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I. Abstract.

II. Introduction.

III.  Population studies with remotley operated vehicles (ROV).

IV. Requirements for autonomous vehicle camera system (AUV).

In order to adapt the current method for ROV based video transects to a Dorado class AUV while maintaining similar performance, the camera system must meet more challenging operating requirements. The three major differences between the two platforms are the higher transit speeds of the camera during AUV transects, the more constrained AUV camera-light separation, and the fact that on an autonomous vehicle the energy and data storage must be provided locally. In previous transecting work, the ROV platform is inherently stable and the video transect speed has been historically established at 0.5 meters per second. In comparison, 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 of the commanded depth during the transect. The higher AUV transit speeds increases 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 greater motion blur. This reduces the effective volume that is being sampled by making species identification more difficult as you move further away from the camera axis.
V. description of Dorado class autonomous vehicles.

VI. Overall Camera system architecture.

The camera system is designed as a self-contained payload for the AUV with a minimal interface that allows for easy installation and removal on a per-mission schedule. The camera, data (digital video) recorder and light control are all contained within one pressure housing (see fig. X) which allows the electrical interface to the AUV to be a single connector that contains pins for power and 10BaseT Ethernet. For downloading image files post mission a separate direct wire Gigabit Ethernet (1000BASE-T or IEEE 802.3ab) connection to the camera housing is made while the AUV is on deck. This high speed data connection is necessary to allow the collected image files, which contain up to one terabyte of data, to be downloaded in a reasonable period of time after the mission. Two custom electronics modules within the camera housing, the Power module and the Control module, manage the power distribution, internal environmental monitoring and all hardware control functions.  To determine the overall energy budget the amount of lighting needed for proper scene illumination was calculated and compared with previous experience with ROV transecting. The energy for lighting is about 75% of the overall camera system energy expenditure. Four SLS-5000 Sealites® from Deep Sea Power & Light were selected and the resulting calculations for the overall energy budget summed to around 420 Watts which is well within the battery capacity for the Dorado AUV given the short duration of the mission (see figure). 

A. Camera, lens and recorder selection.

Prior to committing to a significant development effort it was necessary to prove that high quality images could be collected from the much faster transiting AUV. Three questions needed to be answered; 1. Would the camera system be able to capture high quality images at the required minimum AUV transit speeds determined by the AUV stability testing (see above)? 2. Assuming that a data compression protocol would be required to store the video images, would there be a loss of detail information important for species identification? 3. What is the optimal camera and lens combination? 

To test the camera and recording systems ability to capture images at high transit speeds a rotating test pattern was used that simulated the angular motion of approaching off-axis camera targets. For an accurate test, the first step was to determine the translation of the off-axis target radial velocity created by vehicle travel to image velocity on the camera focal plane. The target velocity on the focal plane was then translated back to motion on a circular test target. The calculated result showed that a test image disk 50 cm
 from the camera dome spinning at 12 RPM would simulate the off-axis particle motion of the AUV transecting at 1 meter per second (see illustration).  For comparison we also simulated the historical 0.5m per second ROV transecting speeds at the same distance by spinning the disk at 6 RPM. Using the spinning disk (the “wheel of death”), we tested multiple cameras and video recording formats. The results of the dynamic camera and recording testing showed that to preserve the image quality currently collected with ROV transects, the higher AUV transit speeds required three adjustments to the camera system. First, the camera framerate must be increased from the ROV high definition video format of 1080i 29.97 frames per second format to at least 1080p 59.94 frames per second to allow for smooth slow speed playback during human annotation. Secondly, the camera shutter speed must be increased from the normal video exposure of about 1/60th of a second to 1/250th of a second to reduce off-axis motion blur. Third, to provide the proper exposure under these conditions, the camera gain and lighting intensity must be increased. We also used the rotating target to compare the quality of full resolution RAW recorded images and images that were compressed using Apple ProRes 422(HQ) and SONY XVAC formats. Even with rapidly moving targets, there was no detectable loss of image quality with Apple ProRes 422(HQ). This confirmed the results of annotation tests on actual underwater transect recordings (above?) that showed that there was no significant difference in the species counts between recordings on D5 tape and file based recordings in the ProRes 422(HQ) format.
To determine the required camera and lens depth of field, previous transect data was analyzed and the distance from the camera dome that organisms were first identified was determined. This data was used to set the depth of field requirement from 10cm to 250cm from the camera dome in water (see figure). Our requirements also specified a 16:9 picture ratio and horizontal field of view in water of between 80 and 100 degrees. To select the optimal camera and companion lens we tested four different cameras and five compatible lenses using resolution test charts. The cameras fell into two major groups. Traditional “three chip” prism cameras with 2/3” image sizes, requiring a B4 mount 5mm focal length lenses and large format Bayer array single chip cameras with DIN super 35 imagers requiring a PL mount lens with a focal length in the range of 10mm to 15mm.  The criteria for selection were a combination of image quality, cost, size and upgrade potential. We selected the Sony PMW-F5 large format camera and a Sony SCL-P11X15 wide angle zoom lens (the zoom is from 11mm to 15mm). This camera and lens combination had nearly identical resolution to the other top choices and met the size criterial, but the capital cost was significantly less. The PMW-F5 camera also offers a clear upgrade path from the current “2K” (2048×1080 pixels) video format to the “4K” (4096×2160 pixels) format.

B. Data recording and post-mission recovery.

The selection of an appropriate file based video recorder was based on the requirement of recording at least 120 minutes of video in the 2K (2048x1080) progressive 59.94 format, having the appropriate form factor and most importantly, allowing image file downloads over a remote copper wire connection. The remote download ability was required so that the camera system housing did not have to be opened to recover the image recordings after each AUV mission. The AJA KiPro Quad was the only available data recorder that met all of these criteria. Data is stored on two proprietary 512 gigabyte media cards with transparent rollover and can record nearly 5 hours of video in our 2K 59.94P format. The control for the recorder is via HTML over Ethernet, which interfaces directly with our overall system architecture. To download the video image files after a mission a Gigabit Ethernet connection is made directly between a laptop computer to the camera system internal Gigabit Ethernet network using a metal shell connector. To preserve signal integrity the 1000Base-T cable is carefully terminated through the pressure bulkhead connector  (see reference “A Need for Underwater Ethernet Standards and Practices”, Steven Lerner, Andrew Maffei, Frederick Sonnichsen, Patrick Fischer-Carne and Adrian Round. Over Gigabit Ethernet with Apple ProRes 422(HQ) files, the ratio of recording duration to download time is approximately 1:1.
C. Power and Control modules.

The power switching module allows individual power control for all components and includes noise filtering and over-current protection. The Control module provides all other functions and includes an embedded commercial micro-processor module from the Modtronix Corporation, with two channels of serial communications for interfacing the external CTD and the lens iris stepper motor driver, A/D conversion for temperature, humidity and video level sensing and simple input/output logic functions (I/O) for monitoring water alarms, and other misc. functions. This module has the advantage of having a TCP/IP stack and embedded firmware that allows configuration and control through a simple HTML interface, greatly reducing the software and hardware development effort. The functions of the host micro-processor, the PIC18F6627 CPU are all accessible through the HTML interface, including 32 channels of analog and digital I/O. The temperature reporting circuit includes an automatic over-temperature shutdown function that removes power to the camera and recorder if the housing internal temperature reaches 40 degrees C. This is necessary to protect the electronics from inadvertent over-temperature damage during deck operations. When the housing is in seawater heat dissipation is not a concern.

D. Power and Communications AUV interface.

All power to the camera system and communications pass through a single metal shell underwater connector. The connector pins and wiring in the AUV DC Voltage bus and the interface connector limit the maximum power available to the payload to approximately 420 Watts. The connector also carried the 10BASE-T Ethernet communications between the camera system and the AUV control computer. 
VII. Choice of Recording format (codec).

VIII. Software conrol system.
IX. Vehicle control.

X. camera system control.

XI. Optical path design.

High resolution cameras and lens systems designed for in air use require carefully designed dome port adapters to achieve full performance in seawater. We took advantage of the fact that the AUV based i2MAP camera system is less size constrained than typical ROV mounted cameras that are required to pan and tilt, and chose to maximize the quality of the optical image even though this required a relatively large diameter dome port. The disadvantage of the larger dome is that it is under more mechanical stress.
XII. Mechanical design.

XIII. Results.

XIV. Conclusions.

XV. References. 
� This distance is in the middle range of the viewing volume and close enough to the camera where high angular velocities significantly degrade the image.









