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3. Introduction
Beginning with the first field expeditions of MBARI, recorded visual imagery has been a primary and integral tool of MBARI’s research programs and products. It began with the first dives of Ventana in 1988 when MBARI placed a professional level camera on the vehicle that recorded missions with an image quality that far surpassed the blurry images normally seen from ROV’s. Early in MBARI’s explorations a policy decision was made by Richard Barber, MBARI’s first director, to record video continuously during ROV dives so that the video record was not biased by selective recording, and the data could subsequently be used for quantifying undersea abundance and diversity. The quality of the images and the regular access to the deep sea enabled by the ROV Ventana felt like a brave new world of exploration and discovery creating an important record that needed to be preserved.
It was recognized from the beginning that the descriptive annotation of the recorded video images and the linking of these visual records with the simultaneously recorded physical data of the environment including depth, conductivity, oxygen and other parameters was as vital as collecting the data itself. Without this post-processing the visual data would have little permanent community value. It was also recognized that the unique organization and resources of MBARI allowed the creation of a systematic approach to video processing and the subsequent creation of archived libraries that would serve community wide interests, not just the immediate needs of individual researchers.
This systems approach to video at MBARI has been a tremendous success. It has resulting in the creation of The Video Lab, which has developed video processing tools such as the Video Annotation and Reference System or VARS that is used at MBARI and also at dozens of other institutions worldwide. The systems approach has developed and maintained the community resources of the Video Lab for image retrieval and manipulation. It has fostered continuous improvements in technology and processing efficiencies including the transition to high definition video and the transition from proprietary tape recording to file based video recording, and it has resulted in a library of indexed images that has grown to over 25,000 hours of recordings with over six million annotations. Together with the associated environmental data this archival record forms an absolutely unique resource at MBARI describing the biological, chemical, geological, and physical aspects of the Monterey Bay submarine canyon and other areas including the Pacific Northwest, Santa Barbara basin, Central California seamounts, Northern California, Oregon, Hawaii, and the Gulf of California. 
To describe the uses of the VARS video image database is to cover the entire range of scientific inquiry at MBARI, from the “A new species of lobate ctenophore” paper written by George Matsumoto in 1988 to “Particulate matter flux interception…” by Bruce Robison in 2018. To date there have been 445 scientific papers published that cite VARS data or video images. A good example of the unique properties of the VARS data records is the 2017 article by Séverine Martini and Steven Haddock quantifying the distribution of bioluminescent organisms. In analyzing the patterns of vertical distribution of bioluminescence features they were able to access over 350 thousand water column observations of organisms recorded in VARS and classify them for bioluminescence capability. Dick Barber’s decision ultimately pays off.
ILLUSTRATION: Cumulative number of publications referencing VARS
The VARS database has facilitated the identification of 215 new species often initially identified in the video records. The quality of the images is a tremendous help here in species differentiation, detecting subtle differences in physical form between organisms.
Over the course of MBARI’s growth, the video systems at MBARI have continuously improved to face new technical challenges while meeting the evolving needs of the institute’s researchers. First came the addition of a second ROV doubling the annotation load. Then the transition to full recording of high definition images with the subsequent increase in annotation detail which improved the quality but also the cost of recording and effort for annotation. The Video Lab mission expanded again in the last decade as social media became an important outlet for public education and community outreach. Over 30 videos have been published on MBARI’s YouTube channel receiving over 43 million views and MBARI’s Twitter account has 22 thousand followers. The most recent major transition has been moving from proprietary video tape recorders to file based video recordings where the video records exist in computer memory and can be seamlessly transported over the Ethernet. The MBARI video and image processing system have grown into a powerful and highly integrated system[footnoteRef:1] that spans from the cameras at the front end through processing and cataloging to the archival and storage systems at the back end. [1:  The complexity of the end to end video processing chain and the effort that goes into creating and maintaining accurate records should not be underestimated! A flow diagram is shown in appendix 1.] 

Now the video processing system and Video Lab at MBARI face new challenges. One challenge is reducing the current backlog in video annotation processing. Another challenge is that the transition to files based video records with their large file sizes has increased the need for large data store facilities and shifted the overhead of storing video records from the video lab to MBARI’s Information Technology Department. File based video also challenges the MBARI Ethernet infrastructure for file transport. The transition to “ultra-high definition” or 4K video from some sources at MBARI could increase the file storage and transport requirements by a factor of 4X over standard “high definition”. Finally there is the challenge of the proliferation of digital image sources at MBARI. The increasing utility and lower cost of imaging systems has resulted in an increasing number of projects that produce video and still image records. The challenge is creating a policy that defines which of these data sources are annotated and become a community resource.
Some of these challenges, such as the transition to file based video, have largely been met, but others, such as the volume of video storage, or the decision of what will be fully annotated and stored, will require new policies and community involvement moving forward. 
The purpose of this document is to describe the MBARI video system and the challenges it faces with enough technical detail to inform the reader of the full complexity of the issues. The goal is provide a reference to allow the reader to understand the issues thoroughly enough to be able to thoughtfully evaluate the challenges described and the recommended range of solutions.
4. The Systems Partitioning at MBARI
In order to describe the video and image processing systems at MBARI in more detail we partition it into the field acquisition system, the archival and storage system and the video processing system. The detailed relationships and data flow between these partitions is shown in the flow diagram in appendix 1. ILLUSTRATION: simplified version of system diagram.
The Field Acquisition System includes the actual cameras that are capturing images, the field recording systems that are compressing the live video stream and storing it, and the navigation and environmental data that is sensed and logged on the camera platform concurrently with the video. It should be noted that while we most often refer to video image sources, the entire system also supports still image capture, archival and processing.
The Archival System receives the video and image record files from the field acquisition system, provides backed up on-line and off-line file storage and supports the search and retrieval of image records.
The Video Processing System provides tools for describing, cataloging, retrieving, and viewing the visual, descriptive, and quantitative data associated with the video archive, primarily through the Video Annotation and Reference System (VARS) application. As machine learning tools become available they will be incorporating into the video processing system.
Topics to address for each below: Current status, when implemented, why. Current challenges and discussion points. Requirements – use cases (existing and future). Solutions (future policy recommendations – alternative options w cost models)
5. Field Acquisition
MBARI currently deploys about four systems that regularly generate video streams that find their way to the video lab. These include the Ricketts and Ventana ROV’s, the MiniROV and the Dorado based i2MAP camera system. There are other proposed video stream additions for example adding video capabilities to the LRAUV and the EyeRIS project.
The two main ROV cameras are deployed on a daily schedule and record continuously during a dive, generating by far the largest volume of data – at least twice or three times the volume of all other MBARI data sources combined and ten times the volume of all other video image sources.  If the proposed ROV camera migration to 1080 60P (HD video 60 frames per second progressively scanned) or eventually 4K video take place, the ROV camera data volumes will make up the vast majority of MBARI data volumes. Clearly the place to address the data volume challenge is with the ROV main cameras.
[image: ]
The detailed characteristics of the current field platforms that include imaging systems are:
The ROV’s Doc Ricketts and Ventana. Each of these vehicles incorporates a high definition format camera (1920x1080 imager) with a frame rate of 60Hz 2:1 interlaced. The rate of video data generation using the Apple ProRes HQ CODEC is about 220Mbps or 99 Gigabytes per hour for each camera. In 2018 ROV Doc Ricketts completed 110 dives averaging 8 hours which equates to about 87 Terabytes per year (note: actual 2018 master 63TB, mezzanine 6TB). The same year Ventana completed 80 dives averaging 8 hours or about 63 Terabytes per year (note: actual 2018 master 36TB, mezzanine 3.5TB). The total is currently about 150 Terabytes per year for both ROV’s. There is an active plan of increasing the ROV camera frame rates to 60 progressively scanned frames per second which will double the annual data volume to 300 Terabytes per year. Note need to fact check the volume numbers. Actual data volumes checked for 2018 were less as noted above.
Transitioning the two main vehicle cameras to 4K video or “Ultra High Definition” which has a frame size of 4096 × 2160 and is progressively scanned at 60 frames per second. In this case the rate of video data generation using the Apple ProRes HQ CODEC is about 1886 Mb/s or 848 Gigabytes per hour for each camera – about 8.5 times the current rate. With 4K cameras, the two main ROV cameras could generate an annual data volume of about 1,289 Terabytes per year.
MiniROV. The MiniROV generates about 5 Terabytes of video images per year.
Dorado class autonomous underwater vehicle (AUV). The Dorado bases i2MAP video camera transecting system currently generates about 4 Terabytes of video images per year. The data volume could increase to 10-15 Terabytes of video images per year due to greater usage by additional researchers going forward.
Station M time lapse stills. No information found on data volumes. VARS system is used for cataloging images.
Deep PIV and EyeRIS projects. Makes extensive use of VARS database from host ROV missions. Projected data storage requirements are about 1-3 Terabytes of video images per year.
LRAUV. Currently there is no video routinely recorded on the LRAUV. If camera systems are added in the future, it can be projected that the data storage requirements would be about 3-5 Terabytes of video images per year.
[image: ] Illustration/Table: Relative data volumes predicted for each field video source.
Field recording systems. Video field recording systems are installed in the shipboard ROV control rooms of the Doc Ricketts and Ventana ROV’s. In addition the Dorado class Autonomous Underwater Vehicle (AUV) at MBARI has a video recording payload. All of the field recording systems at MBARI are now capturing and storing video sequences as file based records. The main ROV cameras are captured to disk and transferred to industry standard LTO tape (LTO = Linear Tape – open) using off the shelf hardware and a software application designed in house known as the M3RS or MBARI Media Management Recording System. The MiniROV and i2MAP camera systems are also recorded to files in solid state memory with commercial recorders and transferred to MBARI’s mass storage system. The transition of MBARI’s field recording of the main ROV cameras from proprietary recording decks (Panasonic D5 format) using proprietary tape cassettes to file based video using computer industry standard LTO tape occurred during 2017-2018. The use of LTO tape reduces the storage media tape cost from $135 per hour for Panasonic 1080 60i proprietary D5 tape to $1.31 per hour on LTO-8 tape. The archive media cost after upgrading to progressively scanned 1080 60p HD video is $2.60 per hour on LTO-8 tape.
Recorded image quality and data compression. The video production equipment used at MBARI has always incorporated various methods for reducing the data rate and volume of recorded data in order to capture the greatest perception of image quality for a given recording medium. For example our cameras use a mathematical representation of luminance and color defined as the YCrCb 4:2:2 color space that has twice the spatial resolution for luminance as it does for color information. In addition our Panasonic D5 field recording systems used digital bit reduction algorithms to further reduce the recorded data rate by about 4:1.
This process continues with file based video records. When the camera signal is recorded, an algorithmic process compresses the video information into a more efficient representation of the image information to reduce the overall data volume. If enough information is removed then the loss of image quality is visible. The advantage of reducing the video file size is that transporting, archiving and processing the smaller files are much more efficient.
To provide the greatest efficiency and utility while preserving the quality of the original image as much as possible the M3RS creates two separate file records for each video record. The MASTER file with the highest quality is encoded in 15 minute runtime segments using the Apple ProRes 422HQ video CODEC (coder/decoder). This format uses only intra-frame encoding with all of the information needed to reconstruct a frame contained within the frame data set. This allows single frame still captures and frame-accurate editing. The file sizes generated for 1920x1080 60P are about 198GB for each hour of video. The large size of Master level files (about 50GB for 15 minute file record) requires a 10GB Ethernet connection to the storage server to quickly retrieve a video record. Simultaneously a lower level MEZZANINE file is created using a higher level of bit reduction creating a 20GB file per hour of video (5GB for a 15 minute file record). Mezzanine files can be easily retrieved and viewed from most MBARI computers. (Uses of mezzanine files? Put in processing). Master and mezzanine video files are encoded in 15 minute runtime segments. The original plan included also generating proxy level files, but the implementation did not. Why?
 ILLUSTRATION (Different video formats used and proposed at MBARI and ProRes encoded data volumes?) 
File naming conventions (including critical camera metadata). The shipboard video recording system uses file naming conventions that allow automatic cataloging and retrieval with the Video Asset Manager application (see processing below). DESCRIBE FILE NAMING COVENTIONS?
The MBARI Video Annotation and Reference System (VARS) application provides real-time shipboard recording support for capturing still images from the ROV main camera video streams as well as real-time annotation of the images. 
Associated environmental and navigational data. Navigation and environmental data from the ROV’s and ships is logged and processed into an SQL database server. The VARS application merges this data with video image annotations during retrieval.
6. Archiving
Video images recorded by MBARI’s field recording systems are periodically transferred to shore for archival and processing. This can occur at the conclusion of each day length mission, or in the case of an extended expedition, periodically during the cruise or when the vessel returns to home port.
The current method of transferring video files from the field to MBARI’s archive system is by physically transporting the video files on portable storage media back to a high speed Ethernet connection at MBARI’s facilities and uploading the data to MBARI’s computer storage systems on TITAN. The two MBARI main ROV’s use a portable RAID drive (Redundant Array of Independent Disks), however the plan is to switch to LTO-8 tape. Each LTO-8 tape can store about 60 hours of video (ProRes 1080 P60 format). The file transfer process can migrate to a direct Ethernet download if a 10 Gigabit Ethernet connection is installed between MBARI’s vessels and shore. Other field recording systems use a similar scheme of transporting files using portable media and downloading to MBARI’s computing system.
Table of download times from ships?
Cataloguing new video files takes place during the upload process. Files are registered with the Video Asset Manager application. Add details here on registration/cataloguing files!
Illustration: Flow chart of various VARS applications such as Video Asset Manager, Annotation Service, Knowledgebase and Player functions. May belong in processing section below.
Archival Management. Once video image files are uploaded to the MBARI computing system they are stored and transported like any other data file. With the transition of MBARI’s video records to digital files, the relative data volume compared with other historical data sources at MBARI becomes proportionally large and requires careful management. MBARI’s data servers use a two tiered data storage system, an “on-line” storage system utilizing solid state memory and high speed spinning disks, and an “off-line” storage system using LTO tape storage for back-ups and archival.
On-line storage. The “on-line” tier is the new IBM Elastic Storage Server, Titan, which has a current total capacity of about 540 Terabytes[footnoteRef:2]. These spinning drives allow high speed read-write access and with a proposed on-line video storage cache of 100 Terabytes can store a total of about 500 hours of Master level 1080 60P video from the ROV main video and other sources at MBARI or about 5000 hours of mezzanine level video. The file structure of the video records on Titan allows for different on-line storage times for master and mezzanine level video. The exact allocation of on-line storage and the age of the files that are kept on-line for each level of video are still under consideration and will likely evolve as the M3 system design matures. For example, as a starting point, the management plan could preserve Master video files on the tier one on-line storage system for three months and Mezzanine level files on-line for one year. Files that have not been accessed within the time period are automatically migrated to the tier two off-line storage system. [2:  The existing Dell EMC Isilon drive cluster known as Atlas also has a current total on-line capacity of about 600 Terabytes. This mass storage system may be phased out in 2021 depending on support costs.] 

Off-line storage. The second tier for storing and retrieving video files is based around an LTO-8 tape robotic storage system. Each tape has a raw capacity of 12 TB. When a request for a video file is made, the access time for loading the relevant tape and retrieving a data record is between 15 to 90 seconds.  Entire blocks of records can be requested to be loaded into on-line storage for instant access either by request or through the Video Asset Manager (Check this). 
Total storage capacity for the existing LTO-8 tape library is currently 14.8 Petabytes with immediate expansion available within the existing mechanical frame for an additional 5.6 Petabytes[footnoteRef:3]. Storage space can be increased incrementally by another 15.8 Petabytes without requiring significantly more building space. After expansion to 36.2 Petabytes more space beyond the server room may be required. [3:  Additional licensing and maintenance support costs are required.] 

The media cost for off-line storage is very reasonable with each LTO-8 cassette holding 12 Terabytes currently retailing for about $13-18 per Terabyte.
Long term costs of tape archival. ILLUSTRATION: MBARI storage systems w/ actual hardware illustrations.
Off-line archival storage. The last storage tier is true off-line storage, where the storage media must be manually removed from the tape rack and stored. This is not currently being considered, however it could be a method of long term archival storage for preserving records unlikely to need regular access.
Long term costs of LTO tape archival. In order to fully understand the direct and indirect costs for storing video tape records a cost model has been prepared that captures the equipment, maintenance and media costs of archival storage. The cost model does not include resource costs because they are expected to remain fairly constant and do not directly scale with increased storage volumes. Similarly the cost of building space is not included because for the ten year time horizon used in this model there is not expected to be a need for additional building floor space for mass storage.
a. To do: create good cost model of costs for initial capture and archival. Show relative costs between tier 1 and tier 2 storage and archiving. Floor space requirements for disk and LTO storage? Compare with historical D5 tape costs. Square feet space requirements for D5 tape storage?
b. ILLUSTRATION: Pie chart of data volume comparisons between majors sources, i.e. Video, Seafloor mapping and acoustic logging and other for current usage and projected for five and ten years. Also should show total anticipated volume.
c. ILLUSTRATION: Chart projecting storage volumes with data for HD1080 60i, 1080 60P and 4K 60P for vehicle main cameras over the next 10 years. Also overlay current and planned archival storage volumes.
7. Processing
A tremendous advantage of file based video records is that they can be transported over the MBARI Ethernet network. Annotation, research and other processing of video images can take place at any suitable workstation. With the previous proprietary D5 tape format, to work with video records, the actual video cassette had to be loaded into a tape drive, usually located in the video lab, before annotation or other processing could take place.
[bookmark: _GoBack]To work with Master level video files (about 50GB for 15 minute file record), a 10Gb Ethernet connection between the tier one storage system and the local workstation is necessary to be able to efficiently download and process images in real time. The Video Lab has installed 10 Gb Ethernet connections and there have also been 10 Gb Ethernet connections installed to the workstations of about (??) frequent users of video records at MBARI. Additional upgrades to 10 Gb connections can be installed for $600-$1000 per workstation. The experience to date has been that people doing annotations prefer to work with the Master level files.
Mezzanine level video files (5GB for a 15 minute file record), are compact enough to be transported over the standard MBARI 100 Mb or 1 Gb networks.
Video Annotation is the processing step of retrieving the video files previously cataloged by the Video Asset Manager application and adding human knowledge to the video images from skilled taxonomists to create a searchable knowledgebase of information.
There are two main levels of human annotation, the Outline level and the Detail level. Annotation of images at the outline level seeks to identify clearly visible organisms and is often done at 100% playback speed or more. As the video quality at MBARI has improved, the effort required for outline annotation has increased as more organisms can be identified in the images. It generally takes about (??) hours of effort to outline annotate an hour of video images. Annotation at the detail level takes considerably more effort. Detail annotation is often at the specific request of individual PI’s and is regularly done for both midwater and benthic transects. In some (many??) cases, the knowledge of taxonomy for annotation held in the Video Lab is not otherwise available to individual labs or PI’s and is therefore an important value added service supporting their individual research interests. The effort required for detailed annotation often requires many more hours than the actual run time of the vide records. (Numbers for effort??).
(Add more detail on the annotation process?? It would be good to break it down a bit and also maybe add details such as jog control, ability to fast forward through records and any other issues that may be of interest to the user. I really know little about the system so need help here. This may not be the best place for some of this information but it can be moved later. On technical issues such as jog control it can be mentioned here and then in more detail in the last part. The objective is to communicate that the team is aware of some of the latent issues with the M3 transition and is addressing them. Do not want to over emphasize, but some of these seemingly minor issues have come up through 3rd parties. E.g. VARS Transition to file based video tasks in progress or pending, Control functions for annotation such as JOG and STEP. More to integrate in text: video processing, create and register proxies (TBD tools for human and automated processing), manage associated proxy files w/ archival files (M3), integrate associated environmental and navigational data)
Current vehicle systems with imaging systems that are routinely annotated by the video lab are listed below:
Doc Ricketts and Ventana full size Remotely Operated Vehicles (ROV). These vehicle cameras are currently being recorded in 1080 60i format. They are in the process of transitioning to 1080 60p format. They together generate about (??) hours of video per year (I have my estimate in Field Acquisition above, but better for actual hours per year data if available). All of the video imagery from the main ROV cameras is routinely annotated to the outline level (??), including vertical transits.
The MiniROV main camera is recorded in 1080 60i format (check??). How much of this video is annotated?
Dorado class autonomous underwater vehicle (AUV) i2MAP system. This camera system records in 1080 60p format and is used to conduct midwater transects. It generates about (??) hours of video images per year that are all annotated to the detail level. Currently the annotation effort is divided about equally between the Video Lab and the Robison Lab. (hours of effort?)
The following vehicle systems or experiments produce still or video resources that are annotated by individual labs using VARS and are searchable as a community resource:
The Station M camera system.
Deep PIV (mostly makes extensive use of VARS database from host ROV missions).
Vehicle systems or experiments producing still or video resources that are not currently processed with VARS or annotated, but could become a processed video or image stream in the future:
LRAUV
EyeRIS
Machine learning and automated image annotation have been an on-going research project at MBARI for a number of years. (Danielle and/or Duane add full description here??).
8. Major Policy and Planning Issues Concerning Video at MBARI
a. Answering the fundamental question of “What is the scientific and societal value of annotating and storing all of this data? Is it worth the cost?
i. Is there a way to preserve the value while lowering the resource and capital cost? 
b. Crafting a policy on what imagery to process through annotation
c. Creating a policy on what level of video quality to archive and who makes the decision – “quantity has a quality all of it’s own – but it has a cost of it’s own too!”
i. Community resource vs individual PI resource
d. Upgrading Ventana and Doc Ricketts Camera Systems
i. Path for transitioning to 4K main ROV cameras
1. Commercial options
2. Image quality
3. Uplink standards between vehicles
4. Decisions on how to reduce main camera 4K video data volumes.
e. Integrating machine learning with the VARS work flow and creating tools that increase the productivity of human annotators.
f. Creating a policy and implementing a program to re-process the large library of analog and digital tape records going back to the first MBARI video records.
i. Converting video tapes and ingesting into M3 for use in VARS?
9. Specific video policy and program implementation recommendations. (or does this just get woven into the text?, I think so)
10. Proposed Methods for Creating Solutions to MBARI Video Policy Issues
a. Individual open workshops for each of the three main system partitions. Agenda of the workshops is to review proposed requirements and/or policy recommendations. The preparation for each workshop is to provide several alternative options with accurate cost models for current and future expenditures. 
i. Archiving
1. Converting legacy tape records into files and storing.
ii. Processing
1. Reducing annotation backlog.
iii. Field acquisition
1. 4K Camera upgrade for ROV’s?
2. Decisions on how to reduce main camera 4K video data volumes.
11. Appendix 1. List and definition of Acronyms
a. M3 – MBARI Media Management
b. M3RS – MBARI Media Management Recording System
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