr. Tim Hansen have budgeted for 0.5-1
month summer salary per year, and jointly with their affiliated academic department will
support 1 graduate student for 3 years. All researchers have budgeted for and plan to travel
to NASA research centers associated with thrusts to leverage NASA involvement. The team
has budgeted for publishing the research and essential materials with less than $8,000/year.
At SDSMT the commitments for the 50% cost-share budget is explicitly mentioned in the
support letters.
6.

Non-federal Matching Sources

The investigative team is using a multi-faceted approach to secure the required 50% nonfederal matching funds as outlined below:
1. Industry Support: As indicated by our several strong letters of support, a portion of
our non-federal match will come from contributions from industry for undergraduate
design projects, equipment loan/purchase, and engineering hours.
2. Support from Our Respective Universities: Both South Dakota Mines and South
Dakota State University have agreed to provide graduate student support for the proposed project through partial funding of graduate research assistantships.
3. In-Kind: In addition to the aforementioned forms of non-federal matching, each of the
investigators have allocated a portion of their salary-time to be dedicated to ensuring
the completion of the overall project goals.
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B.

Project Description

Introduction: The new NASA Artemis program aims to land
the first woman and next man on the moon by the year 2024
and establish sustainable exploration with commercial and international partners by 2028 [1]. As outlined in Section C.3, the
program brings together researchers from many different NASA
centers for the sole purpose of human exploration and potential
habitation on the lunar surface. In an effort to succeed in lunar human habitation, NASA is investigating many novel robotic
technologies with advanced autonomy to help understand, ex- Figure 1: Illustration of
plore, map, and potentially harvest resources on the lunar sur- a CubeBot concept develface [2]. Two such solutions being developed are the Volatiles In- oped by NASA Goddard.
vestigating Polar Exploration Rover (VIPER) [3] and the Autonomous Pop-Up Flat-Folding
Explorer Robot (A-PUFFER) [4].
An alternative to the VIPER and A-PUFFER explorers was recently proposed by our
Technical Monitor at NASA Goddard (see attached letter), where they envision multiple
small robots (often referred to as robotic swarms) for lunar exploration. Drawing upon
their significant expertise in design and development of CubeSats, the Goddard team is
prototyping a low cost, high-reliability hopping/cartwheeling/tumbling platform referred to
as CubeBot1; a graphical depiction is shown in Figure 1. While a single CubeBot has
limitations in operation time, payload, data storage, and communication range, they have
significant advantages beyond their improved mobility over wheeled/tracked rovers. In particular, CubeBot swarms are advantageous in that they can cover larger regions of the lunar
surface in a short period of time (by acting independently or as comm relays [5]), they are
redundant [i.e., if one fails, the mission is not compromised]; they are low-cost, which makes
them expendable (if a particular region is to be explored at the expense of losing the rover,
this loss may be acceptable); and they can diversify potential scientific payloads as opposed
to completely relying on an individual rover.
Research Objectives: Enabling a CubeBot swarm to explore the lunar surface, while
advantageous as discussed above, also introduces some significant research challenges. In
particular, as opposed to dealing with single system dynamics, here the problem is the
dynamics and consensus of the entire swarm state. There are also significant environmental
challenges (e.g., significant dust as a result of the lunar regolith, extreme cast shadows from
the limited lunar atmosphere, and the unknown/unstructured nature of the lunar surface.)
As a result, multi-robot operations on the lunar surface requires fundamental advances in
distributed localization, guidance, navigation, and state estimation. In particular, it require
answers to the following fundamental research questions:
1. How can agents in a robotic swarm use local sensing information to provide localization
estimates on the lunar surface?
2. How can relative inter-robot measurements from within the sensor field of view be used
to estimate the state of the entire robot swarm?
3. How can these local and inter-robot estimates be used to reach consensus of the entire
swarm throughout the mission duration?
4

4. How can such a system operate in a robust manner accounting for the harsh environmental factors present on the lunar surface?
To answer these questions, the current research proposal aims to advance the lunar exploration capabilities of NASA by investigating innovative solutions to autonomous exploration,
mapping, and characterization of the lunar surface through multi-agent intelligent lunar exploration robots (MILER). Toward this end, the current proposal has three distinct yet overlapping research thrusts, the details of which are outlined below.
Thrust 1: Deep learning approaches to provide real-time pose estimates of the swarm
agents via a vision-based state method using illuminated/thermal fiducial markers.
Leads: Randy C. Hoover, Kwanghee Won, and Hadi Fekrmandi
The first step toward multi-CubeBot navigation and exploration
on the lunar surface is providing a measure of where the individual
CubeBot “lives” within the entire robot team. Prior work by the
Co-PI (Hoover) has shown that fiduciary markers (illuminated 2D
bar codes) hold great promise for both navigation and exploration
in an unstructured GPS-denied environment (similar to the lunar
surface) [6–12], as illustrated in Figure 2. The figure illustrates some
results obtained by the Co-PI where two ground vehicles worked col- Figure 2: CLAM prolaboratively to generate a 3-D map of their operating environment, cess generating a 3referred to as Collaborative Localization and Mapping (CLAM).
D map of the of the
The current research thrust will draw upon the expertise of the EE building on the SD
Co-PI’s CLAM framework. However, deployment on the lunar sur- Mines campus.
face requires overcoming several fundamental research challenges. First, because CLAM
localization is a vision-based solution, the accuracy is directly related to camera resolution.
Our prior work with the PI [13] found that extremely high-resolution cameras are required
to achieve desired accuracy, which has a direct impact on computation time and energy
consumption. To overcome this challenge, Task 1 will focus on developing deep learning
approaches to update the CLAM-based framework to enable extremely accurate real-time
localization estimates while reducing energy consumption. Second, because the environmental conditions on the lunar surface are far from ideal (e.g., dust is a serious issue), Task 2
will investigate novel solutions to vision-based estimates by utilizing multiple spectral bands
for fiducial detection, as opposed to bands only residing in the visible spectrum. In particular, our immediate focus will investigate thermal solutions where temperature gradients
across fiducial features can be identified regardless of lens distortion resulting from dusty
conditions. Finally, the original CLAM-based localization method was designed around a
two-robot system operating in featureless environments. Task 3 will focus on extending our
original CLAM algorithms to work with multi-CubeBot formations, in addition to fusing local
feature estimates and relative localization estimates obtained from surrounding landmarks
using a hybrid graph-theoretic approach [14] to achieve consensus over multiple estimations.
Thrust 2: Data fusion algorithms for distributed robot state estimates using existing
lunar mapping information fused with robot viewpoints on the lunar surface.
Leads: Kwanghee Won, Randy C. Hoover, and Tim Hansen
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In the early stage of exploration, most of the CubeBots are
around the lunar lander. As the CubeBot swarm progresses in
lunar exploration, the lander will no longer be visible; instead,
there will be multiple clusters of CubeBots that will self-localize
(Thrust 1), and the high-quality local maps will be used to build
a global map.
Mapping robots’ viewpoints on the lunar surface to the map
obtained from the orbit by LRO (Lunar Reconnaissance Orbiter) involves overcoming several fundamental research challenges. First, the robots’ field of views and elevation of cameras
are limited, and the viewing direction of robots and LRO are
almost perpendicular. Moreover, the lunar surface has fewer visual features (vegetation, human-made structures, landmarks).
Figure 3: Data fusion from The performance of conventional visual features will be limited
the existing CubeBot view even though they are designed to be robust to some degrees of
with LRO data for swarm- geometric and photometric deformations. Second, exploration
state consensus.
on various terrain under various illumination conditions will require retraining/fine-tuning of the state estimates developed in Thrust 1. This is challenging
because conventional supervised learning requires the system to transmit a large amount of
image data to the ground station on Earth for labeling and retaining the network and send
back the trained network to the moon.
To overcome these challenges, Task 1 will integrate and convert the relative pose graph
with uncertainty and visual observation of surrounding terrain from each robot to a sparse
descriptor for a wide area as illustrated in Figure 3. A deep learning technique will be
used to learn illumination invariant representations of the scene, as well as the conversion
between the 3D terrain and the view from the CubeBot. This multi-point matching will
drastically reduce the ambiguity in the global localization and mapping task. Task 2 will
develop a peer-to-peer-supervised deep federated learning framework that detects/identifies
MILER agents in unknown environments. Assuming the landing location of the lunar lander
is known (within a certain tolerance) a priori, the CubeBots can be pre-trained with highresolution surface imaging datasets in a radius of distance x centered around the lunar lander
(where x is the calculated maximum distance of travel for a single CubeBot during the lunar
day of operation). Once distributed on the lunar surface by the lander, multiple agents will
supervise one another in a peer-to-peer (P2P) fashion in the new environment via distributed
machine learning (e.g., federated learning).
Thrust 3: Resilient framework for distributed guidance and coordination of swarm
in lunar surface applications.
Leads: Hadi Fekrmandi, Tim Hansen, Randy C. Hoover, and Kwanghee Won
Once the CubeBots have obtained their individual and P2P global state estimates, agents
will need to extend their information to obtain an overall state of the entire swarm. However, the lunar surface terrain is characterized by partial observability, in which CubeBot
agents receive incomplete and uncertain observations due to the harsh environmental conditions (e.g., dust, low light, etc.) and potentially unreliable inter-agent network connectivity.
To accomplish effective autonomy in multi-agent cooperative performance for lunar surface
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applications, including water-ice exploration and mapping, several fundamental challenges
must be overcome [15]. Most of the existing research in artificial intelligence in swarms is
concerned with the development of autonomous agents that interact effectively with other
agents [16]. Moreover, current methods either assume that this knowledge is given for all
agents, and it includes all possible decision factors in the model, or they engage in an exhaustive, combinatorial search to identify the relevant decision factors. However, the design
of methods that can effectively learn to identify, track, and predict dynamic behaviours of
other agents and act accordingly remains a significant open problem [17].
To overcome these challenges, this thrust will develop distributed autonomous guidance and coordination through intelligent decision making and maneuvering for swarm agents to enable
a variety of lunar surface applications, including exploration and
mapping. In Task 1, our work with technical monitor NASA Marshall [18], the distributed state estimation system of mobile robots
will be extended to distributed guidance and coordination of auFigure 4: Distributed tonomous multi-agent CubeBots in uncertain and noisy lunar enviframework for swarm lo- ronments using visioned-based observations. In Task 2, to manage
calization and intelligent issues due to dust and noise, our team will develop a distributed
maneuvering for Lunar framework for multi-target tracking in noisy and cluttered enviexploration
ronments and will develop an integrated target detection, tracking,
and identification mechanism. To create team resilience for CubeBots operating under partial observability and in the absence of complete domain knowledge, they need interpret this
knowledge effectively to accomplish the reconstructed behavior models of all other agents. In
Task 3, a distributed deep reinforcement learning approach will be developed and integrated
with the state estimates, where the robots interact with the world around them and learn
using reward-based policies for improving autonomous decision making. The distributed
state estimation from multiple observations will be used to train a distributed Deep Deterministic Policy Gradient (DDPG) algorithm [19]. The policy will be learned from various
scenarios in a realistic simulated environment. When the system is deployed, the agents will
exchange prioritized experience and update policies to adjust themselves by interacting with
the environment. The team will investigate how each agent learns policy to robustly achieve
the goal under various criteria, such as power/energy consumption and planning, computational demands, terrain, and uncertainties in observation. Prioritized experience sharing
and federated learning concepts [19] will be investigated and implemented to minimize power
consumption and prevent the failure of the individual and the entire system.
Research Team Capabilities: PI Fekrmandi directs the Advanced Intelligent Mechatronics (AIM) research laoratory at SDSM&T and he is a licensed Professional Engineer
(PE). His expertise includes emerging areas of control, robotics, and autonomous systems.
Co-PI Hoover directs the Mines Machine Learning and Intelligent Systems Lab (MMLISL) at SDSM&T. His expertise includes machine learning, computer vision, and visual feedback/control of robotic systems. Co-PI Kwanghee directs the Intelligent Vision Systems
Lab at SDSU. His expertise includes deep learning, computer vision, and autonomous vehicles. Co-PI Hansen leads the PowerJacks group at SDSU that harnesses the data revolution
for the future electric power system. His expertise includes high-performance computing, optimization, and distributed control of cyber-physical power and energy systems.
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C.

Supplementary Information

1.

Current & Prior NASA Funding
• Multi-agent autonomous GN&C, using SVGS for lunar surface mobility applications, 2020, NASA Marshall Aerospace Fellowship Program: PI Hadi Fekrmandi
spent a 10-week summer faculty fellowship at NASA Marshall Space Flight Center
(MSFC) for conducting research on developing guidance, navigation, and control of a
multi-agent robotic system’s environment with distributed state estimation. Currently
in the process of implementing the SVGS camera model originally developed by NASA
MSFC. Once fully developed this effort will contribute to an upcoming NASA mission
to the moon by enabling a complete simulation platform that offers development and
testing of a guidance, navigation, and control (GNC) system.
• Developing Small Satellite Formation Flying Capability by Distributed State
Estimation and Intelligent Control of Swarm using Vision-based Guidance,
2018-2020, South Dakota NASA EPSCoR Research initiation Grant (RiG) (PI: Fekrmandi): Over the past two years, PI Hadi Fekrmandi and Co-PIs Kwanghee Won,
and Randy C. Hoover have worked together to build up a research foundation through
the collaboration with NASA MSFC. The research work on two phases of RiG on
the topic of vision-based state estimation for proximity formation flying of CubeSats,
established the foundation of a solid collaborative research, and extended the NASA
center collaborations. It also cultivated the proposed ideas for research and provided
the preliminary results for the major research grant proposal.
• Increasing Autonomous Capability by Fusing Range Data with Monocular
Photometry, 2010–2012, South Dakota NASA EPSCoR Research initiation Grant
(RiG) (PI: Hoover): This research project focused on the developing new correlation
algorithms to increase the autonomous capabilities of unmanned systems. Examples
of such systems of interest to both NASA and local, state, and government entities in
South Dakota are vehicles that operate autonomously on land, air, and sea. The and
outcomes and relation to the current research proposal were a new breed of navigation algorithms that provided the unmanned system with increased awareness using
minimalistic sensing capability.
• Design and Development of a Cooperative UGV/UAV Team, 2011–2014,
South Dakota Space Grant Project Initiation Grant (PIG) (PI: Hoover): This project
focused on development of the hardware and software infrastructure required to perform advanced research using collaborative unmanned teams. The first major focus of
the project was to develop an unmanned ground vehicle (UGV) capable of autonomous
navigation, localization, and mapping using on-board and off-board sensing. The second major was to develop the software infrastructure required for combined control and
information processing between the UGV and UAV to perform in-situ collaboration in
outdoor environments. This project laid the foundation for experimental validation of
many algorithms that will be related to the current research proposal.
• Drone Home: A Housing/Recharging System for Deploying Drones, 2017–
2020, South Dakota Space Grant Project Initiation Grant (PIG) (PI: Hoover): This
project focuses on autonomous robotic systems operating in conjunction with and
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alongside humans. The goals were to ensure systems are capable of simple deployment,
retrieval, and data collection/visualization by developing a field deployable drone housing solution called “Drone Home” that serves as a deployment, retrieval, and docking
station for rapid deployment of unmanned aerial vehicles (drones). While “drone”
usage on the lunar surface may be years away, similar systems can be deployed for
ground exploration in resource constrained environments.
• Wireless Body Area Network in Space: Development of Wireless Health
Monitoring System with Flexible and Wearable Sensors, 2018-2020, NASA
EPSCoR (Co-I: Won): This project focuses on the development of a wireless body
area network (WBAN) for health monitoring of astronauts. He focused on the development of WBAN node authentication algorithms using hash-chains that are computationally cheap and more secure.The objective and goals are completely different from
the proposed research.
2.

Relationship of Current Funding to NASA EPSCoR Project
• This research project focuses on developing self-localization and intelligent
manoeuvring (SLIM) for autonomous underwater vehicles (AUVs), 2020–
2023, Naval Undersea Warfare Center - Keyport Division (PI: Fekrmandi, Co-PI:
Hoover): Developing a distributed state estimation for autonomous control of multiUUV teams will strengthen the research capabilities in developing decentralized solutions for localization, guidance, and control of the current proposal. Our current focus
with SLIM is to enable effective multi-AUV cooperative mapping while operating underwater challenging environments. However, there are also fundamental differences in
the challenges encountered in undersea domain, dynamics, and sonar sensor data.
• Development and validation of models to assess dynamic response of converterdominated power systems across multiple spatiotemporal scales, 2019–2021,
Department of Energy (Co-PI: Hansen): This project uses data driven modeling and
stochastic state estimation for electric power systems with a large amount of renewable
resources. Some design methods in the proposal may be useful for this project (e.g.,
hidden Markov models, moving horizon estimation, model predictive control), but the
overall goal is quite different.
• NOMARS: Pathfinder, 2020–2022, DARPA (Co-PI: Hansen): This pending grant
(currently in budget negotiations), under the DARPA No Manning Required Ship
(NOMARS) project, has a long-term goal of an unmanned surface ship that can operate
autonomously for long durations at sea with no human interventions. The project is
currently in Phase 1, which is exploratory in nature, but outcomes in state estimation,
automation, and decision making will overlap with this project. The outcomes of
the NOMARS project, however, will most likely be unavailable to use here due to
confidentiality/intellectual property issues.
• Dimensionality Reduction of Streaming Big Data for Clustering, Classification and Visualization via Incremental Multi-Linear Subspace Learning,
Year 2018, Naval Surface Warfare Center - Dahlgren (PI: Hoover): This project investigates many novel decompositions of multi-way data arising in data analysis. It’s
relation to the current proposed research is a novel approach to time-series modeling of
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dynamic time-varying graphs. Our current focus is on network graphs, however, similar approaches are being investigated for pose-graphs and multi-agent robot swarm
evolution.
• Multilinear Subspace Techniques for Learning and Recovery through TensorTensor Decompositions, Year 2020, National Science Foundation (PI: Hoover):
This project extends classical machine learning algorithms multi-way data arising in
data driven engineering/science applications. Its relation to the current proposed research is a novel approach to the analysis and learning from visual state data in video
systems. Our current focus is on fundamental science and new algorithmic developments; however, applications of such science arise in many problems relating to
multi-agent systems.
• An automated approach to optimize geotechnical Data for evaluating spatial distribution of Lunar regolith Properties, Year pending, NASA (Co-PI:
Hoover): This project investigates novel approaches to mapping and modeling the
geotechnical characteristics of the lunar surface. The algorithms developed would be
deployed on the VIPER (or something similar) robot to determine the most probable
place for the discovery of liquid water at the lunar south pole.
• Post-Event Serviceability of Bridge Columns Using Visual Inspection, 2020,
National Center for Transportation Infrastructure Durability & Life-Extension (CoPI: Won): This project investigates a deep learning-based computer vision approach
to assess serviceability of bridge columns after earth-quakes or other events. It also
requires real-time deep learning approaches, but the goal and the target environment
are different from the proposed research.
3.

Relevance of the Proposed Work to NASA

As outlined in Section B, the new NASA Artemis program aims to land the first woman
and next man on the moon by the year 2024 and establish sustainable exploration with
commercial and international partners by 2028 [1]. The program brings together researchers
from many different NASA centers for the sole purpose of human exploration and potential
habitation on the lunar surface. In an effort to succeed in lunar human habitation, NASA is
investigating many novel robotic technologies, with advanced autonomy to help understand,
explore, map, and potentially harvest resources on the lunar surface [2]. The Volatiles
Investigating Polar Exploration Rover (VIPER) robot [3], and Autonomous Pop-Up FlatFolding Explorer Robots [4] are among the funded research on innovative technologies by
NASA STMD that have the goal of using robotic systems to explore the lunar south pole
and analyze the location and concentration of water ice that could eventually be harvested
to sustain human presence on the moon. In an effort to achieve such lofty goals, many
fundamental advancements in autonomy, distributed sensing, and swarm intelligence need
to be developed. Moreover, the fundamental advancements in these technologies that have
been made in recent years, while providing a starting point, may not be valid on the lunar
surface.
NASA’s Space Technology Mission Directorate (STMD) has established the Game Changing Development (GCD) to advance exploratory concepts and deliver technology solutions
that enable new capabilities or radically alter current approaches. The GCD program is
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maturing technologies that demonstrate each of these lunar exploration capabilities among
many others; small robots that can autonomously explore the lunar surface as a team is one
of the GCD program goals. The Lunar Surface Innovation Initiative (LSII) [20] includes the
agency’s strategy for a cohesive approach to leverage development of technologies with capabilities for the Artemis program. The LSII is a technology development portfolio designed to
enable human and autonomous exploration on the moon and future developments on Mars.
The STMD LSII has formulated six primary capabilities for lunar infrastructure technology
development areas with activities spanning the technology readiness level pipeline as follows:
•
•
•
•
•
•

Utilizing the moon’s resources;
Establishing sustainable surface power;
Building machinery and electronics that function in extreme environments;
Mitigating lunar dust;
Carrying out surface excavation, manufacturing, and construction duties; and
Extreme access, which includes navigating and exploring the surface/subsurface.

The goal of this proposed research for creating the MILER framework with vision-based
decentralized state estimation and swarm coordination protocol due to the characteristics
including scalability, modularity, and robustness to communication network failure is well
in-line with most of LSII prime foci including utilizing the moon’s resources, providing
extreme access, operating reliably in extreme environments, such as the moon’s permanently
shadowed craters, mitigating lunar dust, and automation of the development of a lunar
base. Furthermore, as indicated by our strong letters of support from NASA Marshall, Goddard, and Ames, the current research thrusts are directly aligned with the future direction
of our NASA technical monitors.. Lastly, the MILER research outcome and technology
development overlaps NASA’s technology road map in multiple areas including: TX04:
Robotic Systems; TX07: Exploration Destination Systems; TX10: Autonomous Systems;
TX11: Software, Modeling, Simulation, and Information Processing; TX17: Guidance,
Navigation, and Control (GN&C).
4.

Relevance of the Proposed Work to South Dakota

The proposed research effort aims to span across all seven of the South Dakota research
priorities as outlined in the South Dakota Science and Innovation Strategy - 2020 Vision:
1.
2.
3.
4.
5.
6.
7.

Advanced Manufacturing & Materials;
Energy and Environment;
Human Health and Nutrition (including Medical Technology);
Information Technology/Cyber Security/Information Assurance;
Plant and Animal Bioscience;
Underground Science & Engineering; and
Visualization.

As outlined in our strong letters of industry support, (see Section C.7 and Section F),
the proposed research project is well suited to advance many existing areas within the State
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of South Dakota. In particular, CAT is very interested in increased autonomy and machine
intelligence for underground mining operations. Moreover, we have a history of collaborating with the Sanford Underground Research Facility (SURF) on prior robotics projects
ranging from sample collection of extremophiles in harsh environments (Priority 5, Plant
and Animal Bioscience) for scientific analysis in bio-energy to environmental monitoring, early warning, and search & rescue operations in hazardous subsurface regions (Priority
6, Underground Science & Engineering). Nearly all manufacturing is headed toward
“data-driven” solutions and advanced automation using some form of machine intelligence,
all of which will be aided by the distributed robotics framework proposed here (Priority 1,
Advanced Manufacturing & Materials). One of the Co-PI’s prior NASA Space Grant
Proposals stemmed from a collaboration between Black Hills Energy and South Dakota
Mines to use distributed unmanned aerial vehicles to monitor downed lines within the Black
Hills of South Dakota (Drone Home outlined in Section C.1). In addition, drones have been
proposed recently as options for autonomous environmental monitoring within the climate
science community and are currently being investigated for fire monitoring and mitigation.
Co-PI Hansen has worked with state electric utilities and cooperatives (e.g., East River
Electric Coop, Missouri River Energy Services) to perform distributed stochastic control of
building energy consumption for a more reliable and resilient power system, which directly
relates to the distributed state estimation and decision making from the outcomes of this
project (Priority 2, Energy and Environment). With the advent of the Da Vinci [21]
robot, as well as increased intelligence resulting from advanced computer vision algorithms
similar to those proposed here, tele-medicine is taking healthcare community to places never
seen before. In addition, as indicated by our strong support from Raven Industries, collaborative autonomous robotics, like those proposed here, are the wave of the future for
ensuring our food production is both reliable and safe (Priority 3, Human Health and
Nutrition). Finally, by definition, the research proposed here will produce vast amounts of
data (both numerical and visual), which will lead to transformative research in both Priorities 4 and 7 Information Technology/Cyber Security/Information Assurance and
Visualization.
In addition to our strong alignment with the South Dakota research priorities, the proposed project will support many different aspects of education within South Dakota. Indeed,
the project will support multiple senior design teams (e.g., Raven, L3-Harris, and CAT sponsored) and support the many existing clubs for undergraduate and graduate students (e.g.,
the SDSU Robotics club, South Dakota Mines Robotics, Unmanned Aerial Vehicle, Moonrockers, and Data Science club). As outlined in Section C.5, the work proposed here will
also have an impact on multiple graduate programs within the state resulting in a highly
educated workforce to enable the coming robotics revolution.
5.

Research Infrastructure Improvements in South Dakota

As indicated in the support letter from the South Dakota Mines Mining Engineering, the
university is in the process of establishing a Mining Technology Hub and Mineral Industries
Building. The technology hub will house major efforts for technology advancements in mining
technology and will initiate innovative research on campus. The new building will provide
a state of the art research and teaching space on campus. Moreover, recently, Caterpillar
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has announced a major research initiative to establish the Spencer South Dakota Mines
Mining hub. PI Fekrmandi, has met with and discussed the NASA EPSCoR major grant
research thrusts with CAT representatives and the mining engineering department head and
found significant interest and support due to overlap of multiple research in autonomous
state estimation, guidance, and control for addressing unreliable environment in presence
of noise and dust. This collaboration has started strong with spooring hiring a postdoc
research associate for the Mining Hub as well as participating as the representative of ME
department in an NOI for NSF National Research Traineeship (NRT) proposal submission
that later was announced to be selected to move forward from SDSMT.
This project will support at least 4 Ph.D. graduate research assistants (including costshare) at SDSMT and SDSU. Particularly, this project will support two Ph.D. GRAs in the
new joint Ph.D. program in Computer Science at South Dakota State University and Dakota
State University, which focuses on Artificial Intelligence and Precision Agriculture. This
program starts in Fall 2021 and the first CS Ph.D. graduates from SDSU will perform their
dissertation work on this project. The funding received will increase research infrastructure
within the SD EPSCoR jurisdiction in the state and nationwide priority areas of data science
and machine learning. At SDSMT, the proposed research NASA EPSCoR grant will impact
the graduate programs at multiple programs and as indicated in the support letters from
academic departments some of which has made commitments on supporting the cost-share
matching. Moreover, the GRAs being hired by ME and EE and prospective started Electrical
Engineering and Mechanical Engineering PhD programs. Because of this, in addition to
academic departments, SDSMT office of sponsored programs is also participating in the
cost-share matching for developing research infrastructure.
6.

Research Sustainability

These outcomes will be leveraged to build a
Table 2: Metrics for Sustainable Research
sustainable research pipeline in harnessing
Metric
Year
the data revolution within South Dakota.
Joint Proposals
2/yr
The investigative team is committed to utiExternal Collab. Proposals
1/yr
lizing the NASA EPSCoR Grant to ensure
Joint publications
4/yr
the collaborative research cluster between Code toolboxes/datasets
1/yr
South Dakota Mines, South Dakota State Project website traffic
5k views/yr
University, NASA Goddard, NASA Mar- Website dataset downloads
100/yr
shal, and NASA Ames is both sustainable NASA EPSCoR ROI
2x in external
with long-term support, and cross-cutting
funding upon
through multiple disciplines and application
completion
domains. Toward this end we have identified
several milestones (Table 3) to be achieved along with metrics (Table 2) that will be used
to evaluate the success of the project throughout the three year project duration as well as
ensure the research is sustainable well beyond the three year project duration.
Although specific tasks have designated leads, the team will work together to create
a shared vision for the project that ensures cohesion among tasks. Bi-weekly investigator
meetings will be held via Zoom to review and assess the status of our milestones and metrics,
and modify/update them if deemed appropriate.
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Table 3: Milestones for Sustainable Research
Milestone
Project Website Development
NASA MSFC Proposal

NSF REU Site Proposal

NSF NRI: Collaborative
Robotics
NSF Big Ideas Proposal
NSF CPS Proposal
Office of Naval Research
NASA STMD Proposal

7.

Details
Site will highlight research project, document progress, allow for interactivity, code repository, and dataset hosting.
The Proposal will focus on innovative vision and deep learning for robotics through Dual Use Technology Development
Program.
Proposal will develop a three year multi-campus undergraduate research site in Swarm Robotics and Distributed Sensing supporting 10 undergraduate student/year.
Proposal will focus on redundancy and reliability in multirobot systems through swarm optimization
Proposal will focus on The Future of Work at the HumanTechnology Frontier
Proposal will focus on Distributed Autonomy & Resource
Allocation
Proposal will focus on Distributed State Estimation in Unmanned Swarms
Proposal will focus on the technology readiness level (TRL)
through Game Changing Development (GCD) and Lunar
Surface Innovation Initiative (LSII) programs.

Year
1
1

1

2
2
3
3
3

Economic Development and Commercialization

As indicated by our strong letters of support from our industry partners, autonomous robotic
systems has been rapidly making it’s way into the commercial sector for years, commonly
referred to as the robotics revolution [22]. In particular, CAT has agreed to the establishment of the new Mining hub on the South Dakota Mines campus. A major focus for the
future of mining technology is increased autonomy, autonomous teams, and human/robot
collaboration (all of which are addressed in the current proposal). In addition, as indicated
below, Raven industries is paving the way toward autonomous agriculture and have a keen
interest in multi-robot solutions, vision-based estimation, and distributed sensing, again, all
of which are addressed in the current proposal). Finally, our collaboration with L3-Harris
has established a long history of projects related to communication systems and communication protocols. While not directly related to “robotics research and autonomy”, one future
direction for communication systems is distributed sensing (i.e., massive sensing systems connected via. the “cloud”) commonly referred to as fog computing, internet-of-things (IoT),
and edge computing. We anticipate that some of the technology developed in the current
research proposal will have significant impacts on this future through advanced algorithms
for distributed sensing. The Office of Sponsored Research at SDSU has a vested interest
in commercialization, with seed funding and a start-up incubator at the Research Park. At
SDSMT all PIs have a record of pursuing the research into technology development and commercialisation, one example is the PI’s current patent from a prior robotic inspection research
that has successfully gone through the provisional period and in the process of being filed
into US patent to support future SBIR/ STTR and commercialization activities. Office of
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economic development Working closely with our industrial partners, the research team will
continue to grow this sector through potential commercialization, economic development,
and student education/training to help make this robotics revolution a reality.
8.

Industry Partners and Project Role

See attached letters of support in Appendix F.
• Caterpillar Inc., MineStar Solution.

– Project Role: Collaboration on autonomous mining systems, addressing noise
and dust effect on vision/lidar measurement sensor.

• L3-Harris

– Project Role: Collaboration on multi-robotic communication systems and sensor network.

• Naval Undersea Warfare Center Keyport

– Project Role: collaboration on self-localization and intelligent maneuvering.

• SDSMT Mining Hub

– Project Role: Collaboration on probabilistic methods in robotics.

• Boeing Research & Technology

– Project Role: Collaboration on reliability of swarm systems.

• Raven Industries

– Project Role: Collaboration on intelligent autonomy.

9.

Tribal Colleges and Minority Serving Institutions

This project will develop collaboration with Hispanic serving institution, Texas A&M UniversityKingsville to provide research experiences in deep learning and multi-agent systems to Hispanic undergraduate/graduate students.
PI Fekrmandi, has contacted his PhD studies at Florida international University which
is nations largest minority serving institution. FIU’s has more than %70 students coming
from diverse backgrounds primarily Hispanics and Latinos.
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Current and Pending Support
(See GPG Section II.D.8 for guidance on information to include on this form.)
The following information should be provided for each investigator and other senior personnel. Failure to provide this information may delay consideration of this proposal.
Other agencies (including NSF) to which this proposal has been/will be submitted.

Investigator: Hadi Fekrmandi
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Advancing Self-Localization and Intelligent Mapping
(SLIM) for Swarm of Autonomous Unmanned Underwater
Vehicles using Machine Learning
Source of Support:
Naval Surface Warfare Center
Total Award Amount: $
150,000 Total Award Period Covered: 05/01/20-04/31/23
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0.5
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Development of Fault Identification and Risk Management
(FIRM) Intelligent Health Monitoring for Critical Structural and Electro-Mechanical Systems of Unmanned Underwater Vehicles using Deep Learning
Source of Support:
DOD NUWC-Keyport
Total Award Amount: $
60,000 Total Award Period Covered: 09/01/19-06/30/22
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0.5
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Developing Small Satellite Formation Flying Capability by
Distributed State Estimation and Intelligent Control of
Swarm using Vision-based Guidance
Source of Support:
NASA EPSCoR
Total Award Amount: $
52,500 Total Award Period Covered: 04/01/19-09/30/20
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: NASA Apollo 50th - Apollo Next Giant Leap Student
Challenge

Source of Support:
SD Space Grant
Total Award Amount: $
40,000 Total Award Period Covered: 08/23/19-04/22/20
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 1/4 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: SDSM&T Cubesat Team Formation

Source of Support:
SD Space Grant
Total Award Amount: $
30,150 Total Award Period Covered: 04/01/18-04/22/2021
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0

Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Team Resilience and Intelligent Maneuvering (TRIM) for
Navys fleet of Unmanned Underwater Vehicles (UUVs)

Source of Support:
DOD ONR
Total Award Amount: $
405,000 Total Award Period Covered: 06/01/21-05/31/24
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0
Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Development of a distributed guidance and control using
vision sensor for multi-agent intelligent lunar exploration
robots (MILER) (this proposal)
Source of Support:
NASA EPSCoR
Total Award Amount: $
750,000 Total Award Period Covered: 06/01/21 - 05/31/24
Location of Project:
SDSMT,SDSU
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 1
*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.
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Current and Pending Support
(See GPG Section II.D.8 for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior
personnel. Failure to provide this information may delay consideration of this proposal.
Other agencies (including NSF) to which this proposal has
been/will be submitted. None
Investigator: Randy C. Hoover
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Collaborative Research: NRT: Cyber-Physical-Social System for Understanding and Thwarting the Illicit Economy

Source of Support:
National Science Foundation
Total Award Amount: $
1,471,356 Total Award Period Covered: 09/01/18-08/31/23
Location of Project:
SDSMT (collaboration with USD, SDSU)
Person-Months Per Year Committed to the Project.
Cal: 0.75 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: REU Site: Security Printing and Anti-Counterfeiting
Technology

Source of Support:
National Science Foundation
Total Award Amount: $
321,117 Total Award Period Covered: 05/01/19-04/30/22
Location of Project:
SDSMT (collaboration with USD, SDSU)
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Drone Home: A Housing/Recharging System for Deploying Drones

Source of Support:
SD Space Grant
Total Award Amount: $
56,528 Total Award Period Covered: 08/01/17-12/21/20
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Dimensionality Reduction of Streaming Big Data for Clustering, Classification and Visualization via Incremental
Multi-Linear Subspace Learning
Source of Support:
Naval Surface Warfare Center
Total Award Amount: $
150,000 Total Award Period Covered: 06/01/19-12/31/20
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 1 Acad: 0 Sumr: 0

Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Cross Comparison of Virtual Reality Systems for Education and Research Suitability

Source of Support:
SD Space Grant
Total Award Amount: $
38,978 Total Award Period Covered: 04/23/19-12/21/20
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Advancing Self-Localization and Intelligent Mapping
(SLIM) for Swarm of Autonomous Unmanned Underwater
Vehicles using Machine Learning
Source of Support:
Naval Surface Warfare Center
Total Award Amount: $
150,000 Total Award Period Covered: 05/01/20-04/31/23
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 0.25 Acad: 0 Sumr: 0
Support: t
u
X Current t
uPending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: RI: Small: Multilinear Subspace Techniques for Learning
and Recovery through Tensor-Tensor Decompositions

Source of Support:
National Science Foundation
Total Award Amount: $
401,744 Total Award Period Covered: 08/15/20-07/14/23
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 1 Acad: 0 Sumr: 0
Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Collaborative Research: D-ISN: Track 1: Understanding and Negating Illicit Trafficking and Economic Deceit
(UNITED)
Source of Support:
NSF
Total Award Amount: $
1,000,000 Total Award Period Covered: 01/1/21-12/31/25
Location of Project:
SDSMT/USD/DSU/CSU/UCCS
Person-Months Per Year Committed to the Project.
Cal: 0.15 Acad: 0 Sumr: 0
Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Collaborative Research: D-ISN: Track 2: Building Capacity as a Multidisciplinary Team to Address Illicit Labor &
Sex Trafficking Networks
Source of Support:
NSF
Total Award Amount: $
250,000 Total Award Period Covered: 01/15/21-1/14/23
Location of Project:
SDSMT/USD/UCCS
Person-Months Per Year Committed to the Project.
Cal: 1 Acad: 0 Sumr: 0

Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: An automated approach to optimize geotechnical Data for
evaluating spatial distribution of Lunar regolith Properties

Source of Support:
NASA
Total Award Amount: $ 1,011,657 Total Award Period Covered: 05/01/21 - 04/30/23
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 1 Acad: 0 Sumr: 0
Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Understanding Distributed Sensor/Weapon Networks
Through Graph-Based Time-Series Analysis and Tensor
Decompositions
Source of Support:
NSWC-DD
Total Award Amount: $
321,996 Total Award Period Covered: 06/01/21 - 05/31/24
Location of Project:
SDSMT
Person-Months Per Year Committed to the Project.
Cal: 1 Acad: 0 Sumr: 0
Support: t
uCurrent t
u
X Pending t
uSubmission Planned in Near Future t
u*Tranfer of Support
Project/Proposal Title: Development of a distributed guidance and control using
vision sensor for multi-agent intelligent lunar exploration
robots (MILER) (this proposal)
Source of Support:
NASA EPSCoR
Total Award Amount: $
750,000 Total Award Period Covered: 06/01/21 - 05/31/24
Location of Project:
SDSMT,SDSU
Person-Months Per Year Committed to the Project.
Cal: 0.5 Acad: 0 Sumr: 0
*If this project has previously been funded by another agency, please list and furnish information for
immediately preceding funding period.
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Current & Pending Support: Kwanghee Won
Support:

Current

Project/Proposal Title: Post-Event Serviceability of Bridge Columns Using Visual Inspection
Source of Support: National Center for Transportation Infrastructure Durability & Life-Extension
Total Award Amount: $53,915
Total Award Period Covered: 07/01/2020 – 06/30/2021
Location of Project: South Dakota State University
Person-Months Per Year Committed to the Project: 0.75
Support:

Current

Project/Proposal Title: Study on Machine Learning Algorithms for Large-scale EMF-related Text
Corpus Analysis
Source of Support: ETRI Korea
Total Award Amount: $ 30,000
Total Award Period Covered: 03/01/2020 – 11/30/2020
Location of Project: South Dakota State University
Person-Months Per Year Committed to the Project: 0.8
Support: Current
Project/Proposal Title: Wireless Body Area Network in Space: Development of Wireless Health
Monitoring System with Flexible and Wearable Sensors
Source of Support: NASA EPSCoR
Total Award Amount: $750,000
Total Award Period Covered: 1/1/2018 – 12/31/2020
Location of Project: South Dakota School of Mines and Technology, South Dakota State University,
and University of South Dakota
Person-Months Per Year Committed to the Project: 1.2
Support:

Pending

Project/Proposal Title: Development of a distributed guidance and control using vision sensor for multiagent intelligent lunar exploration robots (MILER) (this proposal)
Source of Support: NASA EPSCoR
Total Award Amount: $ 750,000
Total Award Period Covered: 06/01/2021 – 05/31/2024
Location of Project: South Dakota School of Mines and Technology & South Dakota State University
Person-Months Per Year Committed to the Project: 0.8

Current & Pending Support: Timothy M. Hansen
Support:
Current
Project/Proposal Title:
Development and validation of models to assess dynamic response
of converter-dominated power systems across multiple
Source of Support:
DOE
Total Award Amount:
$
592,889.00
Total Award Period Covered:
8/15/2019 to 8/14/2021
Location of Project:
South Dakota State University
Person-Months Per Year Committed to the Project: Summer: 1, AY: 20%
Support:
Project/Proposal Title:

Pending
Grid-forming Enabled Hybrid PV Plants for Enhanced Grid
Performance and Resilience
Source of Support:
DOE SETO
Total Award Amount:
$
903,704.00
Total Award Period Covered:
1/1/2021 to 12/31/2023
Location of Project:
South Dakota State University
Person-Months Per Year Committed to the Project: Summer: 1; AY 30%
Support:
Pending
Project/Proposal Title:
NOMARS Pathfinder
Source of Support:
DARPA
Total Award Amount:
$
250,875.00
Total Award Period Covered:
11/15/2020 to 8/15/2022
Location of Project:
South Dakota State University
Person-Months Per Year Committed to the Project: Summer: 0.86
Support:
Project/Proposal Title:

Pending
Development of a distributed guidance and control using
vision sensor for multi-agent intelligent lunar exploration
robots (MILER) (this proposal)
Source of Support:
NASA EPSCoR
Total Award Amount:
$
750,000.00
Total Award Period Covered:
6/1/2021 to 05/31/2024
Location of Project:
South Dakota State University
Person-Months Per Year Committed to the Project: Summer: 0.5
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HADI FEKRMANDI, PHD, PE
Department of Mechanical Engineering, South Dakota Mines, Email: Hadi.Fekrmandi@sdsmt.edu, Phone: 605-394-2585
PROFESSIONAL PREPARATION
Florida International University Ph.D., Mechanical Engineering
University of Tabriz M.S., Mechanical Engineering
University of Tabriz B.S., Mechanical Engineering

2011-2015
2006-2009
2001-2006

APPOINTMENTS
Assistant Professor of Mechanical Engineering
South Dakota Mines, Rapid City, SD

2017-present

Post Doctoral Research Associate
Applied Research Center (ARC), Miami, FL

2015-2017

Research Assistant
Florida International University (FIU), Miami, FL

2011-2015

Instructor
University of Applied Science and Technology, Zanjan, Iran

2009-2011

Teaching Assistant
University of Tabriz, Tabriz, Iran

2006-2009

PRODUCTS

Products most closely related to the proposed project
[P1] H. Fekrmandi, A. J. Frye, A. Tamjidi, and J. Rakoczy, “Autonomous multi-agent systems using svgs camera
sensor for lunar surface mobility applications,” in 2021 IEEE Aerospace Conference. IEEE, 2021, p. accepted.
[P2] H. Fekrmandi, S. Rutan-Bedard, A. Frye, and R. Hoover, Validation of Vision-Based State Estimation for
Localization of Agents and Swarm Formation, ser. Mechanisms and Machine Science, vol 83. Springer,
2020. [Online]. Available: https://doi.org/10.1007/978-3-030-43929-3_20
[P3] A. Frye, H. Fekrmandi, R. C. Hoover, and A. H. Tamjidi, “Validation of distributed state estimation for
localization of small satelites and swarm formation,” in 33rd Florida Conference on Recent Advances in
Robotics, 2020, pp. 35–39. [Online]. Available: https://fcrar2020.fit.edu/proceedings.pdf
[P4] H. Fekrmandi, S. Rutan-bedard, A. Frye, M. Yoon, and R. Hoover, “Vision-based guidance and navigation for
swarm of small satellites in a formation flying mission,” in 32nd Florida Conference on Recent Advances in
Robotics, 2019.
[P5] H. Fekrmandi and Y. Gwon, “Reliability of surface response to excitation method for data-driven
prognostics using gaussian process regression,” in Health Monitoring of Structural and Biological Systems
XII, vol. 10600. International Society for Optics and Photonics, 2018, p. 106002R. [Online]. Available:
https://doi.org/10.1117/12.2304475
[P6] H. Fekrmandi, M. Unal, S. R. Neva, I. N. Tansel, and D. McDaniel, “A novel approach for classification of
loads on plate structures using artificial neural networks,” Measurement, vol. 82, pp. 37–45, 2016. [Online].
Available: https://doi.org/10.1016/j.measurement.2015.12.027
[P7] H. Fekrmandi, J. Rojas, I. N. Tansel, A. Yapici, and B. Uragun, “Investigation of the computational efficiency
and validity of the surface response to excitation method,” Measurement, vol. 62, pp. 33–40, 2015. [Online].
Available: https://doi.org/10.1016/j.measurement.2014.10.053
1

Other significant products
[O1] H. Fekrmandi, S. Rutan-Bedard, and P. Hillard, “Modular robotic crawler with hybrid locomotion for inspection
of a small diameter pipe,” Submitted to SD Mines Office of Economic Development, no. 62/937,649, Nov 2020.
[O2] J. Allen, S. Rutan-Bedard, and H. Fekrmandi, Robotic Inspection Crawler for Small Diameter Complex
Piping, ser. Mechanisms and Machine Science, vol 83. Springer, 2020. [Online]. Available:
https://doi.org/10.1007/978-3-030-43929-3_26
[O3] H. Fekrmandi and P. Hillard, “A pipe-crawling robot using bio-inspired peristaltic locomotion and
modular actuated non-destructive evaluation mechanism,” in Bioinspiration, Biomimetics, and Bioreplication
IX, vol. 10965. International Society for Optics and Photonics, 2019, p. 1096508. [Online]. Available:
https://doi.org/10.1117/12.2515433
[O4] B. Dadashzadeh, A. Allahverdizadeh, M. Esmaeili, and H. Fekrmandi, “A case study on influence of utilizing
hill-type muscles on mechanical efficiency of biped running gait,” International Applied Mechanics, vol. 56,
no. 4, 2020, accepted.
[O5] W. Lin, Y. Rotenberg, H. Fekrmandi, and C. Levy, “Buckypaper/dyad/buckypaper and buckypaper/dyad/(polyaniline/multiwalled carbon nanotube) composite sensors: Preparation and damping properties
characterization,” Journal of Composite Materials, vol. 52, no. 11, pp. 1457–1464, 2018. [Online]. Available:
https://doi.org/10.1177/0021998317725160
[O6] H. Fekrmandi, M. Unal, A. Baghalian, S. Tashakori, K. Oyola, A. Alsenawi, and I. N. Tansel, “A non-contact
method for part-based process performance monitoring in end milling operations,” The International
Journal of Advanced Manufacturing Technology, vol. 83, no. 1-4, pp. 13–20, 2016. [Online]. Available:
https://doi.org/10.1007/s00170-015-7523-2
SYNERGISTIC ACTIVITIES
Golden Key International Honor Society (GK)
International Society for Optics and Photonics (SPIE)
American Society of Mechanical Engineers (ASME)
Institute of Electrical and Electronics Engineers (IEEE)
Professional Certificate in Robotics Engineering
Professional Engineer
Organization Committee Member, FCRAR Conference
Organization Committee Member, SPIE Conference on Smart Structures
Reviewer for Elsevier’s Measurement, and MDPI’s Robotics journals
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Lifetime Member
Lifetime Member
Member since 2010
Member since 2018
Florida International University
State of California
Since 2014
Since 2018
2014-Present

Randy C. Hoover, Ph.D.
Associate Professor, Department of Computer Science and Engineering
South Dakota School of Mines & Technology
Rapid City, SD 57701
Professional Preparation:
Institution
Field
Idaho State University
Electrical Engineering
Idaho State University
Measurement & Control Engineering
Colorado State University Electrical Engineering

Degree Year
B.S.
2002
M.S.
2004
Ph.D. 2009

Appointments:
Institution
South Dakota School of Mines
South Dakota School of Mines
South Dakota School of Mines
South Dakota School of Mines
South Dakota School of Mines
Colorado State University

&
&
&
&
&

Tech.
Tech.
Tech.
Tech.
Tech.

Position
Date
Associate Professor, CSE 2019 Associate Professor, ECE 2015 Assistant Professor, ECE 2010 Assistant Professor, MCS 2009 Affiliate Faculty, BME
2009 Affiliate Faculty, ECE
2009 -

Present
2019
2015
2010
Present
Present

Products
Products most closely related to the proposed project

1. J. Liu, R. C. Hoover, and J. S. McGough, “Mobile fiducial-based collaborative localization and mapping (CLAM),” in Proceedings of the 2020 USCToMM Symposium
on Mechanical Systems and Robotics, 2020, pp.196205.
2. Frye, H. Fekrmandi, R. C. Hoover, and A. H. Tamjidi, Validation of distributed
state estimation forlocalization of small satelites and swarm formation, in33rd Florida
Conference on Recent Advances in Robotics, 2020, pp. 3539.
3. H. Fekrmandi, S. Rutan-Bedard, A. Frye, and R. C. Hoover,Validation of VisionBased State Estimation forLocalization of Agents and Swarm Formation, ser. Mechanisms and Machine Science, vol 83. Springer,2020.
4. Hadi Fekrmandi, Skye Rutan-bedard, Alex Frye, Michael Yoon, Randy C. Hoover,
“Vision- based Guidance and Navigation for Swarm of Small Satellites in a Formation
Flying Mission”, 32nd Florida Conference for Recent Advances in Robotics (FCRAR),
May 2019.
5. Kyle Caudle, Pat Flemming, and Randy C. Hoover, “A Review of Flow Field
Forecasting: A High Dimensional Forecasting Procedure”, WIRES Journal on Computational Statistics, Feb. 2020.
Other significant products

1. Chinmaya Kaji, Randy C. Hoover, and Shankarachary Ragi, “Underwater navigation using geomagnetic field variations,” in Proceedings of the 2019 IEEE International Conference on Electro/Information Technology, 2019.

2. Randy C. Hoover, Rodney G. Roberts, Anthony A. Maciejewski, Priya S. Naik, and
Khaled M. Ben-Gharbia, “Designing a Fault-Tolerant Workspace for a Kinematically
Redundant Robot”, IEEE Transactions on Automation Science and Engineering (TASE), Jan. 2014.
3. Misha E. Kilmer, Karen S. Braman, Ning Hao, and Randy C. Hoover, “Third Order
Tensors as Operators on Matrices: A Theoretical and Computational Framework
with Applications in Imaging”, SIAM Journal on Matrix Analysis and Applications
(SIMAX), Feb. 2013, Vol. 34, Num. 1.
4. Ning Hao, Misha E. Kilmer, Karen S. Braman, and Randy C. Hoover, “New Tensor
Decompositions with Applications in Facial Recognition”, SIAM Journal on Imaging
Science (SIIMS), Feb. 2013, Vol. 6, Num. 1.
5. Randy C. Hoover, Anthony A. Maciejewski, and Rodney G. Roberts, “Fast Eigenspace Decomposition of Images of Objects with Variation in Illumination and Pose”,
in IEEE Transactions on Systems, Man, and Cybernetics - Part B: Cybernetics, Apr.
2011, Vol. 10, No. 2.
Synergistic Activities:
• Director of the Mines Machine Learning and Intelligent Systems Lab (MLISL)
• Associate Editor for IEEE/RSJ International Conference on Intelligent Robots and
Systems
• IEEE Technical Program Committee for Systems, Man, and Cybernetics Society,
Brain-Machine Interfaces (2016)
• IEEE Executive committee for Systems, Man, and Cybernetics Society, Secretary
(2015 - 2016)
• Session chair or co-chair/organizer/TPC: 2008 IEEE Conference on Automation Science and Engineering ,2008 and 2009 IEEE Conference on Systems, Man, and Cybernetics ,2010 IASTED International Conference on Robotics and Applications &
Controls and Applications, 2012 and 2013 ASME International Mechanical Engineering Congress and Exposition
• National Science Foundation GK-12 Fellow (2004 - 2005)

Biographical Sketch: Kwanghee Won, Ph.D.
Assistant Professor
Department of Electrical Engineering and Computer Science
South Dakota State University,
Brookings, South Dakota 57007
Tel:(605)688-4346, Fax: (605)688-4401
A. Professional Preparation
Kyungpook National University, Korea,
Kyungpook National University, Korea,
Kyungpook National University, Korea,

Computer Engineering, B.S., 2005
Computer Engineering, M.S., 2007
Computer Engineering, Ph.D., 2013

B. Appointments
2018-Present Assistant professor, Electrical Engineering and Computer Science, South Dakota
State University (SDSU), Brookings, SD
2018-2018
Lecturer, Electrical Engineering and Computer Science, South Dakota State
University (SDSU), Brookings, SD
2017-2017
Postdoctoral Research Associate, Civil Engineering, University of NebraskaLincoln, Lincoln, NE
2015-2016
Research Scholar, Computer Science, University of Nebraska-Omaha, Omaha, NE
2014-2015
Senior Researcher, DGIST, Daegu, South Korea.
C. Products
Most closely related to the proposed project
1.

(2020) R. Khatri, K. Won, “Kernel-controlled DQN based CNN pruning for model
compression and acceleration,” ACM conference on Adaptive and Convergent Systems,
2020.

2.

(2020) K. Won, C. Sim, “Automated Transverse Crack Mapping System with Optical
Sensors and Big Data Analytics,” Sensors 20(7), 1838, 2020.

3.

(2019) C. Lee, S. Choi, J.Y. Kim, K. Won, “Instance Segmentation in Urban Scenes using
Inverse Perspective Mapping of 3D Point Clouds and 2D Images, ACM Conference on
Adaptive and Convergent Systems, 2019.

4.

(2018) K. Won and C. Sim, “Using Deep Convolutional Neural Network to Develop Fulldepth Transverse Crack Mapping System,” Engineering Mechanics Institute Conference
(EMI 2018), Boston, 2018.

5.

(2017) K. Won, C. Sim, “Interactive Control of a Flying Robot for Bridge Inspection,”
UKC 2017 Conference, Korean-American Scientists and Engineers Association,
Washington D.C., 2017 (Poster award)

Five other significant products
1.

(2020) K. Won, Y. Jang, H. Choi, S. Shin, “Semantic Classification of EMF-related
Literature using Deep Learning Models with Attention Mechanism,” ACM conference on
Adaptive and Convergent Systems, 2020.

2.

(2018) S.H. Suh, J.E. Jhang, K. Won, S.Y. Shin, and C.O. Sung, “Development of
Vegetation Mapping with Deep Convolutional Neural Network,” Proceedings of the ACM
Conference on Adaptive and Convergent Systems, 2018

3.

(2016) US Patent 9373175 “Apparatus for Estimating of Vehicle Movement using Stereo
Matching”, S. Jung and K. Won

4.

(2015) K. Won, and S.K. Jung, “Real-time 3D Cube Detection and Tracking using Depth
Sensor for Interactive Augmented Reality System,” IEEE International Conference on
Consumer Electronics, 2015.

5.

(2013) J.S. Jang, K. Won, S.K. Jung, “Rotation Estimation for Visual Odometry using 3D
Vector Correspondence,” 39th Annual Conference of the IEEE Industrial Electronics
Society (IEEE IECON 2013), Austria, 2013

D. Synergistic Activities
1. Working with collaborators, Dr. Chanseok Jung (Catholic University of America) and Dr.
Christoph Schaal (California State University at North Ridge) to develop an interdisciplinary
collaborative research titled “Wave‐based simultaneous localization and mapping (SLAM) of
autonomous underwater robots.”
2. Working with collaborators, Dr. Boo Hyun Nam (University of Central Florida) and Dr.
Jongwan Eun (University of Nebraska Lincoln) to develop an interdisciplinary research titled
“Development of a deep learning-based landfill subsidence prediction model using a
spatiotemporal InSAR data.”
3. Working with collaborators in animal science department at SDSU to develop a deep 3D
generative model for livestock animal data analysis. Also, working with collaborators in plant
science department at SDSU to develop a deep learning-based biomass/yield prediction model.
4. Mentored undergraduate students for Fishback Honors College independent studies titled
“Machine learning algorithms on multi-agent system,” and “Deep learning algorithms and
application.” Currently advising a senior design project titled “Multi-agent system
development platform.”
5. Served as a reviewer of the Journal of Supercomputing, IEEE Transactions on Vehicular
Technology. Served program committee of the International Workshop on Frontiers in
Computer Vision 2020.

Biographical Sketch
Dr. Timothy Hansen
Electrical Engineering and Computer Science Dept., South Dakota State University
(SDSU)
a.

Professional Preparation
2011: B.S., Computer Engineering, Milwaukee School of Engineering,
Milwaukee, WI
2015: Ph.D., Electrical Engineering, Colorado State University (CSU), Fort Collins,
CO

b.

Appointments

08/2015–present: Assistant Professor, Electrical Engineering and Computer Science Department, SDSU, Brookings, SD
2014–2015: Graduate Researcher, Distributed Energy Systems Integration, National
Renewable Energy Laboratory, Golden, CO
c.

Products

Five recent products most closely related to proposed project:
1. T. M. Hansen, E. K. P. Chong, S. Suryanarayanan, A. A. Maciejewski, H. J. Siegel,
“A Partially Observable Markov Decision Process Approach to Residential Home Energy
Management,” IEEE Transactions on Smart Grid, vol. 9, no. 2, pp. 1271–1281, Mar.
2018.
2. T. M. Hansen, R. Roche, S. Suryanarayanan, A. A. Maciejewski, H. J. Siegel, “Heuristic
Optimization for an Aggregator-based Resource Allocation in the Smart Grid,” IEEE
Transactions on Smart Grid, vol. 6, no. 4, pp. 1785–1794, July 2015.
3. P. Paudyal, P. Munankarmi, Z. Ni, T. M. Hansen, “A Hierarchical Control Framework
with a Novel Bidding Scheme for Residential Community Energy Optimization,” IEEE
Transactions on Smart Grid, vol. 11, no. 1, pp. 710–719, Jan. 2020.
4. A. Poudyal, U. Tamrakar, R. D. Trevizan, R. Fourney, R. Tonkoski, T. M. Hansen,
“Convolutional Neural Network-based Inertia Estimation using Local Frequency Measurements,” in IEEE North American Power Symposium 2020 (NAPS20), Tempe, AZ, 5
pages, accepted, to appear Apr. 2021.
5. Y. Zheng, S. Suryanarayanan, A. A. Maciejewski, H. J. Siegel, B. Celik, T. M. Hansen,
“An Application of Machine Learning for a Smart Grid Resource Allocation Problem ,”
in IEEE PowerTech Milan 2019, Milan, Italy, 6 pages, June 2019.
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Five other significant products:
1. U. Tamrakar, D. Shrestha, M. Maharjan, B. P. Bhattarai, T. M. Hansen, R. Tonkoski,
“Virtual Inertia: Current Trends and Future Directions,” Applied Sciences, vol. 7, no. 7,
29 pp., July 2017.
2. S. Chalise, J. Sternhagen, T. M. Hansen, R. Tonkoski, “Energy Management of Remote
Microgrids Considering Battery Lifetime,” The Electricity Journal, vol. 29, no. 6, pp.
1–10, July 2016.
3. B. Palmintier, E. Hale, T. M. Hansen, W. Jones, D. Biagioni, H. Sorensen, H. Wu,
B. Hodge, “IGMS: An Integrated ISO-to-Appliance Scale Grid Modeling System,” IEEE
Transactions on Smart Grid, special issue on High-Performance Computing Applications
for a More Resilient and Efficient Power Grid, vol. 8, no. 3, pp. 1525–1534, May 2017.
4. S. Suryanarayanan, R. Roche, T. M. Hansen, eds., Cyber-Physical-Social Systems and
Constructs in Electrical Power Engineering, The Institution of Engineering and Technology (IET), London, UK, 2016.
5. V. Durvasulu, T. M. Hansen, “Benefits of a Demand Response Exchange Participating in Existing Bulk-Power Markets,” Energies, special issue on Demand Response in
Electricity Markets, vol. 11, no. 12, 21 pp., Dec. 2018.
d.

Synergistic Activities

1. Society activity: Section Chair (2019–present), IEEE Region 4 Siouxland Section Executive Committee.
2. Society activity: Chair (2020–present), IEEE Power and Energy Society (PES) Power
Engineering Education Committee (PEEC) Awards Subcommittee.
3. Invited speaker: “Large-Scale Synthetic Datasets to Enable Resource Management
Studies for the Future Smart City,” Computing@PNNL Seminar, Pacific Northwest National Laboratory (Aug. 2018).
4. Recent accolade: 2019 IEEE-HKN C. Holmes MacDonald Outstanding Teaching Award
“for exceptional engagement of undergraduate students in electrical and computer engineering through pedagogical innovations, classroom technologies and curriculum development.”
5. Workforce development: Seven graduate students from the SDSU Power and Energy
Program were recently placed in U.S. national laboratories during and after their graduate
studies.
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To:
EPSCoR Program Representative
From: Joseph M Galante, Ph.D.
Date: Friday, November 13, 2020
Subject: MILER Pre-Proposal Recommendation

It is with great enthusiasm that I recommend the “Development of a Distributed Guidance
and Control Using Vision Sensor for Multi-agent Intelligent Lunar Exploration Robots
(MILER)” proposal for consideration by the EPSCoR Program.
I am the PI for CubeBot, a small (30 cm x 30 cm x 30 cm) low-cost
hopping/cartwheeling/tumbling robot that uses internal actuators allowing the entire
robot to be hermetically sealed against dust. The robot is currently in development, but its
low cost and extreme mobility enable swarm (multi-robot) exploration mission
architectures. The lunar environment presents many navigation/exploration challenges for
both single robot architectures and swarms due to the following reasons: lack of navigation
infrastructure (eg GPS, cell towers), lack of Lunar digital elevation maps (DEMs) at the sub
meter scale, harsh changing lighting conditions, regolith buildup on sensing optics due to
tribostatic adhesion, reflections from electrostatically-lofted regolith, among many others.
It is clear from Lunar Surface Innovation Consortium’s (LSIC) Extreme Access group
meetings, discussions at I-SAIRAS, IAC, and the literature that these problems are
encountered by many other lunar exploration robotics groups.
These very issues are the subject of the proposed MILER effort. The proposers seek to
extend the state of the art of distributed swarm SLAM and control to specifically address the
challenging Lunar environment. The proposed effort would develop a solution for finescale localization, mapping, guidance, and control for a Lunar robotic swarm that links to
and leverages from the rich coarse-scale Lunar environmental map data gathered by LRO,
Kaguya, Chandrayaan, Clementine, and others. Additionally, the proposed effort factors in
constraints like limited computational resources available in real time to individual agents,
restricted resolution/field-of-view for navigation cameras for small low cost mobility
platforms, and intermittent communications link connectivity. I look forward to working
with the proposal team to enable swarm exploration for the moon.
Regards,

Joseph M Galante, Ph.D.
301-286-1530
joseph.m.galante@nasa.gov
Satellite Attitude Estimation and Control Systems Analyst
CubeBot Lunar Hoping/Cartwheeling/Tumbling Robot PI
NASA Goddard Space Flight Center

National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Marshall Space Flight Center, AL 35812

November 4, 2020
Reply to Attn of:

EV41 (20-010)

Dr. Hadi Fekrmandi
Assistant Professor
Department of Mechanical Engineering
South Dakota School of Mines and Technology
501 East Saint Joseph St.
Rapid City, SD 57701

Dear Dr. Fekrmandi,

The National Aeronautics and Space Administration (NASA) George C. Marshall Space
Flight Center (MSFC) Control Systems Design and Analysis Branch sees a lot of value in
your proposal “Development of a distributed guidance and control using vision sensor for
Multi-agent Intelligent Lunar Exploration Robots" to the South Dakota Board of Regents
Competitive Research Grant Program. This proposal contains several elements of research
interest to my branch and is highly relevant to the NASA Space Technology Mission
Directorate's (STMD) research priorities in enabling lunar surface exploration.
The MSFC Control Systems Design and Analysis Branch has been developing a Smartphone
Video Guidance Sensor (SVGS) as a low-mass, -power, -volume, and -cost version of the
Advanced Video Guidance Sensor which had previously flown in space for rendezvous and
docking demonstration missions. We recently have realized the SVGS's value as an entry,
descent and landing sensor as well as an optical navigation sensor for lunar surface mobility.
We are pursuing research in using the SVGS as part of a navigation infrastructure to enable
autonomous systems to traverse the lunar surface and work collaboratively in fleets of
vehicles. The NASA STMD is weighting a major portion of its research portfolio on Lunar
Surface Innovations (LSI). The LSI portfolio is seeking surface mobility, surface navigation
and autonomous systems technologies to serve the planned human and robotic missions to the
Moon and Mars. The LSI program also seeks solutions for Extreme Access for lunar
excavation, construction and underground exploration in the harsh lunar environment.
The South Dakota School of Mines and Technology (SDSMT) proposal addresses several
themes of the NASA STMD LSI program and offers potential synergies with my branch's
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research interests. The proposal's goal of self-localization and intelligent maneuvering
autonomously for multi-agent systems for collaborative mapping of water-ice lunar surface
operation of robotics swarms can be directly applied to NASA STMD's needs. Developing
deep learning approaches to vision-based inter-robot swarm estimation and advancing data
fusion algorithms to integrate existing lunar maps with individual robot viewpoints addresses
some of the primary challenges of autonomous GN&C on the lunar surface. The proposal's
goal of gaining resiliency in autonomous operations via handling the noise and uncertainty in
vision/lidar sensor measurements is definitely something that NASA is interested in for
operating fleets of autonomous vehicles in the remote lunar surface environment.
I expect the proposed work will build upon the research work accomplished during this past
summer under MSFC's Summer Faculty Fellowship where you worked with us on surface
mobility approaches for fleets of autonomous vehicles utilizing the SVGS. I see the potential
for the synergy of these activities to culminate future NASA proposals and collaboration
opportunities between MSFC and SDSMT for Lunar Surface innovations.
Sincerely,

signed by JOHN RAKOCZY
JOHN RAKOCZY Digitally
Date: 2020.11.04 16:05:53 -06'00'
John Rakoczy
Chief, Control Systems Design & Analysis Branch

November 10, 2020
Kwanghee Won
Assistant Professor, EECS Department,
South Dakota State University
Brookings, South Dakota 57006
Dear Dr. Won,

It is my pleasure to write this letter of support for your new FY 2021 South Dakota NASA EPSCoR Major
Grant proposal entitled, “Development of a distributed guidance and control using vision sensor for
multi-agent intelligent lunar exploration robots (MILER).” As a Research Engineer at NASA Ames
Research Center, I have extensive experience in Autonomous Systems and Intelligent Robotics. I am
currently the Distributed Spacecraft Autonomy project manager, an STMD Game Changing Development
project, which is developing and maturing multi-spacecraft autonomy technology, which will be tested
on-orbit in 2022.
Dr. Won’s proposal aligns well with NASA’s missions and address Technologies areas of Robotic Systems
(TX04) and Autonomous Systems (TX10). This proposal also addresses challenges in applying artificial
intelligence techniques to a multi-robot system to adapt to a new environment. If successful, this
technology can be used in a broad range of potential applications besides lunar surface exploration and
mapping, including a swarm system for search and rescue missions, autonomous multi-robot systems
for agricultural applications, underwater resource mapping, etc.
I am happy to have been involved in your previous South Dakota NASA EPSCoR RIG project and this new
proposed research project. If the proposal is selected for funding, I would be happy to provide guidance
to complete the proposed tasks successfully. I believe that conducting the proposed research activities
will expose students in South Dakota to emerging technologies and help them to be competitive in the
job market.

Sincerely,

Nick Cramer, Ph.D.
Research Engineer,
Advanced Control and Evolvable Systems,
Autonomous Systems and Robotics Intelligent Systems Division,
Ames Research Center,
Moffett Field, CA 94035

We Solve Great Challenges.

11/05/2020

Support Letter for “Development of a distributed guidance and control using vision sensor for multi-agent intelligent
lunar exploration robots (MILER)”.

Dear Investigative Team,
I am writing to support your NASA EPSCoR Major Research Grant proposal. The control using vision sensors for multiagent autonomous robots proposed is appealing to Raven with possible synergies to our precision agriculture systems.
Raven solves great challenges by giving rise to new technology that improves lives. Today, we are focused on these great
challenges: feeding a growing population, protecting our natural resources, situational awareness, and persistent
communications. Raven has long-standing relationships with both SDMines and SDSU and there have been many
mutually beneficial collaboration projects. Raven also has development centers located at both the SDMines Ascent
Innovation facility, as well as the SDSU Innovation Research Park. Since 1978, Raven Applied Technology has helped
create, define and redefine precision agriculture. We are an innovative technology company that develops, markets, and
produces technical solutions to solve great challenges, and we lead the way for precision agriculture technology that
delivers in the field. Raven Applied Technology is interested in technology, sensors and systems to support autonomy for
agricultural systems.
The research objectives in this project, including deep learning approaches to vision-based systems and data fusion
algorithms for map integration has direct synergies in agriculture. I can foresee possibilities to transform your proposed
system to precision agriculture applications, which is one of Raven s core market segments. I am encouraged that our
collaboration will sustainably enhance the partnership between academia and industry. I also am optimistic there may be
certain technology transferred from our partnership. This collaboration will have a positive impact to the economic
development and infrastructure of South Dakota, and create new job opportunities in the local area.
If the proposal is funded, I expect our collaboration could include discussions of technology transfer, participation in
seminar/workshops, senior design projects, graduate student intern/job opportunities, and others. Please let me know if
you have any questions.

Sincerely,

John Preheim
Director of Engineering
Applied Technology
Raven Industries
john.preheim@ravenind.com

205 E 6th Street, Sioux Falls, SD 57104
www.ravenind.com

Broadband Communications Systems
640 North 2200 West · PO Box 16850 · Salt Lake City, UT 84116 · 801-594-2000

Nov 2, 2020
Dr. Edward Duke, Director
South Dakota NASA EPSCoR Program
501 E. Saint Joseph Street
Rapid City, SD 57701
Dear Dr Duke:
L3Harris Technologies, Broadband Communications Systems (L3H) is an active sponsor and
partner with the South Dakota School of Mines and Technology (SDSMT). L 3 H has a long
history working with SDSMT on technology sponsorships and in offering career paths to interns
and graduates.
We would like to continue to expand our relationship by supporting technology developments
proposed in SDSMT’s FY 2021 South Dakota NASA EPSCoR Major Research Grant submittal
“Development of a distributed guidance and control using vision sensor for multi-agent intelligent lunar exploration robots (MILER)”.
The MILER work proposed for this Research Grant submittal aligns well with L3H interest in
distributed communication among intelligent agents of a dynamic network that is scalable,
reliable and robust to link failure among dynamic agents due to its distributed architecture. This
technology is very applicable to collaborative autonomy of unmanned cognitive systems and has
broad application to Military Services or other government agencies - USAF Skyborg for Loyal
Wingman is just one example.
L3H’s dedicated SDSMT University Engagement Team (UET) has continuously provided
sponsorship funding and support to SDSMT senior design projects. MILER is a technology area
L3H would be very interested in considering for senior design sponsorship. L3H is currently
evaluating topics for future senior design sponsorships. A MILER related design sponsorship of
$5K, possibly more, is something L3H would commit to. As well, L3H in the past has provided,
and offers for consideration on MILER, subject matter expertise, modelling and simulation, use
of manufacturing facilities, use of test facilities and other forms of cost share collaboration.
The L3H contact for sponsorship support of this effort is Mark Bsharah, a South Dakota
School of Mines & Technology Alum, his contact information is:
Mark Bsharah
Fellow / Chief Engineer
mark.e.bsharah@l3harris.com

Sincerely,

Osama Haddadin
Chief Technologist
L3Harris, Broadband Communications Systems

The Boeing Company
P.O. Box 516
Saint Louis, MO 63166-0516

November 3, 2020
BRT-LVH-20-012427

Hadi Fekrmandi, PhD, PE
Department of Mechanical Engineering - South Dakota School of Mines and Technology
501 East Saint Joseph St.
Rapid City, SD 57701
Hadi.Fekrmandi@sdsmt.edu
Subject:

Letter of Interest for NASA Established Program to Stimulate Competitive Research (EPSCoR)
Grant for Multi-Agent Intelligent Lunar Exploration Robots (MILER)

Dear Dr. Fekrmandi,
The Boeing Company, acting through its Boeing Research & Technology (BR&T) organization, is pleased to
express interest in the NASA Established Program to Stimulate Competitive Research (EPSCoR) grant
proposal of South Dakota School of Mines and Technology for Multi-Agent Intelligent Lunar Exploration
Robots (MILER). Your proposed approach of graph theoretic models for multi-agent collaborative
autonomous systems can provide state of the art distributed state estimation and robust communication for a
group of heterogeneous unmanned platforms, which has the advantage of enabling fault tolerant swarms of
unmanned vehicles that can accomplish mission goals in the event that faults occur within individual vehicles
of the swarm.
Boeing is a leader in autonomy, and has programs that may benefit from reliable distributed state estimation
and communication of heterogeneous unmanned platforms, where it could result in fault tolerant swarms that
can complete mission goals even if faults occur within individual vehicles of the swarm.
Should you be interested in having Boeing participate with you in your effort, Boeing may be willing to
consider submitting a proposal to you for support of the evaluation, maturation and application of swarm
prognostics and health management. Boeing could potentially provide expertise in topics such as: system
integration, health management, and autonomous control. Such collaborative work can provide advantageous
operational insight during the development effort, with access to the Boeing Collaborative Autonomous
Systems Lab to gain insight into the feasibility of your proposed MILER project.
This letter expresses the interest of Boeing in your proposed technical solution, and does not constitute a
commitment, contract, or agreement, nor does it obligate Boeing to perform any actions mentioned herein.
Any future contractual arrangement will be subject to mutually agreeable terms and conditions within the
MILER project guidelines. In addition, a Proprietary Information Agreement (PIA) is required to be executed
prior to any discussions involving either party’s proprietary or confidential information and ITAR/Export Control
requirements will also need to be satisfied, as applicable.
We look forward to hearing from you in the future. Please address technical questions to Alex Burch at 314545-5389 or questions of a contractual or business nature to Lindsay Von Hatten at 314-563-7434.
Sincerely,

Lindsay Von Hatten
Contracts Management Specialist
Engineering, Operations & Technology
The Boeing Company

DEP ARTMENT OF THE NAVY
NAV AL UNDERS E A WARFARE CE NTE R DIV IS ION
610 DOWELL STREET
KEYPORT, WASHINGTON 98345 -7610

3960
Ser 00/160
November 10, 2020
Dr. Hadi Fekrmandi
Department of Mechanical Engineering
South Dakota School of Mines and Technology
501 East Saint Joseph St.
Rapid City, SD 57701
Dear Dr. Hadi Fekrmandi:
Subj:

LETTER OF SUPPORT FOR THE DEVELOPMENT OF MULTI-AGENT
INTELLIGENT LUNAR EXPLORATION ROBOTS

This letter is to indicate support for Dr. Fekrmandi and Dr.
Hoover’s NASA Establish Program for Stimulate Competitive Research
(EPSCoR) grant proposal “Development of a distributed guidance and
control using vision sensor for Multi-Agent Intelligent Lunar
Exploration Robots (MILER)”. Naval Undersea Warfare Center (NUWC)
Division, Keyport supports this proposal for two reasons: Dr.
Fekrmandi and Dr. Hoover’s previous success researching autonomous
systems challenges in undersea systems and the relevance of the
proposed research work to our mission.
The Navy currently has two grants with Dr. Fekrmandi and Dr.
Hoover focused on collaborative autonomous systems. While still early
in their execution, the team has done excellent work and have done a
tremendous job communicating their activities and accomplishments.
The research topic proposed is of particular interest as it
addresses some of the key technical concerns for employment of teams
of heterogeneous unmanned systems in communications constrained
environments. If funded, this project would offer an excellent
opportunity for collaboration with researchers in our lab, hopefully
leading to additional sponsored researches.
We will also strategize with the South Dakota School of Mines
and Technology about insertion opportunities for this technology for
Navy applications. Please contact me by email at,
aaron.darton@navy.mil or by phone at (360) 315-6780.
Sincerely,

AARON DARNTON
Chief Technology Officer
By direction

Department of Electrical Engineering and Computer Science
MSC 192, 700 University Blvd. Kingsville, Texas 78363-8202
PHONE: (361) 593-2004; Fax: (361) 593-4026

Date: November 12, 2020
Dr. Kwanghee Won
Assistant Professor, EECS Department
South Dakota State University
Brookings, SD 57006
Dear Dr. Won,
I am very pleased to offer this letter of support for your FY21 South Dakota NASA EPSCoR Major Grant proposal titled
“Development of a distributed guidance and control using vision sensor for multi-agent intelligent lunar exploration
robots (MILER).”
I am presently an Assistant Professor in the Department of Electrical and Computer Science at Texas A&M University
(TAMUK). In this position, I am focusing my research on Cyber-Physical Power and Energy Systems (CPPES) including
extensive research in Multiagent System and Reinforcement Learning. I hold 2 U.S. patents and co-authored more than 60
papers in refereed journals and IEEE conference proceedings in the field of CPPES. My research has been supported by
Department of Energy (DOE), NSF, KERI, IEEE Foundation, Institute for Information and Communications Technology
Planning & Evaluation (IITP), and Microsoft. More information can be found on my homepage at
https://sites.google.com/view/taesickim/home.
In your proposal, you proposed to develop a multi-robot system that cooperatively explores the lunar surface. Your
proposal addresses crucial challenges in applying deep learning approaches to a multi-agent systems in a resource limited
environment. The proposed peer supervision and federated learning on multiagent systems are critical in deploying a
trained system in a real environment. I believe the application of this research is not limited to the lunar exploration. There
are many potential areas such as controlling multiple cleaning robots, smart power systems, and controlling IoT devices.
I am pleased to collaborate with you in our previous proposal and this new proposal. Texas A&M University-Kingsville is
historically a Hispanic serving institution, educating approximately 8,300 students of which over 80% come from South
Texas, 62% are Hispanic, and is the only institution with a general Engineering Ph.D. and an Environmental Engineering
Ph.D. programs in South Texas. If the proposal is selected, I would be happy to participate in disseminating research
progress to our STEM minority students, and co-organizing remote workshops with your research team.
Sincerely,

Dr. Taesic Kim, Ph.D.
Assistant Professor
Department of Electrical Engineering and Computer Science
Texas A&M University-Kingsville
Office: 361-593-4851
Email: taesic.kim@tamuk.edu

Dr. Pierre Larochelle, P.E.

November 5, 2020
Dr. Ed Duke, Director
South Dakota Space Grant Consortium
South Dakota NASA EPSCoR Program
South Dakota School of Mines & Technology
Rapid City, South Dakota 57701

Dr. Pierre Larochelle
M.E. Department Head
501 East St. Joseph Street
Rapid City, SD 57701
Pierre.Larochelle@sdsmt.edu
(605) 394-2401
https://www.sdsmt.edu/me/

Dr. Duke,
I wish to express strong support for the proposed project on “Development of a
distributed guidance and control using vision sensor for multi-agent intelligent lunar
exploration robots (MILER)” to be submitted to the NASA EPSCoR Major Research
Grant Program with Dr. Hadi Fekrmandi serving as the lead principal investigator for
this multi-institutional collaborative effort.
If this project is awarded the Mechanical Engineering Department at South Dakota
Mines will commit 20% of Dr. Hadi Fekrmandi’s 9-month salary and fringe benefits for
the 3-year duration of the project with a total value of $65,493.69. Also, the Department
will provide one doctoral student with 50% effort each year at a total of $79,572 ($25,524
in year 1, $26,524 in year 2, and $26,524 in year 3). This funding includes salary,
fringe benefits, and tuition remission for 1 doctoral student.
Sincerely,

Dr. Pierre Larochelle, P.E.

The South Dakota School of Mines & Technology is an Equal Opportunity and Affirmative Action Institution

Nov 10, 2020
Dr. Hadi Fekrmandi, Principal Investigator
Assistant Professor of Mining Engineering
South Dakota School of Mines and Technology
501 East Saint Joseph Street
Rapid City, SD 57701
Dear Prof. Fekrmandi,
This letter is to express my strong support for your South Dakota NASA EPSCoR FY21 Major Research Grant
proposal entitled “Development of a distributed guidance and control using vision sensor for multi-agent
intelligent lunar exploration robots (MILER).”
As you know we are in the process of creating a Mining Hub here at South Dakota Mines based out of the Mining
Engineering and Management Department. We are excited to have recently announced that Caterpillar is one of the
first participants in the Hub and have signed a multi-year agreement to support research in advanced technologies
for both underground and open pit mining.
Automation is starting to play a pivotal role in the mining industry with several types of open pit and underground
equipment be fully or partially automated. Your work on state estimation algorithms enabling collaborative
autonomous systems is extremely relevant to what is happing in the industry. Combining this with the use of vision
sensor will greatly assist the mining industry as it strives to integrate autonomous equipment at their mine sites.
I believe that there will be opportunities for funding your research through the Mining Hub through projects that we
identify with Caterpillar in their lab and with other members of the Hub as it evolves
In summary, I am excited to support your efforts on this proposal and I look forward to serving as a partner to
collaborate on this research .

Sincerely,

Robert Hall, P.Eng.
Professor and Head MEM

South Dakota
State University

Jerome J. Lohr College of
Engineering
Electrical Engineering and
Computer Science Department
SDEH 214, Box 2222
South Dakota State University
Brookings, SD 57007
Phone: 605-688-4526
Fax: 605-688-4401

November 11, 2020
Dr. Edward Duke, Director
South Dakota NASA EPSCoR Program
501 E. Saint Joseph Street
Rapid City, SD 57701
Dear Dr. Duke,
I am pleased to write this letter of support for the project titled “Development of a distributed
guidance and control using vision sensor for multi-agent intelligent lunar exploration robots
(MILER),” submitted to the FY 2021 South Dakota NASA EPSCoR Major Research Grant
Competition by Dr. Kwanghee Won and Dr. Tim Hansen for a period of performance from June
2021 to June 2024 (note that these dates are tentative).
The artificial intelligence technology proposed in MILER is aligned well with the research
directions of the South Dakota State University EECS department. Specifically, the award will
be a great addition to our new Computer Science Ph.D. program at South Dakota State
University, which will begin in AY21. This project will support the first two Ph.D. candidates
from this new program.
If the proposal is selected for funding by NASA EPSCoR, it is my intention to commit the
following resources to support the project as cost-share:
• One (1) computer science Ph.D. graduate research assistant for the period of
performance up to a total of $79,113
• 7% of Dr. Won’s 9-month faculty time per year for the period of performance.
Sincerely,

Siddharth Suryanarayanan
Department Head/Professor
Electrical Engineering and Computer Science
South Dakota State University
Box 2222, DEH 214,
Brookings, SD 57007-2222

Bibliography
[1] National Aeronautics and Space Administration. NASA Artemis Program. [Online].
Available: https://www.nasa.gov/specials/artemis/
[2] A. Austin, B. Sherwood, J. Elliott, A. Colaprete, K. Zacny, P. Metzger, M. Sims,
H. Schmitt, S. Magnus, T. Fong, et al., “Robotic lunar surface operations 2,” Acta
Astronautica, vol. 176, pp. 424–437, 2020.
[3] A. Colaprete, D. Andrews, W. Bluethmann, R. C. Elphic, B. Bussey, J. Trimble, K. Zacny, and J. E. Captain, “An overview of the volatiles investigating polar exploration
rover (viper) mission,” AGUFM, vol. 2019, pp. P34B–03, 2019.
[4] N. S. M. D. Facts, “Space technology game changing development a-puffer: Autonomous
pop-up flat-folding explorer robots.”
[5] B. K. Lillian Clark, Joseph Galante and K. Psounis, “A Queue-Stabilizing Framework
for Multi-Robot Exploration,” in UBMITTED FOR CONSIDERATION 2021 IEEE
International Conference on Robotics and Automation (ICRA), 2021.
[6] J. Liu, R. C. Hoover, and J. S. McGough, “Mobile fiducial-based collaborative localization and mapping (clam),” in Proceedings of the 2020 USCToMM Symposium on
Mechanical Systems and Robotics, P. Larochelle and J. M. McCarthy, Eds., 2020, pp.
196–205.
[7] W. M. Nikshi, R. C. Hoover, M. D. Bedillion, and J. W. Simmons, “Distributed Sensing
for Planar Distributed Manipulation Systems,” under review, July 2018.
[8] J. Lui, “Collaborative Localization and Mapping: CLAM,” Master’s thesis, South
Dakota School of Mines & Technology, 2012.
[9] D. Brech, “Design and Development UAV Control for Computer Vision Research,”
Master’s thesis, South Dakota School of Mines & Technology, 2012.
[10] D. E. Brech, J. Liu, A. A. Brech, and R. C. Hoover, “Visual Feedback Navigation
and Control of a Quadrotor Using Fuzzy Expert Systems,” in ASME International
Mechanical Engineering Congress and Exposition (IMECE), Nov. 2012.
[11] D. E. Brech and R. C. Hoover, “Development of a Virtual Reality Simulation Testbed
for Collaborative UGV and UAV Research Using MATLAB,” in ASME International
Mechanical Engineering Congress and Exposition (IMECE), Nov. 2013.
[12] D. E. Brech, J. D. S. Amand, R. C. Hoover, J. S. McGough, and M. Bedillion, “Design
and Development of a Vector Thrusting Quadrotor for Minimally Induced Pitch and
Roll Motions,” in ASME International Mechanical Engineering Congress and Exposition
(IMECE), Nov. 2012.

16

[13] A. Frye, H. Fekrmandi, R. C. Hoover, and A. H. Tamjidi, “Validation of distributed
state estimation for localization of small satelites and swarm formation,” in 33rd
Florida Conference on Recent Advances in Robotics, 2020, pp. 35–39. [Online].
Available: https://fcrar2020.fit.edu/proceedings.pdf
[14] H. Fekrmandi, S. Rutan-Bedard, A. Frye, and R. Hoover, “Validation of vision-based
state estimation for localization of agents and swarm formation,” in USCToMM Symposium on Mechanical Systems and Robotics. Springer, 2020, pp. 216–224.
[15] D. Kim, C. Kwon, and I. Hwang, “Gaussian mixture probability hypothesis density
filter against measurement origin uncertainty,” Signal Processing, vol. 171, p. 107448,
2020.
[16] R. Fierro, L. Chaimowicz, and V. Kumar, “Multi-robot cooperation,” in Autonomous
Mobile Robots. CRC Press, 2018, pp. 417–460.
[17] S. V. Albrecht and P. Stone, “Autonomous agents modelling other agents: A comprehensive survey and open problems,” Artificial Intelligence, vol. 258, pp. 66–95, 2018.
[18] H. Fekrmandi, A. J. Frye, A. Tamjidi, and J. Rakoczy, “Autonomous multi-agent systems using svgs camera sensor for lunar surface mobility applications,” in 2021 IEEE
Aerospace Conference. IEEE, 2021, p. accepted.
[19] G. Barth-Maron, M. W. Hoffman, D. Budden, W. Dabney, D. Horgan, D. Tb, A. Muldal,
N. Heess, and T. Lillicrap, “Distributed distributional deterministic policy gradients,”
arXiv preprint arXiv:1804.08617, 2018.
[20] National Aeronautics and Space Administration. Lunar Surface Innovation Initiative
(LSII). [Online]. Available:
https://www.nasa.gov/sites/default/files/atoms/files/
nwerkheiser lsii status march2020.pdf
[21] Intuative. Enabling surgical care to get patients back to what matters. [Online].
Available:
https://www.intuitive.com/en-us/products-and-services/da-vinci?gclid=
CjwKCAiA17P9BRB2EiwAMvwNyEXoI4CSlYdQaXTkGLmBUOUEuYO1lAWyZkt0aCdSS
c7hPzB nDN6RoCXc4QAvD BwE
[22] Scientific American. A Robot in Every Home. [Online]. Available:
//www.scientificamerican.com/article/a-robot-in-every-home-2008-02/

17

https:

F. Poster Presentation (presented at NAML2021 Workshop)

18

G. Thesis (by research assistant Alexander Frye)

19

Relative Pose-Based Distributed State Estimation in Mobile Robots
by
Alexander J. Frye
A thesis submitted to the Graduate Division
in partial fulfillment of the requirements for the degree of
Masters in Computer Science and Engineering
South Dakota School of Mines and Technology
Rapid City, South Dakota
Date Defended: June 29, 2021
Approved by:

7/26/2021

Co-Major Professor — Hadi Fekrmandi, Ph.D., Department
of Mechanical Engineering

Date
7/26/2021

Co-Major Professor — Randy C. Hoover, Ph.D.,
Department of Computer Science & Engineering

Date
7/26/2021

Graduate Division Representative — Shannon Thornburg,
Ph.D., Department of Electrical Engineering

Date
8/8/2021

Committee Member — Larry Pyeatt, Ph.D., Department of
Computer Science & Engineering

Date
8/8/2021

Head of the Computer Science and Engineering Department
— Jeff S. McGough, Ph.D.

Date
8/9/2021

Dean of Graduate Education — Maribeth Price, Ph.D.

Date

H. Peer Reviewed Publication 1

20

Autonomous Multi-agent Systems Using SVGS Camera
Sensor for Lunar Surface Mobility Applications
Hadi Fekrmandi
Assistant Professor, Mechanical Engineering
South Dakota School of Mines and Technology
501 East Saint Joseph St.
Rapid City, SD 57701.
Hadi.Fekrmandi@sdsmt.edu
Amirhossein Tamjidi
Software Engineer, Driving Algorithms Team
Zoox
1149 Chess Dr
Foster City, California 94404
ahtamjidi@gmail.com

Alexander J Frye
Graduate Student, Computer Science and Engineering
South Dakota School of Mines and Technology
501 East Saint Joseph St.
Rapid City, SD 57701.
Alexander.Frye@mines.sdsmt.edu
John Rakoczy
Chief, Control Systems Design & Analysis Branch
NASA Marshall Space Flight Center
Martin Rd SW
Huntsville, AL 35808
john.m.rakoczy@nasa.gov

Randy C. Hoover
Associate Professor, Computer Science and Engineering
South Dakota School of Mines and Technology
501 East Saint Joseph St.
Rapid City, SD 57701.
Randy.Hoover@sdsmt.edu
situ utilization [2]. At the NASA Ames Research Center, the
Volatiles Investigating Polar Exploration Rover, or VIPER,
is an autonomous water-seeking robot that is designed to
roam around the Moon’s south pole exploring and mapping
the water-ice resources [3]. The VIPER robot, illustrated
in Fig 1, is a part of the agency’s Artemis program that
will help to pave the way for once again bringing astronauts
to the lunar surface beginning in 2024 with the objective
to bring NASA a step closer to developing a sustainable,
long-term presence on the Moon. However, neither human
nor computer vision systems are accustomed to operating
in the Lunar environment. The Apollo astronauts reported
this, experiencing difﬁculty in estimating distances, judging
sizes, and tracking landmarks [4]. Further compounding
these factors, the particular extreme conditions of the Moon’s
south pole, as well as the danger posed from the operating
interfaces used can inﬂuence the types of errors that occur
during operations [5].

Abstract—There are signiﬁcant research challenges for design of
a reliable mechanism of operation in autonomous multi-agent
systems (MAS). This demands several fundamental advances
in distributed localization, guidance, navigation, and state estimation. Control and coordination of a team of mobile robots
for cooperative functions in harsh and remote environments
in space is an even greater challenge than the MAS systems
on earth’s surface. In particular, as opposed to dealing with
single system dynamics, here the problem is the dynamics and
consensus of the entire swarm state. Our goal is to study the
Smartphone Video Guidance System (SVGS) camera system as
a potential navigation camera sensor and create a framework to
obtain relative and global states of multi-agent groups. The goal
is for rovers to obtain a reliable estimation of the other agents
through a decentralized state estimation method, targeted at
robots searching for water-ice in the challenging domain of the
lunar south pole.
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Multi Agent Systems (MAS) of robots have shown to be
a more efﬁcient and less expensive alternative to solitary
robots for In-situ resource exploration and utilization (ISRU)
missions. The advantage is largely due to the cooperative
aspect of their bio-inspired foraging algorithm. Though
inexpensive, they are more robust, ﬂexible, and scalable than
individual robots operating alone [7]. One of the most cited
applications of swarm foraging is the harvesting of resources
on extraterrestrial bodies where efﬁcient resource collection
under space remote and harsh conditions requires the use of
autonomous robots [8]. The fundamental challenge in swarm
foraging is the complex and dynamic interaction between
robots, the environment, and targets, given only limited and
noisy local information, therefor several divergent lines of
research need to be developed to meet this challenge [9].
Control and coordination of a team of mobile robots for
cooperative function for development or service operation
on the Moon, particularly the south pole that is known to
contain signiﬁcant water, is more challenging than the MAS
systems on Earth. This is due to the unique characteristics of
environment that includes some of the lowest temperatures in
the solar system due to permanent shadowed areas, coupled
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1. I NTRODUCTION
Over the past two decades, new observations of the Moon
by orbital and surface missions have provided evidence of a
Lunar water system that is signiﬁcantly more complex and
rich than previously believed [1]. This is motivation behind
the low-cost robotic prospecting missions to exploit to the
surface of the Moon for water resources and potential for in978-1-7281-7436-5/21/$31.00 ©2021 IEEE
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(a) NASA Goddard’s Lunar Reconnaissance Orbiter (LRO) [6]
has watched Moon’s south pole since 2009 and created
a water-ice map using its instruments.

(b) NASA Ames’ Volatiles Investigating Polar Exploration
Rover, or VIPER, is designed for entering permanently
shadowed craters on Moon [3].

Figure 1: NASA Goddard’s LRO [6] has created high spatial resolution hydrogen mapping of the Moon using its instruments
on the board, VIPER will explore the areas of interest found by LRO
with the random interference of various obstacles and the uncertainties encountered in an unknown environment. Moreover, the information perceived by robot agents is partial and
involves inconsistency due to on-board sensors limitation.
Path planning presents non-linearity and time variation, and
there are multi-stages of uncertainties in motion tracking and
control of multi-robot due to mobility issues on the surface of
challenging terrains. Prior robotic and space rover missions
have revealed state estimation uncertainties due to high wheel
sinkage and rover-based slippage while traversing the uphill
sides of ripples.

designed for cubesats and small satellites, the SVGS is a
low mass, low-cost implementation of the Advanced Video
Guidance Sensor (AVGS) designed for automated rendezvous
and capture. While the large form-factor SVGS sensor has
a maximum range of 300 m as shown in Table1, majority
of the prior applications for SVGS camera sensor is limited
to proximity operations and formation control [11]. In this
study, SVGS sensor-based relative pose estimation is investigated using a group of unicycle mobile platforms presumably
similar to VIPER robots, and a distributed state estimation
(DSE) method is validated for MAS robotic GN&C. Our
GN&C algorithm was developed for intelligent multi-robot
autonomous decision making to roam around the Moon’s
south pole with the mission to look for water ice.

The overall objective of this research is to develop a selflocalization and intelligent mapping (SLIM) and autonomous
decision making framework, shown in Figure 2, that is
designed for exploration and mapping of the Moon’s south
pole for seeking water-ice. Speciﬁcally, the objective of
the presented research in this paper is to investigate visionbased navigation sensor system (Figure 2a) in a distributed
guidance and control scheme (Figure 2b) to address the
uncertainties in the robot’s global perception using relative
measurements ﬁg. In this framework, environmental instrumentation is not required and the individual lunar mobile
robots use Smartphone Video Guidance Sensor (SVGS) [10]
to obtain a relative pose estimation from the robots in the
ﬁeld of view (FoV). The localization and state estimation of
swarm of robots is obtained through consensus over multiple
state estimates communicated by neighboring robots in the
distributed network.

The outline of this paper is as follows: Section 2 describes the
nonlinear modeling and formulation of the MAS relative pose
estimation problem, as well as more formally and brieﬂy reviewing some of the classical iterative methods used to solve
it. Section 3 introduces the hybrid distributed state estimation iterative algorithm. In Section 4, detailed performance
analyses using large numerical simulations are presented to
compare the proposed method to existing methods that only
use Kalman Filtering. Section 5 contains a description of
the interesting features in these results. Finally, Section 6
presents concluding remarks and suggesting future directions
in which the proposed method could be extended.

The SVGS is a miniature, self-contained autonomous rendezvous and docking sensor developed using an iterative pose
estimation algorithm. Our speciﬁc objective is to develop
a visual based guidance, navigation and control (GN&C)
strategy for a group of mobile robots that relies only on
relative pose estimate obtained by SVGS sensors. Originally
2
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(b) Distributed State Estimation (DSE)

(a) Smartphone Video Guidance Sensor (SVGS)

Figure 2: Illustration of the SVGS camera sensor for multi-agent robot guidance, navigation & control
where wi (k) ∼ N (0, σ 2 I) represents additive white noise
used to model unknown perturbations. ωi (k) is the turn rate,
by the robot i at time step k , and matrices F and Q are given
by:

2. M ETHODS AND M ODELING
Problem Formulation
We assume a team of N mobile robots exploring a 2D
environment E ⊂ R2 in search of an unknown number of
targets. At each time step, robot i collects a set of local
relative measurements, given by


zi (k) = zi,j1 (k), zi,j2 (k), · · · , zi,jNi (k)

T

⎡

1 0 sin(ωΔ)
ω
⎢
sin(ωΔ)
0
1
⎢
F =⎣
ω
0 0 cos(ωΔ)
0 0 sin(ωΔ)

(1)

where Ni indicates the number of measurements by robot
i at time step k . In an environment with noise and clutter,
the number of measurements varies over time. Moreover, in
multi-robot systems the relative motion of robots may cause
targets to enter or leave the sensor’s FoV. The state of robot i
at time k is xi (k). The team seeks to estimate the probability
distribution over the vector containing the states of the targets
(i.e. robot agents and waypoints) given by

⎡
⎢
Q=⎢
⎣

Δ2
2

0
Δ
0

− 1−cos(ωΔ)
ω
1−cos(ωΔ)
ω

sin(ωΔ)
cos(ωΔ)

0

Δ2
2

0
Δ

⎤
⎥
⎥
⎦

(4)

⎤
⎥
⎥
⎦

(5)

Robot Motion Model
We consider agents with a constant-velocity unicycle model
also known as nearly-constant-velocity model [12]. In this
model, presented in equation 4, accelerations along x and y
directions are modeled as small white noise since agents don’t
communicate their control inputs. The robot’s state dynamics
are given by:

Observation Model
Pose estimation is the determination of the transformation
between the measured data coordinate frame and the model
data coordinate frame [13]. Pose estimation algorithms developed in the literature are typically categorized as one of two
kinds of algorithms: analytical and iterative [14]. The SVGS
sensor processes the input image with an iterative algorithm
to obtain a 6-dimensional pose estimation of the target (shown
in Fig 3). To develop a stochastic model of SVGS camera
sensor assume each robot’s SVGS camera sensor produces
noisy observations that are a function of the state of the robot.
In our research, the SVGS sensor is modeled as a function of
the target robot’s state xi (k), the vision sensor noise v i (k),
and the observer robot’s position. The measurement model
of the ith robot is:

xi (k + 1) = F (ωi (k)) xi (k) + Qwi (k)
ω i (k + 1) = ω i (k) + Δui (k)

zi (k + 1) = H i (k)xi (k) + v i (k)
v i (k) ∼ N (0, Ri (k))

x(k) = [x1 (k), x2 (k), · · · , xN (k)]

T

(2)

where each xN (k) ∈ E. Note that this set encodes both the
number of targets (i.e., the cardinality of the set |Xt |) and the
state of each target (i.e., the elements of the set |Xt | ).

(3a)
(3b)
3
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(6a)
(6b)

Gk , which means they can communicate directly. The node
corresponding to the ith agent is denoted by vi . Neighbors of
node vi are deﬁned as the union of the node vi and
N i = {vi } ∪ {vj ∈ V|(i, j) ∈ E}.

(9)

Also |N i | is the cardinality of N i .
Each agent has a sensory system and an embedded processor
on-board. Sensors make observations every Δt seconds.
Processors and the network are fast enough to handle calculations based on message passing among agents every δt
seconds. We assume that δt  Δt. We also assume
that the communication channel which agents exchange their
information over the is free of delay or error.

Figure 3: Object and camera frames illustrating projection of
a point on a 2D image from 3D space [15]
where v i (k) ∼ N (0, σ 2 I) represents additive noise used
to model uncertainty in SVGS pose estimations. In this
research, agents play the role of observers and make noisy
observations. The SVGS sensor measures the relative pose of
agents and target waypoints in the sensor’s FoV. We assume
each agent’s SVGS sensor produces noisy observations that
have magnitudes that are linearly dependent on the range and
the type of the target according to interpolation obtained from
Table 1.
The observation Jacobian H converts a state to an expected
observation z = H(X). The measurement of the target
from the camera is the target transformed from the global
coordinate system into the local coordinate system of the
camera. The state estimated by each agent is in global
coordinate system, so each measurement must be computed
from these global coordinates,
z = RT pcamera − RT ptarget

(7)

where R is the camera’s global transformation matrix, and the
points ptarget and pcamera are the global position of the target
and camera respectively. Then H can be computed as
H i,j =



∂zi,j (k)
∂xi [0]

∂zi,j (k)
∂xi [1]

∂zi,j (k)
∂xi [2]


(8)

Network Topology
Assuming there are N homogeneous agents represented with
nodes of a graph. Graph methods have proven reliable
in multi-agent networks as an approach for addressing the
challenges of designing, analyzing, and controlling multiagent robotic systems [17]. These agents can communicate
with each other under a communication network with timevarying connectivity. At each time step the network topology
is G(k) = V(k), E(k) where V(k) and E(k) are the set
of graph nodes and edges respectively. If agents i and j
are connected at time step k; they are considered as (i, j) ∈
4
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Table 1: range-based 3σ error values for SVGS LED targets [16]

3. D ISTRIBUTED F ILTERING

prediction. The information update (δI(k) and δi) contain
the information from all measurements:

Recursive Estimation
An estimator computes the posterior probability of a random
dynamic process x(k) conditioned on a sequence of measurements {z(0), . . . , z(k)}, where z(k) denotes the observation
vector at the time-step k. When the gaussian distribution
is chosen to represent the probability distribution of x(k),
the tuple (x̂(k), P x (k)) uniquely identify the posterior that
we are trying to compute, where x̂(k) and P x (k) are the
mean vector and the covariance matrix corresponding to the
guassian posterior at step k.

δI j (k) = H j T Rj −1 H j
δij = H j Rj
T

y(k) = y − (k) +

Y (k) =

P x (k) = M (k) + Q(k)

−1

,

Y − (k) = M (k) − M (k)P x (k)−1 M (k),
−

−

y (k) = Y (k)F Y (k − 1)y(k − 1).

(12b)

(13a)
(13b)

The information ﬁlter functions well when the information
update and prior contain data from all agents. When this is not
the case, and agents can only communicate with their neighbors, a different method is required. This new method should
take in only the priors and information updates of neighboring
agents, and with time, converge to the same estimations as the
information ﬁlter. To create a distributed information ﬁlter
estimation, agents need to compute a consensus over both
the information updates, as well as the priors. Here a hybrid
consensus method is used, using two separate methods, ﬁrst
introduced in [18].

(10a)
(10b)

Each time the consensus is run, the ﬁrst step is to compute the
priors (y − (k) and Y − ) and the information updates (δI(k)
and δi). Then, for each consensus step l, agents send and
receive the priors and information updates with all connected
agents. The process then runs one step of the MHMC and ICI
methods.

These variables are called the information vector and information matrix respectively. The prediction step of the IF can
then be written as
M (k) = (F −1 )T Y (k − 1)F −1 ,

N
j=1 δij (k)
N
j=1 δI j (k).

Y (k) = Y − (k) +

Information Filter
The Information Filter (IF) is a transformed version of the
Kalman Filter (KF), returning identical output, yet having a
simpler update step. Since this update step will be run multiple times in a consensus algorithm, it is the ﬁlter of choice
here. When using the IF, the state vector and covariance
matrix are not quite the same as the KF, but can be easily
transformed:

P −1
x (k).

zj (k),

(12a)

and the priors (y − (k) and Y − ) contain the state information
from previous estimations:

A recursive estimator such as the Kalman Filter (KF) performs the posterior calculation recursively based on the current observation, z(k), the estimation at the previous step,
(x̂(k − 1), P x (k − 1)), and the motion and observation
models. Following the common terminology of the recursive
estimation we denote the predicted and estimated mean and
covariance at time k by (x̂− (k), P −
x (k)) and (x̂(k), P x (k)).

y(k) = P −1
x (k)x(k),

−1

(11a)

Consensus Over Information Updates (MHMC)
The distributed averaging sensor fusion [19] using MetropolisHasting Markov Chains (MHMC) are used to reach a consensus over the uncorrelated information (the measurements).
One can use the message passing protocol of the form xl+1 =
|N l | l l
j=1 γij xj to calculate the average of the values on the

(11b)
(11c)
(11d)

If a central node can obtain the information from all agents,
then the IF update step is as simple as summing the information from all measurements and adding that to the IF

l

graph nodes in which dli = |N i | is the degree of the node
vi , i.e. the number of agents that it is connected to, and
5
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⎧
1
⎪
l l
⎪
⎨ 1+max{di ,dj }
l
l
γim
γij = 1 −
l
⎪
(i,m)∈E
⎪
⎩
0

if (i, j) ∈ E l ,
if i = j,

(14)

otherwise.

MHMC works excellently for uncorrelated information, but
cannot be used with the priors, since they may contain
correlated information.
Consensus Over Priors (ICI)
For the correlated information buried in the priors, a different
estimation method is needed. In this case, that is Iterative
Covariance Intersection (ICI). As discussed in [20], in the ICI
method at initial iteration l = 0, for each agent, the local
estimate, [Y j 0 , y j 0 ], is assigned as:
y j 0 = y j 0 + δij 0 ,

Y j 0 = Y j 0 + δij 0

Figure 4: Numerical simulation of agent trajectories

(15)

Then, for each iteration afterward, solve for ζ ∗ such that

ζ ∗ = argmin J [
ζ

s.t.

|Nil |
j=1 ζj

= 1,

j∈Nil

∀j


ζj yj l ]−1 ,
(16)
ζj ≥ 0,

where J (·) is an optimization objective function (Here the
determinant is used).
(a) without consensus

4. R ESULTS
The hybrid consensus method was implemented in a MATLAB simulation, built on the toolbox OpenMAS [21]. We
used the motion and observation models described in section
2 above. In the simulation environment, 3 agents each
traverse to an individual set of two waypoints. Each agent
measures the relative pose of each of its two waypoints and
both other agents. In Figure 4, Agent-1 is the blue arrow
with a dotted blue trail, and it attempts to travel to its two
waypoints (blue triangles at (10, 20) and (30, 5)). Agent-2
is the center red arrow and path, with waypoints at (10, 0)
and (40, 0), and Agent-3 is the yellow arrow and path, with
waypoints at (10, -20) and (30, -5). All three agents start near
the origin, speciﬁcally at (0, 2), (0, 0), and (0, -2) for Agent-1,
Agent-2, and Agent-3, respectively.

(b) with consensus

Figure 5: Agent-1 and Agent-3 estimating the trajectory of
Agent-2

The measurements made by each agent have errors obtained
by linearizing the error vs. range data for the SVGS sensor
in table 1 into an equation for error vs. distance. Then
a covariance matrix is created at each time step using the
distance to the measured object. The motion model error
is modeled as5% of the traveled distance in a time step,
Q = 0.05dt dx2 + dy 2 . The controller for these agents
assigns a forward velocity of 1 m/s, and at each time step
computes the new angle to get to the next waypoint. This
desired angle is converted into an angular turn rate, and
capped with a maximum rotational speed of 1 rad/s.

agents had an inﬁnite communication radius. They sent data
between themselves and conducted 20 consensus steps at
each time step. Figures 5 and 6 are plots of the true trajectory
and estimations made by the other agents. Figures 7 and 8
are plots of the difference between each estimate
 and the true
trajectory. This error is plotted as distance ( x2 + y 2 ), and
there is a line for the mean as well as error bars representing
one standard deviation. The estimations and errors of Agent3 from Agent-1 and Agent-2 are nearly identical to that of
Agent-1 from Agent-2 and Agent-3, so they are not shown
here.

With this starting point, two simulations were run. In the
ﬁrst, agents had their communication radius reduced to zero,
so no information was passed between agents and agents
functioned only on their own information. In the second,
6
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(a) without consensus
(a) without consensus

(b) with consensus

(b) with consensus

Figure 7: Error of Agent-2 and Agent-3 estimating the trajectory of Agent-1

Figure 6: Agent-2 and Agent-3 estimating the trajectory of
Agent-1
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5. D ISCUSSION
In Figure 6a, Agent-3 attempts to estimate the path taken
by Agent-1, but due to its large distance (40m away when
Agent-1 hits the ﬁrst waypoint and turns sharply down and
to the right), the error is large. This is in contrast to Figure
6b, where with the consensus running, the error is all but
removed. Agent-3’s long-distance measurement can be combined with Agent-2’s short-range measurement, resulting in
a signiﬁcantly improved estimation. This can also be seen in
the error plots themselves, where the mean error from Agent-3
in Figure 7a peaks at 3m, while with the consensus, in Figure
7b that error is only 1.5m.
A similar phenomenon can be seen with Agent-2 in Figures
5 and 8, though to a lesser extent. Here Agent-1 and Agent-3
are estimating Agent-2, and the error in both plots is lower
than the estimates of Agent-1. This makes sense, as now
there are two agents both as close as the closest agent to
Agent-1. Comparing the error with and without consensus,
the consensus has a lower maximum error (1m vs. 2.5m),
and also has slightly lower error over the whole 30 secondsimulation.

6. C ONCLUSION
In this paper, we developed a vision-based autonomous guidance, navigation and control method for multi-agent systems
implementing distributed state estimation. First we proposed
that robots use the SVGS camera sensor for relative pose estimation of agents of interest, then implemented an approach,
known as distributed state estimation (DSE), for global state
estimation that is based on the hybrid of MHMC and ICI
methods. The MHMC method computes the consensus over
the information updates, and the ICI method reaches consensus over the priors. Thereafter, we performed a comparative
study of existing and the proposed method for camera-based
pose estimation using SVGS targets in a multi-agent scenario.
The numerical simulation was used to evaluate the robot
perceptions against the actual poses of the camera and targets.
After obtaining results for a group of robots operating both
with and without a consensus algorithm, the beneﬁts of the
consensus algorithm were shown, including a more accurate
localization of the other agents in the system.

(a) without consensus
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MODULAR ROBOTIC CRAWLER WITH
HYBRID LOCOMOTION FOR INSPECTION
OF SMALL DIAMETER PIPE

PRIORITY STATEMENT

[ 0001 ] This application claims priority to U.S. Provisional
Patent Application No. 62/ 937,649 filed on Nov. 19 , 2019
titled A Modular Robotic Crawler with Hybrid Locomotion
for Inspection of Smaller Diameter Pipe all of which is
hereby incorporated by reference in their entirety.
FIELD OF THE INVENTION

[ 0002 ] The present disclosure relates to inspecting piping
inspecting piping systems having smaller diameters, such as ,
by way of example only, diameters of less than five inches.
More particularly, but not exclusively, the present disclosure
relates to a modular robotic crawler robot with hybrid
locomotion for inspection of small diameter pipe .

systems . Particularly, the present disclosure relates to

BACKGROUND

[ 0003 ] Currently, state -of- the - art pipe inspection robots
are limited to inspection tasks using lightweight tools , such
as cameras . This is due to the limited availability of the pull
force inside smaller diameter pipes ( i.e. , less than 5 inches ),
in which the size of the actuators limit a robot's load
carrying capability. Greater load capacities allow for more
advanced maintenance tasks , such as the deployment of
in - pipe nondestructive testing and evaluation (NDT & E )
technologies and the automated repair via conducting addi
tional mechanical maintenance tasks .
[ 0004 ] Typical inchworm robots consist of separate func
tions for longitudinal and radial actuation using an inch
worm algorithm for moving inside a small diameter pipe
( i.e. , less than 5 inches ) .
[ 0005 ] Pipeline installations are of great importance in
various marine engineering and undersea applications.
Depending on the application , the type and complexity of
the piping installations vary in terms of configuration ( e.g. ,
diameters , joints and branches ), environment (e.g. , gas ,
deposits and corrosion ) and exposure to biological and
radioactive ( e.g. , gamma and beta ) risks . Robots can be
deployed for preventative measures including persistent,
autonomous inspection of critical nuclear submarine infra
structure . They are particularly advantageous because they
give access to components and areas not readily accessible
to human inspectors .
[ 0006 ] The disasters in the Fukushima - Daiichi power
plant, the Russian Kursk submarine, the Deepwater horizon
oil spill and the DOE ( Department of Energy) Handford tank
farm nuclear waste leakage are among the incidents dem
onstrating the need for better inspection robotic tools to
effectively inspect both nuclear and non - nuclear facilities,
assess damage and take proper actions to manage problems.
In recent years , the use of robotic systems has been consid
ered for automating inspection and maintenance processes,
and many inspection robots have been developed for marine
and nuclear applications. However, a robot navigating inside
a small diameter piping system , such as trim and drain
piping , is subjected to various unique challenges , which the
existing pipe inspection robots are incapable of addressing
properly. These include : (i ) maintaining a stable locomotion
of the robot; (ii ) avoiding obstacles and sudden diameter

changes; ( iii ) positioning and retrieving the robot; ( iv )
ensuring the reliable operation of the robot; (v ) nondestruc
tively inspecting pipe interiors and ( vi ) effectively carrying
equipment and conducting mechanical tasks including
inspection, welding and cleaning. Due to these challenges,
autonomously inspecting and repairing narrow diameter
complex pipelines is yet to be demonstrated .
[ 0007] It has been shown that applying design concepts

mimicking the capabilities and processes found in living
creatures can impart robots with unique abilities . Bioin
spired locomotion techniques have yielded robots capable of
operating in water, air, on land and, in some cases , transi
tioning between different media . Some of the existing robots
with mechanical locomotion systems employ wheels and
pulleys , and telescopic , impact ( or) natural peristalsis . Some
of the bioinspired robots use locomotion principles mim
icked from earthworms, snakes, millipedes , lizards, cater
pillars, or an octopus .
SUMMARY

[ 0008 ] Therefore , it is a primary object, feature , or advan
tage of the present disclosure to improve over the state of the
art.
[ 0009 ] It is a further object, feature, or advantage of the
present disclosure to provide an innovative robot design .
[ 0010 ] It is a further object, feature , or advantage of the
present disclosure to provide an innovative navigation algo
rithm .
[ 0011 ] It is a further object, feature, or advantage of the

present disclosure to provide improvements in the gripping
function .
[ 0012 ] It is a further object, feature , or advantage of the
present disclosure to utilize the modules ' optimal , light
weight design and usage of additive manufacturing to pro
vide significant improvements in radial traction and the
ability to provide a maximum pull force .
[ 0013 ] It is a further object, feature, or advantage of the
present disclosure to provide an innovative candidate for
piping inspection, non - destructive inspection and mechani
cal repairs tasks .
[ 0014 ] It is a further object, feature, or advantage of the
present disclosure that the proposed robot include an inspec
tion mechanism equipped with a computer vision camera
and a radially actuated nondestructive evaluation module
capable of conducting vision - based and guided waved - based
inspection for detection of surface and under -surface dam
ages .
[ 0015 ] It is a further object, feature, or advantage of the
present disclosure that the robot design includes hybrid
modules with a capability of both gripping and motion
actuation .
[ 0016 ] It is a further object, feature, or advantage of the
present disclosure that the biomimetic design of the robot
not only provides significant traction in pipe walls to allow

it to carry NDE equipment, but it also supports multi - scale

mechanism tasks .

[ 0017] It is a further object, feature , or advantage of the

present disclosure that the proposed pipe inspection crawler
can perform a gripping action using radial motions to adjust
to variations of diameters less than 5 inches inside pipes
sloped from 0 to 180 degrees.
[ 0018 ] It is a further object, feature , or advantage of the
present disclosure that the legged mechanism of the pro
posed pipe inspection crawler is optimal for navigating
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changes in the internal profile of piping seen in joints , bands ,
valves and T -joints and step changes.
[ 0019 ] It is a further object, feature , or advantage of the
present disclosure that the robot is manufactured using an
additive manufacturing process .
[ 0020 ] A system for inspection of a pipeline in aspects of
the present disclosure may have one or more of the follow
ing : ( a) a self -propelled robot comprising, (i ) a plurality of
modules, at least one of said modules having a drive
mechanism for peristaltic movement of said robot, (ii ) at
least one joint member for interconnecting adjacent modules
in said robot, said joint member configured to allow articu
lation of said modules relative to each other through mul
tiple planes and angles, said at least one joint member
comprising at least one steerable spring positioned on a first
module and connected to a second module, (iii ) a camera ,
( iv ) a stepper motor operably coupled to each of said
modules, (v ) at least one expandable foot extending between
an actuator and a follower section of the modules, (vi ) a
gripping mechanism operably coupled on the expandable
foot, and (vii ) a friction pad operably coupled to the gripping
mechanism .
[ 0021 ] A modular pipe- crawling robot for in - pipe main
tenance operations in aspects of the present disclosure may
have one or more of the following features: (a ) at least two
locomotion modules, (b ) each module has feet which can
extend outward to grip a wall of a pipe while simultaneously
reducing its length or disengaging its feet from the inner wall
while increasing its length 20 , (c ) a gear mechanism 26 built
into mechanical linkage, wherein each module's feet are
held perpendicular with respect to the inner wall of the pipe ,
and (d) a joint coupling the at least two modules .
[ 0022 ] A modular pipe - crawling robot for in -pipe main
tenance operations in aspects of the present disclosure may
have one or more of the following: (a ) a hybrid gripping
module, (b ) a gripping mechanism comprising at least two
legs operably coupled to the gripping module, (c ) a motor
actuator 102 having rotational motion can provide linear
motion for a follower section of the module, ( d ) linkage
mechanisms located at geared middle joints have friction
pads and are operably coupled to the follower 32 , wherein
the linkage mechanisms apply force to an internal piping
surface to generate traction , and (e ) a joint which couples
adjacent modules .
[ 0023 ] One or more of these and / or other objects, features,
or advantages of the present disclosure will become apparent
from the specification and claims that follow . No single
aspect need provide every object, feature , or advantage.
Different aspects may have different objects, features, or
advantages. Therefore, the present disclosure is not to be
limited to or by any objects, features , or advantages stated
herein .

BRIEF DESCRIPTION OF THE DRAWINGS

[ 0024 ] Illustrated aspects of the disclosure are described in
which are incorporated by reference herein .
[0025] FIG . 1 is a pictorial representation of a maximum
feasible dimension of a module moving around a bend with
detail below with reference to the attached drawing figures,

variable corridor diameters in accordance with an aspect of

the disclosure ;

[ 0026 ] FIG . 2 is a pictorial representation of components
of the pipe crawling robot with hybrid peristaltic locomotion

and modular inspection concept in accordance with an
aspect of the present disclosure;
[ 0027 ] FIG . 3 is a pictorial representation of a hybrid

gripping module in accordance with an aspect of the present
[ 0028 ] FIG . 4 is a graphical chart of pull force versus pipe
diameter for various coefficients of friction between the pipe
and claws in accordance with aspects of the present disclo
sure ;
[ 0029 ] FIG . 5 is a pictorial representation of an articulated
steering mechanism using single acting Nitinol SMA tension
springs in accordance with an aspect of the present disclo
sure ;
[ 0030 ] FIGS . 6A - 6D are graphical representations of peri
staltic movement used to generate forward motion in accor
dance with an aspect of the present disclosure ;
[ 0031 ] FIG . 7 is a pictorial representation of a gripping test

disclosure ;

inside a 3 - inch pipe in accordance with an aspect of the
present disclosure;
[ 0032 ] FIG . 8 is a graphical representation of stall detec
tion used for control of a module in gripping and extending
actions in accordance with an aspect of the present disclo
sure ;
[ 0033 ] FIG . 9 is a graphical representation of an example
of trim & drain piping mockup (3 - in CUNI piping , fittings
and ball valve ) in accordance with an aspect of the present
disclosure; and
[ 0034 ] FIG . 10 is a pictorial representation of a controller
for the robotic crawler in accordance with an aspect of the
present disclosure.
[ 0035 ] Some of the figures include graphical and orna
mental elements . It is to be understood the illustrative
aspects contemplate all permutations and combinations of
the various graphical elements set forth in the figures
thereof.

DETAILED DESCRIPTION

[ 0036 ] The following discussion is presented to enable a

person skilled in the art to make and use the present
teachings . Various modifications to the illustrated aspects
will be clear to those skilled in the art, and the generic
principles herein may be applied to other aspects and
applications without departing from the present teachings.
Thus, the present teachings are not intended to be limited to
aspects shown but are to be accorded the widest scope
consistent with the principles and features disclosed herein .
The following detailed description is to be read with refer
ence to the figures, in which like elements in different figures
have like reference numerals. The figures, which are not
necessarily to scale , depict selected aspects and are not
intended to limit the scope of the present teachings . Skilled
artisans will recognize the examples provided herein have
many useful alternatives and fall within the scope of the
present teachings . While aspects of the present disclosure
are discussed in terms of piping systems less than five inches
in diameter, it is fully contemplated aspects of the present
disclosure could be used in most any conduit system without
departing from the spirit of the disclosure .
[ 0037] In the present disclosure, the inventors developed a

bioinspired pipe inspection robotic crawler mimicking a
peristaltic movement using an electromechanical design as
represented pictorially in FIGS . 1-10 . The crawler could be
inserted in the trim and drain piping system from an inlet
point and travel inside the pipe under external supervision .
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The crawler is designed using a modular concept of hybrid

legged - inchworm locomotion for maximizing load carrying
capacity , obstacle avoidance and flexibility of additional
development though introducing new modules. The crawler
semi-autonomously conducts an inspection by connecting a
tether cable to the operator at a remote location . This
disclosure presents the robotic pipe crawler and options for
integration of pipeline structural health monitoring ( SHM)
techniques by introducing a sensor- less control method for
gripping varying pipe diameters and a new steering mecha
nism using shape memory alloy ( SMA ) tension springs for
active navigation . One of the purposes of the crawler is to
integrate full autonomy for both navigation and maintenance
tasks .
[ 0038 ] The pipe inspection robotic crawler is designed
with a modular system that may feature several pill -shaped
locomotion segments linked end to end. Inspection and or
repair modules can be encased in a similar pill-shaped
enclosure and inter - spaced between the locomotion mod
ules . A payload that fits a required form factor and power
consumption limitations can be adapted to work with this
system . The design of the pipe inspection robotic crawler
can increase the available traction through additional loco
motion modules within reason . The design of the pipe
crawling robot may allow the pipe crawling robot to be
easily repaired, modified , or scaled to cover a wide variety
of pipe diameters.

[ 0039 ] With reference to FIGS . 1-3 a pictorial represen
tation of a pipe crawling robot 10 with modular concepts in
accordance with an aspect of the present disclosure is
shown. A specific aspect of the present disclosure relates to
a modular pipe - crawling robot 10 for in -pipe maintenance
operations, including the inspection and repair of both
non - complex and, more specifically, complex piping sys
tems 12 with varying, small - sized (i.e. , less than 5 " ) diam
eters 22. At least one design of the robot 10 is configured
with four nearly identical locomotion modules 14. In one
example , each module 14 has four feet 21 that can be
extended outwards to grip the walls 16 of the pipe 12 while

simultaneously reducing its length 20 or disengaging its feet
21 while increasing its length 20. Adjoining feet 21 are
operatively connected by a base component 23. The distance
the feet 21 are extended can be varied to conform to variable
piping diameters 22. Through a gear mechanism 26 built
into the mechanical linkage, each module's feet 21 are held
perpendicular with respect to the inner walls 16 of the pipe
12 to improve grip . The range of traversable internal diam
eters go from the diameter of each module's 14 core element
plus the thickness of two footpads at a minimum to the
fullest radial extension of the module 14 at a maximum .

[ 0040 ] At least one innovation of the design eliminates the
need for separate mechanisms for gripping the pipe 12 and
forward movement. Each module 14 offers a hybrid gripping
and extending function , allowing more modules 14 to grip
the pipe 12 at once . The mechanics of the modules 14 are a
hybrid of legged and inchworm approaches. Forward (or
backwards) movement can be produced by simultaneously
extending and contracting adjacent modules 14. This motion
was inspired , at least in part, by natural peristalsis, seen in
the movement of worms through soil . Each module 14 may
be mechanically independent, with a single motor actuator
102 for adjusting each of the module's feet 21 position and
allowing the module 14 to grip the pipe wall . The motor
actuator 102 could be electrically driven, pneumatically

driven , magnetically driven , and / or hydraulically driven .

While all the modules 14 are connected via compliant joints
24 , the front two modules 14 are connected by an additional
active joint 24. The active joint 24 can be configured of four
shape-memory alloy springs surrounding the passive joint
24. When a spring 40 (FIG . 5 ) is heated by an electrical
current, it contracts and pulls the first module 14 in its
direction . The electrical current may vary for each spring 40 .
This allows the crawler 10 to steer itself through branches in
a pipe network . The springs 40 may be isolated to help
dissipate the heat. The proposed concept was experimentally

verified through building a prototype of the crawler 10 using
additive manufacturing and experimentally validating the
navigation inside a test setup. The performance of the
concept was successfully demonstrated inside the test set
up's complex piping comprised of horizontal and vertical
pipes with variable diameters 22 , joints, bandings, and
reductions. The robot 10 presented a reliable locomotion
inside the complex configuration; it avoided obstacles such
as sudden changes, it moved in both upward and downward
directions with adjustable gripping forces, and it demon
strated accurate positioning and reliable retrieval.
[ 0041 ] In an aspect of the present disclosure, the design ,
control and experimental validation of the new robotic pipe
crawler 10 for autonomous inspection of remote - to - access

piping 12 is disclosed . Many current in -pipe inspection
robots are primarily designed and suitable for large diameter

pipes and unreliable for pipes 12 less than 5 inches ( 12.70
cm) in diameter 22. The small size of the robot 10 gives rise
to problems with insufficient power, propulsion, structural
integrity and difficulty of control, guidance, and navigation .
To address these challenges, a modular design of the crawler

10 with a hybrid , legged -peristaltic movement has been
designed and developed with the capability of navigating,

inspecting , and carrying additional sensor payloads and
mechanical equipment. A crawler prototype and the results
of experimental testing and validation are discussed here
within . In addition, the sensor - less control systems used to
grip variable pipe diameters 22 and the development of a
new mechanism to actively navigate through pipe branches
is discussed as well . The innovative hybrid design of the
modular robot 10 offers a unique combination of payload
carrying and coping with pipe diameter 22 varying and
capability of clearing obstacles not existing in current in
pipe inspection robots. These attributes are essential for
small diameter 22 yet complex piping 12 configuration
applications for example in nuclear submarine trim and
drain systems and for identifying and localizing various pipe
damage through conducting proper nondestructive testing
techniques .
[ 0042 ] Also shown in FIG . 2 , is a lead screw 100 utilized
by the stepper motor 102 to expand and contract the length
of module 14. Module 14 also has a camera 104 which can
be utilized to visually inspect piping systems 12. A swivel
joint 106 allows a user to move the camera in a 360 °
rotation , thus the orientation of the module is irrelevant to
the user as they can rotate the swivel joint 106 to allow

various points of view in for inspection, navigation and

repairs .

[ 0043 ] It is well known that surface cracks are caused by

excessive erosion through a pipe wall . For example, in

modern submarines, a network of pipes and tanks are used
for trim and drain function to control the descent, ascent, and
cruising depth via balancing the buoyant force . Due to

May 20 , 2021

US 2021/0148503 A1
4

superior corrosion resistant properties, copper - nickel (Cu

Ni ) alloys are used in the drain and trim piping system .
These pipes are difficult to access and exposed to corrosive
seawater repetitively. They are subjected to harsh opera
tional conditions such as extreme temperature and pressure ,
humidity, dust, and vibration . Over time , these unfavorable
conditions can lead to problems in pipes such as corrosion
and erosion , deposition, pitting, surface cracks, thermal
cycling , joint failure, etc.
[ 0044 ] These pipes and storage tanks need regular main
tenance . Human inspection of these components is expen
sive , time consuming and hazardous; therefore , automation
of inspection and maintenance for these components is
desired . Traditional methods of maintenance require a com

plete overhaul of submarines for dismantling, obtaining
manual access and conducting the inspection . A variety of

nondestructive testing and evaluations (NDT& E) methods
are used for detecting the presence and position of these
flaws for trim and drainpipes. Aspects of the present disclo

sure disclose a new in -pipe inspection robotic crawler 10 to
address this problem . The crawler 10 can be inserted in the
trim and drain piping system from an inlet point and travel

inside the pipe 12 under external supervision.
[ 0045 ] The crawler 10 is designed and configured using a
modular concept of hybrid legged - inchworm locomotion for
maximum load carrying capacity, reliability, and flexibility
of further development. The proposed crawler 10 is tethered
and capable of semi -autonomously conducting an inspection
at a remote location. The robot crawler 10 contemplates
complete autonomy for navigation, inspection , and repair.

This can be achieved through recent advances in machine
learning and sensor fusion .

[ 0046 ] With reference to FIG . 1 , a pictorial representation

of a maximum feasible dimension of a module 14 moving
around a bend with variable corridor diameters 22A , 22B is
pictorially illustrated in accordance with an aspect of the
present disclosure . The maximum length and width of an
individual module 14 to move around bending segments of
pipes 12 are related to each other. To find these values , the
length 64 of a narrow rod passing through a pipe bending
with entrance diameters A (22A) , and B ( 22B ) ( shown in
FIG . 1 ) , the length L ( 64 ) , should be minimized within the
terms of the angle 0 ( 66 ) . Where L ( 64 ) is made up of
components A , ( 72 ) + B, ( 74 ) + C2 ( 76 ) , where B. (74 ) is
equal to Y (70 ) .

is calculated and set equal by zero . So , the angle 0 ( 66 ) is

found as :

1

o = arctan

[ 0049 ] By substituting 8 ( 66 ) back into the original equa

tion , the maximum length L ( 64 ) will be obtained as follows:

L=

?

cose

[ 0050 ] According to the geometry shown in FIG . 1 , the
dimensional requirement of a cylindrical module in terms of
its diameter X ( 68 ) and length Y (70 ) is found as :
X

L = xtand + y + tand

(1)

sine

[ 0048 ] To minimize the length L , ( 64 ) , in terms of the
angle 8 (66) , the derivative
dL
de

(4 )

[ 0051 ] This concludes dimensions of the modules are
related to each other and choosing one will dictate the other.

[ 0052 ] To find the work done by the robot per movement
employed. In the movement gait of the robot , each extending

cycle , a dynamic analysis based on Lagrangian principles is

or contracting module may hav one fixed end. T module
is divided into four sections , each with their own mass and
inertia , ml , m2 , m3 and m4 as shown in FIG . 3. For

example, the Lagrange equation is used to obtain the
dynamic model . In this case , the module has 1 DOF, and a

generalized coordinate was chosen as q= [ a] . Kinetic energy

is found as :

$ (3mvt + 318)

T=

(5 )

[ 0053 ] where Vi is the velocity of the COM ( center of
mass ) of the link i , I ; is its moment of inertia, w ; is its angular

velocity, and h, is the vertical position of COM of link i .
[ 0054 ] The potential energy can be found as :
T=

B
+

(3)

L = (A + B )

[ 0047] The length L ( 64 ) , can be formulated by being
expressed in terms of the angle 0 ( 66 ) , formed between the

wall and the rod :

(2)

B3

(m ;gh ;)

(6)

where g is the acceleration due to gravity .
[ 0055 ] Using the Lagrange equation , the dynamic model
of the system in can be found as :
D ( 9 ) q + C ( q , g ) = Bu

(7)

where D is the inertia scalar, C contains Coriolis, centrifugal,
and gravity effects , B is the input scalar obtained using
virtual work , and u is motor torque. This is then utilized in
an inverse dynamics problem to calculate the required motor
torque in each instance of a planned motion . The motion
starts from the fully extended mode of the module (a = 5 deg )
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until the feet touch the pipe wall 16 , such as when the pipe
has a 4 - inch diameter. This leads to Eq . ( 8 ) .
r + L sin Az + b = 2.0.0254

-2 ?
?

( 11 )

an = tani

( 12)

1

( 13 )

dm = d

( 8)

The initial and final vertical positions of the lower base y?

and y2 are calculated corresponding to a , and az , respec
tively. The work done per unit distance traveled by the robot
base can be found as :

tan { 0 }

odm

where a is the half of the thread angle.

[ 0059 ] A static analysis reveals the relation between the

SSude

W=

actuating force (FQ) and the normal reaction force (Fy) at the

contact point of each claw with the pipe :

Y2 – yi

Fr = Fa tan ( a )

in which j is the rotation angle of t the motor output shaft.
The constraint a2580 arises from practical limitations of the

real robot. This optimization problem converges to a result
that generates a= 80 with optimal parameters of L = 26 :1 mm ,
r= 15 : 1 mm , and a =20 mm for one aspect of the present
disclosure . The parameter a does not affect W and remains
at its initially defined value . The parameters L and r con
verge to small values to generate a2 as large as possible .
[ 0056 ] There are pipes 12 of various shapes and sizes
involved in the trim and drain piping system of submarines

according to usage and flow fluids. Therefore, the shape and
size of the individual modules 14 of the crawler 10 are

designed to allow gripping in variable diameter pipes 12 ,
avoid obstacles and generate maximum friction as shown in
FIG . 2 .
[ 0057] With reference to FIG . 3 , a pictorial representation
of a hybrid gripping module 14 in accordance with an aspect
of the present disclosure is shown . The crawler 10 intro
duces a new hybrid gripping mechanism 26 incorporating
the advantages of both legged and wall - press concepts. In
the design for the gripper mechanism 38 , the rotational
motion of the motor actuator 102 is converted into the linear
motion of the follower 32. Four linkage mechanisms 36 (the
upper and lower mechanisms not shown) are connected to
the follower 32 with friction pads , such as feet 21 , installed
in the geared middle joints (base) 38 of the feet 21. Together,
they apply the normal force to the internal piping surface 16
to generate the required traction . The innovative design of
the modules 14 combines both longitudinal and radial
motions and, therefore , has led to ] /low weight , simplicity,
and versatility. The linear actuating force could be found
from the formula to calculate the torque required to lift or
lower a load using a lead screw 100. This calculation can be
conducted in terms of the parameters of the lead screw to
obtain the lowering torque T , or raising torque TR as :
TUR

=

Fdm / Fl + af dmsec (an) + T
2 Adm - flsec (an)

( 10 )

[ 0058 ] in which , -I corresponds to T , and + I corresponds

to TzR :, and is the coefficient of friction between the threaded

rod 100 and the traveling nut 28. In other aspects of the
present disclosure, movement imparted to the traveling nut
28 by the threaded rod 100 could be accomplished using a
pneumatic actuator, electrical actuator, hydraulic actuator,
magnetic actuator, or other suitable actuator. The mean
diameter ( dm ) the normal pressure angle (an ) , and the lead
angle ( 0 ) can be found as :

( 14 )

[ 0060 ] With reference to FIG . 4 , a graphical chart of pull
force versus pipe diameter for various coefficients of friction
between the pipe and claws in accordance with aspects of the
present disclosure is shown. The overall pull force of the
crawler 10 depends on the number of feet 21 in contact with
the pipe wall 16 , the normal reaction force, and the coeffi
cient of friction as shown in FIG . 4. The differences in pipe
diameter 22 results in variation of angle a and therefore the
reaction force and the overall pull force .
[ 0061 ] With reference to FIG . 5 , a pictorial representation
of an articulated steering mechanism using single acting
Nitinol SMA tension springs in accordance with an aspect of
the present disclosure is shown . Most pipe inspection robots

are designed to pass through straight, horizontal pipelines .
However, the trim and drain system of submarines have

complex piping structures requiring the crawler to actively
steer through complex shapes such as vertical pipes , elbows ,
T - joints and angled branches in piping with varying diam
eters . For the robot 10 to navigate through T - joints and
branches, an articulated steering mechanism , shown in FIG .
5 using Shape Memory Alloy ( SMA ) 40 , is used to allow the
robot 10 to take turns in restricted spaces , such as , for
example only, near 90 degree turns .
[ 0062 ] In the current design of the crawler 10 , the modules
14 connect with flexible spring segments 40. This reduces

the ov all size and satisfies the dimensional requirements of

the robot 10. Moreover, it has enabled successful naviga
tions through various piping configurations such as vertical
piping and various fittings such as joints, elbows , and
reductions. There are several possible kinds of articulated
steering mechanisms, such as steering point, flexible inter

module linkages, double - active universal joints, and active
materials. SMA tension springs 40 were used as opposed to
the alternatives because of their low weight and mechanical
simplicity. This turning system allows the pipe crawling
robot complete control of the angle of its front -most module
within , for example, a 50 - degree cone originating from the
center line of the previous module .
[ 0063 ] With reference to FIGS . 6A - 6D , a graphical rep
resentation of peristaltic movement used to generate forward
motion in accordance with an aspect of the present disclo
sure is shown . In- pipe inspection robots have been built
based on wheeled type, caterpillar type, snake type, legged
type, inchworm type, screw type , and PIG type concepts .
While wheel - based robots have advantages such as easy
speed and differential direction control, they suffer from the
complexity of the steering mechanism and instability during
navigation . In addition, the wheel - based robots get stuck
inside the pipe when there are sharp corners , steps , and
sudden changes in pipe diameter. Recently, combination of
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two or more locomotion systems have been implemented to
pipe inspection robots for more advantages in term of
robustness and flexibility. By using a hybrid locomotion
system , the inspection robot 10 can adapt and navigate in a
various pipe configuration. The robotic crawler 10 uses a
hybrid of legged and inchworm types like peristaltic loco
motion for navigating inside the pipe as shown in FIGS .
6A - 6D . Peristalsis is common in small , limbless inverte
brates such as worms, where they need to deform their body
to create the essential processes of locomotion . In the design
of the new crawler 10 , two adjacent modules 14 are engaged
in motion at any time . Simultaneously , one of the modules
14 elongates, the second module 14 contracts while expand
ing radially and the forwarding motion is generated via
advancing the clamping point forward as shown in FIGS .
6A - 6D . Backward motions are also possible simply by
reversing the sequence .
[ 0064 ] In accordance with at least one or modes of opera
tion, starting from an initial stage with one or more or all
modules 14 radially expanded , the first module 14 radially
contracts ( FIG . 6A) and the robot 10 elongates (FIG . 6B ) .
Following this, the first module 14 radially expands to clamp
against the inner wall 16 of the pipe 12 (FIG . 6B ) and the
second module 14 radially contracts (FIG . 6C ) , the robot 10

contracts moving the second module 14 forward, and the
second module 14 radially expands to clamp against the
inner wall 16 of the pipe 12. At the end of these operations,
the clamping point of the first module 14 and the subsequent
clamping point of the second module 14 would have
advanced forward a distance through the pipe . This opera

tion is then repeated for every module 14. In at least one
aspect , there can be at least three locomotion modules 14

whereby at least one module 14 grips the inner wall 16 of the
pipe 12 while the other modules 14 are in a transitional state .
For example, four modules 14 is the more suitable minimum
however as when traversing intersections the module 14
currently in the intersection is likely not able to reliably
contribute to locomotion . Backward motion is also possible
by reversing the sequence of contractions and expansions of
the modules 14 of the robot 10 .

[ 0065 ] With reference to FIG . 7 , a pictorial representation
of an exemplary gripping test inside a 3 - inch pipe 12 in
accordance with an aspect of the present disclosure is
shown. Low weight and a high gripping force are key
aspects of the robotic crawler 10 as they enable carrying
inspection and maintenance equipment through the pipe 12 .
To increase the available pull force , the crawler 10 is
configured with four identical modules 14 designed to press
against the interior wall 16 of the pipe 12 as shown in FIG .
7. In operation of the robotic crawler 10 , all modules 14 are
involved in pressing the pipe walls 16 , and the extra friction
force accommodates for better slip - less operation . In addi
tion, the legs create a separation between the body of the
crawler 10 and the internal pipe surface 16 allowing the
robot 10 to avoid obstacles such as steps, reducers, and
protrusions ( see FIG . 9 ) inside the pipes 12. The use of
individual legs 18 allows the module 14 to traverse sharp
steps and restrictions as the module 14 can step up onto or
over the pipe elements or obstacles .

[ 0066 ] With reference to FIG . 2 , a pictorial representation
of the in -pipe inspection crawler 10 using , for example ,
additive manufacturing in accordance with an aspect of the
present disclosure is shown . The crawler 10 is controlled and
powered by a tether 200 ( FIG . 10 ) connecting the robot 10

to a self- contained control unit. The tether 200 can be

configured to include , in at least one aspect , a bundle of
cables, such as the following components :

[ 0067 ] A power supply cable 208 to the stepper motors

102 of the gripping mechanisms 26 and SMA tension
[ 0068 ] A data signal cable 210 for transmitting the
springs 40 ;

sensor information to control station ; and

[ 0069 ] A safety rope 202 or cable for retrieving the

robot 10 from the inside the pipe 12 in a situation of
emergency power loss or completion of inspection task .
[ 0070 ] To allow the modules 14 to grip variable diameter

piping 12 , a sensor - less control strategy method is used .
Using the technique, an open loop control of the stepping
motor 102 is feasible for stall detection using back -EMF
based load angle estimation . In accordance with at least one
aspect , the power signals for the stepper motors 102 are sent
directly through the tether 200 ( e.g. , data signal cable 210 )
in order to minimize the electronics carried by the prototype.
To reduce the number of lines in the tether carrying motor
control signals, the crawler may utilize a combination of
independent power and control wires. This significantly
reduce the weight of the tether and allow for greater and
more easily achieved scalability of the crawler as the tether
could be more universal between configurations.
[ 0071 ] A stall in motors 102 typically manifests itself as a
detectable current anomaly in the motor controllers. The
capability to detect the stall of these motors 102 is built into
the motor controllers utilized throughout the prototyping
process, which greatly simplified the implementation of this
control strategy. Additionally, with this implementation, it is
possible to define software thresholds for detecting stalls . In
this method, the state of any given module is estimated
based on the stall state and elapsed time since the last stall .
This results in a series of module contractions and expan
sions . As a result, over contraction or expansion causing
damage to the crawler or pipe wall is extremely unlikely.
The system is also what allows each module to indepen
dently adapt to the diameter of the pipe surrounding it with
no user input or specific mode changes within the software .
The software includes a path planning algorithm , a mapping
system based on known intersections and pipe geometry
changes, and a machine vision system to allow the locomo
tion method cycle to preemptively adapt for sharp lips , long
vertical shafts, and to detect the features identified in the
path planning stage .
[ 0072 ] The electromagnetic torque vector T [text miss
ing or illegible when filed ] is determined based on the
interaction between the stator flux linkage space vector s and
the stator current space vector is :
T = x;

( 15 )

indicates text missing or illegiblewhen filed

[ 0073 ] Neglecting saturation , the stator flux linkage space
linkages, established by the two stator currents and the
permanent magnet rotor flux yr. In the dq -reference frame
fixed to the rotor flux, illustrated in FIG . 8 , the electromag
netic torque can be written as :
vector Y , can be written as the sum of the stator flux

Tmotor = pr + idLd + iqLqxis

( 16 )
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[ 0074 ] The electromagnetic torque value can be written as
a function of is and the load angle d , defined as the angle

between is and the rotor flux yr :
TmotA = yris sin &

( 17 )

[ 0075 ] The first term ( 13 ) describes the torque generated

by the interaction between the permanent -magnet rotor flux
yr and the stator current is . This term depends on the sine
of the load angle. The load angle increases when the load
torque increases. A higher rotational speed also results in an
increased load angle . The latter is due to a higher friction
torque in the test setup . Using Lenz's law ( stating the
direction of an induced current is always such as to oppose
the change in the circuit or the magnetic field producing it) ,
the back- EMF voltage vector es , induced by the rotor flux
yr, can be written as :
es = C : surdt

( 18 )

[ 0076 ] This implies a phase lead of a/2 rad between the
back - EMF vector es and the flux vector yr. It follows the
angle between the current vector is and the back - EMF vector
es is v/2-8 . Because the current can be measured easily,

estimating the load angle can be reduced to a problem where

the back - EMF signal can be estimated . These principles are
applied as a feature of some commercially available stepper

motor drivers.

[ 0077] With reference to FIG . 8 , a graphical representation
of stall detection used for control of a module in gripping
and extending actions in accordance with an aspect of the
present disclosure is shown. For the commercially available
stepper motor 102 controllers used for the control of the

crawler 10 , values are transmitted to the microprocessor

representing the stall state of each motor 102. A lower value
constitutes a greater 6 and, thus, a greater load . In one
experiment, a single gripping module 14 was instructed to
drive its feet 21 outward until the corresponding stall value
dropped below a certain threshold , signifying the feet 21 had
hit the walls 16 of the pipe 12 and the stepper motor 102 was
stalling . After this , the direction of the motor 102 was
reversed to move the feet 21 inwards. Once again , the stall
value was monitored to reverse the direction of the move

ment upon complete extension . This experiment demon
strates the reliable detection of the motor stall occurring

when a module's feet 21 contacts the pipe wall and elimi
nates the additional sensors and wiring required for closed
loop control.
[ 0078 ] With reference to FIG . 9 , a pictorial representation
of an example of trim & drain piping mockup (3 - in CUNI
piping , fittings, and ball valve ) in accordance with an aspect
of the present disclosure is shown . The crawler 10 is

required to travel through the trim and drain pipeline,
providing live video feedback , and conducting inspectio
and maintenance processes . Trim and drain systems are
complex networks of piping , valves , pumps, and tanks
spanning the entire length of the submarine . The route
consists of all 70:30 copper -nickel pipes (MIL - T - 16420 ),
which vary between 3 , 4 or 5 inches in diameter ( 7.62 cm ,
10.16 cm and 12.70 cm ). The series of pipes 12 are config
ured into a pipeline 203 from valves 204 , tee fittings 206 ,
reducers 208 , elbows 210 , and uneven pipe surfaces up to
0.12 in deep pits . A typical inspection route in the trim and
drain system 203 is shown in FIG . 9 .
[ 0079 ] The crawler 10 can include an active multi - sensor
non - destructive testing equipment (NDTE) 19. The instru

mentation module is designed to provide additional sensor

feedback from the crawler 10 during inspections and has
proven to enhance the inspection tool capabilities, robust

ness , and operational feedback . For the robotic crawler 10 ,

the instrumentation module integrates the following sensory
data through a novel hybrid sensor fusion approach to utilize
the multiple readings from the pipe's interior wall 16 over an
improved consensus for general wall thinning and localized
damage types and extends. In the instrumentation module ,
the following additional sensors can be configured and
integrated for effective inspection and monitoring, such as :
[ 0080 ] Machine vision camera 104 with onboard pro
cessing providing autonomous guidance navigation and
control;
[ 0081 ] Environmental data , including barometric pres
sure , humidity , and temperature;
[ 0082 ] NDTE module 19 , providing thermal, radiation ,
ultrasound, and visual internal pipe mapping;
[ 0083 ] Tether pull force sensor, providing estimation of
remaining pull force capability;
[ 0084 ] Contact pressure sensors to the grippers, provid
ing grip conditions ; and
[ 0085 ) IMU sensor, providing slope and orientation for
each module 14 .
[ 0086 ] The main components of the crawler 10 were
constructed using additive manufacturing, and the robot
assembly is shown in the figures . A total of four locomotion
modules 14 can be fabricated and connected with compliant
joints. This renders a flexible yet uniform assembly of
modules 14 , which maintain module 14 symmetry and keeps
its feet 21 parallel to the pipe wall 16. The leading module
incorporates a small USB camera 104 to deliver video feed
to the operator. The SMA springs 40 are integrated into the
leading joint, allowing the steering of the front module 14
and , thus, the crawler 10. The trailing module houses the
strain relief mechanism 201 by which the tether 200 is
secured.
[ 0087] FIG . 10 depicts a control system 212 for the robotic
crawler 10 in accordance with an illustrative aspect of the
present disclosure . For example, the control system 212 may
represent an electronic control device, such as a controller
214 and computer 216 , configured to communicate to and
receive data from the robotic crawler 10 , the control device
may also be configured to communicate control signals to
and receive feedback from the robotic crawler 10. The

computing device 216 may be utilized to receive user
settings, instructions, or feedback for controlling the power
management features of the robot 10 together and separately.
The computing device 216 includes a processor unit (pos
sibly including multiple processors , multiple cores , multiple
nodes , and / or implementing multi - threading, etc. ) . The com
puting system can include various types of memory. The
memory may be system memory ( e.g. , one or more of cache,
SRAM , DRAM , zero capacitor RAM , Twin Transistor
RAM , eDRAM , EDO RAM , DDR RAM , EEPROM ,
NRAM , RRAM , SONOS , PRAM , etc.) or any one or more

of the above already described possible realizations of
machine - readable media . The computing system can include

a bus ( e.g. , PCI, ISA , PCI-Express, HyperTransport ,

InfiniBand® , NuBus, etc. ), a network interface ( e.g. , an
face, SONET interface, wireless interface, etc. ) , and a stor

ATM interface, an Ethernet interface, a Frame Relay inter

age device ( s) ( e.g. , optical storage , magnetic storage, etc. ) .
The system memory embodies functionality to implement
aspects described above , for example , via controller 1402 .
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The system memory may include one or more functionali
ties . Code may be implemented in any of the other devices
of the computing system 216 , such as the controller 214 .
Any one of these functionalities may be partially (or
entirely ) implemented in hardware and / or on the controller
214. For example, the functionality may be implemented
with an application specific integrated circuit, in logic
implemented in the computing system 216 , the controller
214 , and / or in a co -processor on a peripheral device or card ,
etc. Further, realizations may include fewer or additional
components not illustrated can include , for example , ( e.g. ,
video cards, audio cards , additional network interfaces ,
peripheral devices, etc. ) . The computing system 216 and
controller 214 , the storage device ( s ), and the network inter
face can be coupled to a bus . Alternatively, a bus and any
memory may be coupled to the computing system 216 and
controller 214 .
[ 0088 ] Aspects of the present disclosure may utilize AI
( artificial intelligence) to enhance communication and abili
ties of users to interact through the computing system 216
and controller 214. Artificial intelligence (also machine
intelligence, MI ) is intelligence demonstrated by machines ,
in contrast to the natural intelligence (NI ) displayed by
humans and other animals. In computer science Al is defined
as the study of “ intelligent agents ”: any device perceiving its
environment and taking actions maximizing its chance of
successfully achieving its goals . Colloquially, the term “ arti
ficial intelligence ” is applied when a machine mimics “ cog

2. The system of claim 1 , further comprising a camera.
3. The system of claim 1 , further comprising;
a stepper motor operably coupled to each of said modules .
4. The system of claim 3 , further comprising:
at least one expandable foot extending between an actua
tor and a follower section of the modules.
5. The system of claim 4 , wherein the stepper motor is

operably coupled to the follower section and a threaded rod
extends from the stepper motor to the actuator.
6. The system of claim 5 , wherein rotating of the threaded
rod can expand or contract the at least one expandable foot

away or toward the modules .
7. The system of claim 6 , further comprising:
a gripping mechanism operably coupled on the expand
able foot.
8. The system of claim 1 , further comprising:
a friction pad operably coupled to the gripping mecha
nism .

9. A modular pipe -crawling robot for in -pipe maintenance
operations, comprising:
at least two locomotion modules;

each module has feet which can extend outward to grip a
wall of a pipe while simultaneously reducing its length
or disengaging its feet from the inner wall while
increasing its length ; and

nitive” functions humans associate with other human minds ,

a gear mechanism built into mechanical linkage, wherein
each module's feet are held perpendicular with respect
to the inner wall of the pipe .
10. The robot of claim 9 , wherein each module feet grip
and extend, allowing the modules to grip the pipe at in a
peristaltic fashion .

tion . It is not intended to be an exhaustive list or limit any

ward movement can be produced by simultaneously extend
ing and contracting adjacent modules feet .

such as " learning " and " problem solving" .
[ 0089 ] The disclosure is not to be limited to the aspects
described herein . In particular, the disclosure contemplates
numerous variations and aspects . The foregoing description
has been presented for purposes of illustration and descrip

of the disclosure to the precise forms disclosed . It is con
templated that other alternatives or exemplary aspects are
considered included in the disclosure . The description is
merely examples of aspects , processes, or methods of the
disclosure. It is understood that any other modifications,
substitutions, and /or additions can be made , which are
within the intended spirit and scope of the disclosure . It is

further understood that aspects and description of each
figure are not exclusive to the representative illustration but
are intended to apply to and provide disclosure for each and
all figures and the corresponding illustrations and descrip
tions for the disclosure as a whole . For example, the written
description provided for one figure can include aspects ,
disclosure , and written description for any one or all of the
other figures.
What is claimed is :

1. A system for robotic inspection of a pipeline , compris

ing :

a self-propelled robot comprising:
a plurality of modules, at least one of said modules

having a drive mechanism for peristaltic movement
of said robot;
at least one joint member for interconnecting adjacent

modules in said robot , said joint member configured
to allow articulation of said modules relative to each
other through multiple planes and angles, said at
least one joint member comprising at least one
steerable spring positioned on a first module and
connected to a second module .

11. The robot of claim 9 , wherein forward and / or back

12. The robot of claim 9 , further comprising:
a joint coupling the at least two modules.

13. The robot of claim 12 , wherein the joint is an active

joint comprised of four shape -memory alloy springs sur
rounding a passive joint.

14. A modular pipe - crawling robot for in- pipe mainte
nance operations, comprising:
a hybrid gripping module;
a gripping mechanism comprising at least two legs oper
ably coupled to the gripping module ;
an actuator having rotational motion can provide linear
motion for a follower section of the module ;
linkage mechanisms located at geared middle joints have
friction pads and are operably coupled to the follower;

and

wherein the linkage mechanisms apply force to an internal
piping surface to generate traction .
15. The robot of claim 14 , wherein the module combines

mechanisms for gripping the pipe and forward movement.
16. The robot of claim 15 , wherein peristaltic action
allows more than one module to grip the pipe at once .
17. The robot of claim 16 , wherein forward or backward
movement can be produced by simultaneously extending
and contracting adjacent modules .
18. The robot of claim 17 , further comprising:
a joint which couples adjacent modules.
19. The robot of claim 18 , wherein a first and a second
module coupled by an active joint.
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20. The robot of claim 19 , wherein the active joint is
the passive joint.

comprised of four shape-memory alloy springs surrounding
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1

Mission Description

1.1

Problem Description

KPT-04: Expand Unmanned Underwater Vehicles (UUV) capabilities through artificial intelligence (AI) to static undersea sensors and/or dynamic groups (unmanned vehicles) to
improve autonomous perception. Include generation of world models, self-localization, and
obtaining/processing information for autonomous planning and decision making.
1.1.1

Notional Mission Description

Title: Scouting, Preparation of Environment.
Domain: Underwater with occasional surface expression
Environment: Littoral – Harbor or near-shore environment
Vehicles (Platforms): Standard small scale UUVs like the IVER or REMUS 100. These
UUVs should have readily available models for M&S purposes. Keyport’s use of one such
vehicle might aid in acquisition of relevant “live” sensor data (see below).
Sensors: Video (optical) and acoustic
Description: To map a harbor approach from underwater, identifying obstacles and other
objects of interest. Being a harbor environment (often the outflow for streams and rivers),
the water is likely to be murky, the bottom type variable, and the acoustic environment may
be complex. The underwater environment may also have pilings, piers and other obstacles
including possibly nets. To mitigate the inherent risks to this mission, multiple vehicles
can be used to assist each other in accomplishing the goals of the mission. An important
secondary goal of the mission is vehicle “safety”. The vehicles need to monitor their own
status/position to enable returning to the retrieval point by the retrieval time. A complication that can be added to the mission is that the vehicles also need to remain “stealthy” or
undetected by certain adversaries. Tasks potentially necessary for the Mission (initial list,
might not be comprehensive): Path Planning using way-points and/or search patterns, perception with multiple sensors (may include some sensor fusion), self-localization, in-mission
communication/multi-vehicle collaboration, movement, obstacle/collision avoidance, status
monitoring.
Assumptions: We can design/agree on a simulation of the relevant environment for development purposes, as well as a potential path for demonstration. The assumption is that this
should be made easy to avoid harmful impact to the real intent of the project. A potential
starting point might involve Gazebo and some work accomplished at Keyport. UUV development is not the focus of this project, which means that any “live” testing/demonstration
or data based on “live” measurements must be provided. Gathering this data is likely to be
considered outside of the scope of this project. In addition, obtaining relevant sensor data related to the mission for development, machine learning training sets, testing, demonstrations
and other research goals is possible. (This may prove to be difficult and/or require unidentified resources.) Use of SLAM like algorithms (such as SLIM and CLAM) with the sensors
available for the UUV(s) is plausible, and increases localization and mapping capability.

3

2

Design Summary

Naval undersea robotic missions are particularly challenging due to involving many hard
and complex problems. There is a desire for solutions to many problems including but not
limited to the following categories. Secure and robust communication, accurate and reliable
self and global localization, and robotic perception tasks for identification and detection. All
of these tasks benefit from the ability to quickly and efficiently test new ideas and deploy
continuously changing software and hardware. At a pace which is not feasible or effectively
done with traditional hardware based robotics testing.
We address these concerns by leveraging the power of the open source robotics simulation
environment known as Robot operating system (ROS) and Gazebo a tool which when paired
with ROS allows the simulation of complex environments and their exploration by simulated
robotic systems. Then a project called UUV simulator was used on top of ROS to simulate
underwater dynamics and the underwater robots.

3

Introduction to Robot Operating System

Robot Operating System (ROS) 1 is a complex software suite that allows for the simulation
of robots and there communication and when paired with Gazebo physics simulator which
can create the environments that a robot is maneuvering in, amazing things can happen.
Nearly any real world robotics task can be simulated in the ROS environment. ROS allows
this by managing a powerful concept of a network of Nodes. Nodes are a way of distributing
computations across the robots framework. In other words, every single part of robot, can
be presented as a node. Nodes then interact to each other across this network using topics,
i.e. communicate channels. There are publishers and subscribers to nodes. The information
that is exchanged via topics, is defined by a message. Implementation of nodes in ROS can
be done using either Python or C++ programming languages 2 . For the purposes of our
project we are using ROS melodic which is the version of ROS that supports Ubuntu 18.04.
3

4

Introduction to UUV Simulator

In a recent European project titled Smart and Networking Underwater Robots in Cooperation Meshes (SWARMS), Unmanned Underwater Vehicle (UUV) simulator environment,
i.e. UUV simulator has been developed to simulated the complex dynamics of aquatic environment and includes a number of pre-designed marine robots based off actual real world
designs. This allows simulations which are as realistic and complete as modern simulation
software will allow. [Man+16]
We use the following two robots in our work so far:
• The REXROV2:
1

We found useful ROS tutorials on the ROS Wiki: http://wiki.ros.org/ROS/Tutorials
We accessed excellent online courses through: https://www.theconstructsim.com/
3
We found installation instructions for ROS Melodic at: http://wiki.ros.org/melodic
2

4

• The ECA A9:
4.1

Movement

Robots in UUV simulator can be controlled in a number of ways the first and easiest method
to start with is by using the built in movement classes. Which consist of a joystick controller
service in which a gamepad can be connected to the PC and the robot can be controlled via
remote control. Alternatively the robot can navigate using its built in trajectory controller
and a set of way points, or go-to commands depending upon configuration. The following
way-points seen to the left of the image will generate a trajectory as seen in the right.

Figure 1: Trajectory from way-points
A dynamic way-point service has been created that listens for way-points to be published.
When a way-point is published the way-point is added to a queue of targets and the trajectory
path is updated to accommodate the new additions. Waypoints can be added in mass via a
file in yaml format or via another service called add waypoint. Alternatively a service called
go-to exists which works in a similar manner but is not recommended by the community as
it is not well supported.
4.2

Sensors

Both robots come with a number of sensors already available as part of the package. GPS,
Side-scan sonars, magnetometer, pressure sensors, accelerometers, and a number of cameras.
Any sensor can be simulated as a node in ROS and attached to a robot frame. The nice
thing about being able to simulate sensors is that you can control the amount of error
and distortion of the data. For example a perfect ”GPS/Position sensor” can be created
5

and added to the robot in order to remove the possibility of error, in practice sensors are
typically created with some type of noise in order to more realistically simulate their real
world equivalents. There are a number of sensors already built into ROS, and even more
exist as libraries on the internet that can be pulled into your project for use.

5

RexRov2

Figure 2: RexROV2 ([Man+16])

5.1

Movement

The Rexrov has the capability of 6 degrees of freedom, it is a buoyant object so it will tend
to float to the surface. It can be actively move in the z direction using the thrusters at
the top of the robots frame. Move in the x and y directions using the thrusters that are
placed in the middle of the frame. Can pitch and roll to a limited amount approximately
+-5 degrees using the thrusters at the top of the frame. For the purposes of our work we
can use the built in thruster manager services and all of the technicalities of moving to a
way-point are taken care of by the pre-built ROS services. When idle the Rexrov does one
of two things depending upon configuration it either maintains its current position to the
best of its abilities or floats to the surface with its natural buoyancy.
5.2

Sensors

The default package of sensors on the Rexrov2 is as follows:
• 3 simple sonar sensors that provide single point distance.
• 1 rgb 720p camera
• A magnetometer
6

• Pressure sensor used for depth calculation
• 6 dof IMU for frame pose estimation
• GPS for locating position when the robot is at the surface
• Thruster measurement/feedback
We personally added a lidar camera that can be used to simulate high precision sonar imaging
to the rexrov model this camera is based of the azure kinect project.
5.3

Nodes

The following image shows a complete list of ROS nodes when the modified Rexrov is being
run with a waypoints based trajectory and lidar scans.

Figure 3: RexRov2 topics

6
6.1

ECA A9
Movement

The ECA A9 also has 6 degrees of freedom, however rather than having thrusters for every
direction the ECA A9 has a rear propeller, and a a number of fins to control direction. The
fins can adjust their angles allowing the robot to control its yaw, pitch and roll. This has the
7

Figure 4: ECA A9 AUV ([Man+16])
advantage of simplifying the number of thrusters needed, but limits the robots capabilities
to stay stationary. As with the RexRov the details of how these mechanics map to software
is abstracted by pre-built classes and is beyond the scope of our research. When idel the
AUV goes into a circling state where the robot circles around the last way point until a new
command is given.
6.2

Sensors

The default package of sensors on the ECA A9 is as follows:
• left and right side scan sonar systems
• GPS for localization when surfaced
• 1 rgb 720p camera
• 6 dof IMU
• Thruster and fin measurement/feedback
6.3

Nodes

The following image shows a complete list of ROS nodes when the modified ECA A9 is being
run with a waypoints based trajectory and side scan sonar.
6.4

Our contributions

One of our has be adding a number of Lidar cameras to the models based off the azure-kinect
project. We will use these cameras in the future as another way the robot will be able to
precise its environment at a close range with high fidelity.
We have also found an imported a number of boat models into the simulator which we
have been able to obtain high quality scans of using the simulated Lidar device. One of the
8

Figure 5: ECA A9 topics

Figure 6: Lidar
first major challenges of a robotics project is navigation. UUV simulator includes a trajectory
planning library that generates trajectories and there required thruster messages via a waypoints system. These can be thought of as a point in 3d space which you command the
robot to navigate too. We have been able to successfully generate a dynamics point reading

9

Figure 7: side scan sonar
library which listens to these messages and then calls the necessary trajectory generators in
order to navigate our robots in the environment.

7

Future Work

As our work progress we plan to implement Muilt-agent robotics, distributed state estimation, and Machine Learning to the problems of marine robotics with a focus on Naval
implementations. Current work focus on the idea of getting 6dof pose estimation from Lidar
scans. Which with the addition of multi-robot scanning and DSE algorithms can provide
high-quality accurate estimations of relative pose of robots in relation to each other and the
target.

10
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1

Introduction

The National Robotics Challenge is a collection of different smaller competitions, including
beetle-weight battlebots and micromouse, offered at levels from elementary school to college
level. One of these challenges is the Autonomous Vehicle Competition, where teams build
and program a small (<24” cube) robot to drive a 15x20m obstacle course as quickly as
possible. The obstacle course is described in the following pages. Teams start the session
with 300 points (losing one point per second until crossing the finish line), and gain 25 points
per stanchion (cone) traversed, as well as 50 points for each of going over the ramp and under
the hoop. The goal was to be fast, but the high point values of the obstacles mean that they
take top priority.

3

2

Problem Description

4

Virtual AVC Course Layout
Setup Course on a Large Level Parking Lot

Driving Course

5

Virtual AVC Course Setup
Obstacles
(Note: If you already have the obstacles in the 2021
Contest Manual, you can use those items for your course.)

6

Continued on Next Page

3

Solution Description

We re-purposed an RC car Traxxas for the competition. It is designed to run outside, and
is quite fast with a top speed of 60 mph. For sensors, the team decided that a GPS/IMU
vehicle might be able to work for this challenge, but would be even better supplemented by
a wheel encoder/tachometer, and a camera for identifying the fixed cones around the track.

4

Hardware

After some initial testing it turned out that vision technique for detecting the cones accurately enough to be useful was going to be too difficult, so the camera was not used. The
other sensors were significantly easier to get working, and were all used.
1. Traxxas E-Revo Brushless RC car
2. Castle Mamba X Brushless motor controller
3. Arduino BLE (built-in 9-axis IMU)
4. Adafruit Ultimate GPS Breakout board
5. Adafruit GPS antenna
6. Nvidia Jetson Nano
7. 3S Lipo Battery (for control system)
8. 4S Lipo Battery (for drive system)
9. 12V - 5V Buck converter
The brain of this vehicle is the Nvidia Jetson Nano board, selected for its vision processing
capabilities. This board has limited I/O capabilities, so an Arduino BLE was added to
interface with sensors and actuators. The Arduino runs a ROS bridge, allowing it to easily
send and receive messages from the Jetson Nano. The vehicle was laid out and wired as
described in Figure 1.

5

Software

Thankfully for this problem, the vehicle can start with a map of its environment. This
reduces the software to two basic tasks: localize the vehicle on the map, and drive the
vehicle around the course. The first part of this task, localizing the vehicle on the map, was
accomplished with a multi-sensor fusion technique using Extended Kalman Filter (EKF) [1].

7

Figure 1: Electrical connections
Table 1: Sensors
Sensor
GPS
Magnetometer
Motion Model

State variable(s) measured
X and Y position
Yaw
X, Y, Yaw

Assumed Standard Deviation
0.25 m
0.05 Radians
0.05 m/Radians

The EKF was given the GPS and magnetometer data, as described in table 1. The
tachometer was also used, but assumed as a perfect measurement of the vehicle’s forward
velocity. A fully accurate ackermann motion model was used, with standard deviations of
0.05 m in X and Y, as well as 0.05 Radians in Yaw. The final part of the software was driving
the vehicle around the course. This was accomplished by tuning a proportional yaw angle
controller to track waypoints placed on the vehicle’s target path. To test the software, the
car was simulated in Gazebo.
Simulation
Simulating a vehicle in gazebo requires simulation of all the real-world elements; in this
case, the sensors and vehicle dynamics. For the vehicle dynamics, a ROS library called
audibot was used, and the sensors were created using the libhector gazebo ros library. With
these in place, the vehicle was simulated and the code tested until it performed well. The
simulated ROS structure was very similar to the actual ROS structure, with the vehicle
dynamics and sensor data coming from dedicated nodes instead of Gazebo.

8

Figure 2: ROS simulation nodes and topics

Figure 3: ROS simulation localization

6

Results

After simulation testing was complete, it was time to test the vehicle in the real world. This
involved going to a parking lot and setting up the cones and other objects, and then tuning
the EKF parameters to match the noise measured. The sensor noise was pretty much what
was expected, except that the GPS drifted over time, sometimes at over 5 cm/s. The only
real way to deal with this was to increase the standard deviation of the GPS measurements.
Another issue was that the servo motors controlling the wheel angle of the car were not
very strong. They could turn the wheels fine when the vehicle was held in the air, but on
the ground they could only turn the wheels straight forward, or to one of the extremes of
plus/minus 20 degrees. The solution here was to up the gain of the waypoint controller.
With these adjustments, the car was tested, and after a few failed attempts, navigated the
obstacle course completely (The robot’s estimate of its trajectory is shown in Figure 4). A
demonstration of robot operation can be seen in this link. The video is taken at night from
a drone over the parking lot. The vehicle has green LEDs to make it more visible, and starts
on the left-center of the video. It then traverses the obstacles and completes the obstacle
course, as shown in the title card.

9

Figure 4: ROS localization
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1

Introduction

Autonomous underwater vehicles (AUVs) operate in a variety of underwater environments
for many different applications, from detecting and defusing underwater explosives, scientific
experiments, or mapping the largely unknown seafloor. Due to their autonomous capability
and uncertain nature of their environments, a system for identifying and managing faults
that occur during operation is required in order to maintain a high level of reliability and
precision. A new method for detecting and managing faults in actuators and sensors in
flight-type AUVs is under development. Faults do not occur in specific and predictable
patterns so therefore the system must be able to detect any type of fault with accuracy
in a timely manner. The proposed strategy implements an online adaptive neural network
(NN) with weights being updated using an Extended Kalman Filter (EKF) to identify and
manage faults. The strategy has successfully demonstrated faster response times with less
error compared to current fault detection strategies in Unmanned Aerial Vehicles (UAVs) [1].
This strategy is implemented to identify faults in sensors to prove that it an effective fault
detection strategy for AUVs. For this reason, the strategy is implemented for a depth-plane
model of the REMUS AUV seen in figure 1. The REMUS AUV is a man-portable AUV,
meaning it can be launched with only a single person. It has a maximum depth of 100 m,
a length of 170 cm, a in-air weight of 30 kg, and a maximum speed of 2.6 m/s [3]. This
particular AUV and model were chosen for the following reasons. First, the project sponsors
requested the use of a flight-type AUV. Second, these same sponsors utilize a version of the
REMUS 100. Lastly, the depth-plane model was chosen to simplify the AUV model to prove
the effectiveness of the fault detection strategy on AUVs, jump starting future research with
six-degree-of-freedom nonlinear AUVs. The successful development of the new strategy in
AUVs can lead to implementation in other autonomous applications such as cyber-security
and self driving cars.

Figure 1: REMUS 100 AUV Source: Hydroid Inc.[3]

3

2

Neural Network and Extended Kalman Filter

This section outlines the strategy used to detect faults in sensors. The method applied is
outlined in [1], and will be summarized here. The method utilizes an observer to obtain the
expected output, an adaptive neural network structure (NNAS) to detect faults by comparing
the expected output to the actual output, and an extended Kalman Filter to update weights
for the neural network. Equation 1 can be considered the system. Where u(t) is the input
vector, x(t) is the state vector, y(t) is the output, f is the state function, g is the input
function, D is the disturbances, h is the output function, and fs (x) is the fault vector where
each element describes the faults in the sensors.
ẋ(t) = f (x(t)) + g(x(t))u(t) + D(x(t), u(t))
y(t) = h(x(t)) + fs (x)t))

(1)

For a stable NNAS, there are three assumptions that are considered:
• All the states in the system, x(t), can be measured directly with sensors or indirectly
with numerical algorithms.
• Faults are limited in magnitude by fm
• Uncertainties in the system are asusmed to be bounded by an upper bound (D(x, t) ≤
Dmax )
2.1

NNAS Design

Because faults in a system are generally nonlinear and unpredictable, neural networks are
ideal for identifying these faults. This NNAS estimates faults based on the observer output
and sensor as:
ŷ(t) = h(x̂(t)) + M (t)
(2)
where h(x̂(t)) is the state vector of the observer, and M (t) is the NN at time t:
Mi (t) = Wi (t)σ(Vi (t)Ii (t))

(3)

where Mi (T ) for i = 1, 2, 3..b is the i-th vector of the observer input Mt . Wi (t) and Vi (t) are
the i-th NNAS input parameters at time t. σ is the sigmoid activation function:
1 − e−x
σ(x) =
1 + e−x

(4)

The input of the NNAS Ii (t) is defined:
Ii (t) = [Mi (t − τ ), ..., Mi (t − aτ ), ei (t − τ ), ..., ei (t − bτ )]T

(5)

τ is the step size, or sampling period, and ei (t) is the i-th error value of the estimation. a
and b are chosen based on the required response speed. Larger values of a and b increase
the convergence of the training but also increase the computation time. Lastly, the observer
from equation 2 is subtracted from equation 1 to find the following equation for the detection
error in the sensors:
ỹ = y(t) − ŷ(t) = h(x(t)) − h(x̂(t)) + fs (x, t) − M (t)
4

(6)

2.2

Neural Network Weights

Due to the need for quick response, the fault detection strategy must be fast. Therefore, the
neural network weights should be tuned. [1] applies an adaptive parameter tuning algorithm
based on the Extended Kalman Filter (EKF), which is described below. the filter works be
updating the NN weights online with fast convergence rates of learning. Considering the i-th
element of the NNAS, the EKF updating parameters are desrcibed as:
θi (k) = [Wi (k), Vi,1 (k), ...Vi,a+b (k)]T
where k is the sampling instant, k =
algorithim with the rules:

t
.
τ

(7)

The parameters are updated using the EKF

θi (k) = θi (k − 1) + ηi Ki (k)[yi (k) − ŷi (k)]
Ki (k) = Pi (k)Hi (k)[Hi (k)T Pi (k)Hi (k) + Ri (k)]−1

(8)

Pi (k + 1) = Pi (k) − Ki (k)Hi (k)T Pi (k)
where ηi is the learning coeffecient, Ki (k) is the Kalman gain, Pi (k) is the covariance matrix
of the state estimation error, and Ri (k) is the covariance matrix of the estimated noise,
computed recursively by:
Ri (k) = Ri (k − 1) + [ei (k)2 − Ri (k − 1)]/k

(9)

where ei (k) is the error of the observer. Hi is the derivative of the observer output with
respect to θi , or:


σ(Zi (k))
θi = Wi 

∂ ŷi (k)
Hi (k) =
|θi =θi (k−1) = Wi (k)Mi (k − j)σ 0 (Zi (k)) θi = Vi,j
(10)


∂θi
Wi (k)ei (k − j)σ 0 (Zi (k)) θi = Vi,a+j
where
Zi (k) =

a
X

Vi,j (k)Mi (k − j) +

j=1

b
X

Vi,a+j (k)ei (k − j)

(11)

j=1

Then, Mi (t) will be updated at each sample time as
a
X
Mi (k + 1) = Wi σ(
Vi,j Mi (k − j + 1) + Bi (k))

(12)

j=1

P
where Bi (k) = bj=1 Vi,a+j ei (k − j + 1) is the bias. The complete block diagram of the EKF
strategy for updating NN weights can be seen in figure 2

5

Figure 2: Block diagram of Extended Kalman Filter for updating NN weights[1]

3

Case Study: Depth-Plane Model of REMUS AUV

A depth-plane model of the REMUS AUV was used to demonstrate the application of the
fault detection strategy outlined earlier. This linear, two-degree of freedom model was derived by Tim Prestero in ”Verification of a Six-Degree of Freedom Simulation Model for the
REMUS Autonomous Underwater Vehicle” [2].
3.1

Vehicle Kinematics

In a six-degree of freedom AUV, a body-fixed coordinate frame is defined with respect to a
earth-fixed frame. The following vectors are generally used to describe the vehicles motion.
η = [x y z φ θ ψ]T
ν = [u v w p q r]T

(13)

τ = [X Y Z K M N ]T
η is the position and orientation of the vehicle with respect to the earth-fixed reference frame,
ν is the translational and rotational velocities of the vehicle with respect to the body-fixed
reference frame, and τ is the total forces acting on the vehicle with respect to the bodyfixed reference frame. The following coordinate transformation relates the translational and
rotational velocities between the body-fixed and the earth-fixed coordinate frames.


J1 (η) [0]3x3
η̇ = J(η)ν =
ν
(14)
[0]3x3 J2 (η)

6

where



cos(ψ)cos(θ) −sin(ψ)cos(φ) + cos(ψ)sin(θ)sin(φ) sin(ψ)sin(φ) + cos(ψ)sin(θ)cos(φ)
J1 (η) = sin(ψ)cos(θ) cos(ψ)cos(φ) + sin(ψ)sin(θ)sin(φ) −cos(ψ)sin(φ) + sin(ψ)sin(θ)cos(φ)
−sin(θ)
cos(θ)sin(φ)
cos(θ)cos(φ)


1 sin(φ)tan(θ) cos(φ)tan(θ)
cos(φ)
−sin(φ) 
J2 (η) = 0
cos(φ)
sin(φ)
0
cos(θ)
cos(θ)
(15)
The first assumption is that there is only pure depth-plane motion. Therefore, in the bodyfixed frame, only the forward surge velocity u, the vertical heave velocity w, and the pitch
rate q need to be considered. In the earth-fixed frame, only the forward postion x, the depth
z, and the pitch angle θ need to be considered. Therefore, v = p = r = y = φ = ψ = 0 and
thus the kinematic relationship becomes:
 
  
ẋ
cos(θ) sin(theta) 0
u


ż  = −sin(θ)
cos(θ)
0
w
(16)
0
0
1
q
θ̇
Next, equation 16 is further linearized by assuming that vehicle motion consists of small
perturbations about a steady point. Thus U is the steady state forward velocity with respect
to the body-fixed frame, and heave w and pitch θ are linearized about zero.
u = U + u̇
w = ẇ
q = q̇

(17)

Therefore the kinematic relationship between the body-fixed velocities and the earth-fixed
velocities can be written as:
ẋ = U + θw
ż = −U θ + w

(18)

θ̇ = q
3.2

Equations of Motion

For a six-degree of freedom AUV, the center of gravity and center of buoyancy are defined
as:
 
 
xg
xb
rG =  yg  rB =  yb 
(19)
zg
zb

7

The six nonlinear eqautions of motion can be seen in eqution 20:
m[u̇ − vr + wq − xg (q 2 + r2 ) + yg (pq − ṙ) + zg (pr + q̇)] = ΣXext
m[v̇ − wp + ur − yg (r2 + p2 ) + zg (qr − ṗ) + xg (qp + ṙ)] = ΣYext
m[ẇ − uq + vp − zg (p2 + q 2 ) + xg (rp − q̇) + yg (rq + ṗ)] = ΣZext
Ixx ṗ + (Izz − Iyy )qr + m[yg (ẇ − uq + vp) − zg (v̇ − wp + ur)] = ΣKext
Iyy q̇ + (Ixx − Izz )rp + m[zg (u̇ − vr + wq) − xg (ẇ − uq + vp)] = ΣMext
Izz ṙ + (Iyy − Ixx )pq + m[xg (v̇ − wp + ur) − yg (u̇ − vr + wq)] = ΣNext

(20)

where ΣXext , ΣYext , and ΣZext are the sum of external forces along the body-fixed x,y and
z axes respectively. ΣKext , ΣMext , and ΣNext are the sum of external moments about the
body-fixed x,y and z axes respectively. As in the vehicle kinematics, it is assumed that the
vehicle is a pure depth-plane model, thus v = p = r = yg = 0 and the equations for out
of plane motion are left out. Then, substituting in equation 17 and dropping higher-order
terms, the following linearized equations of motion are found:
m[u̇ + zg q̇] = ΣXext
m[ẇ − xg q̇ − U q] = ΣZext
Iyy q̇ + m[zg u̇ − xg (ẇ − U q)] = ΣMext .

(21)

The external forces and moments consist of hydrostatic forces and moments, lift forces and
moments, drag forces and moments, and forces and moments resulting from control surfaces
and outside disturbances. In order to linearize these forces, the assumptions previously
discussed are applied. To be concise, the steps taken to linearize these forces will not be
shown, however, they can be seen in Chapter 9.2 of [2]. The sum of the forces and moments
on the depth plane-model can be seen in equation 22:
ΣXext = XU̇ + Xu u + Xq q + Xθ θ
ΣZext = Zẇ ẇ + Zq̇ q̇ + Zw w + Zq q + Zδs δs
ΣM = Mẇ ẇ + Mq̇ q̇ + Mw w + Mq q + Mθ θ + Mδs δs
where the linearized force coefficients are:
Zw = Zwc + Zwl + Zwf
Mw = Mwc + Mwa + Mwl + Mwf
Zq = Zqc + Zqa + Zqf
Mq = Mqc + Mqa + Mqf

(22)

(23)

The coefficients and other vehicle parameters are seen and described in Appendix A. Next,
equation 21 and equation 22 can be combined. If zg is assumed to be small relative to the
other terms, heave and pitch can be decoupled from surge, resulting in the following linear
equations of motion for a depth-plane AUV:
(m − Zẇ )ẇ − (mxg + Zq̇ )q̇ − Zw w − (mU + Zq )q = Zδs δs
− (mxg + Mẇ )ẇ + (Iyy − Mq̇ )q̇ − Mw w + (mxg U − Mq )q − Mθ θ = Mδs δs

(24)

The kinematic equations of motion then become:
ż = w − U θ
θ̇ = q
8

(25)

3.3

Vehicle Model

Equations 24 and 25 can be

m − Xu̇
−mxg − Zq̇
−mxg − Mẇ Iyy − Mq̇


0
0
0
0

written in matrix form as:
  
ẇ
0 0
Zw
mU + Zq




0 0  q̇  Mw −mxg U + Mq
−
1 0  ż   1
0
0 1
0
1
θ̇

  

0 0
w
Zδs
  
 
0 Mθ 
  q  = Mδs  δs
0 −U   z   0 
0 0
θ
0
(26)
Next, it is assumed that the heave velocities are relatively small, resulting in:

  
  

q̇
Iyy − Mq̇ 0 0
−Mq 0 Mθ
q
Mδs  

0
1 0 ż  +  0
0 −U  z  =  0  δs
(27)
0
0 1
−1 0 0
θ
0
θ̇
Which can now be written in state-space form ẋ = Ax + Bu:
 Mδs 
   Mq
Mθ   
0
q̇
q
Iyy −Mq̇
Iyy −Mq̇
Iyy −Mq̇
ż  =  0
0 −U  z  +  0  [δs ]
θ
θ̇
1
0
0
0

(28)

Performing the Laplace transform of equation 28, the input stern angle δs is related to the
output pitch angle θ as a transfer function:
θ(s)
=
Gθ (s) =
δs (s)
s2 −

Mδs
Iyy −Mq̇
Mq
θ
s − IyyM−M
Iyy −Mq̇
q̇

(29)

To find the transfer function of the input, the vehicle pitch angle θ related to the output,
vehicle depth z, the Laplace is again taken of equation 28.
Gz (s) =
3.4

z(s)
U
=−
θ(s)
s

(30)

Controller

In order to control the depth-plane model of the AUV, a suitable controller is needed. Again,
[2] was used to design the controller. A simple controller with a fast inner loop utilizing PD
control for pitch, and a slow outer loop utilizing proportional control was implemented. In
[2] both controllers are tuned for a step function. In order to be concise, the controller gain
parameters used to get a stable model can be seen below in Tables 1 and 2
Parameter
τd
Kp

Value
0.021
10.345

Table 1: Inner Loop PD controller parameters

9

Parameter
γ

value
0.772

Table 2: Outer Loop proportional controller parameter
The results of the controller when a desired depth of 10 meters is applied can be seen in
Figure 4 where the blue line is the desired depth, and the red line is the depth of the AUV.
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4

Results

The neural network and extend Kalman filter were applied to the depth-plane model of the
AUV in order to identify the effectiveness of the fault detection strategy on underwater vehicles. A simulation model, seen in Figure 3, was created in MATLAB/Simulink to simulate
the results.

Figure 3: Simulink model of the depth-plane model of AUV with NNAS+EKF applied
In Figure 4, the depth response of the AUV model can be seen in red. The blue line is
the desired, or reference depth, which is a step function with a final value of 10 meters.

11

Figure 4: Depth Control of AUV
An incipient fault is applied to the depth sensor of the AUV after five seconds. The
equation of this simulated fault is:
fs (t) = 1 − e−1(t−5)

(31)

Figure 5 shows the applied fault in red, and the detected fault in blue. It can be seen that
the NNAS has some large errors when the fault is initially applied, but eventually this error
dissipates and the NNAS is able to detect the fault with little error. This is due to the fault
only having a small effect on the residuals. However, due to the slow rate of change in the
fault, the NNAS has sufficient time to adjust to or learn the changes in the system. In order
to provide a numerical representation of the error, the root-mean-square error was found
using:
s
PN
2
i=1 (Fdi − Fi )
(32)
RM SE =
N
where Fdi is the detected fault, Fi is the actual fault, and N is the number of samples. This
resulted in a RSME for the incipient fault of 0.13%.
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Figure 5: Actual fault (red) compared to detected fault (blue)

5

Conclusion & Future Recommendations

This paper implemented the adaptive neural network and extend Kalman filter developed
by [1] for a depth-plane AUV model (REMUS 100)[2] to identify sensor faults. The NN
determined whether a fault occurred, and the EKF updated the NN learning weights online.
The effectiveness of this method was demonstrated by detecting an incipient fault in the
depth sensor. The root-square-mean error was found to be 0.13%. The average run time of
the simulation was found to be 3.57202 seconds.
After verifying that the fault detection strategy is effective in systems other than quadcoptors through implementation on a depth-plane AUV model, future work will consist of
testing the strategy on a six-degree of freedom nonlinear AUV model. This will show the
effectiveness of the strategy on a model more representative of AUV dynamics. Additionally, other fault detection methods will be implemented to determine which strategy is most
effective at identifying faults. Along with this, other fault types such as bias faults, triangle
faults, and step faults will be investigated to further develop the strategy.
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Appendix A: AUV Parameters
Parameter
Zwc
Zwl
Zwf
Zqc
Zqa
Zqf
Mwc
Mwa
Mwl
Mwf
Mqc
Mqa
Mqf

Value
-1.57e+001
-3.45e+001
-1.64e+001
1.20e-001
1.44e+000
-1.12e+001
-4.03e-001
5.34e+001
-1.11e+001
-1.12e+001
-2.16e+000
2.97e+000
-7.68e+000

Units
kg/s
kg*m/s
kg*m/s
kg*m/s
kg*m/s
kg*m/s
kg*m/s
kg*m/s
kg*m/s
kg*m/s
kg*m2 /s
kg*m2 /s
kg*m2 /s

Description
Crossflow Drag
Body Lift
Fin Lift
Crossflow Drag
Added Mass Cross Term
Fin Lift
Crossflow Drag
Added Mass Cross Term
Body Lift
Fin Lift
Crossflow Drag
Added Mass Cross Term
Fin Lift

Table 3: REMUS 100 AUV: Combined Linearized Coefficients

Parameter
Xθ
Xu
Xu̇
Xq
Zw
Zq
Zẇ
Zq̇
Zδs
Mθ
Mw
Mq
Mẇ
Mq̇
Zδs

Value
8.90e+000
-1.35e+001
-9.30e-001
-5.78e-001
-6.66e+001
-9.67e+000
-3.55e+001
-1.93e+000
-5.06e+001
-5.77e+000
3.07e+001
-6.87e+000
-1.93e+000
-4.88e+000
-3.46e+001

Units
kg*m/s2
kg/s
kg
kg*m/s
kg/s
kg*m/s
kg
kg*m
kg*m/s2
kg*m2 /s2
kg*m/s
kg*m2 /s
kg*m
kg*m2
kg*m2 /s2

Description
Hydrostatic
Axial Drag
Added Mass
Added Mass Cross Term
Combined Term
Combined Term
Added Mass
Added Mass
Fin Lift
Hydrostatic
Combined Term
Combined Term
Added Mass
Added Mass
Fin Lift

Table 4: REMUS 100 AUV: Linearized Maneuvering Coefficients
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Parameter
m
Iyy
U

Value
3.05e+001
3.45e+000
1.54e+000

Units
kg
kg*m2
m/s

Description
Mass
Moment of Inertia wrt Center of Buoyancy
Surge Constant Velocity

Table 5: REMUS 100 AUV: Vehicle Constants
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EDUCATION PARTNERSHIP AGREEMENT
for
Technology Research and Development
between the

South Dakota School of Mines & Technology
and

UNITED STATES NAVY
NAVAL UNDERSEA WARFARE CENTER
DIVISION, KEYPORT

EPA-NUWCDIVKPT-21-02

EDUCATION PARTNERSHIP AGREEMENT
This Education Partnership Agreement hereinafter referred to as “Agreement” is entered into by
and between the South Dakota School of Mines and Technology, a state post-secondary
education system hereinafter referred to as “South Dakota Mines,” and the United States of
America, as represented by the Department of the Navy, Naval Undersea Warfare Center
Division, Keyport, hereinafter referred to as “NUWCDIVKPT.”
a. Whereas, Congress enacted Public Law 101-510 (5 November 1990) and Title 10 United
States Code Section 2194, Education Partnerships, for the purpose of encouraging and
enhancing study in scientific disciplines at all levels of education; and
b. Whereas, Title 10 United States Code Section 2194, Education Partnerships, requires the
Secretary of Defense to authorize each defense laboratory to enter into one or more Agreements
with educational institutions in the United States, including local education agencies, colleges,
universities, and nonprofit institutions that are dedicated to improving science, mathematics, and
engineering education; and
c. Whereas, NUWCDIVKPT has a history spanning over 60 years of developing and applying
advanced technology in engineering, computer science, test and analysis, ocean engineering, and
information technology; and
d. Whereas, NUWCDIVKPT currently possesses a broad spectrum of engineering skills,
facilities, personnel, special equipment, information, computer software, and expertise pertaining
to Engineering, Ocean Science, and Information Technology; and
e. Whereas, NUWCDIVKPT and South Dakota Mines desire to cooperate in developing a
program under which South Dakota Mines students in science, mathematics, engineering, and
information technology may be given academic credit for work on defense laboratory projects.
f. Whereas, South Dakota Mines desires to involve its staff, faculty and students in utilizing the
outstanding scientific, technological, engineering and information technology resources of
NUWCDIVKPT.
Now, therefore, the Parties hereto agree as follows:
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1.0

PURPOSE

1.1 The purpose of this Agreement is to aid in the education of South Dakota Mines
students by providing a mechanism which selected students can undertake research projects
while students, staff and faculty of South Dakota Mines benefit from staff expertise, unique
facilities, and equipment related to Engineering, Ocean Science, Computer Science and
Information Technology available from NUWCDIVKPT. NUWCDIVKPT’s contributions to
this partnership will help to encourage student interest in the Engineering, Ocean Science,
Computer Science and Information Technology applications of his/her individual discipline; can
benefit NUWCDIVKPT in terms of advance training of future employees; and will expose
students to career opportunities in government research and development.
2.0

REQUIREMENTS
2.1 Responsibilities of NUWCDIVKPT

2.1.1 NUWCDIVKPT may transfer to South Dakota Mines defense laboratory
equipment (determined to be surplus and/or not currently in use) and technologies to support
South Dakota Mines' educational mission.
2.1.2 NUWCDIVKPT may lend defense laboratory equipment to South Dakota
Mines for educational purposes for the duration of this agreement pursuant to NUWCDIVKPT
procedures.
2.1.3 NUWCDIVKPT may engage with the South Dakota Mines Career Center to
promote internship and career opportunities as appropriate, to advise of learning and career
opportunities for students and to provide information about NUWCDIVKPT staffing needs.
2.1.4 NUWCDIVKPT may provide personnel, equipment, or facilities to allow
selected South Dakota Mines students and their supervising faculty the opportunity to work with
NUWCDIVKPT on research projects in engineering, ocean science, and information technology.
2.1.5 NUWCDIVKPT may suggest appropriate capstone projects suitable for
student participation. It is understood that these projects will normally be of an extent and
sophistication commensurate with either senior-level undergraduate or advanced degree work.
NUWCDIVKPT will also be responsible for determining if any laboratory research and
development project on which a South Dakota Mines student or faculty member works or is
involved with, contains information which is proprietary or restricted for export or military
critical technologies, and NUWCDIVKPT will notify South Dakota Mines students or faculty
members to comply with paragraph 4.2 of this Agreement. South Dakota Mines reserves the
right to decline projects which involve exposing its faculty, staff or students to sensitive or
confidential information.
2.1.6 NUWCDIVKPT will provide students with appropriate guidance from staff
scientists and engineers to ensure that projects meet the standards of South Dakota Mines and
NUWCDIVKPT. Student projects should be structured along the lines of typical laboratory
work and, therefore, be representative of meaningful on-the-job experience.
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2.1.7 NUWCDIVKPT may provide opportunities for student internships and
sabbaticals for South Dakota Mines faculty.
2.1.8 In accordance with Federal policy, the NUWCDIVKPT director will
place a priority on providing assistance as suggested by South Dakota Mines for promoting
science and engineering professions among groups who are traditionally involved in these
professions in disproportionately low numbers.
2.1.9 The level of effort to be expended by NUWCDIVKPT on any activity under
this Agreement shall be within the discretion of NUWCDIVKPT.
2.1.10 All transfers and loans of defense laboratory equipment will be made
following established NUWCDIVKPT procedures.
2.2 Responsibilities of South Dakota Mines
2.2.1 South Dakota Mines will specifically designate a faculty or senior staff
member to serve as liaison with NUWCDIVKPT concerning the structure and conduct of this
Partnership Program hereinafter referred to as “Program”. Additionally, each student involved in
work with NUWCDIVKPT will have a faculty or staff advisor appointed by South Dakota
Mines. The South Dakota Mines advisor will work with the student and the NUWCDIVKPT
staff in a cooperative effort to guide and monitor the student's work with NUWCDIVKPT. The
South Dakota Mines advisor will have the final responsibility for determining the student's
course grade after consultation with the NUWCDIVKPT staff involved in the project.
2.2.2 Students satisfactorily completing participation in the program may receive
academic credit in the appropriate degree program in accordance with established South Dakota
Mines policies.
2.2.2.1 Undergraduate students participating in the Program may obtain
academic credit through an appropriate senior-level, project-oriented course of their specific
degree program in accordance with established South Dakota Mines policies. The course
requirements would include a formal written and/or oral report of the project results.
2.2.2.2 Acknowledgment of NUWCDIVKPT participation in any report or
thesis, or subsequent presentations or publications resulting from work performed under this
Agreement shall not be made unless prior approval from the Commanding Officer is obtained.
By entering into the Agreement, NUWCDIVKPT does not directly or indirectly endorse any
opinions or facts stated in any report, thesis, presentation, or publication made by any
participating students or faculty of South Dakota Mines. The Program participants and/or South
Dakota Mines shall not in any way imply that this Agreement is an endorsement of any such
opinions or facts presented in any fashion.
2.2.2.3 NUWCDIVKPT, South Dakota Mines, and participating students
and faculty agree to confer and consult with each other prior to publication or other public
disclosure of the results of work under this Agreement to ensure that no proprietary information
or military critical technology is released. Furthermore, prior to submitting a report, thesis, or
manuscript for publication or before any public disclosure, each party will offer the other party
4
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an opportunity to review such proposed report, thesis, publication, or disclosure, to submit
objections and to file applications for letters patent (if necessary) in a timely manner; but in any
case, such review shall not delay release of publication for more than 45 days from submission.
It is recognized that certain curriculum events may benefit from the disclosure of a summary of
the project information and that these events may require an expedited disclosure review. In
such cases, NUWCDIVKPT and South Dakota Mines agree to present the request for review at
the earliest opportunity, to convey a requested timeframe for review to be completed, and to
provide the review in an expeditious manner. NUWCDIVKPT recognizes that South Dakota
Mines is an agency of the State of South Dakota and subject to South Dakota’s Public Record
Act, RCW 42.56 (PRA). South Dakota Mines shall at all times respect and adhere to official
government distribution notices, if any, affixed to any information in whatever form, including
hardcopy and digital forms. NUWCDIVKPT shall make reasonable efforts to limit information
that NUWCDIVKPT shares with South Dakota Mines under this agreement to information
containing federal government distribution notice “A” indicating the material is suitable for
public release. Actions taken by South Dakota Mines to independently release information
pursuant to the PRA containing federal government distribution notice “A” shall not be deemed a
breach of this Agreement.
2.2.2.4 South Dakota Mines agrees for itself, its faculty, and students who
participate under the terms of this Agreement, that all rights in inventions made with federal
assistance are subject to 35 USC Ch. 18.
2.3 Funding. Any funding provided by NUWCDIVKPT to South Dakota Mines for
expenses and materials will utilize other Contract or Grant vehicles. There is no Authority
within this Agreement to transfer funds from NUWCDIVKPT to South Dakota Mines.
3.0

WARRANTIES

3.1 NUWCDIVKPT hereby warrants to South Dakota Mines that the performance of the
activities specified by this Agreement is consistent with the mission of NUWCDIVKPT and that
the official executing this Agreement has the requisite authority to do so.
3.2 South Dakota Mines hereby warrants to NUWCDIVKPT that, as of the date hereof, it
is an educational institution, under the definition of, and as required by Title 10 United States
Code Section 2194, dedicated to improving science, mathematics, and engineering education;
and that it has the requisite power and authority to enter into this Agreement and to perform
according to the terms thereof.
4. 0 CONDITIONS AND LIABILITIES
4.1 South Dakota Mines students and faculty will abide by NUWCDIVKPT rules for
security, safety, and general conduct while at NUWCDIVKPT.
4.2 South Dakota Mines students and faculty participating in activities pursuant to this
Agreement will not be required to obtain security clearances. Project completion will not require
access to classified information. If work on projects requires South Dakota Mines student or
faculty access to proprietary information in NUWCDIVKPT possession or information for which
export is restricted, NUWCDIVKPT may allow work on the project on a case-by--case basis. In
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such circumstances, NUWCDIVKPT may require South Dakota Mines to sign a non-disclosure
agreement covering its students and faculty and South Dakota Mines will also obtain the
individual signatures of faculty and students if required by applicable federal law or regulation.
4.3 NUWCDIVKPT's responsibility for injury or loss of property or personal injury or
death caused by the negligent or wrongful act or omission of any employee of NUWCDIVKPT
while acting within the scope of his office or employment will be in conformance with the
Federal Tort Claims Act (28 U.S. Code § 2671 et seq.). Except as provided by the Federal
Tort Claims Act, NUWCDIVKPT shall not be liable to South Dakota Mines for any claims
whatsoever, including loss of revenue or other indirect or consequential damages.
4.4 Indemnification. NUWCDIVKPT acknowledges that South Dakota Mines must
follow South Dakota Law with respect to indemnification. To the extent permitted under South
Dakota Law, South Dakota Mines will indemnify and hold harmless the United States, its agents,
and employees against all liabilities or claims for personal injury or death, failure or damage to
experiments or equipment, or for the loss or damage to any property of students, faculty, or other
persons, resulting directly from the use by South Dakota Mines or its personnel of
NUWCDIVKPT facilities. Such liability shall include any injury occurring to or caused by a
student or faculty member while involved in the performance of duties under this program. This
indemnification shall not apply to any liability or claims resulting from the negligent actions or
ommissions of NUWCIVDKPT employees.
4.5 Force Majeure. The United States shall not be liable for the consequences of any
unforeseeable force majeure event.
4.6 Anti-Deficiency Act. Nothing in this agreement shall be interpreted as to incur an
obligation of funds on the part of the United States or a violation of the Anti-Deficiency Act or
South Dakota Mines of any similar state law or regulation.
5.0

ADMINISTRATION

5.1 The administration of this Program and the coordination of the specific activities,
which comprise the program, will be the joint responsibility of the designated Partnership
Program Managers (PPM) from each institution.
5.1.1 Dr. Martin Renken, NUWCDIVKPT, will serve as the PPM on behalf of
NUWCDIVKPT. The NUWCDIVKPT PPM will work with the South Dakota Mines PPM to
identify specific activities to be undertaken at any given time. The NUWCDIVKPT PPM will
assure that program activities meet the legal and administrative requirements of the United States
Government and the Department of the Navy. Dr. Renken will coordinate program activities
with the NUWCDIVKPT PPM and the South Dakota Mines PPM. If Dr. Renken becomes
unavailable for continued service as PPM, NUWCDIVKPT will designate a successor PPM.
5.1.2 Dr. Hadi Fekrmandi will serve as PPM on behalf of South Dakota Mines. The
South Dakota Mines PPM will coordinate program activities with the NUWCDIVKPT PPM and
the South Dakota Mines PPM will ensure that they comply with the legal and administrative
requirements of South Dakota Mines. If Dr. Fekrmandi becomes unavailable for continued
service as PPMs, South Dakota Mines will designate a successor PPM.
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6. 0 GENERAL PROVISIONS
6.1 Entire Agreement. This Agreement constitutes the entire agreement between the
parties concerning the subject matter hereof and supersedes any prior understanding written or
oral agreement relative to said matter.
6.2 Severability. The illegality or invalidity of any provisions of this Agreement shall not
impair, affect, or invalidate the other provisions of this Agreement.
6.3 Headings. Titles and headings of the sections and subsections of this Agreement are
for convenience of reference only and do not form a part of this Agreement and shall in no way
affect the interpretation thereof.
6.4 Governing Laws. The Parties agree that the laws of the United States of America as
applied by the Federal Courts shall govern this Agreement for all purposes.
6.5 Termination by mutual consent and unilateral termination. South Dakota Mines and
NUWCDIVKPT may elect to terminate this Agreement at any time by mutual consent. Either
Party may unilaterally terminate this entire Agreement at any time by giving the other Party
written notice not less than 60 days prior to the desired termination date. In the event of mutual
or unilateral termination, the Parties shall specify the disposition of all activities accomplished or
in progress, arising from or performed under this Agreement, and they shall specify the disposal
of all property in a manner consistent with this Agreement, and property disposal laws and
regulations.
7. 0 PERIOD OF AGREEMENT
7.1 This Agreement will remain in effect for 60 months unless revised or terminated by the
participating organizations. At the conclusion of this term it may be renewed by mutual written
agreement of the Parties. Modifications can be made at any time by mutual agreement of the
signatories or their successors.
8.0

SURVIVING PROVISIONS

8.1 The articles covering Conditions and Liabilities, General Provisions, and Surviving
Provisions shall survive the termination of the Agreement.
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9.0

SIGNATURES

Position/Name

Approval Signature

Ralph K. Davis
Vice President for Research
Research Affairs

South Dakota School of Mines &
Technology

____________________________

CAPT Jon H. Moretty
Commanding Officer
USN, NUWC Division, Keyport

____________________________
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