Automating MBARI’s midwater time-series video surveys: the transition from ROV to AUV
I. Abstract. - Kim
MBARI has been conducting remotely operated vehicle (ROV)-based video surveys of the upper 1000 meters of the water column in Monterey Bay, California for over 23 years.  These surveys have produced a unique midwater time-series data set that has enabled MBARI scientists to observe changes in mesopelagic animal distribution and community structure in Monterey Bay over that time period.  These changes can generally be associated with both short and long term changes in water mass structure, including some now being associated with climate change.  This historical data set is becoming even more important as we begin to observe the effects of climate change on community structure and ecology in the midwater environment and try to predict the impact of future change.  However, this data set comes at a high cost in ROV and support ship time required to conduct the surveys.  In order to sustain these surveys into the future, a more cost effective approach is required.  In an effort to reduce cost, improve methodology and develop a system that has the potential to be exported to other institutions, MBARI has developed a high definition video module to be deployed on its Dorado class autonomous underwater vehicle (AUV).  This paper explores the challenges of this development, the chosen solutions, and presents early data derived from our initial inter-comparisons of video collected concurrently with MBARI’s ROV and midwater imaging AUV.
II. Introduction. - Kim
Placeholder –to be heavily modified.  MBARI’s 23-year time series survey of the mesopelagic community in Monterey Bay is the only one of its kind.  It is an invaluable resource for revealing the structure of the deep pelagic community and the changes taking place as a result of normal oceanic cycles, as well as climate change. However, there are limitations to this time series. First, the ROV platforms used to collect the images are large, slow, noisy and obtrusive, thus biasing these surveys towards animals that lack the ability to quickly move out of the way, or who are attracted to the lights.  And second, competition for MBARI ship/ROV time is increasing, as available operational days diminish and our ability to maintain the frequency of these time-series surveys to the statistically required standard is diminishing. Therefore, developing less obtrusive methods for imaging the water column while minimizing the unit effort of ship/ROV time required to maintain the time series are in MBARI’s best interests. This applies both scientifically, by maintaining the frequency and increasing the quality of the midwater time series, and economically, by reducing the cost to collect the data. In addition, by adapting our survey methods to other platforms (moorings and AUVs), we optimize the potential for these techniques to be adopted by other institutions that do not operate ROVs.
III.  Population studies with remotley operated vehicles (ROV). - Kim
IV. Requirements for autonomous vehicle camera system. - Mark
To duplicate the ROV based video transects on the Dorado class AUV the camera system needs to meet more stringent requirements. The two major differences between the two platforms are the transit speed during the transects and the amount of energy available for lighting. While the ROV is inherently stable and the video transect speed has been established at 0.5 meters per second, the AUV requires a minimum transit speed of around 0.75 to 1 meters per second to provide enough control authority to stay within the allowable error in the commanded depth during the transect. The higher transit speeds increase the “Star Wars” effect where objects in the imaging area that are offset from the camera axis have increasing angular velocities as they approach the camera and are subject to motion blur. This greatly reduces the effective volume that is being sampled by making species identification more difficult as you move further away from the camera axis.
Placeholder –subject to modification.  Light Field Evaluation
The light fields currently produced by the Ricketts and Ventana for midwater transecting have been evaluated. We found that we could produce a similar light field with more purposefully directed, COTS LED lights (four DeepSea Power and Light SeaLite Spheres, 5000 lumen each) and stay within the power budget available from the Dorado vehicle.  Initial lighting configuration tests were conducted in the test tank using 4 LED lights arranged in a 21”x 46” (H x W) pattern, with the Zeus HD camera located in the center of the rectangular layout.  Further testing of this lighting configuration on our July ’12 Western Flyer/Ricketts Midwater Ecology cruise showed that we were getting as good, or better video with LED illumination as that illuminated by the vehicle HID lights.  An additional benefit of using LED lights was found to be the ability to increase the camera shutter speed.  Increasing the shutter speed minimizes streaking (caused by motion) on the image periphery, thus enabling a higher quality video image to be recorded.

V. Video Format Comparison. – Rob or Kim

Placeholder –subject to modification.  Digital Video Compression Evaluation (2012) 

Recording video images on an AUV for more than an hour (the typical length of an HD tape) requires that it be done digitally onto hi-data-rate hard drives or flash memory.  Various compression schemes are typically employed to maximize the amount of video that can record onto these media.  However, there is image quality loss associated with each compression mode and it is necessary to determine how much compression can be applied before it affects the ability of the annotators to correctly identify the animals.

High-definition footage, unaltered from the HD D5 tape was compared to the same footage digitized to Apple ProRes 422 (HQ), a common intermediate level video compression codec (coder/decoder). Apple ProRes 422 (HQ) results in a video record that is about 20% of the file size of the original 1080i/60 HD footage and would allow an entire transect series (100 – 1000 m) to be recorded on a single 512 GB solid-state drive. At full HD quality we would currently require two solid-state drives. The ability to compress the data is important if we are to record progressive video at 60 frames per second.

Using the two video formats, we compared the top 20 animal taxa from 12 transects made at our Midwater 1 study site in 2011 (Fig. 1). The transects were run from 100 – 400 m (most populous depths) over the course of 3 dives and subsequently annotated in the video lab. About 7% fewer organisms (n=2582) were annotated from the HD D5 tape footage than in the Apple ProRes 422 (HQ) (n=2798). This discrepancy was felt to be due to human variation as opposed to resolution differences, and we conclude that the Apple ProRes 422 (HQ) compression scheme provides us with sufficient video quality to record our time-series transects on an AUV platform without compromising the integrity of the long-term data set.
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Figure 1.  A comparison of numbers of animals identified from transect video recorded on High Definition D5 tape (HD) vs. the same video compressed to Apple ProRes 422 (HQ) standard and recorded on a digital hard drive.

VI. description of Dorado class autonomous vehicles. – Mark, (brief description w/ citation of kirkwood et al.)
VII. Camera system architecture. - Mark
VIII. Camera selection. - Mark
IX. Data recording. - Mark
X. Software conrol system. – Rich
Placeholder –subject to modification.  i2MAP Camera Recorder and Logger (CARL) Software

The software developed for the i2MAP system is called the Camera Recorder and Logger (CARL) and consists of three modules that interface to the AJA KiPro Quad digital video recorder, the power control board (PCB), and the stepper motor controller used to adjust the iris of the camera (Figure n below). The AJA video recorder is described in detail above. The PCB is a custom designed power switching device for the camera, lights, and video recorder that can be controlled by the main vehicle control system (VCS) through the CARL interface using a simple scripting language.  The PCB also provides the measured temperature and humidity inside the i2MAP housing for logging by CARL, as well as the light levels measured at the camera iris. Finally, the camera f-stop can be adjusted using a small motor that drives the iris wheel on the camera lens body. The motor is controlled through an AllMotion EZ17 stepper motor controller.
[image: image2.jpg]



Figure 1 Control of the i2MAP system from the mission script, through the CARL software module, to the hardware.

Using the CARL interface built into the mission scripting language, our scientists and engineers can control the settings of the i2MAP system for a variety of situations. For example, a mission may be scripted to record three 5-minute transects between two waypoints at depths of 50, 75, and 100 meters. During the transit to the starting waypoint and moving between depths, the science team will likely want the lights and recording turned off to conserve energy and video storage. In addition, given that the ambient light at those depths differ significantly, the mission designer can use CARL to adjust the intensity of the lights as well as the f-stop of the camera to experiment with and maximize the quality of the video at each of those depths. 
XI. Vehicle control. – Rob M.
Dorado Low-Speed Stability Testing (2013-14)
Placeholder –subject to modification  Low-speed stability testing of the Dorado CTD vehicle was undertaken during two day-cruises on the Rachel Carson in early April and late June.  During these cruises, the vehicle was tested at low-speed (~0.5 – 0.75 m/sec) in a variety of configurations including: basic vehicle only, adding 12” or 24” mid-body wings, the addition of light bars with LED lights on the bow and, on the second cruise, the addition of horizontal planes to the thruster duct.  All of these configurations were tested under normal ballasting (7-10 lbf).

These tests revealed differences in control ability between configurations, as can be seen in Figure 2a and b.  However, it is interesting to note that in both configurations the vehicle was able to maintain the initial commanded depth until a stepped depth change was commanded, at which point the vehicle without wings was unable to maintain depth.  The winged vehicle responds to both steps, although with some delay.  GoPro Hero 3 video taken during the winged test run showed forward speed and directional stability to be quite impressive as shown in this video: \\atlas\projectlibrary\901209 i2MAP\videos\GoPro_H3_AUV_Trans.mov.
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Figure 2.  The Dorado AUV’s response to depth step commands when traveling at low speed (0.5-0.6 m/s); a) without wings; b) with both body and duct wings. There were two depth steps; a 1 meter step followed by a 10 meter step.  The red trace is the commanded depth, and the blue is the actual.  The vehicle has lights and light-bars in both cases, and was ballasted normally, at 7-10 lbf.  c) a 2014 test with the same configuration, but with round light bars and only 4 lbf shows much improved performance, although it has a different time scale and depth. The initial descent for all three traces was made at a higher vehicle speed. 

Low speed stability testing of the Dorado vehicle continued during the first half of 2014. New for these tests were round light bars and control gains designed specifically for low speed. The round bars were chosen to increase low-speed stability, and also for mechanical simplicity.  Streamlined bars were incorporated into the 2013 design because they have significantly less drag, and thus will extend the overall vehicle range. However, they are more destabilizing because the streamlined cross-section inherently generates lift and is located at the nose.

Another difference this year is that the vehicle was ballasted to 4 lbf, much less than the previous tests which had 7-10 lbf.  4lbf is achievable with the routine ballasting procedure in the test tank, but is on the low end of what is practical without an active ballast system.

All of these changes contributed to improved low-speed performance.  Figure 2c shows a depth-step test at sea that illustrates the improvements due to the gain design, light bars, and low buoyancy.

The recent camera evaluation has shown that video at a vehicle speed of 1.0 m/s, twice as fast as previously tested, is possible.  At this speed we may not need wings, because the fuselage alone may have sufficient downward lift to counteract the buoyancy.  The vehicle will need to have buoyancy near 4 lbf, which is achievable in the test tank with routine procedure. The winglets may still be necessary to compensate for the destabilizing light bars on the nose.  Further sea trials this year will be necessary to fully evaluate the flight performance at 1.0 m/s, and to determine whether the wings and/or winglets are still needed. Alternately, pneumatic soft ballast that can reduce the buoyancy further may eliminate the need for wing entirely.  The analysis will likely carry over into 2015.

Controls work during 2015 was mostly focused on improving vehicle control at 1.0 m/s (2 knots). The vehicle with the nose in the final configuration performed very well during the first sea trail.  After achieving steady-state, depth control error was on the order of tens of centimeters for each transit depth.
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Figure 3.  Plots of a) speed maintained at ~ 1.0 m/sec during a transect and, b) depth maintained during the transect.  The transects ran from 2500 to 3300 seconds.

Dorado simulation in real-time mode is used to test the new camera and recorder drivers associated with software.  This is done by simulating vehicle flight with all sensors simulated as usual other than the camera. The camera was connected to the simulator over the Ethernet, and was receiving commands as if the vehicle was operating. This was thus a complete test of the relevant software operating during flight.  This approach found several bugs, and facilitated their correction ahead of time in the lab, without consuming valuable sea-trial time.
XII. Optical path design. - Francois
XIII. Mechanical design. - Francois
XIV. Results. - Kim
XV. Conclusions. - Kim
XVI. References. 
