Proposal Summary:  Scope and Relevance

Collecting images of the seafloor is an important component of current and future research activity at MBARI.  Jim Barry routinely performs video surveys.  Bob Vrijenhoek images whalefalls.  Charlie Paull .. BioD…

Historically, an ROV has been required to capture these images, However, the success of Hobson’s BIAUV project is demonstrating that some of the video surveying tasks previously performed by ROVs can be done using an AUV – with a potentially large cost saving. In fact, the BIAUV project has already returned images of selected sites.

Currently, collecting benthic images with an AUV is limited to terrain that is relatively planar and which has no significant hazards (outcroppings, mounds, canyon walls, etc) near enough to affect the safety of operation.  To collect images in more complex or hazardous terrain, an ROV is still required.  To enable an AUV to replace an ROV for these more complex missions, several advances must be made, and these advances fall loosely into two broad categories.  The first category is a need for increased AUV maneuverability (this is addressed in Hobson’s BIAUV proposal).  The second is the need for more precise navigation and control.  An AUV cannot operate within meters of a complex terrain if its effective turning capability is inadequate to avoid hitting the terrain – and it cannot operate close to the terrain if it isn’t able to determine accurately its location with respect to that terrain.  

One objective of this project is to generate methods for improving the navigational capability of an AUV operating in or near hazardous terrain.  The specific technology being developed is Terrain Relative Navigation (TRN) in which range measurements from a DVL, altimeter or sonar are correlated against pre-stored bathymetry to generate an estimate of the AUV’s true location with respect to the terrain.  One target application for this new capability is enabling the BIAUV to fly imaging missions in more complex terrain than is currently possible (e.g. at sites of interest to the BioD initiative).  Other immediate applications include increasing the safety of operation of the Mapping AUV as it is operated in hazardous terrain. 

Another objective of this project is to improve the capability of an ROV  (Ventana or Doc Ricketts) to perform video surveys over complex terrain.  An example would be flying a constant depth profile along the inside of a canyon wall while maintaining a constant standoff distance (~2m).  The major difficulty is that the ROV must be flown such the camera is always pointed normal to the surface being imaged (this will also be important in future AUV missions).  Over planar terrain this is straightforward.  Over complex terrain this is problematic.  Currently pilots control vehicle heading to align the camera, but they do this based only on their best estimate of the surface normal direction.  Information is available which could aid this process in the form of a priori bathymentry data and direct measurements of surface normal from the DVL, but there is no means currently of processing and presenting this information to the pilot in a usable manner.  Techniques for doing this are being developed in our research tasks.  In fact, one of our goals is to create an automated pilot aid which will greatly simplify the task of performing video surveys over non-planar terrain.   
Three basic activities comprise our proposed effort:

Task Area 1:  New pilot aids for ROV video surveys

Part of this task (Task 1.1) is to make automated control capabilities we have developed and demonstrated in earlier work available to Ventana’s pilots as an integral part of their system.  This task was partially completed, but work was put on hold due to Ventana’s uncertain future.  A second part of this task (Task 1.2) is to develop a plan for porting of these automated modes to the Doc Ricketts.  This includes demonstrating the capability provided by SMD which allows us to issue external commands into the Doc Ricketts’ control system   A final part of the task (Task 1.3) is to develop and demonstrate pilot aids for using an ROV to perform video surveys in complex terrain.  Note that our original motivation for this task was the creation of navigation-grade mosaics (e.g. the Macon study) in non-planar sites, but the utility  is more general and is proving to be a valuable aid for linear transects over rough terrain as well.   
Task Area 2:   AUV Terrain-Relative Navigation Using Bathymetry.
The overall objective of this task is to enable any AUV in MBARI’s current or future fleet to exploit knowledge of the local terrain to improve its navigational accuracy.  An immediate goal is to improve the safety of operation of AUVs in hazardous terrain by making them more aware of their precise location with respect to that terrain.  This is vitally important since there can be significant offsets (~20m) in the georeferencing of the bathymetry data, hence collisions with terrain are possible even with a perfect inertial navigation system (this is documented in the detailed discussion of Task Area 2 below).  More generally, TRN location fixes provide an alternative to surfacing for GPS updates and/or the broadcasting of USBL position updates in any AUV mission.  This capability could potentially benefit such vehicles as the LRAUV.
Task Area 3:  Object-relative positioning (for ROVs and AUVs)
This task area has been renamed since the 2009 proposal.  It used to be called “servicing instruments and mooring,” and the focus was on developing a pilot aid which would enable a single pilot to service a tethered instrument while the automated system held the ROV in position with respect to the target.   While those applications are still important and of interest, it has become apparent that the ability to hold station with respect to any object or structure (whether a tethered man-made object or a natural feature on the seafloor) is an important capability.  Further, this capability would benefit ROV missions (our original motivation was to build an automated pilot aid) as well as future servicing missions with an AUV (either imaging or intervention capable).   Our activities in this task have focused on developing and demonstrating vision-based techniques that enable an ROV or AUV to construct a model of the target object (i.e. determine its shape) while it simultaneously determines its location with respect to that object.  No fiducials are required.  
Details of our progress in each of these areas, as well as our plans for 2010 are presented below.
With the exception of our delaying work on Ventana-specific tasks,  our progress in each of these task areas is on track to meet all the milestones proposed for the current year.

Task Area 1:  New Pilot Aids for Video Surveys
Task 1.1:  Ventana pilot aids 
This has been an ongoing task to upgrade the control capabilities (e.g. pilot aids) for the ROV Ventana.  The primary objective has been to convert new capabilities previously validated using “engineering code” into deployed functions on Ventana.  This task has been led by Mike Risi.  

A major accomplishment under this task in 2008 was the installation of an interface which enables automatic station-keeping and motion-control (e.g. bump commands in position) of Ventana.  Details of this interface were presented in our 2009 proposal.  
There were four subtasks proposed for 2009.  They are  
1. Evaluate options for establishing commonality between Ventana and the Doc Ricketts control systems.

2. Implement a display of DVL ground track (i.e. “bread crumb trail) on a touch screen GUI for the Ventana Pilots
3. Develop a plan for how best to implement a display of the navigation-grade mosaic 
4. Implement an automated midwater transect capability

Proposed activity for 2010
Because of the uncertainty in Ventana’s future, all work on Subtasks 2 and 4 was put on hold.  If Ventana is available in 2010, work on these tasks will continue.  

Subtasks 1 and 3 are applicable to the Doc Ricketts.   Work on these tasks will commence during the last half of 2009 (as originally planned) and continue through 2010.    

Repeated here is a summary of these four subtasks (copied with minor modifications from our 2009 proposal)
The first subtask is to review the design of the current control systems on Ventana and the Doc Ricketts and define a new specification for how best to implement future automated control capabilities developed under this and other projects.  Developing a framework for sensors, filters, and actuators would allow new control system components to be added easily to either ROV control system.  We would like to review the work that has been done to date and define such a framework for future ROV control system development.  If Ventana is not available in 2010, this task can be interpreted as defining the framework that will be used to implement future MBARI generated control modes into the Doc Ricketts control system.
This review will be done by Mike Risi.
The second subtask is to complete the integration of a real-time display of ground track actually flown by Ventana, including a touch screen interface that will allow the pilots an alternate means of issuing “move” commands.  (Note that a version of this interface is already available on the Doc Ricketts—but without the touch screen interface.)  The primary value of this display is that it provides a high-level perspective to the pilots of the ROV’s location in the work area.  For example, this display simplifies greatly the task of returning to a starting location.

A sample of this interface is shown in Figure 1.  It shows the path the ROV has followed as it flies repeatedly back and forth across an area during the creation of a video mosaic.  Without this display, it is very difficult for the pilot to know how much area has been covered, how many swaths have been flown, or where the ROV is with respect to the starting location.

Note that this display (including all the algorithms required to create its content) is currently available and is used by the Ventana pilots (e.g. during the MPA surveys).  However, it is not integrated into the Pt. Lobos control room computers and is not available to the pilots on a regular basis.  Our original plan was to complete the integration of this display in 2009.  That is now our goal for 2010 – provided that Ventana is available.  
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Figure 1:  Ground track display

The third subtask is to develop a migration plan for the display of a video-mosaic to the pilots in addition to the ground track display.  Conceptually, this display simply overlays video tiles on the ground track display described above.  Again, this capability has been demonstrated previously (and was valued highly by the pilots), but has not yet been integrated into the Pt. Lobos control room computers.  It is also not available with the Doc Ricketts.  Two specific issues need to be addressed in developing this migration plan.  The first is that the current code which creates and displays navigation-grade video mosaics is written in Matlab, and this code must be ported to C/C++.  How best to accomplish this port needs to be determined.  

The second issue is that creating navigation-grade mosaics on-the-fly requires that a human user monitor the process.  More specifically, monitoring is required in order to guarantee that swaths overlap.  If visual lock between side-to-side images is retained by the system, full automation is possible (and this is usually the case).  However, if visual lock is lost, having a human user intervene is the most reliable way to reacquire correspondence (e.g. by mouse clicks on the same feature in two different images).  This capability is built into our current system and works very well.  However, the interface has not been engineered to make it readily usable by the pilots.  Part of our task in 2010 will be to work with the pilots to define an interface to implement this capability in their set of displays
This interface would benefit the pilots of the Doc Ricketts in exactly the same way as it will aid the pilots of the Ventana.  We will ensure that any plan we develop for implementing this display will be implementable on both systems.

The fourth subtask is the implementation of an automated midwater transect capability into the existing control system.  This task is expected to be straightforward.  The existing system was designed specifically by Risi to allow other position and/or velocity sensors to be incorporated.  Hence, closing feedback loops on an ACM or DVL (in water ping mode) should be “easy” since these signals are already available to the Ventana control computers.  The result would be a pilot aid that would provide the same ease of use for midwater transects that is now available for benthic transects.  

Task 1.2:  Doc Ricketts Pilot Aids 
One of the features specifically designed into the Doc Ricketts is the ability to incorporate automated modes designed at MBARI into its control system.  During 2010, we propose to validate and exploit this capability.

Planned activity for 2010
The specific task we propose is to implement a basic control system using an external computer (equivalent to NewHawkeye on the Pt. Lobos).  Signals will be fed into this external computer via serial or Ethernet lines, and the control commands generated will be summed with the pilot’s joystick controller.  This is the same configuration we have used in the past to implement new modes on Ventana.   

The first control law implemented will be a combination of heading and altitude/range control.  The reason for this choice is that these loops enable the implementation and test of the automated mode we are developing in Task 1.3 (i.e. video surveys in rough terrain).   Implementing this mode will make it possible for us to test using the Doc Ricketts instead of Ventana.  
An additional benefit to our validating this feature in the Doc Ricketts control system is that it would demonstrate an important mechanism for pursuing technology transfer with SMD.  Conversations between Graves and SMD have reaffirmed SMD’s interest in the ROV development work at MBARI.  In particular, SMD responded favorable to a memo which was sent that described some of our projects.  
This task will be the responsibility of Mike Risi.
Task 1.3  Pilot aids for visual surveys over nonplanar terrain

The overall objective of this task is to improve the ability of an ROV pilot to perform video surveys over complex terrain (e.g. the inside of a canyon wall) while simultaneously reducing his workload.  This task requires that the ROV be controlled to hold constant depth and constant distance away from the surface while orienting the ROV to keep the camera pointing normal to the surface.  As the complexity of the surface increases, so does the pilot’s workload.  For long transects, and/or for transects which are required to overalap, this can be problematic. 

Progress during 2009
Our work thus far in 2009 has focused on demonstrating automated heading control of the ROV to point the camera toward non-planar terrain while driving along the terrain contour. In July 2009, we demonstrated the ROV flying a depth contour in Soquel canyon. The ROV’s camera was kept pointed toward the terrain using a set of automatic control loops and minimal pilot assistance (Milestone #3 of our 2008 proposal). A sequence of images collected while the ROV flew this depth contour is presented in Figure 2.  This sequence represents a one-line visual survey of the site.
The advance required to enable this survey was the development of an algorithm which performs a low-pass spatial filter on measurements of the local terrain’s orientation obtained with the DVL.  This spatial filtering generates a smooth ROV heading command even near complex rocky outcroppings.  The spatial filtering was achieved by using the DVL data to update a spline representation of the local terrain, and then calculating the ROV’s heading command based on the spline representation.  A feature of this approach is that a priori bathymetry data of the site can be used to initialize the spline if they are available.  
An example of the smooth, spline surface-based representation of the terrain is presented in Figure 3.   A comparison of the DVL-based heading command and the smooth heading command is shown in Figure 4.
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Figure 2:  Strip of images taken over a non-planar site in Soquel Canyon
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Figure 3:  Spline surface-based map of Soquel Canyon sit updated with DVL measurements
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Figure 4:  Comparison of DVL and smooth spline map-based heading commands
Proposed Activity for 2010:
We have two objectives for 2010 in this task area.  The first is to refine the algorithms we demonstrated in 2009 and create a pilot aid that will enable improved video surveys along or over rough terrain.  The objective will be a system in which the pilot will be able to issue a “lateral to port” command, and the ROV will autonomously control its depth, heading and distance to the surface.

The second objective is to demonstrate that area-based video surveys over complex terrain are feasible with this new capability.  Specifically, our goal is to perform a survey over an area roughly 30m square in which overlap of successive swaths is guaranteed (i.e. no missed areas).  One task required to achieve this goal is the extension of the algorithms we developed previously to guarantee image overlap in planar terrain to include the more complex case of varying surface normal.

Task Area 2:  Terrain-based navigation using bathymetry

One of our major objectives of this project is to enable an AUV to localize its position (navigate) with respect to the surrounding terrain rather than just with respect to an inertial reference frame.  DVLs and Inertial Measurement Units (IMUs) used on AUVs enable then to determine latitude and longitude – but they do not provide a direct measurement of where the vehicle is with respect to the terrain.  This is problematic if the AUV’s mission includes operation close enough to the terrain that the errors in terrain-relative position are large with respect to the desired operating distance.  For example, the BIAUV needs to operate ~3m from the terrain to collect images, but the uncertainty in the AUVs position with respect to the terrain can be on the order of several 10s of meters.   There are two components to this error.  First is the AUV’s error in calculating its latitude-longitude.  Second is the georeferencing error that establishes the latitude-longitude of the terrain, and this georeferencing error can be 10’s of meters.  Hence, even if an AUV were to have a perfect inertial reference system, it cannot know its position with respect to the terrain any better than the georeferencing error.
Adding obstacle avoidance sonar can help, but it only enables reactive control.  It cannot exploit a priori bathymetry information to predict what terrain is being approached.  Terrain Relative Navigation (TRN) provides exactly this information.  Implementing TRN on MBARI’s AUVs is the objective of this task area.

To demonstrate that the georeferencing error of bathymetery data can in fact be large, we correlated bathymetry maps based on Mapping AUV data against maps of the same area based on ship-generated data.   We did this for data from two sites:  Soquel Canyon and Portuguese Ledge.  The results were that the offset of the Soquel Canyon data were ~0m North by ~14m East.  The results for the Portuguese Ledge data were 17m in North and -13m in East.

A sample of these correlation results is presented in Figure 5 and Figure 6 below.  Figure 5 is the side-to-side comparison of the bathymetry data for a map segment at Portuguese Ledge.   Figure 6 is the correlation surface.
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Figure 5:  Side-by-side comparison of map segment from Portuguese Ledge.  The left images shows the 20m ship-based bathymetry map.  The corresponding 1m MAUV map is shown on the right.  The black diamond shows the same geographic location on both maps, showing a clear offset between features in the two maps.
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Figure 6:  Correlation surface for 1m MAUV map and 20m ship-based map at Portuguese Ledge.  Most likely registration error is 17m North, -13m East.
Progress during 2009

In 2008, we demonstrated through field trials with the Mapping AUV that TRN navigation was a feasible concept.  Those results were documented in our 2009 proposal.

During 2009, we performed additional field trials focused on proving not only the feasibility but also the utility and practicality of the concept.  In particular, we demonstrated that TRN navigation could work without the need for the high-accuracy navigation system used on the Mapping AUV.  To do this, we ran tests using the BIAUV.  In addition, we ran tests which demonstrated that we could use readily available but low-resolution ship-based bathymetry instead of the high-resolution bathymetry obtained with MBARI’s mapping AUV.
Results of these tests are presented below. 
Task 2.1:  Field test of terrain-aided localization

Terrain relative navigation using the BIAUV:

In 2009, we focused our field tests on demonstrating the capability of TRN under less ideal conditions than our tests in 2008.  One of the objectives in this task was to field the TRN algorithm on the BIAUV which has  much lower-precision inertial navigation than the mapping AUV, thereby demonstrating the capability for using TRN as a navigation aid on lower-cost systems.

In June, 2009 we performed two sets of real-time field trials on the Benthic Imaging AUV near Homer 27 in Soquel Canyon.  This site was chosen such that the homing beacon could be used as a truth comparison for our TRN position estimates.  We designed two different vehicle trajectories for this set of trials, both of which ended with the vehicle homing to the beacon in order to provide a common point of reference for each trial.  The vehicle is able to home to this beacon location with a lateral accuracy of a few meters.   In total, six trials were performed in this manner, with three of each trajectory.  Figure 7 and Figure 8 illustrate examples of TRN results for both flown vehicle trajectories.  For all six trials, the estimator successfully converged upon crossing the canyon wall with standard deviations of 3-7m.
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Table 1 shows the estimated navigation biases for both the IMU and the TRN filter at the point at which the vehicle crosses over homer 27 in each of the six dives.  The bias is calculated by subtracting the navigation estimate of vehicle position with the recorded geographic location of the homer.  A graphical representation of these same results is shown in Figure 9.

Table 1. Homer crossing results from Benthic Imaging AUV dives in June, 2009.

Shown are IMU and TRN estimated biases from the geographic location of homer 27.

	
	
	IMU Bias (m)
	TRN Bias (m)
	TRN ( (m)

	
	Dive #
	North
	East
	North
	East
	North
	East

	Route 1

06/17/09
	2009.168.06
	61.08
	41.58
	59.08
	23.60
	3.63
	3.10

	
	2009.168.07
	74.56
	42.83
	62.56
	22.83
	2.84
	3.03

	
	2009.168.08
	61.43
	41.04
	66.00
	25.43
	3.19
	3.10

	Route 2

06/29/09
	2009.180.01
	75.39
	14.86
	51.40
	0.85
	4.80
	4.11

	
	2009.180.02
	71.37
	16.62
	44.37
	-3.38
	3.51
	3.03

	
	2009.180.03
	83.17
	23.40
	44.17
	-3.60
	5.77
	6.55


The current results demonstrate several improvements of the terrain-relative navigation estimates over the raw inertial navigation.  First, the TRN estimates are observed to be significantly closer to the expected vehicle location than the IMU estimates.  Furthermore, for a given day, the TRN estimates for the three runs are more self-consistent than the IMU estimates.  For both routes, the spread in inertial navigation estimates is approximately 13.5m.  In contrast, the TRN estimates are spread ~7.2m for route 1 and ~8.5m for route 2.  
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Figure 9:  TRN and IMU estimate home 27 locations, relative to prior gergraphical location (at the origin).  Results are color-coded by the day/route flown.
Despite the improved performance over inertials, the TRN estimates were inconsistent between the two days of testing and farther from the true homer location than expected.  Further analysis has uncovered several possible sources of these inconsistencies which were not present in our previous trials on the high-fidelity mapping AUV.   First, the terrain flown over in both trajectories exhibited strong self-similarity, resulting in bi-modal likelihood distributions of the vehicle location in the TRN filter.  In addition, once converged, the TRN filter was too confident in its estimate to track the large inertial drift throughout the run.  This resulted in smaller inertial bias estimates than actually existed.  These issues can be addressed with various algorithm extensions, resulting in a more robust TRN filter.

Terrain relative navigation using ship-based bathymetry:

In a second series of tests, we demonstrated the feasibility of using coarser, more readily available ship-based bathymetry maps for terrain-aided navigation, rather than the high-resolution AUV-based maps used in our prior field-trials.  In order to demonstrate this capability, we utilized the data collected from our online field trials in July and August of 2008 on the mapping AUV at two different sites: Portuguese Ledge and Soquel Canyon.  Both 1m resolution MAUV maps and 20m resolution ship-based maps exist for these sites, allowing direct comparison of terrain navigation performance over these different map sources.  

Figure 10 and Figure 11 illustrate the TRN results for one trial at Portuguese Ledge, over 1m and 20m resolution DEMs respectively.  The inertial navigation estimate of vehicle track is shown along with the TRN estimated track, overlaid with corresponding 90% confidence ellipses.  The TRN estimates result from using DVL sonar for terrain correlations in a 100x100m region around the inertial navigation estimate.  The filter was run at an update rate of 0.1Hz.  The TRN estimate takes longer to converge over the ship-based bathymetry, and yields larger overall confidence bounds.  The final estimation accuracy for this ship-based map is ~6m root mean square error (RMSE) in North and ~4m RMSE in East.  In comparison, using the high-resolution map yields final TRN estimator accuracies of ~3m RMSE in both North and East.  Similar results were found for the Soquel Canyon site (not shown here but available upon request).
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Figure 10:  Portuguese Ledge 1m resolution MAUV bathymetry map, overlaid with both INS and TRN estimated vehicle trajectories form 08/04/08 field trials.  90% confidence ellipses are plotted along with the TRN estimated track.
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Figure 11:  Portuguese Ledge 20m resolution ship-based bathymetry map, overlaid with both INS and TRN estimated vehicle trajectories from 08/04/08 field trials.  90% confidence ellipses are plotted along with the TRN estimated track.
In addition to evaluating these single comparisons, we carried out a set of studies assessing TRN performance at varying map resolutions from 2m to 30m.  For these studies, varying resolution maps were generated for the Portuguese Ledge and Soquel Canyon sites by re-gridding the same processed multibeam sonar soundings used in generating the 1m MAUV map.  The MB-System© software was utilized for this gridding process, using Gaussian-weighted averaging of the sonar soundings to compute individual DEM grid cell values.  The TRN filter was then run over each of these generated coarse maps using the data collected in the 2008 field trials.  

Figure 12 shows the resulting performance curve for the Portuguese Ledge data, shown as root mean squared error (RMSE) for North and East.  The RMSE is further decomposed into bias and variance.  Note the similarity in RMSE at 20m compared to the results shown in Figure 11 for the actual 20m ship-based bathymetry map. The results indicate that the reduction in TRN performance with decreased map resolution occurs gradually.  A very similar performance trend was found for the Soquel Canyon site.  Analytical studies indicated that the shown trends are likely to be comparable for many natural terrain surfaces.  Thus utilizing more readily-available ship-based bathymetry maps has the potential to provide TRN accuracies at less than the map resolution for many terrains.  While using the high-resolution MAUV maps will still provide improved performance when available, such maps are not crucial for successful TRN and may be more than necessary for many situations (e.g. the LRAUV mission).
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Figure 12:  Root mean square error (RMSE) of the final TRN estimate for varying map resolutions at Portuguese Ledge.  Results are shown as total RMSE as well as the component bias and standard deviation for both North and East.
Planned activity for 2010:
For 2010 we propose two areas of work under this task.  First, we propose to implement and verify the use of the TRN navigation update in the BIAUV’s control system.  In 2009, we used the USBL homing in the BIAUV to return to a site, and then measured the location of that site with our TRN system.  In 2010, we will demonstrate that we can return to a site without the use of an external system.  Our demonstration will consist of identifying a feature in the terrain from a first pass through the terrain, and then returning to that feature on a second pass.  

In order to complete this demonstration, the control code in the BIAUV needs to be modified to accept navigational updates from the TRN software.  These modifications to the BIAUV code will be the responsibility of Rob McEwen.  The associated modifications to the TRN software will be performed by the Stanford team.
Our second area of work will be to continue to improve the robustness of our TRN algorithms to deal with uncertainties in the bathymetry data and/or errors in the AUV’s sensors.  As described above, our field tests this year have identified several sources of error.   Our goal is to eliminate (or at least reduce) the effects of those errors in 2010.  One error of particular interest is the possibility that the terrain has changed (e.g. due to a mass transport event) or that there is some other large error in the bathymetry data (e.g. errors due to missing sonar data or errors in gridding).  To demonstrate our robustness to these errors, we propose to process bathymetry data from a site at which significant changes have occurred as documented by Charlie Paull.  
Task 2.2:  Algorithm development

Issues which must be addressed when implementing a TRN algorithm are what data structure and what form of estimator should be used.  Options for data structure include discrete elevation maps and point clouds.  Options for the estimator include point mass filters and particle filters (there are several more).  The trade is the cost of computation versus the complexity of the terrain which can be considered.

Progress in 2009

During 2009 we experimented with this trade.  We implemented point mass filters and particle filters, and we explored discrete elevation maps (DEMs) and point clouds.  The details of that study are omitted here (we would be glad to provide them if requested), but the overall conclusions were 

(1)  For TRN applications, there is little difference in the performance of point mass filters vs particle filters.  In general point mass filters are faster while particle filters extend more easily to more complex problems, but neither of these issues was a major factor for the types of TRN work we are performing
(2)  In general, the DEM is a convenient data structure for TRN, and it is consistent with the data product produced by MBSystem.  Further, the computation requirements associated with the DEM representation are less.  However, the using the DEM is problematic if the terrain is nearly vertical (e.g. a canyon wall).  Extensions to the DEM representation are possible to handle these situations, but the point cloud representation handles these situations easily.    

Proposed activity for 2010

During 2010 we will continue to refine our algorithms.  Our goal is to make them more efficient  for deployment on MBARI's AUVs.  Extensions we will consider include automatic estimator reconfiguration to reduce computational expense after convergence, simplifications to allow increased update rate of the estimator, and a more reliable self-test for convergence.  
No MBARI person-hours are requested for this task.  It will be performed by the Stanford team.

Task Area 3:  Object-relative positioning (for ROVs and AUVs)
Task 3.1:  Control system refinement

Progress during 2009
The goal of this task is to enable robust tracking by an ROV (or eventually an AUV) of an object.  This object could be on the seafloor (e.g. a MARS node or a rocky outcropping), or it could be a tethered instrument or large mooring.  The utility of this capability is that it could reduce a pilot’s workload when performing manipulation tasks (e.g. servicing an instrument) , or it could allow a single pilot to perform a task that currently requires two (e.g. allow the pilot to operate the manipulator while the vehicle is held in position automatically).  Achieving this goal requires logic which can estimate both the shape and the pose of the unknown target.  An important requirement for this algorithm is that it is not require any fiducial markings on the target
During 2008 and 2009 we have developed an algorithm is called ‘SPEAR’ (Simultaneous Pose Estimation and Reconstruction).  It is an adaptation of an algorithm called ‘FastSLAM’ used in the Simultaneous Localization and Mapping (SLAM) robotics community.  FastSLAM and SPEAR use a type of nonlinear filtering known as a particle filter, which has several benefits over alternative types of filters for the visual tracking application required here.

To eliminate the need for fiducials, repeatable, recognizable natural image features were processed and used.  The SPEAR algorithm itself is independent of the vision-processing, so any repeatable natural image feature can be used (the specific type of features we used are called SIFT, and have a history of underwater applications).  In order to use the ROV Ventana’s vision system for precision estimation, we were required to calibrate the main science camera at the widest zoom level.

Our activity to date in 2009 has focused on developing the logic which provides a best estimate of the position of the target and its shape.  Our goal for the November 2009 trial is to use this estimate in a closed-loop control system on Ventana to hold station with respect to a rocky outcropping on the seafloor.

Example results showing the performance of the estimator are shown in Figure 13 through Figure 16.  These results are from a run in which a pilot flew Ventana around an artificial target (a piece of syntactic foam).   Comparing Figure 13 and Figure 14 shows the fidelity of the target reconstruction.   Figure 15 and Figure 16 show the ability of the estimation scheme to track the rotating and translating target over time.

[image: image11.emf]
Figure 13:  Ture images of underwater target
[image: image12.emf]
Figure 14:  Views of 3-D reconstructed target
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Figure 15:  Relative Euler Angles vs. time
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Figure 16:  Relative position vs. time
Activities proposed for 2010:
We are continuing work towards deploying closed-loop relative position control, using the feature-based estimation algorithm demonstrated underwater in the past year.  We are on target for achieving automated stationkeeping of ROV Ventana with respect to a structure by November 2009 (Milestone #5 from last year’s proposal).

Building on this demonstration, we will work to enhance the algorithm so that the ROV is capable of holding station with respect to non-stationary, tethered targets, in addition to stationary targets.

Publications

S. Augenstein and S. Rock, “Simultaneous Estimation of Target Pose and 3-D Shape using the FastSLAM Algorithm”, to appear in Proceedings of the AIAA GNC Conference 2009, Chicago, IL, 2008.

S. Augenstein and S. Rock, “AUV/ROV Pose and Shape Estimation of Tethered Targets without Fiducials”, to appear in Proceedings of UUST 2009, Durham, NH, 2009.

- paper about Charlie Paull’s homers (waiting to hear back from Charlie on the title/conference of this paper, will send it on to you if you want to mention it in the proposal)

Appendix

Research Activities:

The discussion of each project task in the previous section included a description of our current status as well as a discussion of our proposed goals for 2010.  Presented here is a brief summary of the work we propose to accomplish in 2010.  Note that the titles of these tasks have been modified slightly from our 2009 proposal to reflect the change in emphasis of the tasks (e.g. due to the uncertainty in Ventana’s future).

Task Area 1:  New Pilot Aids for Video Surveys
Task 1.1  Ventana pilot aids and migration plan to Doc Ricketts.
Four subtasks comprise this effort.  Two of these tasks (Subtasks #2 and #4) are specific to Ventana.  Subtask #2 is the implementation of a pilot interface that displays a ground-track aka “bread crumb” trail to the pilots on a touch screen interface.  Subtask #4 is the implementation of an automated midwater transect capability.  These tasks are budgeted separately and are contingent on Ventana’s future.

The other two subtasks are applicable to the Doc Ricketts as well as Ventana.  Subtask #1 is the definition of a new specification for how best to implement future automated control capabilities on either ROV.  The issue is that the “engineering code” used in the past to demonstrate these capabilities must be replaced with “hardened” code when the functions are installed in the pilot control stations.  Subtask #3 is the extension of the ground track display on either ROV to include video images.  This extension will allow the pilots to know the position of the ROV with respect to features rather than just coordinates.  The principal effort on this task in 2010 will be the development of a migration plan for this new capability.
Task 1.2:  Doc Ricketts Automated Modes

The Doc Ricketts’ control system has been designed to allow the incorporation of automated control modes developed at MBARI.  The goal of this task is to validate that capability by implementing a control that will control heading and range-to-target based on signals generated in a MBARI computer.  A feature of having implemented these modes is that they enable the use of the Doc Ricketts instead of Ventana for testing in Task 1.3 below.

Task 1.3:  Pilot aids for visual surveys over non-planar terrain.

The ability to perform visual surveys over areas of the seafloor (i.e. overlapping swaths) has been validated in Project #900821 (Seafloor Imaging of MPAs).  The goal of this task is to develop an automated capability which will (1) aid the pilot when flying linear visual surveys (e.g. constant depth profiles along a canyon wall), and (2) enable area-based surveys in non-planar terrain. 
Task Area 2:  Terrain-based navigation using bathymetery

In field trials with the Mapping AUV and the BIAUV during 2009, we are demonstrating the feasibility of using Terrain Relative Navigation techniques to improve the navigational capabilities of an AUV operating near hazardous or complex terrain.  Specifically, this technique enables the AUV to know its position with respect to the terrain rather than with respect to an inertial coordinate system.  

Task 2.1:  Closed-loop TRN-based control

During 2010, we propose to implement and verify the use of the TRN navigation update in the BIAUV’s control system.  The demonstration will consist of identifying a feature in the terrain from a first pass through the terrain, and then returning to that feature on a second pass.  Our goal is to demonstrate improved accuracy over what can be achieved with the inertial navigation system alone.  As part of this task, we also will continue to improve the robustness of our TRN algorithms to deal with uncertainties in the bathymetry data and/or errors in the AUV’s sensors.
Task 2.2:  TRN algorithm development
No specific tasks are identified under this task for 2010, and no MBARI resources are required.  However, the Stanford team will continue to explore means of improving our TRN algorithms to yield faster convergence and/or the ability to deal with different data structures.

Task Area 3:  Object-relative positioning 
The general goal of this task is to develop and demonstrate the ability for an ROV (and eventually an AUV) to control its position with respect to objects on the seafloor (e.g. a rocky outcropping or a MARS node) and/or objects suspended in the midwater (e.g. tethered instruments).  

Task 3.1:  Demonstration of object-relative control 

In 2009, we will demonstrate the feasibility of holding station with respect to a rocky outcropping.  In 2010, we will extend this demonstration to include the ability to move around to view different faces of the outcropping under automated control.  Further, we will demonstrate the ability to perform a similar function with respect to a target tethered in the midwater.

Note that the low-level automated control systems required to accomplish these tasks are available and have been demonstrated on Ventana.  If Ventana is not available in 2010, we propose to perform these demonstrations using the Doc Ricketts, but this is contingent on the success of our  Task 1.2 above.
Major Milestones/Deliverables:

(1)  Task 1.1:  Demo of upgraded pilot interface with video frames on Doc Ricketts
(2)  Task 1.2:  Demo of automated mode implemented on Doc Ricketts
(3)  Task 1.3:  Demo of visual survey of a 30m by 30m site on wall of Soquel Canyon (or other suitable site)
(4)  Task 2,1:  Demo of return to site using TRN

(5)  Task 3.1:  Demo automated circumnavigation  (at least 90degrees) of a target using SPEAR

Budget Justification:

The details by task of our budget request are:

Task Area 1:  New pilot aids for ROV video surveys

Task 1.1:  New pilot aids (displays)
20 days Risi:  Subtask 2:  DVL ground track display on touch screen for Doc Ricketts
15 days Risi:  Subtask 4:  Implement automated midwater transect for Doc Ricketts
20 days Risi:  Subtask 3:  Implement video overlay on ground track display for Doc Ricketts
Task1.2:  Doc Ricketts automated modes

5 days Risi: Implement existing automated mode on Doc Ricketts
2 days Doc Ricketts (could be piggyback)

Hardware & software: $4,800.00 or $3,300.00 with NewHawkeye resuse
+ development touch screen like infernalis $800.00
+ New Hawkey like computer $1500.00 (note: could use NewHawkeye if it is removed from lobos upon retirement.)
+ development PC to run track line display code $1500.00
+ misc equipment and cabling      $500.00
+ GUI Software development tools  $500.00
Task 1.3:  Visual survey over non-planar terrain

A Stanford task.  No MBARI engineering time is requested
2 days Ventana or Doc Ricketts
Task Area 2:  Terrain-based navigation using Bathymetry

Task 2.1:  Closed-loop TRN-based control

30 days McEwen to support installation and test of code on the AUVs

3 days BIAUV

2 days Mapping AUV

Task 2.2:  TRN algorithm development

A Stanford task.  No MBARI engineering time is requested

Task Area 3:  Object-relative positioning

Task 3.1  Demo object relative control

A Stanford task.  No MBARI engineering time is requested

2 days Ventana or Doc Ricketts
Figure � SEQ Figure \* ARABIC �8�:  Soquel Canyon 1m resolution bathymetery map, overlaid with both INS and TRN estimated vehicle trajectories from 06/29/09 field trials on the BIAUV.  The 90% confidence ellipses are plotted along with the TRN estimated track.





Figure � SEQ Figure \* ARABIC �7�:  Soquel Canyon 1m resolution bathymetry map, overlaid with both INS and TRN estimated vehicle trajectories from 06/17/09 field trials on the BIAUV.  The 90% confidence ellipses are plotted along with the TRN estimated track.








