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ABSTRACT 

Munitions, left behind from past military training and weapons testing activities, are present in 
shallow water (<50 m) at thousands of current and former Department of Defense (DoD) sites 
encompassing millions of acres. The Strategic Environmental Research and Development 
Program (SERDP) and Environmental Security Technology Certification Program (ESTCP) 
are focused on the development of sensors, systems, and platforms to remediate this munitions 
problem. These programs must determine how to invest their limited resources to improve the 
DoD’s ability to address cleanup requirements and leverage past, present, and planned 
remediation initiatives by other organizations and research programs. 
 
The U.S. Navy is engaged in similar research under its mine countermeasure programs. 
Though the sensors used are similar in Navy and non-Navy systems, the operational 
requirements differ. Time constraints and the requirement of covert operations drive Navy 
solutions toward autonomous underwater vehicles (AUVs) with automated target recognition 
to address the detection-classification-localization (DCL) problem. Though capable, the costs 
— acquisition, modification, operation, maintenance, and updates — for AUVs are not 
optimal for the remediation task. In addition, the personnel carrying out the remediation may 
not have the appropriate clearance or background to operate AUVs carrying U.S. Navy 
instrument packages. 
 
This design study addresses the munitions remediation in shallow water problem with a 
system that uses a Multi-Sensor Towbody (MuST) and surface vessel with support 
infrastructure. The hardware and software systems on the surface vessel leverage relatively 
low-cost, commercial off-the-shelf (COTS) components and reduce the number and 
complexity of expensive in-water components. The design study started by developing a set of 
requirements including the mechanical envelope and candidate sensors for the towbody, 
support vessel systems (winch, tow cable, electronics, sensors), electrical power and data 
interfaces, and guest ports for instrument packages that can be hosted on the towbody. The 
initial focus for sensors in this study is on acoustic sources and receivers, but the longer-term 
goal is for “multi-modal” sensor packages (e.g., acoustics plus magnetics).  

 
The baseline system that meets these requirements: 

• FOCUS-3 towbody manufactured by MacArtney Underwater Technology 
• Two sonar systems mounted on the FOCUS-3 

o Low-frequency, high-grazing angle, high-bandwidth acoustics system (EdgeTech 
Buried Object Scanning System — eBOSS) 

o High-frequency, mid-to-low-grazing angle side scan sonar (EdgeTech 2205)  
• Shipboard handling system for the FOCUS-3 
• Shipboard data acquisition and analysis hardware and software 

 
Together, the EdgeTech sonars can image the top 1–2 m of the sediment with resolution 
voxels of 10 cm x 10 cm x 10 cm (eBOSS operating at 5–35 kHz) and image the 
sediment/water interface with sub-cm pixel resolution (2205 operating at 1600 kHz). The 
system also has power and data communications and auxiliary ports to add other sensor 
modalities.  
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Munitions remediation surveys can be completed at a rate of about 0.1 km2/h. Regions of 
interest are identified, logged during the survey, processed by classification algorithms, and 
made available to the operator in graphical displays, who makes initial classification and 
detection decisions. The MuST system uses a combination of in-water sensors and shipboard 
equipment and software to calculate the geo-referenced position of detected munitions on the 
seafloor. Future phases of the project may require greater munitions position accuracy; we 
present several optional underwater positioning techniques and equipment. The proposed 
MuST system provides near-term capabilities and has flexibility to accommodate integration 
of enhanced munitions position accuracy and classification techniques, equipment, and 
software. 
 
The in-water and overall costs are less for the towbody solution presented here than for an 
AUV such as the industry standard REMUS 600 manufactured by Kongsberg (Table 1). 
Assessing in-water costs is important because of the significant risk (and replacement cost) for 
these assets during operation. Our conclusion is that the towbody solution is the best choice 
for munitions remediation in shallow water.  
 
 
Table 1. Hardware costs for towbody and AUV solutions 

Subsystem In-Water Cost ($) Shipboard Cost ($) TOTAL ($) 
Towbody  321,185 202,775 523,960 
AUV 950,000 250,000 1,200,000 
Sonars  
(same for Towbody and AUV) 

426,220 29,500 455,720 

 
 
Hardware is not the only cost in building and testing a first-generation DCL system. The non-
recurring engineering (NRE) costs needed to build, test, and demonstrate the towbody system 
presented here would be separated across three fiscal years to distribute costs over an 
achievable engineering timeline (Table 2). 
 

 
Table 2. Non-recurring engineering, testing, and demonstration activities and costs 

Year NRE/Testing/Demo Costs ($) Primary Tasks and Activities 
FY1 731,456 Procurement, define interfaces, begin construction 
FY2 510,461 Finish system build, perform two 7-day 

engineering tests in Lake Washington and Puget 
Sound 

FY3 691,877 Perform two 7-day operational demonstrations 
over a munitions field placed by Pacific 
Northwest National Laboratory in Sequim Bay 

 
 
To incorporate magnetics into the towbody’s operation, a secondary array displaced below 
and aft of the FOCUS-3 towbody would be added. MacArtney Underwater Technology has 
done this before and is currently doing so. We have discussed in some detail a concept put 
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forth by the Naval Surface Warfare Center to add a secondary array 3 m below the main 
towbody. MacArtney felt this was possible from a control standpoint and that heights of 1 m 
off the bottom for this secondary array are feasible. From an obstacle avoidance standpoint, a 
pre-mission sidescan survey will be needed whether or not magnetics is included to assure 
identification of structures that protrude into the water column. However, no-fly zones will 
become larger due to the reduced height when both magnetics and acoustics are in operation 
simultaneously. Furthermore, area coverage for a magnetics survey is less than an acoustics 
one; a combined acoustics/magnetics operation would require closer track line spacing and 
increase the time needed to cover an area of interest. 
 
It is important to note that the present design study is part of an integrated 5-year plan (Figure 
1). The plan, as envisioned, involves contemporaneous classifier development/testing and 
towbody design/construction/testing. The last 2 years of the 5-year plan will involve 
demonstration of the performance capability of the combined classifier/towbody system. 
Implementation of this plan is being funded by SERDP projects (Figure 1) and by a separate 
Office of Naval Research (ONR) effort, which is focused on the target response to sound and 
the subsequent classification, but not on methods to deploy sensors (e.g., implementation on a 
towbody). The ONR funding is similar to that of MR-2505 and includes funds for UNOLS 
ship time during the FY17 experiment (approximately $450,000.00). 
 

 
 
Figure 1. Integrated 5-year plan using results from previous field efforts (TREX13, BAYEX14) to develop 
classifiers, an experiment in a high-clutter environment to test and improve those classifiers, and a parallel 
towbody development effort followed by demonstrations of the combined classifier/towbody system. 

  

Technical Objective 

3 

Years 4, 5 
• Field demonstration of towbody with classification package (Sequim Bay) 

Year 1 
• Develop/train classification algorithms 
• Generate large sets of simulated data 
• Operational protocols (e.g., single 

pass and multi-pass systems) 

Year 2 
• Rail Experiment in an acoustically 

hard environment (i.e., high clutter) 
• Test trained classifiers from FY15 

Year 3 
• Retrain/modify classifiers 
• Test trained classifiers on Puget 

Sound towbody data 

MR-2505:  Ops/Class Package 
18 Month 

• Towbody design study 
• Follow-on proposal for prototype 

Follow-on Project  
Year 1 

• Towbody construction 
• Dock-side testing/calibration 

Year 2 
• Engineering Test (Puget Sound) 
• Test internal sensors/hardware 
• Test operational protocol 

MR-2501:  Towbody Package 
• TREX13 (sand) 
• BAYEX14 (mud) 
• Validated models 
• HF+LF classifiers 

MR-2231 
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1. MULTI-SENSOR TOWBODY OVERVIEW 

The design philosophy for the Multi-Sensor Towbody (MuST) is based on the following 
concepts: 

• Design using COTS components whenever possible to reduce design costs, and 
provide industry based replacement parts and support to enhance system longevity. 

• Design using modular components so that the system can be supported by non-
engineering staff in the field. 

• Minimize weight, size, power needs, and complexity so the system can be hosted on a 
variety of vessels of opportunity. 

• Use a tow cable that has copper conductors for power and fiber-optics for data. A 
fiber-optic data connection ensures current and future bandwidth requirements will be 
met to support a variety of high-bandwidth sensors (e.g., acoustics and video). 

• Design a system that considers cost and capability with the goal of meeting initial 
construction and demonstration baseline needs that can also inform and integrate 
additional capability choices. 

 
This design study developed a set of mechanical and functional requirements and 
specifications (Appendices A and B, Figures 2 and 3) including the mechanical envelope and 
candidate sensors for the towbody, support vessel systems (winch, tow cable, electronics, and 
sensors), electrical power and data interfaces, and guest ports for instrument packages that can 
be hosted on the towbody.   
 
The baseline system specifications that meets these requirements: 

• FOCUS-3 towbody manufactured by MacArtney Underwater Technology (Figure 2a) 
• Two sonar systems mounted on the FOCUS-3 (Figure 2b) 

o Low-frequency, high-grazing angle, high-bandwidth acoustics system (EdgeTech 
Buried Object Scanning System — eBOSS) 

o High-frequency, mid-to-low-grazing angle side scan sonar (EdgeTech 2205)  
• Shipboard handling system for the FOCUS-3 (Figure 2c and d) 
• Shipboard data acquisition and analysis hardware and software 
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Figure 2. MuST mechanical components. a) FOCUS-3 towbody, b) towbody with EdgeTech eBOSS (3) 
and 2205 sonar (2) integration, c) towbody, vessel fantail, and winch layout for deployment and recovery 
operations, and d) tow point cable angle encoder. 

 
1.1. In-water components 

1.1.1. FOCUS-3 towbody (blue boxes 1, 4, 5, 6, and 9 in Figure 3) 
The FOCUS-3 is the latest generation remotely operated towed vehicle in the FOCUS and 
TRIAXUS product line manufactured by MacArtney Underwater Technology. The FOCUS-3 
has sufficient width (2 m) to mount the EdgeTech eBOSS receiving array without overhang 
(Figure 2b, labeled ‘3’) 
 
The FOCUS-3 uses proven computer technology and fiber-optic telemetry for vehicle and 
sensor communication providing high-speed data acquisition and transfer capacity. A 
shipboard PC controls the vehicle based on inputs from the onboard vehicle sensors, 
according to a pre-programmed flight path. The tow cable is a small-diameter, low-drag 
electro-optical-mechanical cable that supplies power and transmits control data to the vehicle. 
Data generated by the onboard instrumentation and sensors are transmitted to the surface via 
the NEXUS fiber-optic multiplexer system (Figure 2b, labeled ‘1’). The tow cable and winch, 
with a combination electrical and fiber-optic slip ring, are used for towing operations. The 
towbody has integrated depth (pressure) and acoustic altimeter sensors as feedback to the 
control system. To obtain more accurate altitude, a separate sound speed sensor is needed. 

a)#

c)# d)#

b)#

2#

3#

1#
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Figure 3. MuST functional block diagram of shipboard (yellow) and in-water (blue) components with 
optional components (dashed boxes and lines).  
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The system operates at up to 400 m depth at 5 kn with a controllable horizontal movement of 
+/– 80 m. The cable layback ratio is a function of tow speed and is approximately 1:4–1:5 for 
tow speeds of 3–4 kn. The man–machine interface (MMI) for the FOCUS-3 control console 
has a Windows operating system. MuST can carry a broad range of sensor packages, offering 
flexibility and future expansion. 
 
FOCUS-3 towbody features: 

• Steerable towed data collection  
• Stable in all planes 
• Operating depth of 400 m @ 5–6 kn 
• High data transmission rates 
• Software controlled vertical and horizontal steering functions 
• Built-in standard control sensors 
• User friendly controls and displays 
• Modular rugged and streamlined design 
• Low-noise magnetic and acoustic signatures 
• High payload for peripheral equipment 
• Quick-change custom buoyancy packs 

 
The FOCUS-3 towbody includes an attitude and heading reference system (AHRS; Table 3) 
with a three-axis angular rate gyro, three-axis orthogonal accelerometers, and three-axis 
magnetometer. AHRS data can be output in a user specified format to an external computer 
from one of the serial ports on the surface console computer at a rate of 2 Hz.  
 

 

Table 3. FOCUS-3 attitude and heading reference system (AHRS) specifications 

Orientation range     360° full scale (FS) 
Sensor ranges 

- Gyros      ± 300°/s FS 
- Accelerometers    ± 5 G FS 
- Magnetometers    ± 1.2 Gauss FS 

A/D resolution    16 bit 
Accelerometer nonlinearity  0.2% 
Accelerometer bias stability  0.010 G 
Gyro nonlinearity     0.2% 
Gyro bias stability    0.7°/s 
Orientation resolution   < 0.1° minimum 
Orientation accuracy   ± 0.5° (static); ± 2.0° (dynamic) 
Surface console output rate   2 Hz 
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An upgraded motion reference unit (MRU; Table 4) will supplement the standard FOCUS-3 
AHRS to improve towbody motion control and geolocation.  

 
 

Table 4. Inertial Labs motion reference unit (MRU) specifications 

Heave units measurement range   ±300° 
Heave resolution     0.01 m  
Heave accuracy, RMS    5% (0.05 m) 
Pitch, roll range     ±90°, ±180° 
Pitch and roll angular resolution   0.01°  
Pitch and roll static accuracy   0.05°  
Pitch and roll dynamic accuracy   0.08° RMS 
Pitch and roll post-processing accuracy   0.03° RMS 
Heading range     0–360° 
Heading angular resolution   0.01°  
Heading static accuracy    0.3°  
Heading dynamic accuracy   0.6° RMS 
Heading post-processing accuracy  0.1° RMS 
Timestamps accuracy    <5 ms  
Gyroscopes measurement range   ±450°/s  
Gyroscopes bias in-run stability   1°/hr RMS 
Gyroscopes noise density   0.004°/s √Hz 
Accelerometers measurement range  ±8 G RMS  
Accelerometers bias in-run stability  0.005 mG  
Accelerometers noise density  0.015 mG √Hz 
Magnetometers measurement range  ±1.6 Gauss 
Magnetometers bias in-run stability 0.2 nT RMS 
Magnetometers noise density, PSD  0.3 nT √Hz 

 
 

The FOCUS-3 towbody integral pressure sensor (Table 5) calculates the vehicle’s depth 
beneath the sea surface. Data can be output in a user specified format to an external computer 
from one of the serial ports on the surface console computer.  
 
 
Table 5. FOCUS-3 pressure (depth) sensor specifications 

Principle   Precision quartz crystal resonator 
Range   0 – 700 m 
Accuracy   0.005% FS, 3.5 cm 
Resolution   0.005% FS, 3.5 cm 
Temperature range 0°C to +50°C 

 
 

The FOCUS-3 towbody integral acoustic altimeter (Table 6) measures the vehicle’s height 
above the seafloor using the two-way travel time of an acoustic pulse. The altitude calculation 
is a function of the local sound speed and the altitude calculation can be improved by using 
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measured sound data (we have chosen an AML Oceanographic sound speed measurement unit 
– Appendix C). Data can be output in a user specified format to an external computer from 
one of the serial ports on the surface console computer.  
 
 
Table 6. FOCUS-3 acoustic altimeter specifications 

Principle   Acoustic altimeter 
Frequency   200 kHz 
Range   0.6 – 50 m 
Accuracy   < 0.5% FSD 
Resolution   2 cm 

 
 
1.1.2. EdgeTech 2205 (blue box 2 in Figure 3) 

The EdgeTech 2205 is an unpackaged version of the 4125 side scan sonar system that allows 
the user to custom configure the electronics and acoustic arrays. This flexibility allows 
placement that maintains the best towbody control while minimizing the acoustic interference 
from the body itself. The 2205 provides high-resolution imagery (sub-cm pixels at 1600 kHz 
out to 35 m range). The 2205 operates at two frequencies: 600 kHz provides wide coverage 
during survey missions preceding the DCL effort; 1600 kHz is the default frequency and is 
ideally suited to examine the water/sediment interface for very small targets. 
 
1.1.3. EdgeTech eBOSS (blue box 3 in Figure 3) 
The EdgeTech eBOSS is a wideband sonar that generates multi-aspect imagery of buried, 
partially buried, and proud targets using an omnidirectional projector that transmits pulses in 
the 5–35-kHz band and hydrophone arrays mounted on the towbody that measure the 
backscattering from the seabed. Matched-filtered hydrophone data are coherently summed 
using time-delay focusing to form an image of the seabed. To improve target imagery 
resolution, time-delay focusing is extended to hydrophone data collected over several 
transmissions. With synthetic aperture processing, the along track resolution of target imagery 
improves with distance traveled while forming the synthetic aperture. The use of synthetic 
aperture processing also allows the along vehicle dimension of the array to be reduced, 
thereby reducing the hydrophone array drag and surface area and enabling the deployment of 
eBOSS on AUVs and towbodies. 
 
The depths of seabed imaging depend on the sediment type. In sand, 1–2-m depths are 
possible, while in mud greater depths can be imaged because of reduced acoustic attenuation 
and the nearly matched sound speeds of mud and water. To date eBOSS processing has not 
included use of spectral information to classify targets, but our previous work gives us 
confidence that there is much to be gained by adding this to the processing chain.  
 
1.1.4. Sound speed sensor (blue box 7 in Figure 3) 

AML Oceanographic Micro-X is a real-time sound speed sensor with a field-swappable 
sensor head that contains embedded electronics where calibration coefficients are 
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stored.  Sensor heads can be moved between instruments without impacting field 
accuracy.  The Micro-X offers 25-Hz sampling, ensuring excellent data resolution.  
 
In addition to the sound velocity sensor mounted on the towbody, a small profiling system 
will be included to allow an independent sound velocity profile to be made at the beginning 
and end of each survey day of operation. The HYPACK integrated navigation system 
software has an integrated CTD interface that reads the CTD data from multiple casts, grids 
the data, and interpolates water sound speed over space and time. 
 
1.1.5. Doppler velocity log (blue box 8 in Figure 3) 

An acoustic Doppler velocity log (DVL) is a hydro-acoustic device that measures the 3D 
velocity of a vehicle by using the Doppler effect of sound waves scattered back from the 
seafloor. The DVL contains 3–4 piezoelectric transducers that transmit and receive acoustic 
signals. The frequency shift of the received echo is proportional to the vehicle velocity. To 
measure 3D velocities, at least three transducers and acoustic beams are required. DVLs are 
available in a range of 300–3000 kHz.  
 
DVLs can be used independently in dead reckoning scenarios or combined with inertial 
measurement units (section 2.2). Several manufacturers now build small DVLs that are easily 
mounted on a towbody. The Teledyne Explorer DVL is one example. It operates at 614 kHz 
and allows bottom tracking to at least 80 m, more than enough for the munitions remediation 
effort. 
 
1.2. Shipboard components 

1.2.1. Navigation and positioning hardware (yellow boxes 1, 6, 7, and 8 in Figure 3) 

Navigation. There are a variety of navigation packages available in the industry today. We 
have previous experience with the HYPACK system and have chosen it for the MuST system. 
HYPACK has all of the tools necessary to perform munitions remediation surveys including 
designing a survey, exporting data to CAD, creating side scan mosaics, and 
creating/modifying electronic charts. The HYPACK SURVEY program accepts input from 
GPS, USBL, and other range-bearing systems, echo sounders, magnetometers, telemetry tide 
systems, and over 200 other sensors.  
 
The HYPACK computer connects to all the navigation sensors and has the following 
functions: 

• Acquire data from all navigation sensors  
o Vessel differential GPS  
o Cable angle encoder 
o Cable length monitor 
o USBL (if available) 
o Vehicle Doppler velocity log 
o Vehicle three-axis gyros  
o Vehicle three-axis accelerometers 

• Use a Kalman filter algorithm to calculate an optimal vehicle position estimate 
• Display the vessel and vehicle position 
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• Allow survey track lines to be generated and displayed 
• Provide a helmsman monitor for the vessel operator 
• Store all raw navigation data and calculate position estimates 

 
HYPACK combines the absolute position estimates (GPS position of the vessel and ranges 
and bearing to the vehicle) with the relative velocity, motion, and attitude measurements from 
the sensors onboard the vehicle to calculate and estimate of the vehicle’s position using a 
Kalman filter or similar. 
 
Vessel positioning. A global navigation satellite system (GNSS) will be used for the vessel 
positioning. GNSS is the standard generic term for satellite navigation systems that provide 
autonomous geo-spatial positioning with global coverage. This term includes the GPS, 
GLONASS, Galileo, Beidou, and other regional systems. 
 
Real-time kinematic (RTK) satellite navigation is a technique used to enhance the precision of 
position data derived from satellite-based positioning systems. It uses measurements of the 
phase of the signal’s carrier wave, rather than the information content of the signal, and relies 
on a single reference station or interpolated virtual station to provide real-time corrections, 
resulting in centimeter-scale accuracy. RTK needs a base and receiver or a cell-link to a local 
virtual reference network. The Atlas service broadcasts corrections via L-band (satellite). The 
Wide Area Augmentation System (WAAS) [a satellite-based augmentation system (SBAS)] 
was developed to augment GPS, with the goal of improving its accuracy, integrity, and 
availability. It uses a network of ground-based reference stations in North America and 
Hawaii to measure small variations in GPS satellites’ signals in the Western Hemisphere. 
 
To take advantage of RTK and WAAS, we have chosen the Hemisphere GNSS Vector VS330 
dual antenna unit for position and heading (Figure 4). The Vector VS330 is RTK, Atlas L-
band, and SBAS capable. Integrated gyro and tilt sensors deliver fast start-up times and 
provide heading updates during temporary loss of satellite communications. The Vector 
VS330 uses two antennas to determine the vessel heading; accuracy can be improved by 
increasing the separation distance between the two antennas. 
 

 
 

Figure 4. Hemisphere Vector VS330 GNSS and compass 
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Towbody positioning. Underwater munition geolocation requires determining the position of 
the towbody relative to the vessel. One possible method is to use an ultra-short base line 
(USBL) system to determine towbody position relative to the vessel and then use the acoustic 
data acquired by the eBOSS and/or 2205 to determine the position of the munition to within 1 
m (Appendix C). This method, however, would increase the capital cost and mobilization 
complexity of the system.  
 
Another method uses the length of the tow cable, measured precisely with a line monitoring 
system, and a cable angle encoder on the deck-mounted cable tow point (Figure 2d) to 
geolocate the munition to within 3 m (Appendix C). The cable angle encoder system includes 
a processor that reads the cable angle, adds any correction for vessel heading, applies an 
additional correction for tow cable catenary shape (as needed), and uses that information with 
the cable length to calculate a range and bearing to the towbody. This information is 
converted to the same format as a USBL output data string, which also contains range and 
bearing information; these data can be read by a COTS navigation software system such as 
HYPACK. (Thus the baseline system does not include a USBL, but could as a future 
enhancement. See section 2.) 
 
1.2.2. Towbody handling hardware (yellow boxes 2, 3, 4, 5, 9, 10, and 11 in Figure 3) 
Tow cable. An electro-optical-mechanical armored cable is required to tow, power, and 
communicate with the FOCUS-3. The armored cable recommended by the towbody 
manufacturer is the Rochester tow cable (Figure 5 and Table 7). 
 
The cable has two single-mode optical fibers that transmit towbody control and monitoring 
data, the engineering sensor data, and the controls and acoustic data to/from the sonars. The 
cable also has the conductors to transfer power. The cable optical and electrical core is 
embedded in two layers of high-strength galvanized steel armor wires that provide mechanical 
protection and the tensile strength to handle loads experienced during FOCUS-3 tow 
operations. 

 
Figure 5. Rochester tow cable cross section. Red and blue, optical fibers; green and yellow, electrical 
conductors. 
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Table 7. Rochester tow cable specifications 

Electrical conductors   2 x #18 AWG 
Optical fibers    2 x 8.3/125 µm single mode fibers 
Armor     Two layers high tensile strength steel 
Overall diameter    9.98 mm 0.393 in 
Weight in air     382 kg/km  257 lb/kft 
Weight in seawater    315 kg/km 212 lb/kft 
Specific gravity (seawater)   5.7    
Breaking strength    71 kN   16,000 lbf 
Working load     15 kN   3,400 lbf 
Voltage rating      1200 V   
DC resistance      21.3 Ω/km  6.5 Ω/kft 
Attenuation @ 1310 and 1550 nm 0.45 dB/km and 0.35 dB/km  

 
 
Surface multiplexer, towbody control and monitoring computer, depth and attitude control, 
and power supply. The FOCUS-3 control station (Figure 6) and system software include all 
functions necessary for vehicle control and data display (Figure 7). Data from the vehicle 
sensors, vessel navigation information system, and the winch are presented as text and 
graphics (Figure 8). 
 

 
Figure 6. Nexus multiplexer and shipboard control computer and console 
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Figure 7. FOCUS-3 vehicle control and data display  

 

 
Figure 8. Main graphical display showing an example of the Auto Altitude mode. The blue line is the path 
of the FOCUS-3 vehicle and the black line is the seabed as determined by the vehicle altimeter and depth 
sensors. 
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Winch: Control, monitoring, and power supply. The MacArtney CORMAC Q4 stainless steel 
winch (Figure 9) is self-contained in a protective frame (1 m x 1.3 m x 1 m) and designed and 
engineered to require minimal maintenance. The CORMAC Q4 modular design 
accommodates a variety of tasks. Intelligent features include a soft-start function that makes 
the winch easy to handle, improves equipment maneuverability, and protects the motor and 
gear. The CORMAC Q4 winch is fitted with an electric-drive level wind to improve spooling 
performance, while easing changes in cable diameter. It can be configured to operate with a 
Focal model 180/206 electro-optical slip ring.  

 

Figure 9. CORMAC Q4 stainless steel deck winch with protective frame (1 m x 1.3 m x 1 m) 

 
1.2.3. Sonar system displays and analysis stations (yellow boxes 12 and 13 in Figure 3) 

EdgeTech 2205. The EdgeTech 2200/2205 includes the DISCOVER side scan sonar 
acquisition and processing software as part of the system. DISCOVER is a modular software 
package compatible with many of EdgeTech’s sonar systems. It serves as the sonar image 
processing, display, storage, and surface control station (Figure 10).  
 
Raw data are received and recorded in EdgeTech native sonar file format (.jsf).  The data can 
also be stored in eXtended triton format (.xtf) and on any device that is identified as a hard 
drive by the operating system. Data from any connected sensors are also logged. DISCOVER 
can be installed on any host PC for data replay. We anticipate installation in a Windows-based 
laptop with external hard drives. 
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Figure 10. EdgeTech DISCOVER software main display screen 

 
EdgeTech eBOSS. Real-time processing and display software for eBOSS is less developed 
than for the 2205 because it is a new product. An eBOSS external message set is sent to an 
eBOSS controller application. Controller behavior is defined by settings maintained in 
configuration files. The eBOSS controller application creates these configuration files from its 
local user interface upon operator command. These files specify how all data acquisition, 
processing, local display, and remote transmission occur. The application behaves in 
acquisition only mode or as a real-time processing and display package. The type of software 
required, beyond command and control, depends on how eBOSS interacts with other systems 
and its real-time mission.  
 
There are multiple Matlab scripts available from EdgeTech to read and analyze eBOSS data 
files. However, we have planned for a significant NRE effort to augment the standard 
processing with that to perform frequency/angle analyses and to develop shipboard displays of 
them. Appendix E includes costs to initialize this effort but we anticipate separate SERDP 
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efforts as a necessity because integrating and expanding ongoing developments in shallow 
water munitions classification into eBOSS operations represents a significant effort. 
 
1.3. Operations 

The towbody system concept of operation is based on detection and classification of 
munitions in an area of one to several square kilometers in water depths of 6–40 m. Surveys in 
shallower depths could use the same sensors but on a surface tow system or alternative. The 
hardware could support operations in deeper water, but munition geolocation errors may 
increase. 
 
The assumption is that the survey area has been examined to assure there are no in-water 
hazards to endanger towbody operations. An approximate area coverage rate of 0.1 km2/h is 
possible given a region with high sound speed sediments (where there is a critical grazing 
angle), a 4-kn vessel survey speed, a 5-m height above the bottom for the towbody, and a 15-
m separation between survey track lines. The line separation is set by the need to operate 
above the critical grazing angle to obtain good acoustic penetration. For regions with low 
sound speed sediments (mud) the track line separations could be larger with a corresponding 
increase in the area coverage rate.  
 
The classification of detected objects is not performed in real time. Regions of interest are 
identified, made available to the operator, and logged during the survey. All raw sonar data 
are recorded for later computer aided detection and classification using the logged information 
as a guide.  
 
1.3.1. Ship capabilities 

The FOCUS-3 tow vehicle may be deployed from a medium-sized vessel (50 ft) that has a 
minimum deck space of approximately 20 ft long x 12 ft wide to accommodate the tow 
vehicle and the CORMAC Q4 winch. The vessel must be equipped with an A-frame or a 
crane that is capable of launching the tow vehicle off the stern. The Applied Physics 
Laboratory’s R/V Jack Robertson is an example of a vessel that is capable of deploying the 
FOCUS-3 tow vehicle (Appendix D).  
 
1.3.2. Deck equipment 

The vessel A-frame or crane must be capable of swinging 6000 lb from the deck to a position 
off the stern. The anticipated loads for launching the FOCUS-3 vehicle are less than 1000 lb 
but a 6:1 safety factor should be used with the A-frame or crane to allow for higher than 
anticipated loads during the survey operation. The lifting equipment must provide a minimum 
deck clearance of 10 ft between a block suspension point on the A-frame or crane and the 
deck at all positions of the rotation. The A-frame or crane must provide a minimum reach of 6 
ft aft of the stern for clearance between the deck and the tow vehicle. The lifting equipment 
must also provide approximately 6 ft of forward rotation from the point where two of the 
FOCUS-3 vehicle’s feet are resting on the deck to permit the vehicle to be positioned on its 
side for servicing.  
 
A minimum 16-in diameter sheave is hung from the crane or A-frame. The sheave should 
utilize a polyurethane liner with a throat diameter of 0.412 in (to accommodate the 0.393-in 
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cable) and sufficient chamfer for cable retention during turning maneuvers when the towbody 
is not in line with the ship’s heading. Figure 11 shows an example of a block insert that has 
been machined to meet the requirements for the 0.393-in cable used for this operation.  
 

 
Figure 11. Example of a block insert that has been machined for a 0.393-in cable 

 
1.3.3. Deployment and recovery 
Prior to a deployment, the FOCUS-3 vehicle is positioned on its end tubes with the transducer 
side facing forward. A block is hung from the crane or the A-frame and the 0.393-in cable 
from the CORMAC Q4 winch is routed over the block and attached to the tow point on the 
vehicle (Figure 12).  
 

 
Figure 12. FOCUS-3 vehicle positioned for deployment using an A-frame 

 
The vehicle is set in the water by simultaneously rotating the A-frame aft while controlling the 
height of the vehicle through pay-in or pay-out of the cable on the winch. A similar procedure 
is used when the vehicle is launched by crane, but because the crane is not positioned on the 
centerline of vessel, crane rotation will require that the block be repositioned continuously to 
keep the vehicle on the vessel’s centerline.  
 
The FOCUS-3 is slightly positively buoyant, so the vehicle will float once it is placed in the 
water. Because of the buoyancy and the flying characteristics of the vehicle, the vessel must 
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be under way during launch and recovery operations to create a drag on the vehicle and 
minimize the possibility that the vehicle may fly forward and impact the stern.  
 
The cable on the winch is payed out until the vehicle reaches its desired position for a survey 
run, which is approximately 200 m aft of the vessel. At this point, a preformed wire cable grip 
is attached to the tow cable to secure it to the tow bar arm at the stern deck edge (Figure 13).  
 

 
Figure 13. Tow cable routing to the tow arm on the vessel fantail 

 
The recovery of the FOCUS-3 vehicle is a reverse of the procedures used during launch. The 
vessel must be under way during the recovery, because the vehicle may fly into the stern if 
there is insufficient drag to keep the vehicle aft.  
 
1.3.4. Surveying 
The shape of the survey area will define the path that the survey ship must follow and the 
efficiency of the operation. When the tow vehicle is operating at 35 m depth, it will be 
positioned approximately 220 m aft of the tow vessel for optimum vehicle stability. Assuming 
that the survey area is 1 nm square and the tow vessel follows a straight line (until the tow 
vessel leaves the area of interest) then the survey area will require approximately 0.5 nm of 
free space on both ends of the area to allow the vessel to turn with a 220-m streaming cable. 
Thus the total operational area will be 2 nm long by 1 nm (1850 m) wide.  
 
During a survey run, it may be necessary for the vessel’s speed to increase, decreasing the 
towbody depth and preventing contact with the seafloor. The survey vessel will depart from 
its straight heading and begin to turn approximately 0.14 miles after it leaves the square 
survey box. The turn will continue in a direction that allows the ship to pick up a track parallel 
to the previous one after the turn is complete. The vessel must be on its new straight line 
heading for a minimum distance of 0.28 miles after completing its turn and prior to entry into 
the survey box to provide sufficient towing distance for the towed body to once again follow 
the vessel’s heading.  
 
The survey commences once the tow vessel enters the area of interest. During a run, the 
position and heading of the vessel, the cable angle with respect to the ship, depth of the tow 
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vehicle, and cable length from the tow arm to the tow vehicle are recorded continuously. An 
absolute position and error estimate for the tow vehicle are calculated (Appendix C).  
 
Track line spacing is determined by the coverage and desired overlap of the eBOSS sonar 
imagery. The critical acoustic grazing angle of the eBOSS sonar for sand is approximately 
28°. For a nominal vehicle altitude of 5 m above the bottom, the coverage swath width is: 
 

2 x (5 m/tan 28°) = 18.8 m 
 

 
 

 
 
Figure 14. Top: EdgeTech eBOSS (green) and EdgeTech 2205 1600-kHz sidescan sonar (yellow) beam 
geometry. Bottom: Swath coverage of the EdgeTech eBOSS (125%) and EdgeTech 2205 1600-kHz 
sidescan sonar (400%) with 5-m altitude and 15-m track line spacing. 

 
This assumes that eBOSS can cover 124° of cross-range angle. Manufacturer specification is 
>80°, but eBOSS currently uses omnidirectional sources and receivers and regularly makes 
images out to the critical angle. It is possible that a reduced angular width might be realized if 
the beamwidth of the source were to be reduced to improve overall calibration needed for 
more advanced processing (e.g., target strength as a function of angle and frequency). 
Assuming omnidirectional sources and receivers are used, a 124° grazing angle can be 
accessed. 
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With 15 m track line spacing, there is approximately 125% coverage for the eBOSS imagery, 
i.e., 3.8 m of overlap (Figure 14). Because the high-frequency side scan sonar does not 
provide good imagery directly below the towbody at nadir, it is important to have overlap of 
that seafloor area from adjacent track lines. With 15-m track line spacing and 35-m swath 
coverage (the sonar manufacturer estimates a 35-m range/70-m swath), the high-frequency 
side scan sonar has approximately 400% coverage (Figure 14). 
 
A 1 nm2 area for DCL operations requires 60–70 h of vessel time given the turning distance 
requirements and area coverage rates (Figure 15). 
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Figure 15. Typical munitions remediation survey area of 1 nm2 (3.4 km2) with track lines spaced at 15 m.  
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1.4. Addition of guest sensors 

The MacArtney NEXUS Data Telemetry System will be configured to provide sufficient 
power and data communications channels to power at least four additional guest sensors or 
instruments (Figure 16 and Table 8). The data communications channels (Figure 17) include 
100BaseT Ethernet, RS-232, RS-485, and TTL trigger signals. 
 
The shipboard 300-Vdc power supply provides power to the towbody via the electro-optical 
tow cable (Figure 16). The NEXUS power system in the towbody converts the 300 Vdc to 
lower voltages of 48 Vdc, 24 Vdc, and 12 Vdc for the towbody subsystems and the user 
payloads. 
 
There are two 48-Vdc busses, one with a battery backup. In the event power loss, the data 
communications and the towbody control functions will continue to operate on battery power, 
mitigating the loss of towbody controls and the possibility of towbody impact with the 
seafloor. With the battery backup, all critical towbody instruments, controls, and data 
communications will continue to function and the operator can control the towbody to the 
surface for recovery and repair.  
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Figure 16. NEXUS power supply block diagram 
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Figure 17. NEXUS data telemetry system block diagram 

 

 
Table 8. NEXUS multiplexer specifications 

Fiber-optic Telemetry 
Fiber type     Singlemode fiber – 9/125 
Number of fibers    1 
Number of optical wavelengths  8 
Optical multiplexing   Coarse wave division multiplexing (CWDM) 
Optical flux budget   >26 dB 
Data Channels 
Gigabit Ethernet (1000BaseT)  3 channels 
10/100/1000 BaseT    5 channels (uses 1 Gigabit Ethernet channel) 
RS-232 ports    6    
RS-232/485 ports    2 
RS-232/485//TTL trigger ports  2 
Leak sensors    1 

Electrical 
Surface supply voltage    300 V nominal (250–425 Vdc) 
Towbody output voltages   48/24/12 Vdc 
Load power switching   2 x 48 Vdc, 10 x 24 Vdc, and 8 x 12 Vdc  
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2. POSSIBLE COMPONENTS FOR AN ENHANCED SYSTEM  

It is our opinion that we will obtain adequate position accuracy to achieve the objectives of 
this phase of the munitions remediation project by using the vessel GPS, the tow cable angle 
indicator, and the FOCUS-3 AHRS, depth sensor, and altimeter. 
 
Future phases of the project may require greater munitions position accuracy; there are several 
optional underwater positioning techniques and equipment that can be used to improve 
position accuracy. 
 
2.1. USBL 

Ultra-short baseline (USBL) is an underwater positioning technique that involves a transceiver 
mounted to the ship to measure the range and bearing to a transponder mounted on an 
underwater vehicle or platform. The range is determined by measuring the two-way travel 
time of an acoustic signal between the vessel and the vehicle and using the in-water sound 
speed to calculate the distance. The bearing can be determined by measuring the difference in 
phase between the received signal at multiple transducers in the transceiver. This allows the 
USBL system to determine a time-phase difference for each transducer and calculate the 
bearing of the arriving signal. USBL systems are used in water depths from less than 10 m to 
several thousand meters. Position uncertainties of less than 1 m at 500 m are available from 
several COTS systems (Appendix C). The EvoLogics S2CR 48/78 USBL (Table 9) would be 
appropriate for the MuST system because its operating frequencies are outside the band of the 
primary sonars. 
 
 
Table 9. Specifications for EvoLogics S2CR 48/78 USBL 

Operating depth  200 m 
Range   1000 m 
Frequency band  48–78 kHz 
Range accuracy  0.01 m 
Bearing accuracy  0.1° 

 
 
2.2. Inertial measurement unit 

An inertial measurement unit (IMU) typically contains three accelerometers, three 
magnetometers, and three gyros that measure the vessel’s attitude, heading, and three-axis 
acceleration and rotation. There are several IMU manufacturers (Figure 18 shows an IMU and 
DVL). These systems are self-contained and have good short-term accuracy. Output can be 
combined with USBL and DVL information to enhance positioning (Figure 19). Sub-meter 
position accuracy can be achieved with a combined USBL and IMU system (Appendix C). 
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Figure 18. Submersible inertial measurement unit (left) and Doppler velocity log (right) 

 
 
 

 
Figure 19. Underwater vehicle position plot. Yellow dots are USBL position fixes. Blue dots are Kalman 
filtered position estimates using USBL, DVL, and inertial navigation system data. 
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3. PLATFORM APPROACHES: TOWBODY vs. AUV  

This design study is motivated by the hypothesis that towed systems are a viable and cost 
effective solution for wide area, shallow water munitions remediation surveys. A towbody 
system offers operational simplicity, 24/7 operational capability, strap on sensors with low 
integration cycles, surface based power and data handling, and lower in-water costs and risks. 
 
An AUV vehicle with a payload capacity to handle the eBOSS and 2205 sonars would be 
similar to the REMUS 600 (Kongsberg) or the SeaCat (Atlas). These systems have an initial 
hardware investment of more than one million dollars, plus the cost of the sonar sensors 
(which is the same for towbody and AUV platforms), most of which represent in-water assets. 
Integrating the eBOSS sonar heightens risk, because obtaining high cross-range resolution 
requires incorporating wings on the AUV that can be damaged during deployment, operations, 
and recovery. Integrating both baseline sonar systems presented here and any future guest 
sensors into the AUV would require consideration of the buoyancy, space, power, and 
propulsion impacts (with the implied additional NRE for each sensor) to a greater degree than 
with a towbody.  
 
Given our choice of a relatively large towbody and the housing of control, power, and data 
storage shipboard, the cost of incorporating new sensors for initial proof of concept tests are 
anticipated to be low. The chosen towbody requires no modifications to achieve cross-range 
extent. A towbody solution also allows immediate data access, as well as assessment and 
alteration of operational strategy as needed. Furthermore, much of the navigation efforts are 
handled shipboard with continuous access to GPS assets. Finally, the involvement of a man-
in-loop for detection and classification tasks, though a concern in naval operations, is a real-
time asset for munitions remediation efforts and again points to the utility of the towbody 
solution. 
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4. APPENDIX A. MuST Requirements 

4.1. Vessel 

4.1.1. Maximum sea state 

Launch and recovery   Sea state 1–2 
Survey operations   Sea state 2–3  
 
4.1.2. Speed/maneuverability 

Maximum speed   4 kn 
Minimum speed   2 kn 
 
4.1.3. Space requirements 

Deck size    6 m x 4 m 
Lab size    5 m x 5 m 
 
4.1.4. Deck equipment 

Crane reach      6 ft aft of stern, 8 ft forward of stern 
Crane working load     6000 lb at defined crane reach 
A-frame height     10 ft minimum over entire range of swing 
A-frame width     12 ft  
A-frame working load    6000 lb 
Tow cable winch safe working load 7500 N  
 
4.1.5. Vessel power supply 
Winch voltage    208/240/480 VAC, 1/3 ph 
Winch power    7.5 kW 
Lab voltage    120 VAC 
Lab current    20 A 
 
4.1.6. Vessel positioning 
Position accuracy   1 m 
Position update rate   10 Hz 
 
4.1.7. Vessel heading/attitude 
Heading accuracy   0.2° RMS 
Attitude accuracy   1° RMS 
 
4.2. Towbody 

4.2.1. Environmental 
Minimum water depth   6 m 
Maximum water depth  40 m 
Altitude range    4–6 m  
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Altitude control error   <0.5 m 
 

4.2.2. Towbody positioning/navigation 
Position accuracy   1 m  
Depth accuracy   2 cm 
Altitude accuracy   10 cm  

 
4.2.3. Towbody heading/attitude 

Heading accuracy   0.5° 
Attitude accuracy   0.01° 

 
4.2.4. Towbody motion sensing 

Three-axis accelerometer accuracy 0.15 G 
Three-axis gyro accuracy  2°/s 

 
4.2.5. Towbody stability 

Surge velocity    ±0.2 m/s 
Max ping-to-ping displacement 0.25 m 
Sway velocity    ±0.2 m/s  
Heave velocity   ±0.1 m/s   
Crab angle    ±20°  
Yaw rate    1°/s  
Static pitch offset    ±5° 
Nominal pitch offset   0° 
Pitch rate    1°/s 
Static roll offset   ±2° 
Nominal roll offset   0° 
Roll rate    2°/s 
Maximum altitude   30 m 
Minimum altitude   4 m 
 
4.2.6. Towbody control 

Depth control    active, by towbody depth sensor 
Altitude control   active, by towbody altimeter 
 
4.3. Sonar 

4.3.1. Low frequency/high grazing angle/high bandwidth acoustic sonar 

Imaging voxel size   10 cm x 10 cm x 10 cm (or better) 
Sediment penetration depth   > 1 m 
 
4.3.2. High frequency/mid-to-low grazing angle sonar 

Imaging pixel size   1 cm x 1 cm 
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4.4. Geolocation of munitions 

Absolute position error  < 2 m 
 
4.5. Guest sensors 

Quantity    4 
Power Interface   12 VDC, 24 VDC, 48 VDC 
Data interface    100/1000BaseT or RS-232 
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5. APPENDIX B. MuST Specifications 

5.1. Vessel 

5.1.1. Vessel power supply 

Winch voltage    208/240/480 VAC, 1/3 ph 
Winch power    7.5 kW 
Lab voltage    120 VAC 
Lab current    20 A 
 
5.1.2. Vessel positioning 

Position accuracy   1 m 
Position update rate   10 Hz 
 
5.1.3. Vessel heading/attitude 

Heading accuracy   0.2° RMS 
Attitude accuracy   1° RMS 
 
5.2. Towbody 

Manufacturer     MacArtney 
Model      FOCUS-3 
Size     1.25 m (H) x 1.25 m (W) x 1.85 m (L) 
Weight (air)     180 kg (with instrumentation) 
 
5.2.1. Environmental 

Minimum water depth   6 m 
Maximum water depth  40 m 
Altitude range    4–6 m  
Altitude control error   <0.5 m 

 
5.2.2. Towbody positioning/navigation 

Position accuracy   1 m  
Depth accuracy   2 cm 
Altitude accuracy   10 cm  

 
5.2.3. Towbody heading/attitude 
Heading accuracy   0.5° 
Attitude accuracy   0.01° 

 
5.2.4. Towbody motion sensing 
Three-axis accelerometer accuracy 0.15 G 
Three-axis gyro accuracy  2°/s 
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5.2.5. Towbody control 
Depth control    active, by towbody depth sensor 
Altitude control   active, by towbody altimeter 
 
5.3. Towbody shipboard handling equipment 

Crane reach      6 ft aft of stern, 8 ft forward of stern 
Crane working load     6000 lb at defined crane reach 
A-frame height     10 ft minimum over entire range of swing 
A-frame width     12 ft  
A-frame working load    6000 lb 
Tow cable winch safe working load 7500 N  
 
5.4. Sonar 

5.4.1. Low frequency/high grazing angle/high bandwidth acoustic sonar 

Manufacturer    EdgeTech 
Model     eBOSS 
Frequency fange   5–35 kHz 
Source/receiver beamwidths       > 80o at all frequencies 
Source level                                  > 180 dB re 1 µPa 
Receive sensitivity                        > –170 dB re 1V/µPa (with built-in preamp) 
Imaging pixel size                            10 cm x 10 cm x 10 cm (or better) 
Sediment penetration depth       > 1 m 
 
5.4.2. High frequency/mid-to-low grazing angle sonar 

Manufacturer    EdgeTech 
Model     2205 
Frequency     1600 kHz 
Source/receiver horiz beamwidth < 0.25o  

Source/receiver vert beamwidth > 45o  
Source level    > 220 dB re 1 µPa 
Receive sensitivity   > –170 dB re 1V/µPa (with built-in preamp) 
Imaging pixel size   1 cm x 1 cm 
 
5.5. Geolocation of munition 

Absolute position error  < 3 m (tow cable angle indicator with 125 m of cable) 
     < 1 m (if optional USBL, IMU, DVL added) 
 
5.6. Guest sensors 

Quantity    4 
Power interface   12 VDC, 24 VDC, 48 VDC 
Data interface    100/1000BaseT or RS-232 
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6. APPENDIX C. Supplemental Information 

6.1. Position error calculations 

The cable length and angle method to determine tow vehicle position uses an angular encoder 
to measure the angle of the tow cable and a line counter to measure its length. The accuracy of 
estimating the tow vehicle position by this method is determined by the accuracy of the angle 
and length measurements, the tow speed, tow vehicle depth, local currents, and the degree to 
which the tow cable shape deviates from a straight line.  
 
Cable angle is measured by a Pepperl+Fuchs MNI40N magnetic incremental encoder that is 
part of the tow arm. A cable counter on the CORMAC Q4 winch measures the length of the 
tow cable. The tow vehicle depth is measured by a quartz pressure gauge in the FOCUS-3 
vehicle. The error estimates shown in this study do not include the tow vehicle depth, as this 
component has minimal impact (6 mm error at 200 m range) on range calculation.  
 
A large component of the error in the cable length and angle method as well as the USBL 
method relates to the position and heading of the ship. In this study, the Vector VS330 GNSS 
receiver was selected. The VS330 has 0.3-m position accuracy (GNSS) and 0.04° RMS 
heading accuracy with 2.0-m antenna separation. The sources of error and their effect upon 
the magnitude of the position error estimate are shown in Table 10 for tow cable lengths of 
125 m and 220 m. Though there will likely be some degree of correlation between errors, 
Table 10 assumes complete correlation (worst case). If errors are assumed to be completely 
uncorrelated and random (and thus add in quadrature), the errors give at the bottom of Table 
10 reduce from 3.99, 2.15, and 0.84 m to 2.4, 1.26, and 0.51 m, respectively. 
 

Table 10. Sources of error in estimates of tow vehicle position at 2.0 m/s tow speed and 0.25 m/s cross 
currents 

 
 
The underlying assumption for the cable length and angle method is that the cable forms a 
straight line between the ship and the tow vehicle. In actuality, the cable arcs and the 
magnitude of the arc is determined by the weight of the tow cable, the tow speed, current 
conditions, and the drag of the tow vehicle. An increase in tow cable weight and currents 
increases the cable arc, while an increase in towing speed or tow vehicle drag decreases the 

Figure B1-1.  Sources of Error for Estimating Position of Tow Vehicle

at 2.0 m/s Tow Speed and 0.25 m/s Cross Currents

Source of Error Error

Error for Cable 
Length/Angle 
Method  (220 m)

Error for Cable 
Length/Angle 
Method  (125 m)

Error USBL 
Tracking 
Method (220 m)

Angular Encoder Error < 0.5 degrees 1.94 1.14

Cable Position Uncertainity By OrcaFlex 1.35 0.37

Cable Length Uncertainity <0.25 m 0.25 0.25

Ship's GPS Position (GNSS) (RMS) 0.3 m 0.3 0.3 0.3

Ship's  Heading (2 m Antenna) (RMS) .04 degrees 0.15 0.09 0.15

USBL Slant Range Accuracy (RMS) 0.01 m 0.01

USBL Asimuth Resolution 0.1 degrees 0.38

POSITION ERROR ESTIMATE (meters) 3.99 2.15 0.84



 

	

33 

cable arc. As the arc of the tow cable increases, the error in the position estimate for the tow 
vehicle will increase. Ideally, to minimize the tow cable arc, tow speed is increased and tow 
cable length is decreased, but there are limits to these options. Increasing the velocity of the 
tow vehicle to greater than 2 m/s (4 kn) impacts the accuracy of the acoustic imaging and 
decreasing the cable length to less than 200 m increases the transmission of vessel motion to 
the tow vehicle and negatively impacts the stability of the tow vehicle. 
 
The software OrcaFlex from Orcina was used to estimate the effect of cable arc. A towbody 
model was created in OrcaFlex and the variables of tow cable and vehicle body drag were 
adjusted until the tow cable lengths and tensions matched the estimates for the FOCUS-3 
vehicle operation as provided by McCartney. The results of this analysis provided estimates 
for tow vehicle position as a function of tow speed and cross currents. These results were then 
compared to the results from a straight line assumption and estimates of position error were 
made for the cable position uncertainty. If the tow vehicle position is calibrated in a tracking 
range, it will be possible to minimize the effect of the cable uncertainty by refining the cable 
model. Figure 20 shows how tow speed, cable length, and ocean currents affect the estimate 
of tow vehicle position. 
 

 
Figure 20. Tow vehicle position error estimate using heading and cable length 

 
As a comparison to the cable length and angle method, a EvoLogics S2CR 48/78 USBL 
system was used to calculate tow vehicle position with respect to the vessel over the same 
experimental parameters. The USBL system provides heading and direction between the ship 
and the tow vehicle without having to consider the impact of tow cable, tow vehicle, and 
oceanographic conditions. The USBL tracking system eliminates these variables but with 
higher costs. Error estimates for a USBL tracking system are less than those for the cable 
length and angle method (Table 10).  
 
These calculations show the degree to which each variable impacts error in the position 
estimation of a tow vehicle. The USBL tracking system eliminates the need to factor 
oceanographic conditions and tow speeds in the calculations, but the cable measurement 
method has lesser cost and operational complexity.  
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6.2. Vendor quotes 

 
 
FOCUS-3 towbody, winch, and tow cable (double click to open PDF file) 
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EdgeTech eBOSS (double click to open PDF file) 
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EdgeTech 2205 (double click to open PDF file) 
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AML Oceanographic sound speed sensor (double click to open PDF file)  
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Teledyne RDI Doppler velocity log (double click to open PDF file) 
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Inertial motion units/inertial navigation systems (part of enhanced system; double click to open PDF file) 
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6.3. Vendor data sheets 

 
MacArtney FOCUS-3 towbody (double click to open PDF file)  

www.macartney.com 

FOCUS 3

FOCUS 3 represents the 3rd generation FOCUS vehicles 
in the family of ROTV systems designed, developed and 
manufactured by MacArtney.

FOCUS 3 is the result of more than 25 years of constant 
product development and customer feedback. The design 
philosophy of the FOCUS 3 system remains the same as 
for the rest of the MacArtney ROTV systems: to provide a 
robust, easy-to-use, accurate, steerable, open and flexible 
instrumentation platform which can be deployed for a 
wide variety of underwater data acquisition and inspection 
applications.

The FOCUS 3 vehicle is constructed using carbon fibre 
technology for the wing sections like the successful 
FOCUS 2 and TRIAXUS vehicle designs, whereas the 
instrumentation pods are made from anodised aluminium, 
making them more durable for potential impact with the 
seabed. The instrumentation pods are bolted onto the 
wing sections through a modular design allowing for onsite 
repairs of the vehicle in case of an accident. 

The modular design of FOCUS 3 includes the option of 
increasing the wing sections allowing for operations at 
depths of up to 1000 m. Increasing the size of the wing 
sections also makes more space available for installation 
of more sensors on to FOCUS 3.
  
FOCUS 3 can operate a number of acoustic survey sen-
sors and instruments simultaneously ensuring maximum 
usage of ship time. 

The GUI is an easy-to-use Windows based software  
package. The system is designed to carry a broad range  
of sensor packages from leading manufacturers of  
underwater equipment.

Survey equipment
 ■ Side scan sonar 
 ■ Multi-beam sonar
 ■ Synthetic aperture sonar 
 ■ Mechanical forward-looking sonar 
 ■ Mechanical scanning profiling sonar 
 ■ Subbottom profiler
 ■ Magnetometer 
 ■ Video camera 
 ■ Laser line scan camera 
 ■ Fibre optic gyro 
 ■ Inertial navigation system
 ■ Bottom tracking doppler log 
 ■ Responder for USBL 

The 1000 m rated FOCUS 3 features
 ■ Carbon fibre wing sections
 ■ Instrumentation pods made from anodised aluminium
 ■ Neutral to heavy trimming in water
 ■ Extended wing sections
 ■ Increased payload capacity
 ■ Pressure vessels with higher pressure rating
 ■ Internal and external cargo rails

Other features and benefits
 ■ Very stable, steerable instrumentation platform
 ■ Operating depth of 1000 m at 5 knots
 ■ High and flexible payload capacity
 ■ Online data acquisition
 ■ High data transmission capacity; tens of GB
 ■ Software controlled steering functions
 ■ Built-in standard control sensors
 ■ User-friendly controls and displays
 ■ Modular, rugged and streamlined design
 ■ Low noise magnetic and acoustic signatures
 ■ Quick-change of sensors
 ■ Proven cost-effective survey tool

Applications
 ■ Pipeline inspection
 ■ Large area searches and MCM
 ■ Site surveys and sea floor mapping
 ■ Cable route surveys
 ■ UXO detection

Standard vehicle control sensors
 ■ Attitude sensor
 ■ Depth sensor
 ■ Altimeter 

03
-2
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MacArtney CORMAC Q4 winch (double click to open PDF file) 
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Rochester tow cable (double click to open PDF file) 
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EvoLogics USBL positioning and communications system (part of enhanced system; double click to open 
PDF file) 
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Inertial Labs MRU (double click to open PDF file) 
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7. APPENDIX D. Example Munitions Remediation Survey Vessel  

 
R/V Jack Robertson specifications (double click to open PDF file) 
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8. APPENDIX E. Non-Recurring Engineering for Baseline  
Build and Test 

8.1. Sensor integration, control and monitoring software development 

When the system hardware components are received, they will be assembled onto the 
towbody. We have included fabrication of non-operational dummy acoustic elements and 
arrays to demonstrate initial fitting, mounting, installation, and handling without risk to the 
exposed sonar parts.  
 
All standard FOCUS-3 peripheral sensors, customer added sensors, and sonars will be 
connected and the interfaces tested. Once the system is fully assembled and connected, lab 
bench testing will confirm proper operation of all sensors and subsystems. 
 
All FOCUS-3 sensor monitoring and control functions will be lab tested and any additional 
software functions and control algorithms will be developed. The software necessary to 
acquire, process, and communicate the cable angle encoder data will be developed. 
 
8.2. Low-frequency processing and classification development 

The NRE here is focused on implementing the classification methods developed to date within 
the DCL towbody environment and developing user friendly displays that allow the operator 
to examine the processed data and make initial detection, regions of interest decisions. Post-
mission processing that allows final DCL decisions on detected objects will be developed. 
 
Quantifying performance of low-frequency classifiers was the subject of SERDP MR-2231 
and the ongoing MR-2505. The data acquired and models used to test classifiers are discussed 
in the final reports of MR-1665 and MR-2231. Transitioning the results of those efforts into 
classification algorithms and visualization methods tailored to operational use with the eBOSS 
sonar system will require significant effort. Separately funded SERDP tasks to take full 
advantage of ongoing classification studies are also envisioned.  
 
The objective here is to lay groundwork that gives near-term capability and accommodates 
integration of classification improvements developed under other SERDP efforts. 
 
8.3. Engineering tests 

Engineering tests of the MuST system will be four 1-week, in-water tests at the APL-UW 
acoustic test facility (ATF, 1 week), the UW School of Oceanography salt water test tank (1 
week), and vessel-based testing in the local waters of Lake Washington and Puget Sound (two 
1-week efforts). 
 
Engineering tests objectives: 

1. Confirm water-tight integrity of all enclosures and connections 
2. Confirm operation of all vehicle functions 
3. Confirm operation of all vehicle engineering sensors 
4. Confirm operation of all payload sensors 
5. Confirm operation, characterize, and calibrate the low- and high-frequency sonars 
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6. Characterize the performance of the vehicle positioning components and methods 
7. Develop basic vehicle launch and recovery procedures 
8. Determine preliminary system performance parameters (e.g., swath coverage vs. 

vehicle altitude, bottom coverage vs. speed) and modify operational parameters (e.g., 
vehicle altitude range, survey speed range, survey track line spacing) 

 
8.3.1. Acoustic test facility 
The APL-UW ATF is housed on the R/V Henderson, a 70-ft steel-hulled catamaran vessel 
with a large interior lab space, a traveling overhead hoist, and a large wet well between the 
hulls. It is equipped with full instrumentation for calibration of underwater acoustic 
equipment. Accurate measurements can be made of transmit and receive responses, radiation 
patterns, and all transducer parameters. The MuST transducers will be mounted to the 
FOCUS-3, the FOCUS-3 mounted to the ATF extendable arm, and then the source 
transmission voltage response, receive sensitivity, and beam patterns for both sources and 
receivers will be measured. This on-board calibration is needed to assure transducer health 
and for the subsequent processing to obtain absolute target scattering strength as a function of 
frequency and angle. 
 
8.3.2. Salt water test tank 
The UW School of Oceanography salt water test tank is 7.3 m long x 3 m wide x 4 m deep. 
An overhead hoist will be used to lower the towbody into the tank and then recover it. All 
subsystems will be tested while the towbody is in the tank. 
 
Towbody trimming and ballasting will be performed in the salt water test tank. Testing in salt 
water will locate ground faults, which will confirm the integrity of all electrical housings, 
cables, and connectors. All the towbody moving parts, including the horizontal and vertical 
towbody active control surfaces, will be tested to confirm integrity of the shaft and other seals. 
 
The sonar and acoustic devices will be operated to test for cross-talk and interference between 
the various acoustic sensors. Different timing and triggering configurations can be tested to 
remove and/or minimize the acoustic interference. The small size of the tank and 
reverberation from the tank walls will prevent full acoustic testing, but these tests will be 
useful. 
 
8.3.3. Lake Washington and Puget Sound 
The MuST system will be loaded on the R/V Robertson (Appendix D) for tests in Lake 
Washington (fresh water, 30 min from the APL-UW dock) and Puget Sound (salt water, 1 h 
from the APL-UW dock). The system will be deployed, lowered to an appropriate water depth 
and height above the bottom, and then towed with the planned operational configuration, 
speed, altitude, and other towing parameters. Sonar imaging of the seabed will be done on 
naturally occurring features and targets. Lake Washington has test sites with soft mud bottoms 
and Puget Sound has sites with sand and gravel bottoms, which will allow testing with a 
variety of seafloor types.  
 
These tests will also demonstrate the vessel and towbody positioning and navigation methods. 
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8.4. In-field demonstration 

The R/V Robertson with the MuST system on board will transit to the Sequim Bay test site 
(6–8 h from the APL-UW dock) for two 1-week operational demonstrations over a munitions 
field placed in Sequim Bay by divers from the Pacific Northwest National Laboratory 
(PNNL). 
 
8.4.1. Munitions placement 

The Marine Sciences Laboratory (MSL), headquartered at PNNL, is located at the entrance to 
Sequim Bay on the Washington State Olympic Peninsula (Figure 21). MSL operates the 28-ft 
R/V Strait Science, a rigid hull inflatable dive boat, and has a team of six certified scientific 
divers. 
 
Sequim Bay has an average water depth of approximately 20 m with a relatively flat bottom 
and a variety of bottom types (Figure 22). Several dummy munitions shapes will be placed by 
the MSL divers in a variety of depths and bottom types – soft mud, clean sand, gravel – in 
Sequim Bay. The types, positions, orientations, and burial depths of the dummy munitions 
will be recorded and entered into a layer of a geographical information system (GIS). 
 
 

 
Figure 21. Aerial photo of the PNNL Marine Sciences Laboratory 

 
8.4.2. Munitions operational tests 
After the dummy munitions are placed, one or more survey areas will be established in the 
area (Figure 22, red square). Survey track lines will be set up with an initial spacing of 15 m 
and the DCL survey will be conducted along the track lines. The real-time sonar data, sonar 
imagery, and engineering sensor data will be monitored and logged for off-line processing. 
The survey operations will be run during daylight hours. The data from the previous day will 
be processed and analyzed by personnel on shore. 
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Operational tests objectives: 
1. Demonstrate the DCL capabilities of the MuST system 
2. Continue characterization of system performance parameters (e.g., swath coverage vs. 

vehicle altitude, bottom coverage vs. speed) and optimization of operational 
parameters (e.g., vehicle altitude range, survey speed range, survey track line spacing) 

 

 
Figure 22. Chart of Sequim Bay (depth in fathoms) with a 0.5 nm2 survey area bounded by a red square 

MSL Facility




