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1.    INTRODUCTION 

A subsea forensic survey requires precise positioning of the vessel and vehicles. Precise navigation permits 
the survey team to control the path of the subsea vehicles in order to execute the survey plan. Additionally, 
precise navigation allows the survey coverage to be determined and provides the ability to return to specific 
targets. Precise navigation also allows the assessment team to correlate observations made at different times 
from different vehicles. 

The survey vessel, RV Thomas G. Thompson, was equipped with a p-code Global Positioning System 
(GPS) receiver. This device permits the vessel position to be determined with a repeatability of about 4 meters 
(one sigma). This figure was determined from dockside tests. Fixes were provided at one-second intervals. 

GPS positioning of the vessel provides two critical capabilities. First, we use GPS to aid in surveying 
transponders placed on the seafloor. By knowing the vessel position and the acoustic travel-time (therefore 
range) to the transponder, the transponder position can be determined after guiding the vessel through a 
sufficient survey pattern. Second, we use GPS as an input to the vessel dynamic positioning system (DP). The 
dynamic positioning computer controls the vessel position within a few meters of a desired position. Our DP 
interface allows the navigator to manipulate the desired vessel position interactively, which provides a key 
capability for precise trackline following and safe navigation of the vehicles near obstacles. 

The subsea vehicles were navigated acoustically, as GPS signals do not penetrate seawater. After surveying 
a network of acoustic transponders, we use acoustic travel times between the vessel, transponders, and vehicles 
to determine the vessel and vehicle position. For historical reasons, we do not use the GPS vessel position 
directly in the acoustic navigation solutions. We employed several types of acoustic cycles depending on the 
vehicle and type of survey. 

We employ several different types of coordinates. Ultimately, all our coordinates can be directly converted 
to latitude and longitude, although lat/lon coordinates are awkward to work with in operational and 
quantitative mapping contexts. Instead, we work primarily in Universal Transverse Mercator (UTM) 
coordinates. UTM coordinates provide a standardized set of coordinates that work over wide areas. Under 
UTM, the surface of the earth is divided in 60 2ones. Each zone consists of a slice that incorporates all the area 
within 3 degrees of longitude on either side of central meridian. For the Derbyshire survey, we were operating 
in UTM zone 53. As a consequence of the transverse mercator projection, the UTM grid XY coordinate frame 
is generally rotated slightly from true north/east directions depending on the distance from the central 
meridian for the current zone. 

Internally, our acoustic navigation system works in simple Mercator coordinates using an arbitrary origin. 
However, these coordinates are of no consequence to the user. 

In this report, we summarize the repeatability of our navigation fixes for the Argo vehicle. This 
repeatability study provides confidence levels for our estimates of photo coverage. To determine repeatability, 
we selected a number of instances where the vehicle lines crossed. By comparing vehicle offsets from both 
navigation and imagery, we could estimate the repeatability. We estimate the average navigation error at 3.1 
meters, which it well within our expectations of +- 5 meters. 
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Figure   1:   This   plot   shows   the   transponder   positions   and   the   complete   set   of Argo   tracklines. 



2. TRANSPONDER SURVEYS 

After each transponder has been placed on the seafloor, its precise position must be determined. Although 
we record the vessel position when each transponder is launched, they inevitably drift as they descend to the 
seafloor. 

Before any acoustic navigation can be accomplished, we require detailed knowledge of the speed of sound 
and how it varies as a function of depth. We obtained this information by using an expendable 
bathythermograph (XBT) to measure the temperature in the first 760 meters, and using historical data to 
extend the profile all the way to the seafloor. 

The survey process involves determining the transponder position (in three dimensions). We accomplish 
this by maneuvering the vessel in a circular pattern around each transponder. The radius of the circle was set 
to about 70% of the depth of the water. This provides good triangulation geometry without making the survey 
pattern excessively long. 

A minimum of three travel time/vessel GPS fixes are required to fix the transponder position provided 
they do not lie in along a line. However, we log several hundred points along a circle about the estimated 
transponder position. This technique allows us to reduce the effect of noise, and more importantly to balance 
many of the errors. For example, by following a circular survey track we greatly reduce the effect of several 
error sources on the horizontal position estimate. Errors minimized by a circular track include sound speed 
errors and the effect of ship movement during an acoustic cycle. 

Figure 2 shows a typical survey track. The pattern was driven at a speed of about 4 knots using manual or 
"hand steering" by the ship's bridge watch (DP is not used for the survey). A circle plotted on the ship's 
navigational display was provided to help in controlling the vessel. Each survey track required about 2 hours 
from completion. Results of the completed survey for all transponders are contained in Appendix A. 

A survey record consists of the vessel position and the two-way travel time to and from the transponder. 
Additionally, the vessel heading is recorded, in order to compensate for the horizontal offset between the GPS 
antenna and the acoustic navigation transducer. No compensation is included for antenna motions induced by 
vessel pitch and rolL After the survey is completed, the transponder position can be computed by a least- 
squares solution. The software allows errant travel-times to be removed. A typical survey data set contains 
about 500 records. 

Figure 3 shows the difference between the measured range (from the acoustic travel time) and the 
estimated range (from the vessel GPS fix and the estimated transponder position). The difference is low (1.4 
meters rms) and any systematic errors are on the order of a meter. Figure 4 shows a histogram of the error 
distribution, which indicates an approximately gaussian error distribution. 
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Figure 2. This plot shows the vessel track during a typical transponder survey. The apriori estimate of the 
transponder position (based on the launch position) is at the center of the circle. By using a circular survey 
pattern, we reduce the effect of many errors on the surveyed position. 
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Figure 3. This plot shows the difference between the range computed from the vessel fixes and the 
surveyed position and the directly measured range. 
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Figure 4. This plot shows the histogram of the range errors. While figure 3 shows some systematic errors, 
the final error distribution is fairly gaussian. 

DSL-120 AND ARGO RESULTS 

We installed and surveyed six transponders for DSL-120 and Argo navigation (A-E in appendix A). These 
transponders were set on 50 meter tethers. Due to performance problems related to terrain, transponder C was 
recovered and reset with a 100 meter tether. 

For both DSL-120 side scan sonar and the Argo towsled, we employed "Relay Mode" navigation. In relay 
mode, an acoustic cycle is executed for the ship, then another acoustic cycle is executed through the relay 
transponder on the tow wire above the vehicle. The reception of travel times at the vessel from the relay 
transponder and the transponders permits a 3D navigation solution to be computed. Conceptually, the 
solution can be compared to a 3 transponder, 3D solution, where the vessel plays the role of one of the 
transponders. While we usually have more than two transponders in our net (typically we had 5 or 6 during the 
Derbyshire survey), the navigator selects only two to use at any given time. With the ship effectively acting as a 
third transponder, we obtain a deterministic, three-dimensional fix with no intrinsic error measure. This cycle 
is summarized in figure 5. 

For the DSL-120, we require excellent navigation for the sonar towfish, however tight trackline following 
is not necessary because the large swath coverage of the 120 lets us easily prevent any gaps in coverage. 
However, with Argo, we must navigate the vehicle precisely and maintain tight control of the tracklines in 
order to produce complete coverage. 



Figure 5: For both Argo and the DSL-120, we employed Relay Mode navigation. To obtain a 
solution, two cycles are executed. The first cycle determines the travel times between the ship 
and the transponders, and the second cycle interrogates the transponders through a relay 
transponder positioned on the tow cable approximately 100 meters above the vehicle. 
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Figure 6: Complete set of Argo tracklines 

Our goal was to obtain complete photographic coverage of the entire wreck site. As we control Argo 
primarily by maneuvering the vessel, this represented a challenge in over 4000 meters of water. In particular, 
the sluggish response of the vehicle to vessel movements makes the task difficult. Figure 6 shows the complete 
set of Argo tracklines. 

Figure 7 shows the dynamic response of the vehicle to vessel motion along with the response of a simple 
first-order model. Both vessel and vehicle movements have been transformed into a plane oriented along the 
nominal trackline direction. While the model is naive in several ways (it ignores currents, depth changes, 
hydrodynamic nonlinearities, and out-of-plane motion), it clearly captures much of the relevant dynamics. It 
performs worst in turns, where the vessel motion is most extreme, velocity changes and out-of-plane motion 
are the large. 

By fitting the model to the vehicle response, we can determine the time constant of the primary vehicle 
dynamic response to one-dimensional vessel motion. In the model shown in figure 7, the time constant was set 
to 18 minutes. 

From our assumption of a linear first-order dynamic and the time constant, we can also compute the 
steady-state distance between vessel and vehicle (layback) as a function of vessel speed. A time constant of 18 
minutes corresponds to a layback of 1080 meters. We expect that the layback will be dependent on speed in a 
nonlinear fashion, so these results are most valid around our operating speed during this survey, 0.5 knots = 
.25 m/second. 

10 
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Figure 7 Modelled versus measured vehicle response along track. This plot shows 
distance traveled by the ship, vehicle, and a model. The model is a simple first- 
order system with a time constant of 18 minutes. 

The navigator performed the job of driving the vehicle along a prescribed trackline. While the bridge 
watch always retained ultimate control of the vessel, the DP interface in the control van permitted the 
navigator to command vessel translation interactively. Using his latest estimate of the current across-track 
offset between vehicle and vessel, the navigator would command a vessel motion that would carry the vehicle 
down the track. The vehicle motion could be adjusted three ways: 

1. The vehicle's thrusters could be used to push the vehicle sideways. While only small corrections could be 
effected in this manner, thrust provided the fastest response time (time constant of several minutes), but 
was unsuitable for maintaining a sustained correction. 

2. The vehicle's heading could be altered through commands to its autopilot. By increasing the angle of 
attack, the vehicle body generates a side force through lift Using heading changes, large corrections in the 
trackline could be made, but these changes took longer than those obtained by direct thrust (time 
constant, approximately 5 minutes). A steady offset for a prolonged period could be easily maintained in 
this way. 

3. Finally, the navigator could alter the ship track This type of correction provided the largest change in the 
vehicle track, although through the most sluggish mechanism (time constant ~18 minutes as shown 
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earlier). 

Figure 8 shows typical trackline performance. The vessel movements, shown in red, were chosen to induce 
the vehicle to move along the trackline. Cross-track adjustments were entered at frequent intervals to keep the 
vehicle on the track. Due to the highly damped and sluggish nature of the vehicle response, these motions had 
to be exaggerated versions of the desired vehicle motion. 

The corners in figure 8 show two different strategies. In the turn at the upper left comer, the navigator 
drove the vessel continuously. In the rum in the lower right comer, the navigator stopped the ship and 
commanded a rectangular rum with the vessel. The rectangular turn took more time than the continuous turn, 
but the vehicle converged on the new trackline sooner with the rectangular turn. 
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Figure 8: Typical track following performance. The red tracks shows the vessel trajectory, the magenta lines show the 
desired tracks, and the green trace shows the vehicle track. 

Figure 9 shows vehicle off-track error versus time along with the vehicle heading. The errors are quite low, 
rms = 2.1 meters. Just before 22 hours, the vehicle trackline error starts to grow, and a heading was 
commanded to change in order to counter the error. This heading change (probably along with side thrust), 
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brought the vehicle back on line. 
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Figure 9. This plot shows trackline error and vehicle heading. As the track error grows just prior to 22 
hours, a heading change is applied. 

4.    JASON NAVIGATION 

The requirements for navigation of Jason differed from those of Argo in several respects. Jason navigation 
had to allow us to revisit locations identified by Argo imagery rather than to obtain complete overlapping 
coverage. Additionally, since Jason works closer to the seafloor and does not have the option of a relay 
transponder high on the tow wire, terrain or wreckage can obscure the acoustic paths. 

To deal with these constraints, we installed 3 more transponders (H-J in appendix A) on 100 meter 
tethers. These transponders were located in order to provide good coverage over the major debris regions 
identified through Argo imagery. 

Jason uses a different acoustic cycle than Argo, which allows the position of the ROV and its clump 
weight (Medea) to be positioned in alternate cycles. Figure 9 shows an ROV navigation cycle. The ship "pings" 
at 9.0 khz, which excites the transponders. The transponder replies are heard at the ship and the vehicle, which 
also hears the 9.0 pulse from the ship. This technique allows Jason's position to be determined in 3D in one 
cycle. Equivalent cycles for Medea were alternated. 

13 



JASpN Navigation 

Figure 9. Jason uses a cycle where returns are received at the vehicle and the ship. In each cycle, we obtain 
a position fix for the vessel and either Jason or Medea. 

5.    ARGO NAVIGATION REPEATABILITY 

In order to judge whether our trackline coverage is as complete as our coverage maps would imply, we studied 
the accuracy of the Argo navigation. We accomplished this goal by picking points where Argo tracklines 
crossed, then compared the positional offset determined from the navigation to the offset determined by 
comparing features in corresponding ESC images. 

5.1 ERROR SOURCES 

Long baseline acoustic navigation is imperfect for a variety of reasons: 

• Our transponder surveys are imperfect, which results in a slightly warped navigation grid. Since 
we often switch baselines, these switches will result in jumps if the survey is imperfect We 
estimate the magnitude of these errors at approximately 2 meters for each transponder. 

• The resolution of the acoustic travel time detection is limited by the bandwidth of the acoustic 
pulses (estimated at +- 1.2 meters based on deepwater trials with fixed elements). 

• Tidal currents can deflect the transponders (estimated as +- 1 meter) 

• The relay transponder was attached 100 meters above the tow sled, and we anticipate a small 
offset (+- 1 meter) due to deflection of the cable. Likewise, maneuvering the vehicle with the 
thrusters could increase this error 

As a result of these errors, the navigation would not provide the same positional fix when we returned to an 
identical position at a later time. Likewise, the apparent position of the vehicle would change when we switch 
the baseline pair used for navigation. Based on our estimates of these error components, we expect to see 
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errors on the order of +- 5 meters. 

5.2 METHODOLOGY 

We can exploit the images gathered by Argo to determine navigation error. First, we find a points where 
two tracklines cross (within a tolerance). Using the DSL Visual program [Lerner et al], we find the two 
corresponding images that contain multiple overlapping images. Then, we rotate each image based on the 
Argo compass reading, then scale from the altitude measurement, and finally translate one of the images to 
best match a series of tie points on the other image. We obtain an equivalent positional offset purely from the 
navigation. The navigation error can then be determined as the difference between the offsets determined 
from the acoustic navigation and the offsets determined from the image tie points. 

We analyzed accuracy under two conditions. First, we used 41 intersections between typical tracklines, 
(which ran from southeast to northwest and vice-versa) and a single east-west tie line. Second, we gathered 18 
crossings at random throughout the survey area. 

Figure 10 shows the tie line superimposed on the survey tracks. The line cuts across 41 tracklines, and the 
imagery for most crossings has sufficient features to provide a good match. 

Figure 10. This plot shows the crossing line used to determine navigation repeatability. 

A typical image pair is shown in figure 11. These images have both been rotated using the compass so that 
each    image    has    north    approximately pointing up (compass errors can be clearly 
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seen). Features that appeared clearly in both images were chosen manually, then the offsets were computed 
taking into account the differences in height off bottom (from the altimeter measurement). 

Results were obtained for 123 corresponding images/navigation crossings along the tie line. The average error 
was 3.1 meters. For a more scattered sampling of 18 points over a wider area, the average position error was 
1.9 meters. Both these results are well within our expected error magnitude of 5 meters. A collection of 
representative image pairs are shown in Appendix C. 

tape095/ESC.970408_062021.0293.tif 
tape036/ESC.970325_004138.0106.tif 

H: 172.1 A: 14.5 
H: 208.7 A: 14.2 

Figure 11: These two images show the same objects in different passes at different headings and altitudes. 
From tie points manually selected on each image, we can compute the offset between images for comparison 
to the offset derived from the navigation. 
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Figure 12. These plots summarize the discrepancies between the navigation and the images for the tie line. The 
average error is 3.1 meters. A total of 123 image pairs were analyzed. 

6.    CONCLUSION 

This report summarizes the navigation used on the Derbyshire Phase 2 expedition. The schemes used for navigating 
the tow sleds and ROVs are summarized, as are the survey techniques used to determine the transponder locations. 
An analysis of the navigation repeatability was undertaken. By registering two images from overlapping areas on 
different tracklines, we can determine the true position offset between the tow sled. By comparing the position offsets 
derived from the images to the offsets obtained from the navigation, we can determine the navigation error. The 
average error for 123 points across a single tie line was 3.1 meters, the average error for a more scattered selection of 
18 points was 1.9 meters. 
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7.    APPENDIX A: TRANSPONDER SURVEY INFORMATION 

Derbyshire, T.G.Thompson TN-068    Transponder Locations   April 1997 

u TM ZONE 53 
ID LAT   (N) LON   (E) X Y z RMS #  PTS TETHER455 frea DEPLOYED 

** 25 51.53251 133  29.88738 349505.7 286Ö915.T" 3811.8 1.08 572 50H 8.0 11.75 12MÄRCH 
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12MARCH 
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H 25 

"25 
52.51684 

50.98266 " 
133   32.32947 
133  32.03608 

353605.0 
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 '.97'" 
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200H 
2ÖÖM 
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11.00 
10.75 

10APRXL 
t 2859860.1 3790.9 lÖAPlii. 
j 25 51.90622 133   30.64569 350780.2 2861591.2 3893.1 .80 653 200M 10.0 10.50 10APRIL 

0: rig fin of  local grid 25° 48.0' N 133° 28 .0' E 

Transponder tethers are 1 /16"galvanised aircraft cable. 

Transponder anchors are 100 pounds. 

Depth of ship transducer was 5.8M. 

Transponder "C" recovered 15 March and redeployed as "G' 

18 



8.    APPENDIX B: NAVIGATION TIMELINE 

Date Time Vehicle 
97/03/12 1200 Xpndr Set and survey xpndrs A-F 
97/03/13 1143 DSL-120 Start 120 operations 
97/03/15 0500 DSL-120 120 on board 
97/03/15 1102 Argo Argo 12 launch 
97/03/19 0748 Argo Argo recovery 
97/03/19 0758 Xpndr Set and survey xpndr G 
97/03/19 1548 Argo Launch Argo 13 
97/03/23 0003 Argo Recovering, hit a line, electrical problem 
97/03/23 0920 Argo Launch Argo 14 
97/03/26 0546 Argo Argo on deck 
97/03/26 1014 Argo Launch Argo 15 
97/03/28 0000 GPS Pcode GPS lost 
97/03/28 0120 Argo Continue survey by h*and steering 
97/03/30 0818 Argo End Argo 15, on deck, snagged on floating line? 
97/03/30 1424 Argo Launch Argo 16, Pcode GPS still down 
97/04/07 0657 Argo End Argo 16 
97/04/07 1130 Argo Launch Argo 17, Pcode fixed 
97/04/08 2122 Argo End Argo 17 
97/04/09 0739 Xpndr Xpndrs E and F recovered 
97/04/09 0305 Argo Launch Argo 18, cameras looking to the side 
97/04/10 0214 Argo Argo on deck, end of Argol 8 
97/04/10 0324 Xpndr Set xpndrs HÜ, survey J and H 
97/04/11 0627 Jason Launch Jason 202 
97/04/11 1808 Jason Recovered Jason after loss of telemetry 
97/04/12 2238 Jason Launch Jason 203 
97/04/15 0446 Jason Jason 203 ended, Jason on deck 
97/04/16 0006 Jason Launch Jason204 
97/04/18 0359 Jason Jason 204, on deck 
97/04/18 -0600 Wx Leave site, bad weather 
97/04/23 0830 Wx Back on site 
97/04/23 0900 Jason Launch, Jason 205 
97/04/25 2036 Jason Jason 205, on deck 
97/04/27 Xpndr Recover xpndrs A, B, G 
97/04/27 1055 Jason Launch Jason 206 
97/04/28 0705 Jason Jason 206, on deck 
97/04/28 0925 Xpndr All xpndrs on board, steaming to Yokohama 
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APPENDIX C: SAMPLE REPEATABILITY COMPARISONS 
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