

902102 Multi-LRAUV Simulation Environment

Rating: 1

MT contact: Andy

Management Team Feedback:

General Comments:
Thank you for a detailed proposal and careful work in executing this project so far. It appears you are making good use of the external software engineering resources, and beginning to build a ROS-based marine robotics community. This project has promise to improve our ability to field complicated multi-vehicle AUV missions and likely will have relevance to incoming Principal Engineer Giancarlo Troni. The ultimate capability to run code and missions unchanged that was developed against the simulator is critical for this project, and we look forward to seeing examples of that type of end-to-end use of this system.

For Phase 2 please address the following:

· If possible, please refine the range of the budget request based on your experience in 2022. With that refinement, keep the budget request at the max expected.

We’ve refined the cost estimates and updated the budget justification section in the proposal doc and the entries in the budget system.

· Please estimate the long-term costs of this project with regard to software maintenance, as either in-house software engineering commitments or externally supplied software engineering.

· Maintenance, issue response, user support, code check-in review — 120 hours/year
· Add new oceanographic sensor plugin — 80-120 hours
· Add new imaging sensor plugin (e.g., sonar, camera) — 240-320 hours
· Add new actuator plugin — 240-320 hours

· Please explain what the source of data for environmental modelling related to the water-sampler simulation is expected to be. For the navigational simulation the bathymetry data (for instance) is easy to understand, and we have sources for this boundary data, but we are interested in the plan for incorporating field data that the targeted sampling algorithms may respond to.

The data in the simulation will be sourced from a 4D spatiotemporal lookup table that will be loaded into the simulation from a file at startup (currently csv format is supported). The data in the 4D lookup file can be manipulated freely by users. The water-sampler simulation plugin will add the capability to sense concentrations of toxins averaged over the sampled path (e.g., Domoic acid, Microcystin) and possibly eDNA raw read counts or relative abundance for targeted species by accessing the lookup table data. Since we currently lack continuous and spatially diverse data for these properties, we plan to generate synthetic datasets (e.g., using a mixture of multivariate Gaussians) or semi-informed datasets (real sample data interpolated over spatial gird). Incorporating data exported from an external bloom dynamics model is also a possibility (though we are currently not aware of such a model). At least initially, synthetic data will be enough to support developers in testing missions and targeted sampling algorithms. The flexible architecture of the simulator will allow users to iterate and update the data in the lookup tables as more information accumulates and we refine our understanding of the spatiotemporal variability associated with the natural phenomena. 

In addition, we plan to create a calibration between sea-water Chl/backscatter concentrations and sample volume (cartridge clogging) based on real data collected during LRAUV deployments. We will incorporate this model in the water-sampler simulation plugin to approximate sampling times that match the conditions in the simulated environment (as opposed to fixed sample time intervals).

· Carlos is oversubscribed across projects. Please reduce his request slightly to 8 hours.

Updated the budget justification section in the proposal doc and the entries in the budget system.
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Page 1 of 2
1) ABSTRACT (all projects)

Autonomous multi-vehicle operations are essential to the future of ocean science. Soon, heterogeneous autonomous fleets with complementary sensor payloads will swarm our oceans, adaptively optimizing their common mission using inter-vehicle acoustic communication to capture meaningful information and achieve complex scientific goals. MBARI is already a leader in the development and operation of multi-vehicle technology for oceanographic studies, and we are uniquely poised to advance these capabilities and the scientific research they enable. Alongside MBARI’s growing fleet of LRAUVs, developing appropriate tools for design and validation of new applications will be crucial for scaling up multi-vehicle operations and advancing autonomous ocean research and discovery. Adding to our pre-deployment and field-testing practices, the ability to simulate and visualize multi-vehicle scenarios under realistic and reproducible settings will enable rapid prototyping and testing of advanced algorithms, and improve the overall reliability, extensibility, and exportability of the LRAUV platform.
 
The goal of this project is to improve the pre-deployment test and validation capabilities for multi-vehicle applications at MBARI and standardize LRAUV’s software interfaces such that development for the platform is available to any research group that is interested in advanced methods of ocean observation. During 2022, we propose to continue and improve the quality of the simulation, add simulation plugins to enable testing of bottom aided navigation algorithms and water sampling missions, and focus on integrating the new simulation framework with the development procedures/workflows of MBARI’s engineering team. To this end, we’d like to continue our ongoing (and very productive) collaboration with the team of robotics and simulation experts at Open Robotics (https://www.openrobotics.org) to develop additional software simulation tools based upon the widely adopted Robot Operating System (ROS) and Gazebo/Ignition frameworks. 

Open Robotics is an independent research and development organization and a world-wide hub for activity in open-source robot software development. Open Robotics leads the development of ROS and its robot simulation tool Ignition, which have become the industry standard for development in most robotic domains, including marine robotics, and have thousands of monthly users who actively contribute to their open-source software repositories. Open Robotics is comprised of more than 30 full-time technical staff, and their extensive experience using this software and disseminating it in the open-source robotics community is critical for the success of this project. 


2) PROPOSAL (all projects)

Background
Provide context for the project, being sure to address these questions: 

What fundamental problem does this project address, and why is it important?

Targeted sampling within a Lagrangian reference frame is inherently a multi-vehicle problem. A canonical use case is tracking and sampling by two vehicles, where one vehicle tracks a feature of interest (and acquires water samples), while a second vehicle vertically surveys neighboring waters to provide contextual data and search for new features. Collaborative Multi-LRAUV applications have become a key component in MBARI field programs such as CANON (Chavez), ESP (Birch and Scholin), Targeted Sampling (Zhang), Precision Control (Rock), Acoustical Ocean Ecology (Benoit-Bird), Biodiversity & Biooptics (Haddock), and soon EyeRIS (Katija and Roberts) and Scalable Robotics (Troni). We anticipate the demand and complexity of multi-vehicle applications at MBARI will only increase in the future.

The success of multi-vehicle operations at MBARI results from diligent design work and meticulous field testing by dedicated science and engineering staff. To date, researchers designing new capabilities for LRAUV (or iterating on existing ones to improve performance and reliability), rely heavily on testing in the field, which involves much overhead in terms of costs and risk, and results in slow development cycle times. The problem is compounded in collaborative, multi-vehicle applications, and as a result, designs are often driven toward simplistic solutions. Moreover, the LRAUV codebase is highly optimized to allow for efficient execution on the platform’s low-power embedded processor. While necessary, this also sets a development barrier as developers require a significant time investment and advanced programming skills to contribute. Looking ahead, we will need to evolve an effective and scalable development path to support the increasing demand and growing complexity of future multi-vehicle applications, and must do so in a way that is extensible, limits operational overhead, and optimizes for technology transfer.
 
Practice in simulation alleviates many of the aforementioned issues as it allows the development team to validate new vehicle missions and behaviors in a controlled and reproducible setting prior to leaving the lab and concentrate field testing on critical aspects of the application. LRAUV’s software currently includes a vehicle simulator that was designed as part of the initial LRAUV project back in 2008. The simulator covers everything from the mission/guidance level down to vehicle controllers and dynamics, but lacks real-time visualization capabilities and provides only rudimentary support for simulating environmental forcings (e.g., currents) and sensor data (e.g., chlorophyll concentrations) that are critical for mission validation and edge case testing. More importantly, the existing simulator is limited to simulating a single LRAUV and cannot scale to support simulation of multi-vehicle scenarios or inter-vehicle communications.
 
More recently, we’ve added a “backseat” messaging interface that enables network-based telemetry and control over LRAUV from other applications, including ones that execute on a separate computer that is mounted in the vehicle hull. The backseat interface allows researchers to develop their applications offline independently from the LRAUV hardware (e.g., against a vehicle simulation), and then deploy it to the LRAUV backseat computer for execution. Decoupling these new backseat applications from LRAUV’s low-power processor marks an important stepping stone toward deploying to sea advanced algorithms for online data processing, control, and autonomy, and opens the possibility for using modern machine learning and edge computing technologies that were previously inaccessible. 

Through collaboration with the team of robotics and simulation experts at Open Robotics, we have an opportunity to catalyze the development of a fully visualized multi-vehicle simulator for LRAUV and extend LRAUV’s backseat architecture for compatibility with ROS interfaces that are widely adopted in the open-source robotics world, including in the underwater vehicle community. The software tools and vehicle interfaces that we will develop will enable researchers to quickly iterate and validate the performance of their multi-vehicle algorithms and backseat apps in a development environment that is familiar to them, and overall, make development for the LRAUVs more accessible to researchers and collaborators.
 
What makes this work relevant to MBARI and the Packard Foundation? 

Developing a framework to improve autonomous multi-platform capabilities supports the Packard Foundation's vision of solving basic technology problems to better understand marine ecosystems. 

The overall objective of the multi-LRAUV simulation environment project is to develop or adapt innovative technology that will enhance autonomous multi-platform capabilities at MBARI, and enable a development workflow that allows a wide variety of researchers to run new applications on LRAUV during scheduled deployments. These capabilities are relevant to the “Exploration and discovery” research theme of MBARI’s strategic plan. In addition, we are exploring the use of an open-source software framework that is widely adopted by the underwater robotics community. While our collaboration with Open Robotics and the reuse of existing open-source tools stands to offer much value to MBARI, it also presents an opportunity to network and collaborate with external researchers and establishes a viable path for technology export and dissemination. 

Is this effort linked to other internal or externally funded projects or collaborative efforts?

This project will support and operate in close collaboration with:
· Hobson – LRAUV Technology Development and Fleet Operations (902101)
· Kieft – AUV User Experience Design (902009)
· Zhang – Targeted Sampling by Autonomous Vehicles (901513)

MBARI projects currently developing backseat applications for LRAUV: 
· Haddock and Messié – Biodiversity & Biooptics
· Rock – Precision Control Technologies for ROVs and AUVs 
· Messié – Plankton taxonomic groups from AUVs
· Benoit-Bird – Acoustical Ocean Ecology 
· Katija – EyeRIS

External projects currently developing backseat applications for LRAUV: 
· Amy Kukulya, WHOI/DHS – Oil & Environmental Anomaly Detection/Mapping
· Andrew Branch, NASA JPL – Autonomous Operations for an Ocean Worlds Submersible

We plan to collaborate with the following external projects who are developing similar simulation capabilities in partnership with Open Robotics:
· Andy Hamilton, external DOE project – Open Wave-Energy Control System Development Platform (Award Number: DE-EE0009444)
· Brian Bingham, NPS/DARPA – project DAVE

Related external projects planning to use the simulation for developing operator training programs for LRAUV/ESP:
· James Birch and Chris Scholin, SURF center external collaboration with NOAA – Omics Collaboration (708175.5)

During 2022, we will also work with Troni to explore simulation methods that meet his research needs and support his effort in any way we can.

Where does this work fit into the ~5–10 year plan for your group, at MBARI, and in the field?

The goals of this project to improve autonomous multi-vehicle capabilities align with multiple components of MBARIs Technology Roadmap, specifically, enabling targeted sampling, taking the laboratory into the ocean, and advancing a persistent presence, and feeds directly into MBARI’s vision of a mobile ocean observatory comprised of a heterogeneous autonomous fleet. 

Further, the ability to simulate multi-vehicle scenarios under realistic and reproducible settings is a prerequisite for iterative machine learning approaches such as reinforcement learning, policy learning, automated planning, and command and control algorithms, all of which have been identified in the 2020 External Review document as means for reaching future institutional goals.

Nature and Scope of the Proposed Project 

Engineering development effort (year 2 of 3). The bulk of the work is provided by Open Robotics (external contractor) with minimal MBARI engineering resources required.

Anticipated Shared Resource Needs

No shared resources needed.

Anticipated Expenses

· Open Robotics design fees: $239,400 – $444,600 (not to exceed cost)
· Cloud services/computer hardware: $7,500
· Conference fees and travel: $2200 

Intellectual Property (IP) Considerations 

Yes, all Ignition simulation software and ROS interfaces created under this project by Open Robotics will be open-sourced. Existing LRAUV software is under Export Administration Regulations (EAR) and will remain under MBARI IP. During 2021, we have worked with the IP team and determined that releasing a Docker image containing a simulation of the LRAUV software (with no source code) does not violate EAR control (thanks, Mandy!). Therefore, we plan a public release of a Docker image with the LRAUV software and TethysDash UI (no source code) that can be deployed on any platform, including cloud services, and used in conjunction with the Ignition simulation.

Data 

1-10 GB of data stored on Atlas server. 


Anticipated Impact 

Beyond the technical capacity the Ignition simulator and ROS(2) offer, these frameworks have been chosen as the technology infrastructure for this project because of their popularity in the open-source robotics community and the stature Open Robotics has established in this community. MBARI and external researchers developing multi-vehicle/backseat applications for LRAUV will be able to use generic interfaces that promote technology export, and validate their application and hardware against a fully visualized and accurate simulation of the vehicle with minimal support required from MBARI engineering staff and assets. 

The capabilities proposed in this project are also in synergy with Kieft’s ongoing efforts to improve LRAUV’s UI and user experience (902009), and will be added as a powerful planning and training tool for LRAUV operators as part of Birch and Scholin’s external Omics Collaboration with NOAA (708175.50). 

Table 1. list of potential collaborators using ROS/Gazebo/Ignition for ocean science and engineering
	
	Researcher
	Affiliation
	Related research activities

	1
	Dr. Mike Jakuba
	WHOI
	Developing gazebo-based simulation for AUV surveys of the New England Shelf

	2
	Kotachi Liu 
	University of Rohde Island
	Develops decentralized controls for multi-node underwater platforms using ROS/Gazebo.

	3
	Dr. Louis Whitcomb
	Johns Hopkins University
	Teaches and uses ROS regularly as part Laboratory for Computational Sensing and Robotics (LCSR) activities


	4
	Luke Beatman

	Liquid Robotics
	Interested in developing a ROS/Gazebo simulation for Wave Glider

	5
	Laura Lindzey
	University of Washington
	Develops ROS packages and plugins for AUVs.



Anticipated Outreach Needs 
Thinking about the audiences/consumers you highlighted in the question above, do you anticipate needing to create outreach assets to help increase your impact? If so, please specify whether you anticipate needing to work with ITD and also specify what type of asset (story, graphic, animation, video, etc.) you might need.

· Press release when the simulation framework is ready to be open-sourced.
· Short clip about MBARI’s heterogeneous autonomous fleet vision?

Continuing Projects Only: Status Report

Current status of project and results to date

Milestone 1 — Basic infrastructure and design review (Q1, 2021)

· In Q1 the team developed a minimum viable product demonstration of the simulation environment, which focused on eliminating high risk aspects of the implementation and any risk associated with planning and labor scoping of the effort. At the end of the quarter, the Open Robotics team conducted a design review and presented the milestone products to an MBARI review panel for validation – the MBARI engineering panel determined that the simulation meets the needs of the MBARI staff and approved continuing to subsequent project phases. 

[image: ]
Fig 1. 3D rendering of the LRAUV vehicle model embedded in the Ignition simulation environment. The modeled vehicle hull has been modified from the original design to protect MBARI IP. Figure by Carlos Agüero (Open Robotics)

· The team delivered a simulated water-column environment with a 3D vehicle model of LRAUV in Ignition, including simulation plugins for the vehicle’s fins, thruster, and hydrodynamics. The Ignition simulation is fully integrated with the LRAUV software, meaning the LRAUV simulated in the Ignition environment is controlled by the same software that runs onboard during field operations. The team conducted profiling tests and demonstrated that the simulation can run 130-times faster than real-time (a 3-week deployment can be simulated in 4 hours).
Milestone 2 — LRAUV vehicle model infrastructure (Q2, 2021)
· In Q2 the team improved the fidelity of the simulation by extending the vehicle hydrodynamics physics plugin to include terms for added-mass, drag, and centripetal forces and moments. The team extended the Ignition LRAUV vehicle model to include the variable buoyancy system (VBS), mass-shifter, and drop-weight actuators that are unique to the LRAUV, and added an ocean current world plugin to the simulated environment.
· The team improved the LRAUV-Ignition software interface and added software optimizations to improve stability, performance, and time-syncing between the applications.
· The team demonstrated a multi-LRAUV simulation, with 3 LRAUV’s hosted in a single Ignition world model environment. 

[image: ]
Fig 2. Three LRAUV’s racing in a single Ignition “world model” environment. Figure by Mabel Zhang (Open Robotics)

Milestone 3 — LRAUV sensor data integration (Q3, 2021)
· The team is currently extending the simulation environment to include inter-vehicle acoustic comms and oceanographic and biological sensor plugins that will allow the simulated LRAUVs to sense water properties such as temperature, salinity, and chlorophyll concentrations. Upon completion of this phase, developers will be able to simulate environmental scenarios such as thermal fronts and productivity hotspots, and simulate science missions that require CTD, and fluorometer inputs. Multi-vehicle tracking using range/bearing will also be added and it will be possible to recreate simple multi-vehicle campaigns such as CANON within the simulated environment. 
Milestone 4 — LRAUV dynamics simulation tuning, TethysDash integration, and acoustic data packet transfer (Q4, 2021)
· In Q4 we will continue to improve the fidelity of the simulation and add support for inter-vehicle acoustic data packet transfer and acoustic vehicle command and control. The team will also integrate the simulation with LRAUV’s web-based command and control interface (TethysDash: https://okeanids.mbari.org/dash4) to allow full control over the simulation with the same interface operators use while the vehicles are deployed to sea. Finally, we will package the software products using Docker containers so the entire simulation package can be easily deployed by any collaborator and run using cloud services such as AWS.



What percentage of labor and budget have been used through the 1st half of year?

	Milestone
	Estimated min cost
	Spending max limit 
	Actual $ spent
	% of upper bound
	Note

	1
	$85,500
	$145,350
	$88,861.50
	61%
	

	2
	$70,110
	$111,150
	$102,049.38
	92%
	

	3
	$136,800
	$205,200
	$ 50,397.75 
	25%
	Until July

	4
	$85,500
	$162,450
	$0
	0%
	

	Total
	$377,910.00
	$624,150.00
	$150,910.88
	24%
	



	
	Budgeted 
	Actual
	Difference
	% Used
	Note

	Barker
	50
	7
	43
	14%
	

	Hobson
	70
	4
	66
	6%
	

	Zhang
	70
	3
	67
	4%
	

	Rueda
	40
	5
	35
	12.5%
	

	Kieft
	70
	12.5
	57.5
	18%
	

	Raanan
	85
	107
	-22
	125%
	

	Total
	385
	138.5
	246.5
	36%
	



Will you complete the current year’s scheduled work?

Yes, we are on track for completing milestones 3 and 4 by the end of the year as planned.

Significant changes from previous project proposal 

On track!

Over the past two years, what peer-reviewed publications, education and/or outreach activities have resulted directly from this project? Please be brief.

· Presented at the Underwater Simulation Community Meeting. Participants attended from NPS, UW-APL, OSU, WHOI-MIT, URI, UNH.
· Proposed presentation at ROSCon Nov, 2021 (abstract submitted).

All Projects: Specific Plans for 2022

Research Activities

Our proposed work for 2022 is predominately technology oriented.

Engineering/technology development

ROS(2) and its simulation tool Gazebo/Ignition are the industry standard for development in most robotic domains and have been widely adopted in the marine robotics community, including by many of MBARI’s collaborators (NPS, WHOI, Liquid Robotics). At the core of these frameworks is a message passing interface, which allows systems to be architected as a collection of independent processes that communicate to coordinate execution and solve common tasks in the field of robotics. This paradigm encourages modularity and re-use of software components, and allows researchers to focus on developing specific capabilities while relying on a pool of open-source packages and plugins to fulfill other aspects of their application. The distributed messaging architecture naturally lends itself to simulation, as input sources can be easily simulated such that the system’s guidance and control software components cannot tell if they are running on a simulated or real system. The Ignition simulation framework builds on this notion and provides a comprehensive toolset for accurately simulating single robots or swarms in complex (underwater) environments in a scalable fashion. Ignition offers a robust physics engine, high-quality graphics, convenient programmatic and graphical interfaces, and has a modular structure allowing import/export of environment and sensor plugins.
 
We propose to continue developing the multi-LRAUV simulation environment in Ignition, and integrating new simulation products with the existing LRAUV software. The work proposed for 2022 builds on our 2021 effort and will extend the simulation environment to provide full mission profile validation of LRAUV deployments with an emphasis on multi-vehicle applications and advanced navigation algorithms using bottom aided sensors. LRAUV’s dynamics, hardware, and on-board instrumentation, including inter-vehicle acoustic comms, DVL, and battery will be simulated along with a model of the environment, including surface waves, winds, and bathymetry. The simulator will be operable through a graphical user interface and the TethysDash web interface and will be capable of running in a faster-than-real-time mode allowing users to develop, test, and visualize the performance of their algorithms over the duration of a full deployment offline and then deploy the final product to LRAUV for execution at sea.
 
The messaging interfaces and simulation tools that we will develop will be open-sourced and made available to MBARI researchers, collaborators, as well as to members of the open-source community. The entire implementation will be packaged using Docker containers that can be deployed by any collaborator or run using cloud services such as AWS. We anticipate that providing general access to the simulation together with an open API for controlling the vehicles will attract researchers and members of the open-source community to collaborate with MABRI, and we intend to actively pursue such collaboration opportunities.

Open Robotics will be contracted to develop software components needed to support the multi-LRAUV simulation environment. Open Robotics has performed extensive relevant past work during the 2021 effort and in other programs, and the proposed tasks build upon the existing open-source software ecosystem supported by Open Robotics, including the Ignition simulator and the ROS2 programming framework.
Milestone 1 — Navigation development environment (Q1, 2022)
During the first quarter Open Robotics will work with the MBARI team to add required software components, simulation plugins, and data to support development and debugging of navigation software using the Multi-LRAUV Ignition simulation framework. Completing the work proposed under this milestone is required for simulating cooperative navigation missions, such as those proposed by Rock’s Precision Control Technologies for ROVs and AUVs (600034). During this milestone we will cultivate an external collaboration with Brian Bingham’s project DAVE (Naval Postgraduate School), which is funded by DARPA.

Delivered capability: Upon completion, developers will be able to approximate bottom sensing to test bottom aided vehicle navigation, and advanced algorithms such as collaborative terrain relative navigation (TRN). 
Tasks
1. Create a 5x5 km Digital Elevation Model (DEM) of Portuguese Ledge in Ignition from MBARI high-precision octree maps of the area’s bathymetry. 
2. Create an attitude and heading reference system (AHRS) Ignition sensor plugin (including noise model) and integrate with the LRAUV main vehicle application.
3. Create a doppler velocity logger (DVL) Ignition sensor plugin (4 beams velocity and altitude @ 1Hz) and integrate with the LRAUV main vehicle application. This task will be performed in collaboration with NPS.
4. Add water column velocity sensing to DVL sensor plugin. This task will be performed in collaboration with NPS.
5. Integrate the multi-LRAUV simulator with MBARI staff development workflow. Create run scripts, documentation, and set up the development environment.
6. Software improvements, issue response, and user support. 
Deliverables
1. Ignition world model with DEM of Portuguese Ledge.
2. Ignition sensor plugin for AHRS.
3. Ignition sensor plugin for DVL.
4. Functioning development environment for MBARI engineering staff.
5. Documentation and associated design documents.
Milestone 2 — Ocean surface and battery simulation (Q2, 2022)
During this phase Open Robotics will improve the simulation performance for the ocean’s surface by adding Ignition world plugins for waves and wind. The work proposed under this milestone overlaps with tasks identified under Hamilton’s Open Wave-Energy Control System Development Platform DOE project, and we plan to work in close collaboration with his project. Wind and wave models will increase the fidelity and visualization capabilities of the simulation, and lay the foundation for adding support for simulating Liquid Robotics wave-gliders in the Ignition environment (which we hope to add in subsequent proposals).
 
Delivered capability: Users will be able to visualize the ocean surface, realistically test operations in harsh surface conditions (e.g., vehicle drift due to surface winds), and tune/optimize surface comms to eliminate communication bottlenecks. Realistic battery simulation will support development of energy management strategies for increased vehicle endurance and edge case testing.
Tasks
1. Add Ignition world plugin for simulation of surface waves (collaboration with Hamilton’s DOE).
2. Add Ignition world plugin for simulation of surface winds (collaboration with Hamilton’s DOE).
3. Add Ignition sensor plugin for battery energy with realistic battery dynamics model.
4. Integrate the simulation environment with LRAUV’s operator training lesson plan (collaboration with Birch and Scholin’s 708175.50).
5. Software improvements, issue response, and user support. 
 Deliverables
1. Ignition world plugin for surface waves.
2. Ignition world plugin for surface winds.
3. Ignition battery energy sensor plugin.
4. Documentation and associated design documents.
Milestone 3 — Water sampling and development demo (Q3, 2022)
In this phase Open Robotics will continue to improve the simulation’s performance and add Ignition sensor plugins for a water sampler, such as ESP/CANON sampler. At this point, the simulation environment will be mature enough to support a back-to-back development cycle of a new multi-LRAUV application. We will work in conjunction with Hobson’s LRAUV Technology Development and Fleet Operations (902101), Zhang’s Targeted Sampling (901513), Rock’s Precision Control (600034), and/or others to develop a new multi-LRAUV application using the Ignition simulation environment from concept to sea-trail.
 
Delivered capability: Users will be able to test, validate, and optimize LRAUV sampling missions with a simulated water sampling device in the loop. Devices capable of onboard analysis (e.g., ESP) will be supported with plugins capable of generating data that reflect water conditions of the sampled area in the simulated environment. The Ignition development environment will be capable of supporting a full development cycle for a multi-LRAUV application.
Tasks
1. Add Ignition sensor plugin for ESP/CANON water samplers.
2. Close the loop. Develop a new multi-LRAUV application using the Ignition simulation environment, and demonstrate at sea. The multi-LRAUV application(s) will be developed according to need in Hobson’s 902101, Zhang’s 901513, Rock’s 600034, and/or others. 
3. Software improvements, issue response, and user support. 
 Deliverables
1. Ignition sensor plugin for ESP/CANON sampler.
2. Demonstration of a new multi-LRAUV application in Ignition.
3. Documentation and associated design documents.


Milestone 4 — Export (Q4, 2022)
In this phase Open Robotics will provide general engineering support and finalize preparation for open-source and release of the Ignition software, Docker images, and associated documentation, and generate user tutorials and examples. 
Tasks
1. Cleanup. Prepare the Ignition software, Docker images, associated documentation, and tutorials for release.
2. Continue development of new multi-LRAUV applications using the Ignition simulation environment.
3. Software improvements, issue response, and user support. 
 Deliverables
1. GitHub/BitBucket repository containing the open-source Ignition software libraries and docs.  
2. At-sea demonstration of a new multi-LRAUV application that was developed in Ignition (LRAUV sea time requested in 902101, 901513, and 600034).
3. Documentation and associated design documents.

Field programs (detail ship requirements/deployments/diver requirements)
In addition to describing anticipated field programs, please be sure to include requirements for specific platforms and equipment (Dorado AUVs, LRAUVs, Wave Glider, mini ROV, etc.) for each proposed field program so that expectations are clear. Requests must also be entered in the budget entry system. 

None. 

Specific deliverables

See milestone deliverables above.

Milestones and required personnel (see personnel classification list for staff classifications)

	2022 Project Start Date: 
[bookmark: bookmark=id.1fob9te]MM/DD/2022
	Milestone 1
	Milestone 2
	Milestone 3
	Milestone 4
	Milestone 5
	Total Resources[footnoteRef:4] (in hours) for each resource category for all milestones listed here [4:  This number should be the same number you entered on the web budget resource requests for this particular resource.] 


	Milestone Date
	Q1
	Q2
	Q3
	Q4
	
	

	Milestone Description
	Nav Dev
	Surface, batt & training prog
	Water sampler & dev demo
	Export
	
	

	Research Engineer 
	10 YZ
	10 YZ
	10 YZ
	
	
	30 YZ

	Software Eng-Embedded
	120 BR
  10 BK
	120 BR
  10 BK
	120 BR
  10 BK
	120 BR

	
	480 BR
  30 BK

	Software Eng-Info Eng
	
	
	
	8 CR
	
	 8 CR 

	Mechanical Engineer
	
	
	30 BH
	
	
	30 BH

	Mechanical Eng-Division
	
	
	
	
	
	

	Mechanical Eng-Mfg
	
	
	
	
	
	

	Associate Engineer
	
	
	
	
	
	

	Electrical Tech
	
	
	
	
	
	

	Software Tech
	
	
	
	
	
	

	Mechanical Tech
	
	
	
	
	
	

	Machinist 
	
	
	
	
	
	

	Divers
	
	
	
	
	
	



[bookmark: Budget_justification]Budget justification

Funds requested for Open Robotics external services:

	Milestone
	Best case estimate
	Upper bound estimate

	1
	$126,540
	$162,450

	2
	$88,920
	$119,700

	3
	$71,820
	$94,050

	4
	$54,720
	$68,400

	Total:
	$342,000 
	$444,600



Please follow this link to review Open Robotics services and compensation materials for hourly billing details.

Cloud services: costs for AWS server to host development and testing of 4 sims continually, or alternatively purchase computer hardware to run a local simulation server at MBARI – $7.5k 

Conference fees and travel: ROSCon 2022 – $2200 



Project team

Open Robotics has been selected as a partner in this effort because of their significant experience with this computer technology. Open Robotics employs a deep bench of software engineering staff who routinely carry out work similar to that proposed and have expertise needed for this project. They are uniquely suited to execute the required development efficiently, and subsequently provide any needed support to MABRI staff. 

Tully Foote, Community & Business Development Manager, Open Robotics tfoote@openrobotics.org 
· https://www.openrobotics.org
· https://www.ros.org
· https://ignitionrobotics.org

Ben Raanan (480 hr): 
· 85 hours for PM, meetings and design reviews with Open Robotics staff, and domain expert support.
· 120 hours for integrating the multi-LRAUV simulator with MBARI staff development workflow, creating run scripts, documentation, and setting up the simulation development environment at MBARI.
· 90 hours for integrating the simulation environment with LRAUV’s operator training lesson plan.
· 120 hours for supporting development of a new multi-LRAUV application using the Ignition simulation environment.
· 65 hours for software improvements, issue response, and user support.
 Brett Hobson (30 hr): 
· 30 hours for mechanical engineering and Solid Works support.
Brian Kieft (30 hr): 
· 30 hours for meetings and design reviews with Open Robotics staff and domain expert support. 
Yanwu Zhang (30 hr):
· 30 hours for meetings and design reviews with Open Robotics staff and domain expert support. 
Carlos Rueda (8 hr): 
· 8 hours for Docker integration and TethysDash support. 

Project lab and office space requirements 
In addition to any changes to current space usage, please also include anticipated office and lab needs for students, postdocs, collaborators, etc.

Not applicable.

Risk matrix (development and infrastructure projects only)

	
	Technical Risk
	Organizational Risk
	Tech Transfer Risk
	Labor Estimate Risk

	High
	
	
	
	

	Medium
	
	
	
	

	Low
	X
	X
	X
	X





Compliance Considerations
Please respond “Yes” or “No” to each line item below, and provide details as necessary.

	CATEGORY
	Yes/No
	DETAILS

	Isotope Use (see policy and cruise planning)
Will the project use stable or radioisotopes?
	N
	

	Battery waste over 4 liters (1 gallon)
Indicate type and amount.
	N
	

	Liquid hazardous waste over 60 liters (15 gallons)
Indicate composition and quantity.
	N
	

	Export Regulation
Foreign collaborations or international travel?
	Y
	 Part of the team at Open Robotics is international. EAR for LRAUV software will be evaluated on a case by case basis.

	Export controlled purchases
Items purchased/in possession or to be purchased that are not on list? 
	N
	

	Export controlled items (hardware, software, tech data)
Items to be transferred outside US (temporarily or permanently)? To what countries (including International Waters)?
	Y
	See above.

	Work covered by Marine Sanctuary permit?
Yes, if work falls under blanket authorization.
	N
	

	Work conducted in SESAs?
ID # for Sanctuary Ecologically Significant Areas
	N
	

	Equipment deployed with anchors?
Give details for deployment; recovery if < 500lbs
	N
	

	CA Fish & Wildlife permit required for samples?
	N
	

	Working in State Marine Protected Area?
	N
	

	Require Coast Guard PATON for buoys?
Private Aid to Navigation. Permit in hand?
	N
	

	Require Local Notice to Mariners
Indicate who will be submitting
	N
	

	Permits from other agencies?
	N
	

	Use of active acoustics not already on list?
	N
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