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Cytometer technology for autonomous platforms
1) ABSTRACT (new projects only)
Cytometer Technology for Autonomous Platforms (901303) has investigated and evaluated cytometers and quantitative microscopy techniques that could potentially be integrated with autonomous vehicles. The development of such instruments is very relevant to the Strategic Plan's 'Ecosystem dynamics' research theme, Objective 1.3 (support feasibility studies), and Objective  3.1 (collaborate on external grants to build relationships with academia and industry), as well as Technical Roadmap 'targeted sampling' challenge.  The project team has achieved several milestones so far in 2015.  We helped to coordinate discussions between MBARI science teams and the Jupiter Research Foundation on their Wave Glider Microscope, providing JRF with technical assistance and advice, and exploring further collaboration possibilities. As an unplanned opportunistic activity, Klimov and O'Reilly co-authored an article with Dr Peter Lopez (NYU) for the Marine Technology Society Journal, describing current state-of-the-art for cytometers and autonomous microscopes and their potential integration with autonomous vehicles. We pursued development of bench-top prototype cell-phone microscope and a fluorescent microscope, as a means to learn more about techniques and their limitations. In the remainder of this year we will provide other project deliverables, including a final analysis of our 2014 instrument comparison aboard the Rachel Carson, evaluation of the reportedly improved 4Deep Submersible Microscope, and further development of our bench-top prototypes. It is likely that some 2015 deliverables will not be met this year due to our unplanned publication activity, and we propose to extend those to 2016. These deliverables include software, flow-cell and other refinements for our bench-top prototypes, and evaluation of cell image identification software provided by Sosik and others.   
In this proposal we use the term 'cytometer' to include any instrument that automatically measures individual cell characteristics based on optical properties such as scattering, fluorescence, or images. The definition includes traditional flow cytometers as well as instruments such as imaging cytometers and automatic microscopes (the latter may or may not utilize scatter and fluorescence "trigger" signals).

2) PROPOSAL
a) New Projects
Statement of the problem, why it is important
Current knowledge of the distribution and abundance of microbes in the ocean is largely due to the use of  cytometry.  In a flow cytometer, water samples are run past a laser or other light source; the resulting scattered light and fluorescence reveal details of cell size and fluorescent pigment content (which can lead to taxonomic identification), as well as cell abundance. Most commercial flow cytometers are large, power-hungry and complex, requiring continual presence of a human operator. Thus until recently marine cytometry studies have usually been limited to widely-spaced, discrete samples collected from ships. If small low-power autonomous cytometers or microscopes could be obtained, they could be mounted on autonomous platforms - mobile, moored, or stationary. These deployments could greatly increase the spatial and temporal resolution of cell measurements, thereby improving our understanding of microbial ecosystem makeup and dynamics.

The 2010 MBARI CANON Sampling Workshop included breakout sessions focused on phytoplankton blooms/HABs, open ocean eddies, and zooplankton layers; all of these groups identified autonomous cytometry as a key technology in their respective focus areas. The phytoplankton and eddie groups noted that cytometry could play a key role in adaptive sampling by autonomous platforms, e.g. microbial identification performed in situ or remotely on shore could be a determinant for triggering water samplers. The open eddy group noted that cytometer integration with a small AUV could be particularly revolutionary, enabling “four dimensional” microbial measurements.

New developments in cytometer and microscope design enable small, low-power instruments that do not require continual human presence, and that are potentially suitable for integration with autonomous platforms. Several mooring-deployable flow cytometers now exist, including the commercial CytoBuoy and WHOI’s Imaging Flow CytoBot. The University of Washington’s SeaFlow instrument utilizes novel optics and fluidics, and is one of the smallest platforms available while also having the resolution to interrogate small phytoplankton. Outside of the oceanographic domain, investigators at UCLA have developed a low-cost fluorescent cytometer that can be integrated with a cellphone. These instruments and others address a broad range of cell size, counting rate and measured cell characteristics. It is important that MBARI investigate a range of instrument technologies as candidates for integration with autonomous platforms, evaluate the likely scientific value of their data, and understand the tradeoffs between data quality, instrument complexity, size, power consumption, and other factors.

How does it relate/contribute to MBARI’s mission and strategic plan?
This project contributes to Ecosystem Dynamics and Ocean Biogeochemistry.  Both of these research themes rely on the ability to sense the microbial components of marine ecosystems; the first theme revolves around observing and understanding marine microbial systems, while the second addresses fundamental chemical cycles which are largely mediated by microbial ecosystems.  Both themes are challenged by the high cost and under-sampling of the microbial ocean.  This proposal directly addresses these fundamental challenges, focusing on exploring AUV-compatible cytometer technologies capable of discriminating organisms based on size and optical characteristics.

This proposal is also consistent with strategic plan objectives and strategies. This feasibility study clearly fosters technological innovation through development of truly revolutionary capability, in accordance with strategy 1.3.  This proposal will develop MBARI cytometer engineering expertise (strategy 2.2). This proposal relies heavily on collaboration with non-MBARI instrument developers and scientists (objective 3). 
How does it relate/contribute to the Packard Foundation’s Ocean Visions Grantmaking policies? (See http://mww.mbari.org/oed/OED_Documents.htm#Packard for documents.)
N.A.
Does it relate to the Technology Roadmap? If so, please describe how. 

(See http://www.mbari.org/about/TechnologyRoadmap.pdf.)
Development of an autonomous mobile cytometer contributes to the Technology Roadmap's "enable targeted sampling";  this device could provide a four-dimensional picture of microbial populations in the water column, which could in turn guide sampling by other autonomous platforms or crewed vessels. This proposal contributes to the "advance a persistent presence" initiative, especially if an instrument can be integrated with LRAUV. The data provided by the instrument would enhance understanding of the phytoplankton and other microbial components of the biological pump, and fluctuations of foraging species. 
Approach to the problem
For this feasibility study we focus on LRAUV as the mobile platform, but some or our findings may be applicable to similar autonomous platforms that require small size, low power consumption, and automatic unattended operation for their payloads. 

Specifically, project goals include: 

· Identify cytometer technologies and existing instrument that can be integrated with autonomous platform such as LRAUV, within resources and capabilities available at MBARI

· Determine the trade-off matrix of scientific “performance” and complexity, power, size and other engineering characteristics for these technologies. 

We propose the following evaluation criteria for selecting candidate cytometer technologies:

· Adaptability to autonomous platform
· Size; 

· Power

· Immunity to shock, vibration, orientation and other aspects associated with motion 

· Pressure rating and possibility of its improvement and minimizing risk of flooding

· Communications  and other aspects as needed

· Scientific “performance”: 

· Classes of organisms identified

· Sensitivity and operation range (e.g. open ocean, coastal regions, etc) 

· Throughput, frequency of useful detection events

· Measured parameters, method, (scattering/ fluorescence, etc.)

· And ultimately, what is the scientific application and questions with technology can provide?   

· Operational complexity and stability: 

· Alignment or realignment requirement in a field

· Sensitivity to biofouling 

· Calibration and re-calibration requirements  

· Self-clearing of clogging (e.g. jelly fish) 

· “Health” reporting to main CPU to optimize usage of on-board battery

· MTBF in unattended operation mode at least matching vehicle endurance 

· Real time actionable data availability: 

· Ability to provide the data for making a real-time on-board decisions for adaptive sampling

· Transferrable via low bandwidth telemetry channel (e.g. to redirect other resources etc)

· Cost:

· Development cost

· Fabrication cost

· Operational cost 

In addition, we are evaluating how technologies fit into the LRAUV Concept of Operations. These CONOPS aspects may include:  

· Multi-vehicle operation 

· Validation using shipboard lab cytometers (CANON?)

· Provide low-resolution data to direct other vehicles and instruments ("targeted sampling")
· Adaptive sampling in the area of interest

· Sample trigger for 3G ESP instrument 

In a lieu of firm science requirements, it is hard to follow the traditional system engineering approach. So we propose to use “technology push” and the following simplified RAD (Rapid application development) development cycle: 

· Science requirements identified (initially could be vague)

· Firm engineering requirements identified

· Solution offered; pros and cons identified

· System performance model is used to evaluate trade-offs 

· Science team members (CANON) to provide feedback on value expected from candidate technologies
· Requirements corrected, then repeat cycle
Publications (from other projects over the last 5 years)

N.A.
b) Continuing Projects

Current status of project and results to date
The project team has achieved several milestones in the first half of 2015.  We helped to coordinate discussions between MBARI science teams and the Jupiter Research Foundation on their Wave Glider Microscope, providing JRF with technical assistance and advice, and exploring further collaboration possibilities. These discussions have led to a formal project proposal, 901604: JRF-MBARI Collaboration.  As an unplanned opportunistic activity, Klimov and O'Reilly co-authored an article with Dr Peter Lopez (NYU) for the Marine Technology Society Journal, describing state-of-the-art for cytometers and autonomous microscopes and their potential integration with autonomous vehicles. We pursued development of a bench-top prototype cell-phone microscope and a fluorescent microscope, as a means to learn more about techniques and their limitations. In the remainder of this year we will provide other project deliverables, including further analysis of our 2014 instrument comparison aboard the Rachel Carson, evaluation of the reportedly improved 4Deep Submersible Microscope, and further development of our bench-top prototypes. In September we are hosting an MBARI seminar by Dr Steve Steinberg of the Southern California Coastal Water Research Project, who will talk about SCCWRP's experience with the UC Berkeley "CellScope" (http://cellscope.berkeley.edu/). Steinberg will loan us a CellScope for our evaluation as well.
Significant changes from previous project proposal 

In early 2015, collaborator Dr Peter Lopez (NYU) invited Klimov and O'Reilly to co-author an MTS Journal "technical note" describing autonomous mobile cytometer state-of-the-art. O'Reilly decided that this unplanned opportunity would be a worthwhile project activity.  Consequently we did not accomplish all of our proposed 2015 deliverables and tasks, which have been deferred to 2016 (these include final instrument comparison report, build-vs-buy report, and complete benchtop test-bed).
Publications based on the results of this project only
Lopez, Peter, Thomas C. O'Reilly, and Denis Klimov. "Cytometers Set Sail With Sea-Going Mobile Robots." Marine Technology Society Journal 49, no. 3 (2015): 17-26.
c) New and Continuing Projects: Plans for 2016
We believe that MBARI could make a unique contribution to microbial oceanography by integrating a cytometer with an AUV, and we propose to validate and move forward on this goal in 2016. The project team has identified and evaluated several existing cytometers and microscopes that are compatible with autonomous vehicle hosts. Several of these instruments - WHOI's IFCB and JRF's Wave Glider microscope - are now being integrated with autonomous surface vehicles that sample water in the upper five meters and shallower. Based on multiple discussions with MBARI investigators, there is a need to sample deeper, throughout the euphotic zone. While cytometers routinely sample this region on CTD rosettes deployed from a ship, we don't know of concrete plans to deploy a cytometer on a free-swimming AUV, which would enable unique capabilities at potentially lower cost. MBARI is well-positioned to implement this type of system, given our science interests, expertise in AUV instrument development and integration, and autonomy techniques such as adaptive sampling.  We propose to exploit this opportunity through activities that define specific science applications and use cases, and our prototype development will emphasize compatibility with LRAUV.
Research Activities
A. We propose to hold a 3-4 day workshop at MBARI where we'll discuss mobile autonomous applications and instrument state-of-the-art with instrument developers and marine scientists. We will invite fewer than ten guest attendees with expertise in instrument development and applications. Our guests and in-house MBARI workshop attendees will focus on the following areas:
1. What science applications will be enabled by mobile autonomous cytometers/microscopes? What are the requirements of these applications, including particle size range, particle identification, statistical precision, sampling depth, horizontal range, survey speed, etc? 

2. What current and emerging instrument technologies could address these science applications? Which of today's vehicles could host these instruments (LRAUV, Dorado, Wave Glider, Spray and Slocum gliders, etc)?
3. Identify vehicle integration issues; power, size, mass constraints, thermal, pressure, tilt, roll etc.

The discussions of topic #1 will help us set instrument, vehicle and experiment requirements, and to assess the importance of AUVs compared to autonomous surface vehicles. Topic #2 will allow us to further evaluate candidate instruments, assess and guide our prototype developments, and may result in partnerships to integrate a specific existing instrument with an MBARI vehicle. Topic #3 will inform instrument developers of issues to keep in mind when designing for mobile autonomous applications. We have discussed a possible workshop with Sosik and Swalwell, and both are enthusiastic about the idea.
B. Several third-party instruments have associated software that claims to automatically measure, classify and identify cells with minimal human interaction. This capability would be very valuable scientifically if practical and reliable. Therefore we plan to evaluate some of these software packages against the 2014-2015 data set, e.g. for IFCB, and Submersible Microscope. 

C. We'll continue to look at the tradeoffs between integration of an existing instrument such as SeaFlow versus development of an in-house instrument. If we were to proceed with development of a deployable MBARI instrument, it's obvious that such a device should provide capability unmatched by existing cytometers. We'll work to understand the trade-off between instrument cost and science value. E.g. low-cost cytometers based on cell phone technology have been developed for water quality and blood analysis applications; a similar device might provide microplankton cell counts and biomass estimates, either integrated with an autonomous platform or carried in one's hand. Larger, more expensive sophisticated devices such as one based on the SeaFlow cytometer could provide detailed knowledge of pico- and nanoplankton populations and might be designed especially for LRAUV integration. We'll compare these various approaches, through discussions with MBARI scientists and workshop attendees. 
Engineering/technology development

The team is continuing the bench-top instrument development outlined in the 2014-2015 proposals (Imaging Fluorescent Particle Counter - IFPC), with several important modifications: 

· Include a fluorescent image channel in addition to scattered light channel, to distinguish photosynthetic organisms from other particles

· Simplified image processing algorithm, allowing real time image processing without human intervention. Several parameter would be calculated automatically: (1) identification of organism or particle “containment box”; (2) For each “containment box”, two dimensions are extracted: width, and length; (3) For each “containment box”, integrate signal to provide a proxy to the organism biomass and chlorophyll biomass. 

· Based on real time processing of those parameters, biomass/ chlorophyll counters could be run, and size statistics accumulated, thus providing size distributed biomass information. 

· Important emphasis would be made to have the algorithm providing “continuous” data graphs down to a noise floor, as an attempt to cope with a problem of “arbitrary exclusion”. 

· The IFPC will be designed with potential LRAUV integration in mind, anticipating operation within the euphotic zone.

Field programs (detail ship requirements/deployments/diver requirements)
None
Specific deliverables
· Mobile cytometer workshop at MBARI

· Functional IFPC test bed, with flow cell, fluorescence capability, software

· Final report on 2014-2015 evaluation and comparison of third-party instruments, automated particle metric and identification software, build-vs-buy considerations, mobile cytometer workshop results
· Results of IFPC bench-top prototype: energy analysis, test results, trade space, ~ size, ~ power, ~ cost. 

Milestones (see personnel classification list)
(Engineering resources in hours)
	2016 Project Start Date: 

1/1/2016
	Milestone 1
	Milestone 2
	Milestone 3
	Milestone 4
	Total Resources
 for each resource category for all milestones listed here

	Milestone Date
	6/2016
	7/2016
	11/2016
	12/2016
	

	Milestone Description
	IFPC with flow cell, fluorescence, software  capability
	Mobile cytometer workshop
	IFPC report
	Final report
	

	EE
	200
	100
	50
	100
	450

	SE
	150
	100
	50
	100
	400

	ME
	80
	
	
	
	80

	EE Tech
	20
	
	
	
	20

	SE Tech
	
	
	
	
	

	ME Tech
	20
	
	
	
	20

	Machine Shop
	40
	
	
	
	40

	Divers
	
	
	
	
	


Budget justification

	Item
	Description
	Account
	Cost

	1
	OEM components for proof-of-concept and prototyping
	5320-000 - Supplies - Eng Lab
	$3,200

	2
	Instrument rental fee
	5170-000 : Outside Srvc - Equip Rental
	$600

	3
	Instrument shipping cost
	5200-000: Postage/shipping
	$400

	4
	Miscellaneous supplies
	5360-000 - Supplies - General
	$1,200

	 
	 
	Total
	$5,400


NOTE: It is too early to accurately estimate budget for the proposed workshop. At Scholin's suggestion, we propose that workshop budget come from the Director's discretionary fund.
Project team
Francisco Chavez - lead scientist

Denis Klimov - lead engineer

Tom O'Reilly - project manager
Project lab and office space requirements 
Lab space in the B232 is well equipped with electrical and opto-electronic test equipment and work space; and should be sufficient for proposed activity

Data storage requirements (see Todd Ruston for assistance)
None, beyond existing laptops
Data availability outside project team, uniqueness

N.A.
Export Regulation
Does the project team anticipate any foreign collaborations or international travel? If so, please identify collaborators by name, institution, and country.

N.A.
Does the project team plan or anticipate export controlled purchases, shipments, or transfers of items (e.g., research instruments, proprietary data, hand-carried tools or samples) outside the U.S. temporarily or permanently? If yes, please identify country or countries and indicate whether these items will remain under MBARI control while abroad or controlled by others. Will the items be exported to more than one country? Please include foreign collaborator information as described above.

N.A.
Monterey Bay National Marine Sanctuary SESAs (General map)
Projects will need to indicate whether or not work will be conducted within one of the Monterey Bay National Marine Sanctuary's Ecologically Significant Areas (SESAs). An interactive map can be found on the Sanctuary's SIMoN webpages at http://sanctuarysimon.org/maps/sesa/. (Note: It may take a moment for the page to load, so please be patient. Also, if prompted for a login, hit “Cancel” and then you will be able to access page.) To determine if your work will occur in a SESA, specific coordinates can be entered using the locator function (click on the red "target" button in the toolbar at the top of the map). If your work will be conducted in one of these areas, please indicate which area, by number. 

None
Risk matrix (development and infrastructure projects only)
	
	Technical Risk
	Organizational Risk
	Tech Transfer Risk
	Labor Estimate Risk

	High
	
	
	
	

	Medium
	
	
	
	

	Low
	
	
	
	


� Development and infrastructure projects must complete the risk matrix (see item #5 at the end of the proposal form).


� Not all projects will require all four titles to be filled in. Please indicate individuals only for those titles that are appropriate for your project. 


� This number should be the same number you entered on the resource requests for this particular resource.
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