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1 EXECUTIVE SUMMARY

The purpose of this study was to examine the use of Unmanned Surface Vehicles (USVs) in support of integrated mine countermeasures (MCM) in littoral amphibious warfare.  The study was performed for the Office of Naval Research, Code 322, by a joint NAVSEA – Industry team. The study team consisted of representatives from the Naval Undersea Warfare Center Division, Newport (NUWC), the Naval Surface Warfare Center (NSWC), Dahlgren Division, Coastal Systems Station (CSS), Raytheon Company, Northrop Grumman Corporation, and TEAM ONE USA. 

Prior to this study, the topic of USVs had been investigated by the study team in the broader context of a multi-mission, rapidly reconfigurable, long-endurance, unmanned platform to provide the battle group commander an offboard sensor and weapon capability that complements existing tactical systems. Specifically, helicopters and other unmanned offboard systems are complemented by USVs. In this broader context, the study team has examined mission payloads as depicted in Figure 1-1. Support for these USV concepts has come from other naval studies performed by CNO Strategic Studies Group, the Naval Warfare Development Command, and the Marine Corps Concept Development Command. Figure 1-1 depicts various missions assignable to a notional fleet organic USV and highlights the focus of this study, which is mine reconnaissance and influence sweeping. 


[image: image2.wmf]ISR

SHALLOW

WATER

ASW

SSTD

MINE RECONNAISSANCE

AND INFLUENCE SWEEP

BROWN WATER

SURVEILLANCE

UAV/

UUV

SUPPORT

DECOY/CM

RAPID RESPONSE:

ESTABLISH 

NAVAL

PRESENCE

HARBOR / PORT

SECURITY

MINE

NEUTRALIZATION

SHORE FIRE

SUPPORT

COMMS

RELAY

COUNTER

SOF

AMPHIBIOUS

WARFARE SUPPORT

MIUW


Figure 1-1.  Potential USV Missions
INTRODUCTION TO EXECUTIVE SUMMARY

In order to evaluate the feasibility of the use of USVs for MCM, the study team first identified a general USV type and size range, based on existing mission payloads, USV characteristics, and host ship considerations.  Then the team identified a representative tactical situation and CONOPS that allowed qualitative assessment of the expected benefits of the USV within the representative CONOPS.  Next the team identified a number of important technology issues, two of which are especially critical.  Finally, the team identified a number of recommendations for further effort, including investigation of the technology issues, detailed mission analysis, and USV prototype demonstration.
PRELIMINARY IDENTIFICATION OF USV TYPE AND SIZE RANGE

To arrive at preliminary identification of a general type of USV and a range of USV sizes, the study team performed a number of evaluations and assessments in the following areas:

1. Candidate MCM Payloads

2. Candidate USV Platforms

3. Host Ship Considerations

4. Performance Capability of USV Platforms and, finally,

5. Identification of Suitable USV Type and Size Range

First, the team examined the full range of possible MCM payloads and then identified six MCM payloads deemed suitable for deployment from USVs.  Second, the team identified and examined a  broad range of surface craft and identified nine candidate USV platforms.  Consideration of existing candidate MCM packages and surface craft allowed the team to use real numbers related to critical parameters in order to reach credible conclusions as to the utility of USVs for MCM.  Third, the team examined a number of candidate host platforms to determine their relative ability to accommodate USVs of varying type and size.  This led to identification of the relative desirability of the platforms from the host ship perspective. Fourth, the team performed initial towing and thrust calculations to assess relative capability of certain candidate USV platforms to carry and/or tow the MCM payloads.  

These four steps led to the preliminary identification of a suitable type of USV and a range of USV sizes that is expected to provide MCM capability.  

Among the various technology issues that will be described within the Executive Summary and in the body of the report are two that are particularly significant.  One is the set of remaining technical challenges associated with identifying and developing a USV, with its payload handling system, that concurrently can provide acceptable MCM payload performance, and is sufficiently small to be acceptable for deployment from a broad range of US Navy ships.  The other technical issue is the ability of high resolution towed imaging sensors to perform adequately while subject to motions produced by a small USV operating in operational seaway conditions.

MCM Payloads for Deployment from USVs

The full range of current and developmental MCM systems were examined for deployment from USVs.  Of these, six MCM systems were selected as potentially suitable for USV deployment, including:

· Mk-106 Magnetic/Acoustic Minesweeping System

· Organic Airborne & Surface Influence Sweep (OASIS)

· DYADS Magnetic Minesweeping System

· AN/AQS-14A Side-Looking Sonar System

· AN/AQS-20X Sonar System

· Klein 5500 Side Looking Sonar

Among these, the most suitable for USV deployment are the AN/AQS-20X and OASIS, because of their expected performance and also because of their potential for deployment from an acceptably sized USV.  The AN/AQS-20 sonar and electro-optic system provides full mine reconnaissance capability (detection, classification, and identification), while the AN/AQS-14X is a detection and classification sonar, and the Klein 5500 has been demonstrated for bathymetry functions.  Because of its size, the Mk-106 would have to be deployed separately from an acceptably sized USV.

One MCM reconnaissance system, the AN/AQS-14A has been successfully deployed and operated from a candidate USV platform.

Candidate USV Platforms
A broad range of existing surface craft, ranging from 3 m jet-skis to the 32 m SLICE, were examined for their potential to deploy the six  MCM system payloads.  Included within this range of surface craft were a number of rigid hull inflatable boats (RHIBs) between 7 m and 12 m in length that exist or are in development.  Relevant physical characteristics, including size, weight, payload capacity, engine size, and performance characteristics including speed and range, were compiled for each candidate surface craft.

Host Ship Considerations
Deployment of USVs for MCM from the host ship requires the stowage, maintenance, and launch and retrieval of the USV and its mission payloads.  Other equipment associated with the USVs must also be accommodated by the host platforms.  The “footprint” (weight, volume and shape) of the proposed USVs and its mission modules is thus a critical consideration.

Host ship capabilities related to deployment of surface craft were identified.  The employment of 7 m RHIBs on many surface combatants, and the employment or planned employment of 11m RHIBs on amphibious warfare ships and the LPD-17, are important considerations.  The evaluation of host ship capabilities (coupled with the MCM payload weight information) led to the desirability of using Rigid Hull Inflatable Boats (RHIB) between 7 m and  11 m with full load displacement values of approximately 12,000 lb and 22,000 lb, respectively. 

Preliminary Towing and Thrust Calculations

Given the characteristics of representative MCM systems and candidate USVs, it was possible to perform initial predictions of the ability of the selected candidate USVs to carry the equipment, and tow the sensors associated with the representative MCM systems.  

The hydrodynamic forces associated with towing an MCM system were analyzed with a static tow cable analysis program developed at the David Taylor Research Center (DTRC), Towed Systems Branch. This program was used to calculate results for steady state conditions.

A representative faired cable with a scope of 1000 feet and a diameter of 0.5 inches was modeled along with a representative MCM tow body in order to generate a range of tow tension curves. The working strength of the representative cable is 6,000 pounds. This cable was modeled with sectional fairing along its entire length, with ribbon fairing along its entire length, and with no fairing for comparison. While a range of depths and speeds were examined, certain of the conclusions are based on a depth of 200 ft for comparison between the different systems and platforms.  The USV, RMS and other CH-60S-towed MCM systems are capable of towing at deeper depths, but 200 ft is representative, and the trends shown for the depth of 200 ft are in general true for other depths.  Additional analysis is recommended for other speeds and depths, MCM systems, surface platforms, cable designs and cable fairing configurations.  

The tow tension curves for the representative towed MCM system were overlaid with plots of available towing thrust for several candidate USVs. Resistance data corresponding to towing the DYADS magnetic influence minesweeping system were also overlaid onto the towing thrust plots for comparison. These tension and thrust predictions were used to generate the estimates of USV speed and endurance capabilities presented in the following section, and thus the relative ability of USVs of different size to perform MCM missions.  

Preliminary Identification of USV Type and Size Range

At this point, the study team had examined the characteristics of a range of candidate MCM system payloads, candidate USV platforms, and candidate host ships.  This information, coupled with the above calculation of required towing and available thrust values for selected payloads and craft, led finally to the preliminary identification of a USV type and a range of USV sizes.

The study determined that a RHIB with a length of 11 m, a full-load displacement of approximately 22,000 lb and a high-power propulsion system, should be capable of a transit speed of 40 kt and of towing an existing representative MCM system with sectional faired cable at a depth of 200 ft and a speed of 20 kt. Based on estimates of maximum fuel capacity, this 11m RHIB USV should be capable of conducting mine reconnaissance on site for a time-in-field of approximately 15 hr, corresponding to a towing distance of approximately 300 nm (neglecting transit to site).  This result should be compared to the ability of the CH-60S helicopter to tow a minehunting system at approximately 25 kt for 1.8 hours, for a towing distance of about 45 nm. The helicopter has an advantage in transit speed of 120 kt compared to the USVs transit speed of 40 kt.  The RMS is expected to operate at a speed lower than both the USV and CH-60S, but with endurance comparable to the USV.

Thus the surface craft that are expected to be capable of mine reconnaissance and influence minesweeping with performance comparable to existing MCM systems are modified RHIBs with length of approximately 11 m and with a full load displacement of 22,000 lb.  The standard 11m RHIB is not expected to provide similar mine reconnaissance and influence sweeping performance without significant modification particularly in regard to its engine and fuel system.  RHIBs at or near 7 m are expected to provide significantly reduced capability relative to that of existing or developmental MCM systems (e. g., deployment of payloads at reduced speed, and/or deployment of sonars without identification capability).  

These results assume that the sensors perform acceptably in the presence of motion disturbances that may be produced by operation of the USV in realistic seaway conditions.

EXPECTED BENEFITS OF USVs BASED ON REPRESENTATIVE MCM CONOPS

Tactical Situations (TACSITs) and their associated CONOPS are often used to illustrate and evaluate the benefits of new concepts.  For example, under the Force 21 Study, the U. S. Navy quantified the expected Measures of Effectiveness (MOEs) (time and risk) of the organic systems in development, through the identification of a number of TACSITs and the analysis of a Baseline and Alternative CONOPS in support of these TACSITs.  For the Force 21 Study, the baseline was the use of the dedicated MCM forces in support of the TACSITs, and the alternative was the use of the various organic systems proposed or in development.  

A representative MCM tactical situation (TACSIT) involving a Operations Other Than War, Non-combatant Evacuation Operation (OOTW-NEO) was chosen from the Force 21 Study, and two FY 2007 CONOPS in support of this TACSIT were developed:  

· Baseline CONOPS with the use of the CH-60S helicopter, AN/WLD-1(V) Remote Minehunting System (RMS), and other organic MCM systems in development, and 

· Alternative CONOPS involving the use of the USV in place of the RMS for reconnaissance and in relief of a number of the CH-60S helicopters for influence mine sweeping.

For the baseline CONOPS, the reconnaissance and influence sweeping missions were performed with the organic MCM systems in development (including the RMS with AN/AQS-20X and the airborne MCM payloads deployed from the CH-60S helicopters) and expected to be in service in the year 2007.  Within the proposed Alternative CONOPS, the missions were performed with the inclusion of USVs for deploying the AN/AQS-20X and the OASIS, to relieve a number of the CH-60S helicopters for other missions. 
Assumptions regarding USV performance were made in order to keep the CONOPS comparison free of technology issues.  These assumptions, related to the two principal technology issues identified above, include:  

· The USV is capable of carrying the required hardware and of towing the MCM payloads (the AN/AQS-20X and OASIS) at their system design speeds and depths.

· The AN/AQS-20X track-keeping and imaging performance is equal to that when towed by the CH-60S and RMS, while subject to realistic seaway conditions that may be present.

The Baseline and Alternative CONOPS were then qualitatively compared to identify expected benefits.  

Results of this comparison suggest the following expected benefits of the USV for the mine reconnaissance and influence minesweeping functions within the OOTW-NEO mission: 

· The USV (and the RMS) eliminate risk to personnel during the MCM operations, relative to the CH-60S.

· The USV reduces the possibility of being observed, or delays the time of initial observation of MCM activities, relative to the CH-60S (although it increases the possibility relative to the RMS).

· The USV (and the RMS) relieve the CH-60S helicopters for performance of other missions as required.  

· The USV provides greater minehunting and minesweeping area coverage rate (ACR), relative to the RMS, but not relative to the CH-60S (ACR is defined here as simply the product of sensor effective pathwidth and towfish speed).  

· The USV provides greater minehunting and minesweeping area coverage per sortie, relative to both the CH-60S and the RMS (area coverage is defined here as simply the product of sensor effective pathwidth and distance travelled by the towfish).

Other expected benefits of USVs which were not illustrated in this particular TACSIT, but expected to be shown in other MCM TACSITs include:

· The USV (and the RMS) allow performance of MCM missions at night or in poor visibility to speed the pace of the overall operation,  relative to the CH-60S.

· The USV provides, in support of other MCM TACSITS, greater area coverage rate (relative to RMS, but not relative to CH-60S) and greater area coverage per sortie (relative to both the CH-60S and RMS), during deployment of the other four of the six downselected candidate MCM systems.
SUMMARY OF TECHNICAL CHALLENGES

The study team identified and briefly evaluated a number of technical challenges associated with the use of USVs for MCM, including the two principal technical issues mentioned above: USV Static Performance and Sensor Performance While Subject to Adverse Motion. These issues, as well as the issues of Command and Control, Sensor Data Fusion, and Autonomous Capability are described in greater detail as follows:

USV Static Performance

There remain technical challenges associated with identifying or developing a USV that concurrently:  1) can support MCM missions over a range of performance, including performance comparable to that of existing fleet and developmental MCM systems, and 2) is sufficiently small and lightweight to be acceptable for deployment from a broad range of U.S. Navy combatant and amphibious warfare ships. An example of a technical challenge related to static performance is the identification and development of tow cable fairing schemes and cable retrieval systems that are compatible with unmanned vehicles such as the USV.

Sensor Performance While Subject to Adverse Motions

A surface craft operating in a seaway experiences motions that can both degrade sensor performance and present a challenge to assure survivability of the sensors and other equipment.  

Surface craft motions are transferred from the towpoint, through the cable, and into the towfish and sensors.  Mine reconnaissance generally requires high resolution imaging that can be degraded by this sensor motion. Both analytical and experimental analysis will be required to determine the effects of platform motion on sensor performance.  The analysis outlined in section 4.3.4 should be performed for any platform prior to selection as an MCM platform.
A related and important design issue is that the sensors, instrumentation and other equipment must be designed to withstand impacts of the USV with waves  during operation in heavy seas.

Command and Control

For cost-effective C2, joint interoperability and C4I-connectivity, the investigators recommend the application of the Tactical Control System for vehicle C2 and data dissemination. Both the Tactical Control System (TCS) and MEDAL are GCCS-M software segments that run on the host computer platform under DII-COE architecture, allowing the USV mission planning to be performed under MEDAL, after which the USV C2 is accomplished under TCS.  A significant technical issue, however, is the identification of the optimum approach for modification of TCS beyond that of an unmanned airborne vehicle (UAV) control system, to include the ability to control USVs and other unmanned systems.  The study team evaluated several alternatives, and recommends the development of a USV-type C2 graphical user interface (GUI) as one of a small number of vehicle-type C2 GUIs. 

Sensor Data Fusion

Sensor data fusion is an essential capability for leveraging external strategic information and developing tactical awareness both onboard the USV and on the host platform. It is critical for the USV to operate with standard interfaces in support of modular and reconfigurable subsystems for flexible mission scenarios. Existing and evolving data fusion, communication, and exploitation systems should be evaluated for application to the USV-MCM mission.

Autonomous Capability

Command and control onboard the USV can migrate from a piloted surface vehicle to an autonomous vehicle by leveraging the framework established for Unmanned Ground Vehicles (UGVs), UAVs, Unmanned Undersea Vehicles (UUVs), and Autonomous Undersea Vehicles (AUVs).  The foremost technical challenge in this area is autonomous obstacle avoidance. 
A USV is easier to control without the navigation issues of AUVs, loss of flight control issues for UAVs, or the terrain issues for UGVs. Recent advances in autonomous control define levels of autonomy with reduced-risk solutions that are easily applied to a USV. Some of the autonomous capabilities, such as obstacle avoidance, will be very beneficial even in a semi-autonomous mode with a remote pilot. The practical challenge for near-term demonstration is to determine how much automation is necessary or desirable and to choose or build a candidate USV platform that has the hardware and software structure to achieve increasing levels of automation without major future redesigns of the craft. For example, choosing existing digitally controlled and monitored propulsion systems is prudent. 

DEPLOYMENT RISK ASSESSMENT

Table 1-1 shows a risk evaluation summary of the existing USV candidate platforms versus the MCM sensors and sweep systems under consideration with respect to their ability to transport and tow the mission payloads.  For the nine candidate surface vehicles and the six chosen MCM systems, vehicle size, weight, thrust, speed, endurance, payload weight and volume, and host platform handling requirements were considered with respect to deployment risk. Issues of stealth, survivability, processing power, automation and data communication were assumed equal for all the candidates. Although there is no single candidate platform that provides full payload and optimal towing capability for the six MCM sensors, the platforms that were considered in this study indicate that there are a number of candidates that, with development, could provide the capabilities desired by the USV concept. If shipboard handling, launch and retrieval from current Naval combatant and auxiliary ships is paramount, the choices narrow to the 7 to 11 meter candidates.
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Table 1-1.  Existing USV Candidate Platforms vs MCM Sensors for Payload & Towing Performance
CONCLUSIONS

USVs have been shown to possess potential as effective low-observable MCM platforms, allowing  minehunting and minesweeping missions to be performed without a man onboard and thus without  risk to personnel.  In the absence of sensor performance degradation from seaway-induced motion, the larger USVs within the 7 m to 11 m size range are expected to provide the MIW Officer the capability to perform MCM missions with high area coverage rate.  The larger USVs are expected to provide high area coverage per sortie and the capability to loiter for long periods.  Further investigation is required, in particular to fully assess towing and payload-carrying ability as a function of USV size and powering, and to determine the sea state at which sensor performance may be degraded by sensor motion.

Through their communications capability, USVs can network with the operational force’s information database to give a real time, mine oriented, tactical picture of the battlespace. ISR can be performed as an adjunct to the MCM mission, since USVs will have a core radar and electro-optical system. Their modularity and reconfigurability also allow them to accommodate advances in technology.

Manpower and training associated with USVs can be minimized through the use of Navy, Government, and Commercial standard components (e.g., engines, propulsors, AN/AQS-14 and AN/AQS-20X sonars, etc.). Selection of the 7 m to 11 m RHIBs will require the minimum in combatant/auxiliary ship infrastructure and will minimize life cycle costs.  Further, the USV could be expected to offer the host platform with multi-mission capability.

RECOMMENDATIONS

Continued technology development, mission analysis and, if merited, follow-on demonstration of a USV with MCM payload modules is recommended.  The modular USV approach should be supported because it allows for quick insertion of advanced MCM technology and also allows for other warfare areas to be supported by other resource sponsors. Several technology issues should be investigated, and testing should be performed to mitigate the risk associated with the several technical issues: USV static performance, sensor performance while subject to adverse motion, command and control, sensor fusion, and autonomous capability.

Recommended steps to accomplishing the risk mitigation and prove the USV as a viable approach for performing  mine reconnaissance, minesweeping, and other MCM missions include:

1) Technology Development Tasks (see Appendix J), including:

· USV Static Performance: Analysis of Thrust, Endurance and Transit Speed Conditions; Detailed Design of Tow Cable; Towing Demonstration; Collection of Tow Cable Tension 

· Sensor Performance While Subject to Adverse Motions:  Measurements of USV and Towfish Motion, Dynamic Tow Simulation

· Command and Control:  Investigation of Methods for Common, Joint-Interoperable and C4I-Connected USV Command and Control; Over-the-Horizon Transmission of Wideband Data

· Sensor Fusion:  Development of Advanced Technology for Data Fusion, Communication, and Data Exploitation
· Autonomous Capability:  Automated MCM System Deployment and Retrieval System Design Development of Ability to Perform Onboard Path Planning with Obstacle Avoidance Under Remote Pilot Supervisory Control

2) Detailed analysis of MCM missions with USVs to quantify Measures of Effectiveness 


3) Subsystem and System-Level Demonstrations for risk mitigation, leading to a dedicated MCM demonstration such as a Fleet Battle Experiment or an  Advanced Concept Technology Demonstration (ACTD)


2 INTRODUCTION

This study is intentionally narrowly focused in the mission area while broadly covering USV technical issues. The study topics that will be described in this report include:

· Introduction of the USV concept

· Overview of existing surface, air, underwater, assault breaching, and submarine MCM systems

· MCM systems with applications to USVs

· Year 2007 CONOPS analysis including comparison of USV and non-USV scenario

· Operational and technology issues related to USVs

· Analysis of mission planning, command and control, and data dissemination

· Evaluation of existing USV candidates

The study begins with an introduction of the USV concept that describes a generalized “core” USV system, introduces the MCM systems with applications to USVs, outlines USV characteristics and introduces several existing USV candidates.

Next, an overview and discussion of surface, air, underwater, assault breaching and submarine MCM systems is presented. This topic puts the proposed USV MCM systems into context relative to other systems. The focus of the study is then narrowed to six mine reconnaissance and mine sweeping subsystems with possible application to USVs.

The operational context of MCM is then presented. A specific year 2007 CONOPS scenario is described. This scenario was chosen to illustrate a representative comparison of U.S. Navy capabilities both with and without the use of USVs. The year 2007 was chosen because a number of current initiatives will be fielded during that time frame, and looking forward allows us to highlight issues and challenges that need to be investigated in the near term. This section concludes with a discussion of USV benefits to mine reconnaissance and influence sweeping operations within the year 2007 CONOPS.

Operational and technical issues related to USVs are addressed next. These issues include requirements and interfaces as well as performance and physical characteristics. The unique capabilities and limitations of each platform are important to understand in order to assess the added value and timeline associated with fielding a USV system. During the study, it was found to be imperative to discuss a platform and its sensors as a whole in order to determine the requirements of both the vehicle and payload. The study group has examined a small subset of surface vehicles that range in size from the small jet-ski 'Owl' to the large 'SLICE' catamaran. 

An investigation of the deployment of USVs is summarized next. Available USV towing thrust of several candidate USVs was compared to sensor and cable drag as a function of speed. Large benefits in speed and area coverage rate (relative to the RMS), and endurance and area coverage per sortie (relative to the CH-60S) are possible, but the bounds of performance need to be quantified.  More work needs to be done in the area of platform static and dynamic analysis in order to forecast USV towing and carrying performance, and sensor performance in realistic seaway conditions. 

An analysis of sensors and processing requirements for on and off-board data analysis and vehicle control is presented next. Sensor communication bandwidth requirements and the Tactical Control System’s Tactical Control Data Link capabilities were studied. Large amounts of data (4.5 Mbps) can be transmitted to support the USV platform in real-time via line of sight or satellite links. A development path is described that allows various levels of autonomy to be incorporated into the USV platform. Additional capabilities can be migrated to the platform as autonomous processing matures. The incorporation of autonomous perception into the USVs allows for the removal of the operator from harm’s way while providing the human characteristics of presence and decision making. An evolutionary path utilizing a "perception blackboard" is described. The perception blackboard incorporates autonomous capabilities as we progress from manned to remote to semi-autonomous to fully autonomous USV operation.

No USV MCM operation can be conducted without mission planning, command and control, and data dissemination. This study provides a discussion of the C4ISR requirements related to USV-MCM missions and an overview of Mine Warfare and Environmental Decision Aid Library (MEDAL) and TCS. Issues related to the control of multiple USVs and over-the-horizon operations are presented. It is clear that a common communication language based on the Air Vehicle Sensor Interface (AVSI) needs to be applied to USVs as well as UUVs. This will enable interoperability and data relay with all platforms. Further work needs to be done in this area to create a common interface.

The collaboration of government labs and industry has brought a diverse and balanced approach to this study. Many beliefs that were firmly held by members of the team have been refined and expanded based on discussions held over the last several months. Expertise in all areas of mine countermeasures was provided by Naval Surface Warfare Center – Dahlgren Division, Coastal Systems Station (CSS). USV system concept and overview, USV requirements, and a comparison of different and complementary vehicles was provided by Naval Undersea Warfare Center, Division Newport. Northrop Grumman provided sensor, data fusion and autonomous operations inputs. TEAM ONE USA provided operational and technical inputs regarding small boat operations. Raytheon Naval & Maritime Integrated Systems provided data processing, communication, tow capability analysis and vehicle integration approaches.

The study team hopes that the reader will see that there are a number of relatively non-developmental items that can be integrated to provide improved performance in mine countermeasures operations. Problematic issues are relatively few and can be identified, quantified and analyzed. We believe that this study focuses on a relatively small subset of the potential capabilities that reside within Unmanned Surface Vehicles concepts. 

In a meeting with CNO's Strategic Studies Group (SSG), Admiral Hogg,  Head of the SSG, stated

 "By the year 2050, 75% of a combatant capability, including nearly all sensors, will be offboard."      In order to reach that goal, and to dominate the air, surface and underwater battlefield, the planning and implementation of new ways to sense and control our environment should start immediately. 

3 METHODS, ASSUMPTIONS, AND PROCEDURES (SPONSOR GUIDELINES & CONSTRAINTS)
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Figure 3-1.   Potential USV Missions

As specified by the ONR sponsor, the goal of this study was to examine fast, affordable, deployable USVs and their application in a multi-vehicle, multi-sensor, integrated MCM environment. The study includes detailed analyses of mine reconnaissance and mine sweeping missions (Figure 3-1 Potential USV Missions), USV platforms, USV/MCM CONOPS, and existing sensor/sweep payloads. No major subsystem development was considered.

Methods

Various MCM tactical situations were examined to identify one that is consistent with the ONR-defined study guidelines, and that would facilitate assessment of the performance benefits of USVs and complementary unmanned systems. For the chosen TACSIT, a baseline and alternative CONOPS were developed to allow qualitative assessment of the benefits of USVs relative to those of current and near-term conventional assets. 

Tradeoffs between candidate USV platforms, including performance, deployability, and affordability were conducted as part of the study.  The principle measures of effectiveness considered are time and risk. The USV/sensor systems considered as part of this study show great promise of reducing the time and risk associated with MCM missions.

Currently, shipboard sonar systems, helicopter-based systems, and UUVs are used to detect, classify, and localize mines. A comparison of shipboard and offboard mine detection systems is shown in Figure 3-2. As an example of the coverage provided by offboard sensors, Figure 3-2 also shows the overlapping coverage that could be provided by three USVs towing available minehunting systems. This overlapping coverage increases the detection percentage of the center swath.
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Figure 3-2.  Coverage Areas and Reaction Times of MCM Systems.

The following technical issues and trade studies are related to the USV platform and are critical to maximizing the effectiveness of the USV MCM system. 

· Logistics. A number of candidate host platforms were considered during the study. The host platform(s) must be able to load and unload mission modules onto and off of the USV(s). The host platform(s) must be able to deploy and retrieve the USV(s).

· Vulnerability and Survivability. The signature of the USVs must be sufficiently suppressed such that it will not interfere with the effective operation of the mine reconnaissance sensors or detonate mines. Survivability to mine detonations and wave impact loading and stealth characteristics must also be considered.

· Static Performance. One of the principal MOEs for an MCM mission is time. The area coverage rate of a mine reconnaissance or influence sweeping system directly impacts the time it takes to perform a mission. The area coverage rate is partly determined by the speed and swath width of the system. The swath width for a given towed system is known. The speed at which a reconnaissance or sweep system can be towed is determined by the available towing thrust of the USV and the drag of the towed system. The drag of the towed system may be estimated. Therefore, an important parameter in determining the area coverage rate of a reconnaissance or sweep system when towed from a USV is available towing thrust. As part of the study, the available towing thrust provided by candidate USVs was compared to the towing requirements of several towed reconnaissance and sweep systems.

· Dynamic Performance.  Another technical issue that was addressed but not resolved within the study is the potential for degradation in performance of MCM imaging sensors when towed from surface craft operating in heavy seas.

· Onboard Command and Control. The USV Command Decision System (CDS) requirements for commands and status  from the various USV subsystems such as the electro-optical (EO) sensor, engine, electrical and hydraulic systems were determined. Methods to convert outputs from USV control sensors to a standard format that is compatible with the autonomous controller’s “perception blackboard” were developed.

· Navigation and Communication. The CDS will receive TCS commands and provide navigation/attitude data to the MCM sensor system and transmit sensor outputs to the support ship TCS. The bandwidth of the communications system that transmits data between the host platform and the USV must be large enough to handle both control data for the USV and sensor data from the candidate mine detection systems and other imaging systems that might be onboard the USV. Several options were examined including line of sight (LOS) communications and satellite communications (SATCOM).

· Data Fusion. Overlapping data from more than one USV, or repetitive passes over a mine like object (MLO) by the same USV, can be fused. This fused data can be used to generate a mine map of the AOA. This map would then be used to direct landing forces around the mines or to designate mine locations for a mine neutralization system.

· Command and Control from Host Platform. The TCS was evaluated for platform/sensor/payload control and real-time data receipt and display.
· Control of Multiple Vehicles.  The control of multiple unmanned vehicles (UVs) with minimum manpower and minimum impact to the deployment platform was studied. 

· Recent Demonstration.  The study includes a description a USV MCM example in which a USV was used to tow a minehunting system and achieved satisfactory images as described in section 5.2 Previous Experience.

· Technology Roadmap.  Outputs for the study include the USV control concept and a technology roadmap indicating the capabilities required to transition from a piloted (onboard control), to a remotely controlled, to an autonomously controlled vehicle.

· USV Characteristics.  Desirable USV platform characteristics were determined as part of the study. The platform characteristics cover parameters that relate directly to the platform’s ability to perform MCM missions. Examples of these parameters are transit speed, endurance time, payload capacity, deployability, and affordability.

4 RESULTS AND DISCUSSION

4.1 The USV Concept and Integrated Littoral MCM Applications

The USV Concept

The USV concept, shown in Figure 4-1, is a remotely or autonomously controlled, reconfigurable, high speed unmanned surface vehicle capable of performing a variety of missions, including MCM.  Although not critical to the success of a USV, modularity allows a single platform to be reconfigured from one mission package to another (e.g., from a mine hunting sonar mission package to an acoustic/magnetic sweep system).  With this modularity, the USV can be rapidly reconfigured with a new mission package; the basic hull and command decision system remain common to all USVs.   
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Figure 4-1. USV Vehicle Conceptualization.

This plug-and-play capability is an attractive naval force multiplier and would allow a single high value combatant to control one or more USVs, in either remote controlled (interactive), or autonomous mode. With this flexibility to rapidly reconfigure the USVs for single or multi-mission operation and place them at key positions as an extended warfare element of the combatant or battlegroup, the ship or battlegroup’s effectiveness can be significantly enhanced without adding additional combatant ships or manpower.

The Littoral MCM Applications of a USV

This study was limited to considering the application of a USV to littoral MCM missions.  More specifically, the USV application was limited to the mine reconnaissance and influence sweeping missions in the shallow and deep water regions.

4.1.1 USV System Components

Core System

The USV requires a core set of systems in order to provide basic navigation, communication, and powering capabilities.  Generally, a USV requires the systems shown in Figure 4-2 and summarized as follows:

· Command Decision System (CDS):  Handles the information flow through the USV.  CDS includes the Navigation System, Communications System, and other subsystems such as the vehicle controller, mission module processing, and emergency override controller.
· Navigation System:  Provides the USV with its position, motion, and motion rate information along with radar and EO/IR information of local contacts.
· Communications System:  Provides the capability to exchange information between the USV and the host ship.

· Propulsion and Steering System:  Provides thrust and control surfaces to move and steer USV.  The propulsion system has fly-by-wire operation to allow for computer control and monitoring.

· Power System:  Provides hotel facilities (electric, hydraulic, pneumatic) to all onboard systems including mission payloads.  Hotel services are computer controlled and monitored by the CDS.

· Launch & Recovery Interface:  Provides the interface with the host ship for launch and recovery of the USV.
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Figure 4-2.  USV System Block Diagram

Mission Package (or Module)
The layout of the mission package will depend upon the components and requirements of the sensor system, influence sweep system, or other payload that will be used and operated by the USV.  Generally, the mission package will require a deployment and retrieval system for the sensor or sweep system.  Additionally, the mission package must accommodate the power and electronics systems necessary to operate the mission payload.  Some of these items may be provided by the core system.  A representative system block diagram of the USV mission package/module is shown in Figure 4-3.
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Figure 4-3.  USV Mission Module/Package Block Diagram
4.1.2 MCM Systems Overview

To illustrate the application of USVs to MCM, it is useful to identify MCM payloads that are candidates for USV deployment. This was done by first briefly examining the MCM systems in the Fleet and in development, and then selecting those that were deemed to have the highest potential for application to USVs.  These downselected systems were investigated more closely to determine the characteristics pertinent to developing requirements for the USV.
The U.S. Navy mine countermeasures force components in support of the above MCM missions include: surface ship, airborne, and underwater (EOD and SPECWAR) forces.  Surface MCM ships, the oldest platforms for conducting MCM missions, have mine sweeping, hunting, and neutralization capability.  The airborne mine countermeasure forces currently include only mine sweeping and mine hunting equipment;  systems currently in development will provide a mine neutralization capability.  Also listed here are systems to provide a surf zone/beach zone minefield breaching capability for amphibious assault forces.  Finally, systems under development to allow submarine forces to join the existing MCM force mix are listed.  

Surface MCM Systems

AVENGER (MCM-1) Class Mine Countermeasures Ships

OSPREY (MHC-51) Class Minehunting Ships

AN/SQQ-30 Variable Depth Sonar

AN/SQQ-32 Variable Depth Sonar

AN/SLQ-48(V) Mine Neutralization System

Mk 2(G) Acoustic Minesweeping System

AN/SLQ-37(v) Magnetic/Acoustic Influence Minesweeping System

AN/SLQ-38 Mechanical Minesweeping System

Advanced Lightweight Influence Sweep System (ALISS)

AN/WLD-1(V) Remote Minehunting System (RMS) 

Airborne MCM Systems

Mk 103 Mod 2 Mechanical Minesweeping System

AN/37U-1 Mechanical Minesweeping System

Mk 2(G) Acoustic Minesweeping System

Mk 104 Mod 3 Acoustic Minesweeping System

AN/SPU-1/W Magnetic Minesweeping System

DYADS Magnetic Minesweeping System

Mk 105 Mod 2 Magnetic Minesweeping System

Mk 106 Magnetic/Acoustic Minesweeping System

AN/ALQ-141 Minesweeping System

Shallow Water Influence Minesweeping System (SWIMS)

Organic Airborne Surface Influence Sweep (OASIS)

AN/AQS-14A Side-Looking Sonar

AN/AQS-20/X Sonar Mine Detection Set

Magic Lantern (Deployment Contingency) (ML(DC))

Airborne Laser Mine Detection System (ALMDS)

Rapid Airborne Mine Clearance System (RAMICS)

Airborne Mine Neutralization System (AMNS)

Underwater MCM Systems

EOD Detachments

Marine Mammal Systems (MMS)

EX-8 Marine Mammal System (MMS)

Assault Breaching Systems (Surf/Beach Zone)

Mine Clearance System, EX9 Mod 0, Shallow Water Assault Breaching (SABRE) System

Mine Clearance System, EX10 Mod 0, Distributed Explosive Technology (DET)

Submarine MCM

Long-Term Mine Reconnaissance System (LMRS)

Submarine High Frequency Sonar Program (HFSP)

A brief description of each of these systems is provided in Appendix D.

4.1.3 MCM Systems With Applications to USVs

Of the thirty-four systems listed above, five were chosen as candidates for deployment from USVs.  These systems include:

· Mk-106 Magnetic/Acoustic Minesweeping System

· Organic Airborne Surface Influence Sweep (OASIS)

· DYADS Magnetic Minesweeping System

· AN/AQS-14A Side-Looking Sonar

· AN/AQS-20X Sonar System

These systems were all taken from the Airborne MCM system category, under the philosophy that it should be possible to exchange the delivery platform with minimal changes to the MCM system itself.  The systems deployed from the surface MCM Fleet were considered to be generally too large and difficult to deploy from a USV.  The only system deployed from surface ships that could be used with a USV is the Mk 2(G) Acoustic Minesweeping system.  It was not considered in detail because the Mk 104 Acoustic Minesweeping system is already being considered for applications with USVs (as part of the Mk 106 Magnetic/Acoustic Minesweeping System). 

The down-selection of Airborne MCM systems was narrowed by considering minesweeping and minehunting systems only, the primary thrust of the present study.  Mine neutralization systems and systems that require a significant altitude above the water were eliminated from consideration.  Mechanical minesweeping systems were not considered due to the excessive drag and difficulty of deployment from an unmanned platform.  From the remaining systems, the current magnetic/acoustic sweep (Mk 106) and a developmental magnetic/acoustic sweep (OASIS) were chosen, as well as the current minehunting sonar system (AN/AQS-14) and a developmental minehunting sonar system (AN/AQS-20).  Finally the DYADS system was chosen for its extreme simplicity of operation.

Additionally, the commercially available Klein 5500 was considered as an inexpensive option for mine reconnaissance sonar for deployment from USVs.  This unit is being acquired for use on MHC and MCM class ships for bottom mapping and environmental sampling.

The table below presents a comparison of the size, weight, power requirements and operational characteristics of these six systems.  This information can then be used to determine the characteristics of a USV that would be required in order to deploy each of these systems.  

Additional information on the downselected systems is included in the tables in Appendix E, including descriptions of the helicopter mounted equipment.  It should be noted that some of the equipment shown in the tables in the appendix for each of these systems would not necessarily have to be placed on the USV.  Much of the equipment needed by these systems and located in the control consoles, for example, could be placed on the host platform.  How this equipment is distributed depends largely on bandwidth capabilities of the radio communication links and other considerations.

Table 4-1.  Characteristics of Downselected MCM Systems


Mk 106
OASIS
DYADS
AQS-14
AQS-20
Klein 5500

Towed Body

Length
28.75 ft
11 ft
25 ft
9.3 ft
11 ft
6.4 ft

Width
21.3 ft
5 ft
24 in
5.5 ft
5 ft
0.5 ft

Height
17.2 ft
2.5 ft
24 in
3.3 ft
2.5 ft


Weight
8580 lb
930 lb
3600 lb
511 lb
930 lb
155 lb

Power Required
350 kw
20 kw
0 kw
4 kw
1.4 kw
0.12 kw

Max Speed
See note
See note

See note
See note
10 kt

Optimum Speed



See note


See note
8 kt

Min Speed
See note






Depth
See note
As required
surface
D-1 to D-2
D-1 to D-3
200 m

Other Equipment

Control Console Weight
n/a
978 lb
N/A
918 lb
978 lb
100 lb

Winch System Weight
N/A
3,300 lb
N/A
755 lb
3,300 lb
Depends on application

Oasis information based on AQS-20.  System design not completed, these parameters provided as estimates.

n/a – not available

N/A – not applicable

Additional information on these systems is provided in Appendix E.  

Note:  Values may be found in "Fleet Battle Experiment Foxtrot MCM Blue Book, Current Acquisition and Technology Programs," CSS Informal Report, October 27, 1999.
4.1.4 USV Platform Characteristics

The ideal USV platform needs to meet certain physical and performance requirements in order to perform the mine reconnaissance and mine sweeping missions.  

Towing and Payload Capabilities

The first requirement is the ability to tow at design speed each of the MCM systems outlined in Section 4.1.3 and given here:

· Mk 106 Magnetic/Acoustic Minesweeping System

· DYADS Magnetic Minesweeping System

· OASIS

· AN/AQS-14A Side-Looking Sonar

· AN/AQS-20 Sonar Mine Detection Set

· Klein 5500 Side-Scan Sonar

The USV platform must also be capable of carrying these MCM systems onboard with the exception of the Mk 106 Magnetic/Acoustic Minesweeping System, which can be towed behind the USV.   Along with carrying and towing capability, the USV must provide the necessary hotel power and facilities in order to deploy and operate each sensor and sweep system. For example, the hotel facilities provided by the HSPC GB-11-RAC include a 3000 psi hydraulic pump and a 20 kW generator set.

Along with the MCM system payload, the USV must also accommodate the core systems required for basic vehicle operation, such as navigation systems, power systems, and control systems. 

An estimated core system weight of 1000 lb will be used based on the USV core system presented in the USV system block diagram.  Table 4-2 shows the estimated total weights of the sensor and sweep systems.  Based on these numbers the target total payload capability of the USV platform should be between 4000 and 7000 lb.  It is however, likely that these numbers could be reduced significantly during detailed system design.

Table 4-2.   Total MCM Payload Weights

System
Weight (lb)
Comments

Mk 106
n/a
Not a payload, always towed behind USV

OASIS
6030
Weight estimate based 
on AQS-20, may be high

DYADS
3600
Tow behind or deploy DYADS onboard USV  and ensure vehicle is compatible with  DYADS permanent magnets

AN/AQS-14A
2881
Corresponds to CH-60S system

AN/AQS-20
6030
Corresponds to CH-60S system.  Actual system weight can likely be reduced.

Klein 5500
n/a
Expected to be less than weight of AN/AQS-14A system.  (Klein 5500 tow body weighs 155 lb versus AN/AQS-14A tow body weight of 511 lb)

n/a:  Not Available

Target sizes and weights for the USV depend upon the host platform.  Surface combatants (e.g., DDG-51, CG-47, etc.) can accommodate a 7m RHIB or RHIB-like boat weighing 5,600 lb. A RHIB with an MCM payload and fuel could weigh up to 12,000 lb requiring an upgrade to the davit system. Working with these size and weight restrictions, the target size and maximum weight for a surface combatant deployed USV is 7m and 12,000 lb, respectively.

Amphibious warfare ships (e.g., LPD-17) can handle 11m NSW RHIBs and similar boats.  They are capable of lifting 22,000 lb with their cranes.  This places the target size and maximum weight for USVs deployed from amphibious warfare ships at 11m and 22,000 lb, respectively.

Launch and Recovery / Transportability

It is desirable to be able to transport, launch and retrieve the USVs from a variety of surface ships or host platforms, each of which has its own set of requirements.  Some groups of potential host platforms include:

· Cruisers/Destroyers

· Amphibious Warfare Ships

· Auxiliary and Support Ships

It is also desirable for the USV to be transportable via a C-130J Hercules aircraft.  The weight and size requirements for transportation via a C-130J are shown in Table 4-3.

Table 4-3.  C-130J Hercules Payload Limits

Characteristics
Description

Length
40 ft

Width
10.25 ft

Height
9 ft

Weight
41,790 lb

Modularity

Although not required, it is highly desirable for the USV platform to provide a modular payload capability to allow quick reconfiguration in less than one hour.  Modularity includes mechanical, electrical, hydraulic, and any other connections required to allow the mission payload to interface to the core USV system.

Because the USV will replace the existing RHIB on board the host ship, the USV needs to be capable of performing the missions that the RHIB is currently required to perform such as rescue operations and ferrying. The modular capability would allow a single USV to be reconfigured for different missions including rescue operations, ferrying, minehunting and minesweeping.

Transit Speed

It is desirable to maximize the transit speed of the USV.  Candidate USVs have already demonstrated transit speeds in excess of 40 knots carrying payloads equivalent to those under consideration in this study. (see Section 4.1.5)

Endurance / Range

The greater the endurance and range of the USV, the greater the flexibility during operations and the greater its advantage relative to helicopters for MCM operations.  The endurance of a USV while performing an MCM mission is dependent on factors such as the USV’s weight, propulsion system characteristics, fuel capacity, and the load associated with towing MCM systems through the water. Based on the USV thrust vs. towed MCM system drag data presented in Section 4.3.3, the 11 ton USV should be able to tow the representative MCM system at a depth of 200 feet and a speed of 21.5 knots with twin 3196 Caterpillar engines operating at 2300 rpm using a cable with sectional fairing. At 20 knots, the required thrust to tow the MCM system at 200 feet is approximately 80% of the thrust required for 21.5 knots. Therefore, the USV should be able to tow the MCM system at a speed of 20 knots and a depth of 200 feet while running the engines 1840 rpm, which is 80% of their rated maximum speed of 2,300 rpm. The data presented in Appendix C describes performance data from a 12 meter USV with twin 3196 Caterpillar engines, and a fuel capacity of 900 gallons, which is representative of the 11-m HSPC USV candidate. The data indicates that 900 gallons of fuel allows the twin 3196 Caterpillar engines to run at 2,000 rpm for 15.4 hours. Therefore, it is expected that a USV will have a mission endurance time of just over 15.4 hours while towing an MCM system at 200 feet with a sectional faired cable. (see Appendix C)

4.1.5 Existing USV Candidate Platforms

There are a large number of small boats and craft available around the world in various sizes and shapes and possessing different capabilities and advantages.  In order to provide an idea of the types of craft that could serve as a USV platform, a small number of platforms were selected for evaluation as candidates.  The following is a list of the platforms that were selected for evaluation:

· OWL (jet-ski)

· Navy Standard 7m RHIB

· High Speed Maneuverable Surface Target (HSMST)

· TEAM ONE USA 8m High Speed Patrol Craft (HSPC)

· Navy Standard 11m RHIB

· 11m NSW RHIB

· TEAM ONE USA 11m High Speed Patrol Craft (HSPC)

· MHS-1 SWATH

· SLICE

A brief overview of the characteristics of these platforms is given in Table 4-4.  Each platform has unique characteristics or a reason for its selection which, along with a more detailed description of each platform, is provided in Appendix G.  

Table 4-4.  Existing USV Candidate Platform Characteristics

Platform
Vehicle

Size
Vehicle Weight
Payload Weight
Max Speed
Range

(@ Speed)
Horsepower


L x B x D







m x m x m
lb
lb
kt
Nm (@ kt)
hp

OWL
2–4 x 0.7-1.5 x n/a
350 to 950 (dry)
350 to 660
43 to 57
n/a
75 to 155

AN/WLD-1(V)1 RMS
7 x 1.22 (dia)
14,500

(dry)
n/a
see note
see note
320

7m RHIB
7.24 x 2.75 x 0.575
4,300 (dry)
2,900
23
75 (@ 23)
175

HSMST
7.72 x 2.85 x 0.381
4,300 (dry)
5,000
42 to 46
n/a
300

8m HSPC
8 x 3.73 x n/a
8,000 (dry)
5,000
40 +
500 (@ 40 kt)
660

11m RHIB
11 x 3.66 x 0.61
n/a
n/a
40
150 (@ 36)
n/a

11m NSW
11 x n/a x n/a
n/a
4,200
46
200 (@ 32)
n/a

11m HSPC
11 x 3.73 x 0.86
10,850 (dry)
5,000
40
500 (@ 40 kt)
1320

SWATH
12.2 x 5.5 x N/A
48,000 (wet)
< 4,000
18
500 (@ N/A)
n/a

SLICE
31.7 x 16.8 x 4.27
403,200 (wet)
112,500
30 +
400 (@ 30)

2000 (@ 22)
6850

L x B x D:  Length x Beam x Draft

n/a:  Not Available

RMS included for completeness only and is considered a complementary system to USVs

Note:  RMS values can be found in "AN/WLD-1(V)1 Remote Minehunting System Specification," CSS Specification No. A12-99-0001, October 1999

4.2 MCM Missions, TACSITS, Concept of Operations, and Benefits of USVs

A wide range of MCM missions may be supported with unmanned surface vehicles.  To illustrate the application of USVs to appropriate MCM missions, it is useful to review the various MCM missions and identify a particular tactical situation (TACSIT) that leads to an appropriate MCM operation and finally, to outline and compare two operational procedures (Concept of Operation, or CONOPS) for executing the particular MCM operation -- one with, and one without the application of USVs. The present study stresses ARG Amphibious Operational Area MCM applications in 14  meter and deeper water depths. Even with this narrowed scope of potential applications, USVs could support many aspects of the MCM operations.  Within this section of the study is presented the following:

· A brief summary of MCM missions, a subset of which are being considered within the present study

· A summary of recent and endorsed MCM Tactical Situations (TACSITs) from which one was chosen for further consideration within the present study.  Each TACSIT leads to one or more MCM operations.  These operations may then be examined for the benefits of using one or more USVs to deploy MCM payloads.

· A summary of two Year 2007 Concepts of Operations (CONOPS) that describe the force structure and operational sequence in support of the chosen TACSIT (a Baseline CONOPS with the currently projected MCM force mix, and an Alternative CONOPS with the contribution of the USV to the force mix) and, 

· A qualitative assessment of the relative performance of the Baseline and Alternative CONOPS.

Mission Overview and Selection of Tactical Situation
According to COMINEWARCOM Concurrence on MCM Missions (October 1999), the five principal MCM missions are: 

1.  
Intelligence, Surveillance & Reconnaissance (ISR)/ Indications & Warning (I&W)

2.  
Mapping Operations

3.  
Route Surveys

4.  
Mine Reconnaissance and/or Clearance

-  
Sea Lines of Communication (SLOC)

-  
Ports 

-  
Naval Operating Areas

-  
Amphibious Operating Areas/Lanes 

-  
Q-Routes 

5.  
Residual Clearance

-  
Rapid Follow-on Clearance Operations

-  
Large Area, Post-Conflict Clearance Operations 

The first three of these MCM missions are pre-conflict, while the last one is essentially post-conflict.  Reconnaissance and clearance are the most time-critical of the MCM missions.  

The reconnaissance and clearance missions can be broadly categorized as either channel (SLOC, Q-route, Ports, Amphibious Transit Lanes) or area (Naval Operating Areas, Amphibious Operating Areas) missions.  The differences between the variants in each of these categories are the dimensions of the area to be searched.  This is most apparent in the OPAREA dimensions, where a CVBG OPAREA is typically assumed to be 40 nm by 60 nm, while a Sea Echelon Area (SEA) is typically assumed to be 15 nm by 25 nm.  The OPAREA for a single ship, as will be used in this study, was assumed to be 2nm by 5 nm.

The concept of operations which results from any given tactical situation will be a combination of the above five missions. The thrust of the current study is mine reconnaissance and influence sweeping.

To demonstrate the benefits of a proposed system concept, it is often useful to place it in the context of a tactical situation (TACSIT).  Only previously developed and generally accepted TACSITs were considered for use in this study.  These TACSITs came from four earlier studies, Simulation Exercise 95-1 (SIMEX 95-1)1, Simulation Exercise 95-2 (SIMEX 95-2)2, MCM Baseline Assessment and POM Excursion3, and MCM Force-21 Study4,5.  The TACSITs used in these studies are briefly described below.

SIMEX 95-1 examined only one TACSIT, that of a Major Regional Contingency-West (MRC-W) with a mined strategic line of communication (SLOC) and an amphibious assault.

SIMEX 95-2 also considered only one TACSIT, that of a mined SLOC in the context of a Major Regional Contingency-East (MRC-E).

The MCM Baseline Assessment considered five related TACSITs.  The scenario starts as a Lesser Regional Contingency-East (LRC-E) with a mined SLOC and small scale amphibious assault.  This is TACSIT 1.  As this TACSIT develops, events lead to further SLOC mining (TACSIT 2), a Q-route from the SLOC to a CVBG OPAREA (TACSIT 3), a Port Break-in (TACSIT 4), and a CVBG OPAREA (TACSIT 5).

The MCM Force-21 Study considered four independent TACSITs.  The first of the TACSITs is an LRC-E with a mined SLOC.  During this operation, the situation escalates into an MRC-E, requiring MCM activities in support of an amphibious assault.  The second TACSIT is an MRC-W encompassing a SLOC, OPAREA, and sea echelon area (SEA).  The third TACSIT involves a Port Breakout in an LRC-W scenario.  The fourth TACSIT is an Operation-Other-Than-War (OOTW) Port Breakout in support of a Non-Combatant Evacuation Operation (NEO).

The amphibious assault operations described above all require MCM activities in an SEA and in the Amphibious Objective Area (AOA).

The TACSIT selected as the basis for use in this study was the OOTW-NEO from the MCM Force-21 Study. Several deviations from this TACSIT were required to meet the requirements of this study, but fewer than the other TACSITs available from this or the other studies considered.  This TACSIT did not involve large numbers of combatants and was in an area where supporting forces would not be available for assistance.  Further, this TACSIT did not involve a beach landing, thus eliminating the need for very shallow water and surf zone MCM systems, while still offering the use of both minehunting and minesweeping systems in the deeper water.  

4.2.1 Description of Selected Tactical Situation

4.2.1.1 Introduction

The scenarios contained herein amplify the Baseline and Alternate Concepts of Operations (CONOPS) TACSIT for the year 2007 for Non-Combatant Evacuation Operations (NEO) and Port Breakout involving an Amphibious Ready Group (ARG) in a mine countermeasures (MCM) support roll.  The scenarios are consistent with and were based on the Operations Other Than War (OOTW) TACSIT presented on the Force 21 Study.  Amplification of the scenarios includes a few modifications to the original Force 21 Study (listed in Section 4.1.4.1.3), a specific threat, and the corresponding set of MCM CONOPS to detect and counter the threat.

4.2.1.1.1 Purpose

The purpose of this section is to describe possible situations that will lead to the tasking of an MCM capable platform and the steps taken by the on-scene commander to accomplish the MCM task employing the resources available in an ARG in the year 2007.  The employment of an Unmanned Surface Vehicle (USV) will be introduced as an option available to the MIW Officer. 

4.2.1.1.2 Scope

This CONOPS covers all aspects of assigned MCM operations employing a number of systems now at various stages of development, including the AN/WLD-1(V)1 Remote Mine hunting System (RMS), the Airborne Laser Mine Detection System (ALMDS), the AN/AQS-20X Sonar Mine Detection Set, the Airborne Mine Neutralization System (AMNS), the Rapid Airborne Mine Clearance System (RAMICS), and the Organic Airborne Surface Influence Sweep (OASIS).  For the case of the baseline CONOPS, the systems will be employed to perform their designed mission as a part of the total MCM effort.  For the alternative CONOPS, the USV system will take the place of the RMS for this mission.  The USV can be configured to tow either the AN/AQS-20X or the OASIS.  

4.2.1.1.3 Constraints and Assumptions 

This section describes constraints, assumptions, and deviations from the original OOTW MCM Force-21 Study TACSIT that were made for the development of the CONOPS-Baseline and for the CONOPS-Alternative.  Operational policies are predetermined management decisions regarding the operation and Concept of Employment (COE) of each particular system and will not be addressed in detail in this document. Operational constraints are limitations placed on the operations of the proposed systems and will be addressed if known.  The following are a list of operational constraints, assumptions, and deviations from the MCM Force-21 Study:

Operational Constraints

· Only one complete RMS or USV system is available to the ARG.

· The combined availability of CH-60S within the ARG is four.

· No supporting EOD MCM-capable detachment is embarked.

· No other supporting MCM units are available to the ARG.

Assumptions

· The airborne MCM detachment or ship’s company will do real-time analysis, post-mission analysis (PMA), and helicopter/RMS/USV tasking.

· Data link capability between helicopters and between helicopters and ship, RMS and ship, and USV and ship is available.

· All surface units in the ARG are Mine Warfare and Environmental Decision Aid Library (MEDAL) and TCS configured.

· All surface units in the ARG have similar C4ISR capabilities.

· The USV will be able to tow the AN/AQS-20X and the OASIS system at their respective required performance parameters.
· Mission tasking will be comprised of two basic operations:  Channel clearance and Inner Transport Area (ITA)  reconnaissance.  Detect and Avoid will not be addressed.
Deviations from the Force 21 study

· The ARG units arrive at the Sea Echelon Area (SEA) off Port A simultaneously.

· No combat support ships (DDG/DD) are available to the ARG.

· An ITA closer to the port than the SEA is desired to reduce the transit time for the LCACs conducting the evacuation.

· Environmental data has been expanded from the Force 21 Study.

· It was not assumed that the threat was known exactly, and therefore MCM forces had to start in deeper water, at the 300 m curve.

4.2.1.2 Operational Context

4.2.1.2.1 General

The overarching tenet of “operational maneuver from the sea” is to use mobility, flexibility, and modern technology to project strength against weakness.  To this end, Naval and Amphibious operations may be tasked to support OOTW or the evacuation of civilian personnel from hostile environments.  Critical to the planning phase for these operations is determining the extent and nature of the OPAREA’s mine threat. 

To conduct these types of operations, Naval surface forces must possess an assigned capability to assess the extent of the mine threat and neutralize a limited number of mines.  Additionally, once operating in-theater, these surface forces must be able to respond to the dynamic evolution of a regional contingency, whether it be motivated by conditions ashore or at sea, and must be equipped with capabilities to quickly assess the mine threat in other potential OPAREAs.  These capabilities must be provided without adversely impacting the primary mission of the host ship.

4.2.1.2.2 Background

The year is 2007.  Following many years of civil unrest, Country Red was finally brought under control by a multi-national peacekeeping force.  As part of the cease-fire campaign, these forces were forced to institute widely unpopular disciplinary measures and door-to-door disarmament operations.  In an effort to undermine the peacekeeping effort, the country’s President, General Abu, was covertly organizing a sizable force of well-armed ex-military members loyal to him.

An ultra-right wing group made up of members of the now-deposed democratically elected government became aware of General Abu’s intentions and arranged his assassination.  Forces loyal to the fallen General incite the population to riot against the International Peacekeeping force and the deposed leaders.  Large numbers of heavily armed locals conduct massive attacks on key peacekeeper’s positions forcing them to withdraw to defensive positions near Country Red’s two main ports, Port A and Port B (Figure 4-1).  The locals blame the Peacekeepers for the death of their beloved leader and vowed to unite and to kill all the “outsiders,” whom they accuse of interfering with their affairs and causing the present situation.  

4.2.1.2.3 Outline of Operations 

The Multinational Force Commander (MFC) requests assistance to evacuate his forces by sea since the commercial airport and all of the major roadways leading to the main cities are now under hostile forces control.  To preclude reinforcement or evacuation, the militants employ small fishing vessels to lay mines around the ports.  Leaflets circulated among the locals accuse the Peacekeepers with murdering their leader, and stealing their country’s riches.  The fishermen and merchants are warned to suspend all types of maritime commerce due to the presence of mines in the vicinity of both ports.  Military forces of Country Red are known to have a number of WW II-era bottom influence mines which would be laid in less than 100m of water and moored contact mines which would be laid in less than 300m of water.  Intelligence sources confirm suspicious small vessel activity in the vicinity of Port A as well as Port B.
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Figure 4-1.  OOTW-NEO TACSIT Overview

The US ambassador exhorts all US citizens and relief workers to make preparations to leave the country on a moment’s notice.  The US government declares the area hostile.  The Naval Component Commander detaches an ARG without surface combatant escort, composed of an LPD-17, an LHD, and an LSD, to proceed to Country Red and conduct precautionary NEO of U.S. citizens and relief personnel utilizing Country Red’s main commercial ports, Port A and Port B.  The ARG is currently steaming to an SEA located 22 nm off the coast of Country Red and Port A in water too deep to be mined by Country Red.

Port A (Figure 4-2) has a clearly marked 200-yard-wide shipping channel leading to the mouth of the main port area.  The minimum water depth in the channel is 14 m with a mud and sand bottom.  Charts indicate numerous shipwrecks in shoal water and in the harbor approach.  Port B (Figure 4-3) has a wider shipping channel (400 yards); and the minimum depth is 15 m with a similar bottom composition. 
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Figure 4-2.  Port A Detail:  SEA, Intended Channel, and ITA

4.2.1.3 Operations Summary

The ARG arrives in the SEA.  The LPD assumes tactical control of MCM operations.  The LHD is detached to proceed to an SEA 22 nm off the coast of Port B to conduct an initial assessment of the situation in the area.  Based on the MIW Officer’s recommendations, the LPD deploys MCM systems to commence mine hunting operations, reconnaissance of an initial LCAC channel into Port A and later an ITA closer to the port than the SEA for an amphibious ship.
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Figure 4-3.  Port B Detail: SEA, Intended Channel, and ITA

4.2.1.3.1 Reconnaissance of a Channel

In this mission, the ship deploys available MCM systems to conduct the initial search of near surface, volume, and bottom targets and to identify possible mined areas.  The combined mission is planned to provide a 95% confidence level of detecting the presence of a minefield by detecting, classifying, localizing and identifying at least one of the mines in the channel given the environmental conditions.  The length of the channel to be searched is determined by the local topography.  

In this scenario, the 300-meter curve is located 12 miles offshore of either port, which establishes the deepest minable water and the outer limit for the search area.  The initial channel width required for both ports is 165 yards wide and 12 nm long.  The minimum water depth for the channel leading to Port A is 14 meters with a mud and sand bottom.  The minimum water depth of the channel leading to Port B is 16 15 meters and the bottom is mostly mud and sand.

4.2.1.3.2 Clearance of a Channel

In this mission, the MCM Officer declares a Mine Danger Area (MDA) around any mines detected and increases the search level to 95% confidence of detecting all mines in the channel and neutralizing any mines found.

4.2.1.3.3 Reconnaissance of an Inner Transport Area (ITA)

In this mission, the ship deploys available MCM resources to conduct mine reconnaissance of the ITA.  The reconnaissance mission should be planned to provide a 95% confidence level of detecting the presence of a possible minefield by detecting, classifying, localizing, and identifying at least one of the mines in the ITA given the environmental conditions.  The dimension of the area to be searched is       5 nm by 2 nm and the inner boundary of the box runs parallel to the beach and is located 6 nm from the coast. In order for the amphibious ships to get to the ITA, the channel to the ITA will have to be widened to 500 yds.

Based on available data, the depth is between 50 to 100 meters, has a mud bottom, has a mean wind speed of 4 knots, and a mean current of 0.63 knots to the East. 

4.2.1.4 Resources Available for TACSIT

This section describes the MCM Systems available on the ARG, some specifics on the capability of the subsystems, and a general description of interfaces with other combat system elements.

4.2.1.4.1 Amphibious Units

The ARG is composed of three vessels; one LPD-17, one LHD, and one LSD.  The LPD-17 has two Landing Craft Air Cushion (LCAC), two CH-60S helicopters, and one Remote Mine hunting System (RMS).  Also onboard are two UAVs that can be employed for reconnaissance, survey, and data relay.  The LHD and the LSD each carry two LCACs and one CH-60S.  

4.2.1.4.2 MCM Systems

4.2.1.4.2.1 CH-60S Helicopters

The CH-60S will be the Navy’s primary assigned air MCM platform.  It is scheduled to be deployed initially on aircraft carriers and large-deck amphibious and combat logistic force platforms (CV/N, LHA, LPD, AOE), although cross-decking and “lily padding” to smaller combatants and amphibious vessels is feasible. The CH‑60S will also be capable of conducting combat search and rescue, and vertical replenishment.  They will incorporate all five developmental assigned air MCM systems listed below in a common architecture that can be rapidly reconfigured (1 to 6 hours, depending on the system) to engage a given mine threat. 

· Airborne Laser Mine Detection System (ALMDS)

· AN/AQS-20X Sonar Mine Detection Set

· Airborne Mine Neutralization System (AMNS)

· Rapid Airborne Mine Clearance System (RAMICS)

· Organic Airborne Surface Influence Sweep (OASIS)

4.2.1.4.2.2 AN/WLD-1(V)1 Remote Minehunting System (RMS)

The AN/WLD-1(V)1 RMS will provide the ARG with a long endurance, low observable, and off board reconnaissance and mine hunting capability.  The system utilizes an air breathing, diesel-powered semi-submersible remote mine hunting vehicle (RMV) equipped with a forward-looking obstacle avoidance sonar, and tows the AN/AQS-20R variable depth sonar set to detect and classify bottom, close-tethered, and volume mines.  The sensor body also includes an electro-optic sensor for identification of mines.  The sensors can operate either in a hull-mount mode (on the RMV) or while being towed at variable depths. 

4.2.1.4.2.3 Unmanned Surface Vehicle (USV)

The USV is a remote-controlled surface vehicle capable of providing the ARG with a long endurance, high speed, and off board mine reconnaissance and influence sweeping capability.  The system will contain command and control interfaces, mission modules, navigation equipment, IR, and video cameras for obstacle avoidance.  It will be able to tow the AN/AQS‑20X variable depth sonar set to detect and classify bottom, close-tethered, and volume mines. The sensor body also includes an electro-optic sensor for identification of mines.  In addition, the USV will be able to tow the OASIS mine sweeping system. 

4.2.1.4.2.4 MIW and Environmental Decision Aid Library (MEDAL)  

MEDAL is the standard U.S. Navy Mine Countermeasures planning, evaluation, situation assessment, and asset management tool.  It contains environmental survey and mapping database information and this, coupled with MCM models, provides a comprehensive mine warfare assessment.  MEDAL provides the track spacing necessary to achieve the desired mine detection confidence level, and provides estimates of the time required to conduct the mine reconnaissance task.  This data is used by the MCM planners to define the vehicle’s (RMS, USV, or CH-60S) mission plan, including way points, sensor parameters, vehicle parameters, etc.  The mine reconnaissance mission plans will be reported back through the ship’s C4I systems to the other units in the ARG.  This will ensure coordination of operations should other ARG components share mine reconnaissance responsibilities or are tasked with conducting concurrent operations.  MEDAL is also known as Mine Countermeasures Segment (MCMSEG).

4.2.1.5 Operational Task

A mine reconnaissance and clearance mission proceeds through the following basic steps: mission planning, search, target identification, neutralization, and turn around/ redeployment.  For the purpose of this specific NEO study the mission planning and installation phase have been accomplished.  Figure 4-4 outlines the sequence of events.  Figure 4-5 describes the effectiveness of the available systems.
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Figure 4-4. Outline of MCM Operations
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Figure 4-5.  MCM Systems vs. Mine Type

4.2.2 Year 2007 CONOPS – Baseline

4.2.2.1 Pre-Launch Preparations

As the ARG proceeds to the SEA at Port A, mission planning takes place as indicated in Figure 4-4.  The embarked MIW Officer plans the mission using MEDAL taking into consideration the environmental data, mission requirements and confidence levels and selects the assigned MCM assets best suitable to execute the mission.  The MIW Officer recommends employing the RMS and one ALMDS equipped CH-60S Helicopter in Port A and sending the LHD directly to Port B with a second ALMDS equipped CH-60S.  A third CH-60S will be equipped with RAMICS to stand by for neutralization operations.

4.2.2.2 Initial Reconnaissance

The LPD deploys one CH-60S, ALMDS configured, and the RMS to conduct the initial search of the channel (Figure 4-6).  After the CH-60S completes inbound and outbound runs in the main channel, it is recovered for refueling and reconfiguration to AMNS for bottom mine neutralization.  The RMS completes its runs and is also recovered.  The LPD proceeds to Port B leaving the LSD as the on-scene NEO commander and as a helicopter deck for follow-on MCM operations.

The LHD arrives at the SEA off the coast of Port B (Figure 4-7) and deploys an ALMDS equipped CH‑60S to begin reconnaissance operations in the channel.
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Figure 4-6.  Port A Detail
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Figure 4-7.  Port B Detail

The LPD arrives at the SEA off the coast of Port B and redeploys the RMS to search the channel. 

Upon completion, the Officer in Tactical Command (OTC) selects suitable locations for ITAs based on environmental data and results from the initial channel search.  A 5 nm by 2 nm box is selected as the ITA 6 miles off of either port.  The RMS is tasked with surveying the proposed ITA off the coast of Port B.  The CH-60S is recovered onboard the LHD, refueled, and joins the RMS for reconnaissance of the ITA and a 500 yards wide approach channel.  

The RMS and CH-60S complete surveying the ITA, are recovered, and the LPD departs in route to SEA off the coast of Port A.  When on station, the RMS and CH-60S will be redeployed to survey the ITA and a 500 yard wide approach channel. 

4.2.2.3 Establishment of a Mine Danger Area

Whenever a mine is located and identified within the transit lane, an MDA is established about that mine location.  The MDA spans 3 nm in a radius around the mine location. 

4.2.2.4 Increased Search Level

Once an MDA is established, the search level within the MDA is increased in order to elevate the likelihood that all mines are located.  This may require search systems to execute additional search tracks necessary to raise the initial reconnaissance level to the required 95% clearance level.

4.2.2.5 Mine Neutralization

Near-surface contacts localized by the ALMDS configured CH-60S are neutralized by a RAMICS configured CH-60S.

All identified mines (other than near-surface) are reacquired and neutralized by the AMNS deployed from a CH-60S.

4.2.2.6 Influence Sweep

Environmental data indicates bottom composition is mostly mud.  Intelligence reported that Country Red possesses a number of bottom mines in its inventory; therefore it must be assumed that a number of the bottom mines will be buried and the threat must be dealt with accordingly.  

Based on the tactical requirement, each bottom mine MDA must be cleared to a high clearance level with OASIS to ensure buried mines are countered. A CH-60S will be reconfigured to tow OASIS for the mine sweeping effort.

4.2.3 Year 2007 CONOPS – Alternative

4.2.3.1 Pre-Launch Preparations

As the ARG proceeds to the SEA at Port A, mission planning takes place (Figure 4-4).  The designated MIW officer plans the mission using MEDAL, taking into consideration the environmental data, mission requirements, and confidence levels, and selects the assigned MCM asset best suited to execute the mission.  The MIW Officer recommends employing the USV with the AN/AQS-20X and one CH-60S helicopter with ALMDS in Port A. A second CH-60S is prepared with RAMICS to standby for mine neutralization operations. The LHD is sent directly to Port B with a third CH-60S equipped with ALMDS.

4.2.3.2 Initial Reconnaissance

The LPD deploys one CH-60S, configured with ALMDS, to conduct an initial search of near surface minelike contacts and to identify obstacles as required to ensure safe navigation.  The USV is launched and initiates reconnaissance operations after the CH-60S has begun the initial search of the channel.  The CH-60S is recovered for refueling and reconfiguration with AMNS for bottom mine neutralization.  After the USV completes inbound and outbound runs in the main channel, it returns to a predetermined rendezvous point near the LPD to await further instructions.  The LPD proceeds to Port B leaving the LSD as the on-scene commander.  The USV’s long endurance and high speed capability allows it to follow the LPD while in transit.

The LHD arrives at the SEA off the coast of Port B and deploys an ALMDS equipped CH-60S to conduct the initial search of the channel leading to Port B.

When the LPD is 15 nm off the SEA off Port B, it allows the USV to proceed unaccompanied towards the LHD to commence mine reconnaissance operations in the channel.  The LHD assumes the control responsibility for the USV.

Upon completion, the OTC selects suitable locations for ITAs based on environmental data and results from the initial channel search.  A 5 nm by 2 nm box is selected as the ITA 8 miles off of either port.  The USV and CH-60S are tasked with reconnaissance in the proposed ITA off the coast of Port B and a 500 yard wide approach channel.

The USV and CH-60S complete surveying the ITA, are recovered, and the LPD departs in route to SEA off the coast of Port A.  The USV is refueled while the LPD transits back to the SEA point off Port A.  When on station, the USV and CH-60S will be redeployed to conduct the reconnaissance in the ITA and 500 yard wide approach channel. 

4.2.3.3 Establishment of a Mine Danger Area

Whenever a mine is located and identified within the transit lane, an MDA is established about that mine location.  The MDA spans 3 nm on either side of the mine location. 

4.2.3.4 Increased Search Level

Once an MDA is established, the search level within the MDA is increased in order to elevate the likelihood that all mines are located.  This may require all search systems to execute additional search tracks necessary to raise the initial reconnaissance level to the required 95% clearance level.

4.2.3.5 Mine Neutralization

Near-surface contacts localized by the ALMDS configured CH-60S are neutralized by a RAMICS configured CH-60S.

All identified mines (other than near surface) will be reacquired and neutralized by the AMNS deployed from a CH-60S. 

4.2.3.6 Influence Sweep

Environmental data indicates bottom composition is mostly mud.  Intelligence reported that Country Red possesses a number of bottom mines in its inventory; therefore it must be assumed that a number of the bottom mines will be buried and the threat must be dealt with accordingly.

Based on the tactical requirement, each bottom mine MDA must be cleared to a high clearance level with OASIS to ensure buried mines are countered.  In order to greatly increase the available sweep time and relieve the CH-60S for other tasks, the USV will be reconfigured to tow OASIS for the mine sweeping effort.

4.2.4 Discussion of Comparison 

The presence of the RMS or USV unmanned systems provides the ARG commander with additional options in performing the MCM missions.  A summary of the tasks listed in the CONOPS and the platforms and payloads that were selected is shown in the following table.

MCM Tasks/

Functional Segments
Payload
Platforms Used in  Baseline CONOPS
Platforms Used in Alternative CONOPS 

Channel/Transit Lane

Near surface reconnaissance
ALMDS
CH-60
CH-60

Subsurface reconnaissance
AQS-20
AN/WLD-1 (RMS)
USV

Neutralization
AMNS
CH-60
CH-60

Influence sweep
OASIS
CH-60
USV*

Inner Transport Area

Near surface reconnaissance
ALMDS
CH-60
CH-60

Subsurface reconnaissance
AQS-20
CH-60 and AN/WLD-1 (RMS)
CH-60 and USV

* USV use frees up CH-60 for other tasks

The first task is to perform mine reconnaissance in the transit lanes to each port.  This task is broken down into two functional segments, a near surface segment and a subsurface segment.  The near surface segment is performed by helicopters in both CONOPS.  The subsurface segment can be performed by either a helicopter or whichever unmanned surface platform (RMS or USV) is available to the commander in that CONOPS.  In the CONOPS presented above, the unmanned surface platform was chosen in both cases. It should be noted that the initial decision to deploy the CH-60S was based on the assumption that there was a negligible anti-air threat. The USVs can be deployed in high threat scenarios without ALMDS. They are shallow draft, narrow profile vessels that are unlikely to trigger sea mines set for surface vessels and have a FLIR capability for surface mine detection and avoidance.

The next task is to neutralize any mines that are found during the reconnaissance of the transit lanes.  Whether or not this task is performed depends on the outcome of the reconnaissance task.  If no mines are found, this task is not performed.  If it is required, it will be performed by a helicopter in both CONOPS.

Following the neutralization task, influence sweeping is performed to clear any mines that may not have been found during the reconnaissance task, especially buried mines.  This is performed by the helicopter in the Baseline CONOPS, while in the Alternative CONOPS it can be performed by either the helicopter or the USV, the choice of which would be made by the ARG commander.  In the Alternative CONOPS presented above, the USV was chosen for this task.

The Inner Transport Area does not need to be cleared of mines, because its location can be chosen with some flexibility.  If mines are found during the reconnaissance task in one area, a different area will be chosen and reconnaissance will be conducted there.  The reconnaissance of this area is broken down into two functional segments, as was done with the transit lanes.  The near surface segment is again performed by helicopter for both the Baseline and Alternative CONOPS.  For subsurface segment there is again a choice for the commander between the air and surface platforms, or a combination of both.  In the CONOPS presented above, the unmanned surface platforms were chosen in both cases, operating with helicopter assistance.

Assumptions regarding performance were made in order to keep the CONOPS comparison free of technology issues.  These assumptions included:

· The USV is able to carry the required hardware and tow the MCM payloads such as the AN/AQS-20X and OASIS at or near CH-60S speed.


· The AN/AQS-20X sonar navigation and imaging performance is equal to that when towed by the CH-60S, while subject to realistic seaway conditions that may be present.


The final step within the concept evaluation stage of the study was to discern the expected benefits of USVs within the Alternative CONOPS in support of the chosen TACSIT.  The scope of the study precluded a full quantitative comparison that requires, for example, application of the Naval Mine Warfare Simulation (NMWS) tool to assess the time required to perform each segment of the CONOPS for the two cases. A quantitative analysis would provide the actual times required for each of the systems to perform each of the tasks. Uncertainties which may have a significant impact on these expectations include time required to turn at the end of each track, turn around time between sorties (launch and recovery, refueling, etc.), time to transit, etc.  Still, a number of important qualitative conclusions may be drawn from the comparison.  The most important expected benefits associated with the Alternative CONOPS are:

· The USV eliminates the risk to personnel during the minehunting and minesweeping MCM operations (relative to the CH-60S, as does the RMS).

· The USV reduces the possibility of being observed (or delays the time of initial observation of activities) (relative to the CH-60S, although it increases the possibility relative to the RMS).

· The USV relieves the CH-60S for performance of other missions as required (as does the RMS).

· The USV provides greater minehunting and minesweeping area coverage rate during the OOTW-NEO mission, (relative to the RMS, but not relative to the CH-60S).

· The USV provides greater minehunting and minesweeping area coverage per sortie during the OOTW-NEW mission, (relative to both the CH-60S and the RMS).

Other expected benefits of USVs which were not illustrated in this particular TACSIT, but expected to be shown in other MCM TACSITs include:

· The USV allows performance of MCM missions at night or in poor visibility to speed the pace of the overall operation, relative to the H60S.

· The USV provides greater area coverage rate relative to RMS and greater area coverage relative to CH-60S, during deployment of other candidate MCM systems in support of other MCM TACSITS.

In the transit lane subsurface reconnaissance task, the helicopter, the USV, and the RMS should all be able to complete the mission in one sortie, with the RMS requiring significantly more time to complete the task.  The same holds true for the transit lane sweeping task.

In the ITA subsurface reconnaissance task a much greater benefit is expected for the use of unmanned systems.  The size of the area to be searched exceeds the sortie range of any of these systems.  The greater range of the unmanned systems would allow them to complete the mission with fewer sorties, thus reducing the amount of time spent in non-MCM activities such as transiting and refueling.  The USV is expected to complete the mission in the shortest time due to its combination of large range and high speed.

Operational and Technical Issues

4.2.5 Deployment of USVs

In the selection of a USV platform, it is important to consider how the USV will be deployed.  It is desirable to be able to launch the USV from a range of current U.S. Navy surface ships.  Each class of surface ship brings its unique set of requirements.

Complement of current Navy RHIBs

A goal of deploying USVs from Navy ships is to make them organic, designed to fit the current Navy systems as much as possible. Target sizes and weights for the USV depend upon the host platform.  Surface combatants can accommodate a 7m RHIB or RHIB-like boat weighing 5,600 lb. A RHIB with an MCM payload and fuel could be up to 12,000 lb requiring an upgrade to the davit system. Working with these size and weight restrictions, the target size and maximum weight for a surface combatant deployed USV is 7m and 12,000 lb, respectively.

The 11 m USV should be designed to nest in the currently planned "boat deck" cradles on the LPD-17 Class and other Amphibious ships.  The 11 m USV should be within the length and width parameters of the existing Navy 11 m RHIB's (see Table 13-5 11m NSW RHIB Characteristics). The targeted weight for the 11 M USV is 22,000 lb.  The USV Transportation trailer should be designed such that the wheels rotate up and the trailer becomes a deck-mounted cradle, as an option, for the USV with standard tie-downs. Comments based on specific ship classes are given below.

4.2.5.1 Deployment of USVs from FFG-7 Perry Class

The Perry Class now carries a 7m RHIB on a davit on the port side. Plans are in progress to install a swing arm davit to handle the RHIB (5600 lb capacity). This swing arm davit would need to be upgraded to a 12,000 lb capacity (5,500 Kg). A preliminary study indicates that there is room to accommodate the 7 m USV. Since there is no contiguous deck stowage for the mission module, the USV would have to remain mission configured for minehunting while underway. In sheltered waters the Minehunting Module could be removed and davit stowed to allow use as a manned RHIB for use in port.

4.2.5.2 Deployment of USVs from DD-963 Spruance Class

The Spruance Class carries its gig on starboard side davits. There is no contiguous deck stowage for additional mission modules; the 7 m USV would have to remain mission configured for Minehunting while underway. In sheltered waters the Minehunting Module could be removed and davit stowed to allow use as a Manned RHIB for in port.

4.2.5.3 Deployment of USVs from DDG–51 Arleigh Burke Class

The Burke Class currently carries two 7m RHIBs fore and aft of the swing arm davit on the starboard side. With an upgrade to the swing arm it appears that they could carry two Minehunting configured    7 m USVs configured for minehunting.  These 7 m USVs could be reconfigured in port by removing and deck- stowing the mission modules with the craft waterborne. 

4.2.5.4 Deployment of USVs from CG-58 Ticonderoga Class

The Ticonderoga Class cruiser carries its gig on a portside davit. The current davit system would need to be upgraded. There is no contiguous deck stowage for additional mission modules; the 7 m USV would have to remain mission configured for minehunting while underway. In sheltered waters the Minehunting Module could be removed and the davit stowed to allow use as a manned RHIB for in port.

4.2.5.5 Deployment of USVs from Auxiliary ships

The new LPD-17 San Antonio Class LPD is ideally suited to carry USVs They can be directly accommodated as a ship’s mission boat on the boat and cargo handling crane. The boat and handling crane has a rated load of 10,000Kg (22,000 lb.) The 7 m USVs or the 11 m USVs can be mission reconfigured on deck, allowing the craft to be used as a multi-mission craft.  Additionally, they can be handled in the well deck with the use of the USV transport unit.

The USV transport unit should be specifically designed for transport on a C-130 aircraft. Unique to this transport unit would be its ability to retract the tires and rest the chassis on the deck/ground, and extend the tires for well deck handling. A manual gearbox allows for self-jacking and stowage. Because of this transporter design the USVs could be accommodated on all well deck ships.

4.2.5.6 Other Deployment Methods

Other deployment methods were considered and rejected as not compatible with current naval units. Elevators and ramps are feasible and may be on  future combatants such as the DD-21. Ramps are on the Coast Guard Protector Class. It handles an 8m boat and is being modified at Ingalls to accept the 11m RHIB.This class requires a more complex docking arrangement and keel support for the V shaped hull . Boat valleys were also considered. Essentially any new class that can handle a 11 m RHIB should be able to handle a 11 m USV. Overhead gantry cranes need to be rated to handle the 22,000 lb. 11 m USV.
4.2.6 USV Handling requirements

4.2.6.1 Static and Dynamic Lift Load requirements 

A swing arm boom crane designated to handle the USV should have a minimum outreach of approximately 8 m throughout the operating range. The LPD-17 Boat Well Crane is rated for 22,000 lb capacity. This becomes the upper limit for USVs deployed from the LPD-17.

4.2.6.2 Clearance envelope

A minimum of 1m handling clearance is required on each side of the craft in the stowed position. In order to allow reconfiguration at sea, at least 4m overhead clearance is required to allow installation and removal of the mission module. The mission module has it’s own cloverleaf deck tie-downs and requires a deck space of 4m x 6m.

4.2.6.3 Sea State Restrictions


At-sea payload handling should be limited to Sea State 3 or less. The mission module can be loaded onto the USV at pitch and roll angles of less than 15 degrees. This is limited by the control ability of manual tag lines when crane handling the mission module. 

4.2.6.4 Mission Modules

To fully exploit the advantages of the multi-mission capabilities there needs to be a space to store the mission modules separately from the USV. The mission module would require it’s own cloverleaf deck tie-downs and a deck space of 4m x 6m. The Mission module itself is anticipated to require a 5,000 lbs crane capacity.

4.2.6.5 Maintenance

Maintenance for the USV and the mission modules are expected to be within the skills mix currently assigned onboard naval vessels. Supplies of 60 HZ, 400 Hz power and 2000 psi hydraulics would be needed to work on the USV/ modules while deck loaded. Nominal shop space may be required to work on electronic components.

4.2.6.6 Automated Recovery

Additional attention must be given to the recovery methods  for the USV. Much of the process will need to be automated. Commercial systems for semi-automated recovery of boats along side are available and can be adapted for USV recovery.

4.2.7 USV Thrust vs. Towed MCM System Drag
Many of the MCM sensor and influence sweep systems under consideration in this study for deployment from a USV must be towed behind the craft. A tow cable allows the deployed MCM systems to be deployed and retrieved using a winch on-board the USV.

When towing an MCM system from a USV, the majority of the required platform thrust is needed to overcome the drag associated with pulling the system through the water. The amount of drag associated with the towed system is dependent on both the speed and depth of the tow body. The cable’s contribution to the total drag is generally large relative to the tow body’s contribution. The hydrodynamic design of the towed body of an MCM system is generally such that the drag associated with pulling it through the water is minimized. The amount of drag associated with a tow cable is dependent on the direction of the flow relative to the cable.

The amount of cable used to tow a system is referred to as the cable scope. Because the cables are heavy, the maximum cable scope is limited by the maximum payload of the USV. The maximum scope used during a mission is also limited by the time allotted for deployment and retrieval of the towed system.

Visualizing the direction of water flow relative the tow cable is most easily done by considering the cable to be made up of many short cylindrical sections.

If the cable scope is long relative to the depth at which the MCM sensor is towed, the direction of water flow over most of the short cylindrical sections is close to being parallel to the longitudinal axes of the sections. Water flow parallel to the longitudinal axes of the sections generates a relatively small amount of drag. This situation also occurs when the tow body is at or near the surface. 

If the cable scope is short relative to the depth at which the MCM sensor is towed, the direction of water flow over the small sections of cable is close to being perpendicular to the longitudinal axes of the sections. Water flow perpendicular to the longitudinal axes of the many short sections generates a relatively large amount of drag; therefore, a relatively large amount of drag is produced by the cable.

Figure 4-8 shows the profiles (catenary shape) of a tow cable with sectional fairing and a scope of 1000 feet while towing an MCM system at various depths. The curves in Figure 4-8 depict the profiles such that the tow body is located at the 0-0 intersection of the ordinate and the abscissa for all cases. This convention places the USV at the opposite end of the curve near the right edge of the figure. Based on the profiles of the cables, it is evident that for a fixed scope of cable, the deeper tow depths corresponds to a situation in which more of the small sections that make up the cable are being pulled through the water such that the flow is perpendicular to the sections’ longitudinal axes. This situation results in a relatively large amount of cable drag.
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Figure 4-8.  Cable Profiles 20 Knot Speed Variable Towbody Pitch

4.2.7.1 USV Thrust Vs. Cable Drag Analysis

The hydro-dynamic forces associated with towing an MCM system were analyzed by using a static tow cable analysis program developed at the David Taylor Research Center (DTRC), Towed Systems Branch (Code 1541). This program was used to calculate results for steady-state conditions.

The design of a tow cable for a specific USV MCM mission is an iterative process in which the cable length, diameter and fairing system parameters are optimized. This process was not fully implemented as part of this study. Instead, several representative cables were modeled. Specifically, a cable with sectional fairing along its entire length, a cable with ribbon fairing along its entire length, and a cable with no fairing (bare) were modeled. A representative MCM tow body was modeled along with the cables in order to generate reasonable tow tension curves. All three cables had a scope of 1,000 feet. For the purposes of this report, the representative cables and tow body system will be referred to as the “towed MCM system.” The working strength of the representative cables is 6,000 pounds. The tow tension curves for the towed MCM system were overlaid with plots of available towing thrust for several candidate USVs. Resistance data corresponding to towing the DYADS mine sweeping system were also overlaid onto the towing thrust plots for comparison. 

4.2.7.2 USV Thrust Vs. Cable Drag Analysis Results

Sectional Fairing

Figure 4-9 below shows cable tension versus speed for the towed MCM system. The curves in Figure 4-9 correspond to a 0.5 inch diameter cable with sectional fairing and a scope of 1,000 feet. The depth of the tow body is controlled by the pitch angle of the body. The solid red and blue curves of Figure 4-9 correspond to the maximum and minimum (negative) angle of attack of the body. Several discrete depth values are indicated along the tension curves. These depth values indicate the depth of the tow body that corresponds to the specified speed and tension data point.

The dashed green curve shows data provided by the KAMEWA Company. The dashed green curve shows the available thrust of a representative 11 ton craft powered by twin 492 kW (660 hp) Caterpillar diesel engines and twin KAMEWA A40 waterjet propulsion systems. The dashed green curve indicates available thrust and corresponds to performance within the non-cavitation operating region of the system. This is the region where the cavitation strength is insufficient to cause erosion of the impeller surfaces due to the collapse of cavitation bubbles.

At any given speed, the depth of the towed MCM system can be varied by controlling the pitch angle of the body. For example, Figure 4-9 shows that at a tow speed of 20 knots, the depth of the towed MCM system can be varied anywhere between 147 feet and 687 feet by commanding a pitch angle that is between the minimum and maximum pitch down values. By increasing the pitch down angle, the tension in the tow cables increases. Figure 4-9 shows that, at 20 knots, the 11 ton craft cannot tow the towed MCM system at the maximum pitch down angle because the corresponding tow cable tension is greater than the craft’s available thrust.
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Figure 4-9.  Tow Cable Tension and Platform Thrust

Figure 4-10 below shows the same cable tension versus speed data as Figure 4-9. However, Figure 4-10 zooms in on the operating region defined by the intersection of the solid cable tension curves and the dashed thrust curve that corresponds to the 11 ton craft. A tow cable tension curve as a function of speed corresponding to a constant 200 foot tow depth is also presented in Figure 4-10. Curves corresponding to the available thrust for the standard 7 meter Navy RHIB boat and curves corresponding to the resistance associated with towing the DYADS mine sweeping system are also presented in Figure 4-10.

The thrust data, shown as the blue and black dashed curves, was provided by NSWC – Carderock Division, Detachment Norfolk, VA.. The blue dashed curve shows the available thrust of the existing Navy standard 7 meter RHIB powered by a Cummins 6BT5.9M engine rated at 180 hp at 2600 rpm, SterPowr outdrive with 1.32 gear ratio and 19 x 20 propeller. The black dashed curve shows the available thrust of the Navy standard 7 meter RHIB powered by a Hamilton 273 waterjet directly driven by the same Cummins engine.

The red dashed curve in Figure 4-10 shows the tow cable tension associated with towing the DYADS mine sweeping system through the water.

[image: image18.png]Tension vs Speed Boundary For Allowable Window Of Thrust

6000 I : ‘ ‘
Available Thrust 7
11 Tonne Craft 138 &
5000} 700/ depth ]
depth
Maximum Pitch 200 ft

4000 - Down depth 4
I 200 ft profile
< depth
s 13.75 knots
- i Minimum Pitch
@ max pitch uj
2 3000 PN Down J
il
2
| DYAD
© Tow Tension Available Thrust

Navy Standard 7 m RHIB Boat
2000 Pro i
Jet
1000

i
14 16 18 20 22
Speed, (knots)

24




Figure 4-10.  Tow Cable Tension and Platform Thrust Operating Envelope

The curves in Figure 4-10 indicate that the 11 ton craft with the Caterpillar engines and the Kamewa pumps is capable of towing the representative MCM system at a depth of 200 feet and a speed of over 21 knots. The data indicates that the 11 ton craft is also capable of towing the DYADS system.

Based on the data presented in Figure 4-10, the Navy standard 7 meter RHIB boats do not appear to be capable of towing the representative MCM system at a speed of 10 knots or greater. However, the 7 meter RHIB boats could tow the DYADS system at relatively slow speeds.

It should be noted that the Navy Standard 7m RHIB data utilized in this analysis is powered by a 180 hp engine which is a small engine for the 7m RHIB.  The 7m RHIB can handle up to a 300 hp engine.  The additional horsepower should increase the tow speed capabilities of the 7m RHIB.
Ribbon Fairing

For comparison, the same analysis was done with the same 0.5 inch diameter cable with ribbon fairing. When systems are towed through the water using a cable, a phenomenon known as cable strum occurs. During cable strum, the flow of water across the cable causes the cable to vibrate or “strum.” Strumming of the tow cable is problematic because it causes wear in the cable and the cable handling system components. Cable strum also causes increased drag as it interferes with the flow of water over the cable. The main benefit of ribbon fairing is that it reduces cable strum. When the cable scope is relatively short for a given tow depth, water flow is close to perpendicular to the longitudinal axes of many of the small cylindrical sections that make up the cable. In this case, the ribbon fairing tends to reduce cable strum and reduce the overall drag compared to that associated with an unfaired cable. However, when the cable scope is relatively long for a given tow depth, water flow is close to parallel with the longitudinal axes of many of the small cylindrical sections that make up the cable. In this case, the ribbon fairing actually increases the overall drag due to the increased surface area associated with the ribbon fairing.

Bare Cable

The towed MCM system drag analysis was again repeated for the same 0.5 inch diameter cable, but this time without fairing. A bare cable is simpler to deploy and retrieve than a faired cable. The reliability of an unmanned handling system will be higher if a bare cable is used than if a faired cable is used.

Figure 4-11 shows the towed system drag data for the 0.5 inch diameter cable with sectional fairing, ribbon fairing and no fairing (“bare”). The data presented in Figure 4-11 corresponds to a constant tow depth of 200 feet and is intended to provide a simple comparison of the three cable systems. The solid brown, red and blue lines represent tow cable tensions corresponding to the representative MCM system with sectional fairing, with ribbon fairing, and with no fairing as a function of speed. The dashed green line is the same available tow thrust for the 11 ton craft described above.
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Figure 4-11. 200 Foot Tow Depth, Cable Comparison

The curves of Figure 4-11 show that for a scope of 1,000 feet and a tow depth of 200 feet, the sectional fairing cable allows the USV to tow the system at a maximum speed of 21.5 knots, while the ribbon fairing cable allows for a maximum speed of 15.25 knots and the bare cable allows for a maximum speed of 17.5 knots. It is interesting to note that the bare cable allows for a higher maximum speed than the ribbon faired cable for a cable scope of 1,000 feet and a tow depth of 200 feet. 

These results illustrate the need for further technical investigation and detailed design of a tow cable system for the deployment of MCM systems from a USV. The optimal design may call for more than one fairing type or none at all. The development of a deployment procedure that specifies different cable scopes for different tow depth ranges may also be beneficial. The design should include optimization of the percentage of the cable that is ribbon- or sectional-faired.  For a given speed and depth corresponding to a given cable scope and towfish, the optimum fairing length could be a small fraction of the total scope, and this faired section is near the tow body where the flow over the cable is closest to normal relative to the cable axis.  Were the faired length optimized in the curves of Figure 4-11, the bare cable would yield the maximum tow point tension for a given depth, speed, and physical configuration.

4.2.7.3 Tow Cable Fairing

As was mentioned above, a detailed design of a tow cable system was not completed as part of this study. For a USV MCM system, the cable parameters and fairing types would have to be optimized based on USV characteristics, MCM system characteristics and operational parameters.

Cable fairing is used to reduce cable drag and strumming. Many types of fairing exist. Examples of fairing types are ribbon, rigid sectional, and flexible sectional. The optimal tow cable system design would probably include one or more fairing types. The optimal design might call for sectional fairing near the tow body, ribbon fairing near the middle of the cable and bare cable near the top.

In the past, some concern over the use of sectional fairing on an unmanned platform has been expressed. It was thought that a cable with sectional fairing could not be reliably deployed and retrieved without operator intervention. ODIM Spectrum Ltd. has developed the CSTRS Overboarding Sheave, which incorporates a fairing orienter to self-align the fairings during recovery operations. The CSTRS Overboarding Sheave was developed for the U.S. Navy’s CH-60S helicopter. The CSTRS sheave is designed to provide “hands free” captive carriage, stream, tow and recovery of a tow cable with sectional fairing. The CSTRS Sheave, shown in Figures 4-11 and 4-12, guides and supports the cable and fairings through the throat profile during captive carriage, stream, tow, and recovery operations. 
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Figure 4-11.  ODIM CSTRS Overboarding Sheave with Fairing Uprighter Photo
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Figure 4-12.  ODIM CSTRS Overboarding Sheave Close Up Photo Showing Sectional Fairing

A schematic of the CSTRS Overboarding Sheave is presented in Figure 4-13. The sheave system is lightweight and durable. For the CH-60S application, a design goal of 120 lb for the sheave and associated equipment has been established.
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Figure 4-13.  ODIM CSTRS Overboarding Sheave Schematic

4.2.8 Dynamic Performance of USV-Towfish Configurations

4.2.8.1 Introduction

Mine reconnaissance hosted by unmanned surface vehicles by definition will generally involve two physical platform components: a surface craft and a sensor platform housing acoustic (and possibly electro-optic and magnetic) sensors which is towed by the USV.  The towed sensor platform is a necessary component for moderate water depths since the sensor must generally be positioned as close as possible to that of the mines, and since acoustic sensors must be positioned beneath the thermoclines that are often present in mined areas.  

A surface craft operating in a seaway experiences adverse motions that are inevitably transferred to some degree from the towpoint, through the cable, and into the towfish and sensors.  Mine reconnaissance generally involves detection, classification, and identification of the mine targets.  With the USV-towfish configuration, successful mine reconnaissance requires that either:  1) the unaltered USV-towfish-sensor configuration and signal processing system are minimally subjected to performance-degrading motions (e. g., the system is operating in calm water, or the craft is sufficiently large to eliminate towpoint motions), 2) the USV-towfish-sensor motions are mitigated with various means to a level at which sensor performance is adequate (motion minimization), or 3) a motion compensation algorithm is incorporated into the signal processing system to recover adequate sensor performance. 

Three general mechanisms by which adverse seaway disturbances can adversely affect USV-towfish and sensor performance are: 

· Motion disturbances transferred directly from the seaway surface to the towfish, 

· Track-keeping error produced by adverse horizontal-plane craft dynamics, and

· Motion disturbances transferred down the cable and into the towfish and sensor. 

The first issue, direct transmission of motion from surface wave energy, is not expected to be a serious problem unless the sensor is towed relatively shallow.

The second issue, adverse horizontal motion and associated track-keeping error in the seaway, leads to the requirement for decreased track-spacing to assure adequate search coverage.  Decreased track-spacing increases the time to perform the mission.  The degree to which a surface craft experiences adverse horizontal motions in the seaway is a function of seaway characteristics, craft direction relative to the seaway, craft size, craft speed, and the lateral plane autopilot characteristics.  For moderately sized craft operating at moderate or greater speeds, this problem is not expected to be severe except for extreme seaway conditions.

The seaway motion problem that is expected to be the most serious, particularly for towed high-resolution imaging sensors, is the third issue -- transfer of motion from the surface craft through the cable and into the towfish and sensor.  Unfortunately, insufficient research and development has been dedicated to quantifying and mitigating this important sensor motion problem.  

The remainder of this section will be dedicated to the third adverse motion issue, sensor motion, and will address: 1) a recommended method for modeling the end-to-end dynamics of a USV, its cable, towfish, sensor, and signal processing, all while subjected to adverse seaway-induced disturbances, 2) the role of measurements and methods for measuring sensor performance for a given configuration and environmental condition and, 3) methods for mitigating the adverse effects of the seaway on sensor performance.

4.2.8.2 Analytic Approach

The disturbance input to the end-to-end dynamic process is the seaway, and the final output is either sensor motions (to be compared to sensor motion requirements), or synthesized images, as appropriate.  The end-to-end dynamic process is summarized in Figure 4-14.

Each pair of As and Bs within the figure signify an alternate path within the process.  The great majority of the modeling capability shown is operational.  The solid lines shown in Figure 4-14 represent existing capability -- a state-of-the-art planing boat dynamics model, a model to accurately predict cable-towed systems dynamics, and a full sonar performance prediction model.  These models have been developed at CSS over a period of over 25 years.  The dotted lines shown in the figure represent non-existent modeling capability. 

The computer code POWERSEA is a modern and validated time-domain simulation for predicting planing boat dynamics in a seaway.  POWERSEA includes added mass theory implemented in a strip-theory approach for predicting planing boat surge, heave, and pitch while operating in a long-crested (two-dimensional) regular or statistical seaway.  One of the unique capabilities of POWERSEA is its ability to predict craft dynamics for boat hull geometries with longitudinal variation in deadrise.  This new and important capability was developed recently during an ONR-sponsored research effort involving a partnership between CSS and the University of Michigan Department of Naval Architecture.

The computer code Dynamics of Towed Cable Systems (DYNTOCABS) is a powerful, state-of-the-art, six degree-of-freedom time-domain simulation for predicting towed systems dynamics, developed by CSS over a period of twenty years.  DYNTOCABS includes the ability to simulate the performance of an actively controlled towfish within the overall system dynamics.  

Figure 4-14.  USV-Towfish Dynamics and Sensor Performance

DYNTOCABS has been successfully validated numerous times over its long history of application to towed systems development.

The Shallow Water Acoustic Toolbox (SWAT) is the last major element within the required end-to-end predictive capability shown in Figure 1.  Developed by CSS over about the past seven years, SWAT predicts the performance of real- and synthetic-aperture sonars in realistic seawater environments, including the extremely adverse shallow water region.  Sonar parameters, target characteristics, and adverse shallow water environmental characteristics are input to the code, and the output can include both the Point Response Function (PRF), a quantitative measure of sonar performance, and/or a full synthesized image.  SWAT models the various stages of beamforming and signal processing, including candidate motion compensation and computer-aided detection/computer-aided classification (CAD-CAC) algorithms in development.  Thus SWAT is an ideal tool for evaluating candidate motion compensation strategies for mitigating the effects of seaway disturbances on sonar performance. 

Between the POWERSEA and DYNTOCABS models is the reverse interactive effect of the tow cable and towfish on the surface craft that is not currently modeled within the end-to-end process.  This effect is analogous to the recent modification by the Canadians to the DYNTOCABS-RMS model for predicting RMS towfish dynamics while operating in seaway conditions.  The effect could become important as the towfish size and mass become appreciable relative to that of the surface craft.  Since both DYNTOCABS and POWERSEA are both time-domain step-wise integration simulations, integrating the two for the interactive effect is straightforward. 

A potentially effective means for sensor motion minimization is to support the sensor within the towfish with a passive or active isolation system. The analytical capability to model this concept does not currently exist within the end-to-end system shown in the figure.  Development of this modeling capability is required if the sensor motion investigation is to consider this approach for motion minimization.

A limitation in the above approach is that POWERSEA and other state-of-the-art planing boat dynamics codes are three degree-of-freedom time-domain simulations that predict only surge, heave, and pitch craft dynamics.  The most severe transom motions on a planing boat towing a towfish in a seaway, however, are vertical plane motions.  Therefore, this limitation is not expected to be a serious problem.

4.2.8.3 Experimental Approach

Imaging performance of a sensor housed in a towfish may be measured for a particular surface craft, towing configuration, sensor suite, and environmental/seaway condition.  The experimental approach is expensive, subject to several sources of experimental error, and provides data only for the specific configuration(s) tested.  Thus the experimental approach should generally be limited where possible to validation of predictive capability and for confirmation of performance during the development of a particular system.

4.2.8.4 Improving Sensor Performance in Dynamic Conditions

Two fundamental approaches may be used to improve the performance of a USV-towfish configuration that is subjected to seaway motion disturbances:   motion minimization and motion compensation.  Various candidate methods within each of these categories will be summarized in the following.

1. Motion Minimization.  The following methods may be used for minimizing the adverse motion of a sensor and towfish that is subjected to surface craft- and cable-transmitted seaway disturbances:  1) optimization of surface craft size, hull shape, and speed through the seaway, 2) optimization of surface craft search orientation relative to the prevailing seaway direction, 3) concepts for active and passive towbar-craft isolation, 4) optimization of the cable catenary, 5) advanced fore and aft towfish control surface and control algorithm strategies for active towfish motion minimization, and 6) sensor suspension and passive or active sensor motion isolation within the towfish.  Each of these methods have been investigated by CSS in support of the ONR-sponsored Advanced Sensors ACTD.  While each method has been shown to be successful to varying degrees, most involve increased complexity, size, weight, and expense.  These methods for motion minimization should be evaluated within the analytical process described in Section 4.3.4.2. 

2. Motion Compensation.  If the seaway is sufficiently energetic, the sensor will experience a certain degree of adverse motion despite all efforts to minimize the transfer of energy to the towfish and sensor.  The motion problem unfortunately becomes most severe for the high resolution and long range imaging sensors that are required to achieve false-target rejection, target identification, and high area search rates.  A number of investigators have developed motion compensation algorithms to mitigate the adverse effects of sensor motions during and after the beamforming stage of real- and synthetic-aperture sonar signal processing.  In general, motion compensation algorithms require measurement of the adverse sensor motion to a level of accuracy greater than the level of the desired degree of motion compensation.  Each candidate method for motion compensation should be evaluated within the analytical process described in Section 4.3.4.2. 

4.2.9 Signature Control

The USV will be designed to enter and operate in an environment inherently dangerous to human operators; as such the vehicles must be considered expendable. All stealth measures must therefore be a tradeoff between cost and mission utility. In general, creative uses of component designs must be incorporated with stealth in mind to minimize the cost.

Airborne acoustic signature

Airborne noise is a factor in detectability and in manned operation of the multi-mission vehicle. As a general rule if airborne noise is reduced sufficiently for manned operation, detection becomes a secondary issue. The main engines are the primary noise source for airborne noise. Sound quieting steps needed are muffling the engines, acoustically coating the engine compartment and directing the engine exhaust into the water. The airborne acoustic signature target is 85 dBA re 20(Pa at 1 m at full throttle.
Waterborne acoustic signature

Three factors, main engine noise, propulsor noise and hull slap dominate the waterborne acoustic signature. Main engine noise can be reduced by the use of sound mounts and mufflers. Propulsor noise considerations lead to the selection of multivane impeller water jet pumps. The effect of this is to reduce propeller cavitation as a noise source and its characteristic acoustic signature. Hull and sponson design stabilize the craft in rough water and minimize hull slap. The waterborne acoustic goal is to reach background at Sea State 6 and to minimize waterborne acoustic interference with the towed sonars.

Visual / radar signature 

Visual and radar signatures must be reduced in the USVs in three areas; profile, hull design, and reflectivity control. The low hull profile (approximately 4 feet of freeboard above waterline) means that the crafts natural horizon is only about 12,000 yards. The hull must be designed to minimize reflections of both radar waves and light. This can be accomplished by faceting all surfaces and avoiding corner reflectors. Special low reflectivity paints can be used to minimize reflections. Use of radar absorbing coatings further reduce the cross section. The craft’s wake is also a strong contributor to its visual and radar signature. Considerable design effort must go into wake and rooster tail reduction.

Electromagnetic signature

Any remote control scheme necessitates an increase in electromagnetic radiation and attendant exploitability. Measures can be taken to minimize communication by maximizing autonomy. Use of directional antennas and LPI waveforms will also minimize electronic exploitability. An added concern will be enemy attempts to jam or co-opt the USV. A coding system needs to be in place to ensure that the craft is controlled by the intended force. IFF systems need to be in place to recognize the craft and ensure that it has not been tampered with.
Thermal Signature

Thermal signatures for the craft must be reduced by cooling the engine compartment and exhausting the engines beneath the waterline.

Magnetic Signature

Magnetic signature reduction is important for self-protection. The hull should be constructed of non-magnetic material, and active degaussing coils can be considered to further reduce the signature.

Composite Materials

The craft can be built out of aluminum for ease of construction and repair as well as ruggedness. If this craft is to be produced in numbers, composite material construction will need to be considered. Composite vehicles cost more to build and maintain however composites greatly reduce the weight, electromagnetic signatures and radar signatures.
4.2.10 Sensors and Processing Requirements for CDS

Figure 4-15 Command Decision System Communication Block Diagram shows a typical USV equipment suite consisting of vehicle sensors and effectors, mission modules, C4ISR and communication to and from the support ship. The amount of data to be transmitted is proportional to the resolution of the sensors (i.e. video, sonar or radar) and the update rate desired on the support ship. As autonomous processing (perception capabilities) increases on the USV, the communication bandwidth and response time decrease. 

Typical Communication Requirements for the following USV Onboard Subsystems are discussed below:

· Radar

· USV Command and Control (Manual, Remote Piloted, Autonomous)

· Navigation

· Engine/Jet Pump/Hydraulics

· EO/IR System

· Mission Module

· Microphones/Speakers

Representative USV data requirements for unmanned operation and a mine reconnaissance mission module are shown in Appendix H. These include T1 quality video at 1.5 Mbps, sonar acoustic data at  3 Mbps, and radar tracks at 4.8kbps up to high resolution compressed slow scan video of 1.311 Mbps to 30 frame per second at 5 Mbps.
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Figure 4-15.  Command Decision System Communication Functional Block Diagram

4.2.11 Transmission of Data Between Host Ships and USVs

The TCS can transmit data at 4.5 Mbps which could provide two T1 links plus all the USV status from navigation, vehicle and mission systems control.

A USV needs to have a Local Area Network (LAN) to handle the data among subsystems. Three common LAN standards are 802.3, 802.4 and 802.5. These are described in Appendix I. 100 Base T (Fast Ethernet) operates at 100 Mbps. The USV Tactical Contol Data Link ( TCDL) operating at 4.5 Mbps transmission requires less than 5% of the Fast Ethernet capacity. These signals can be multiplexed in a data concentrator. An example is the Harris TAC-200 Tactical ATM Concentrator. It provides interface options for Ethernet, Circuit Emulation, video (T1/E1), compressed digital or analog voice, and Asynchronous Transfer Mode (ATM). The Ethernet interface supports transparent LAN services (see figure below).
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Figure 4-16.  USV Fast Ethernet LAN to TCS Tactical Control Data Link (TCDL)

The ethernet output will handle streaming video and digital data. The USV will send packets to the support ship ("ground") ethernet sockets for control and display on a Multi Modal Watch Station (MMWS).

The Tactical Control System multiplexes RS-422 data and RS-170 video (A single T1 line at present, 2 T1 lines in the future). Data is sent to the support ship over a Tactical Control Data Link at up to 4.5 Mbps.
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Figure 4-17. TCS Tactical Control Data Link (TCDL)

These video/digital data channels will be demultiplexed at the support ship communications and displayed on the Multi-Modal Watch Station (MMWS). Operator commands are then packaged and sent on a 200 KHz LPI spread spectrum downlink to the USV.
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Figure 4-18.  Support Ship TCS Comm Link to Multi Modal Watch Station

4.2.12 Fusion of Data from Several Sensors and Platforms

4.2.12.1 Introduction

The USV is both a user and producer of information from sensors. Onboard USV sensors are used for navigation and to gather ISR (intelligence, surveillance, and reconnaissance) information. 

The USV receives and processes sensor data on a computer memory structure called a perception blackboard, for example (Section 4.3.9.3.4). The perception blackboard provides direct, indirect, and inferred (perception) states of the USV. The collection of all the information at one place provides a common application program interface for sensors, analysis, and control. Data from navigation sensors are fused onboard the USV onto the perception blackboard  to continuously update the USV situation awareness in support of future USV control actions. The perception blackboard also contains real-time sensor data merged with static information such as local bottom mapping and USV configuration data to form the real-time tactical situation for the USV. This onboard data is supplemented with remote information to relate the local USV tactical situation to the higher level mission tactical situation and current objectives. The requirements for USV sensor fusion are described in Section 4.3.8.2.

The USV MCM functions are controlled by and provide information to the host platform higher level command & control systems such as TCS and MEDAL. Existing and developing information fusion systems such as the Navy Littoral Surveillance System (LSS) and the Joint Forces Tactical Exploitation System (TES) will be used by the host platform to support and consume the fused information. Requirements for host platform data fusion are described in Section 4.3.8.3. 

4.2.12.2 USV Sensor Fusion Requirements

The onboard USV notional sensor fusion requirements are as follows:

· The USV fuses real-time onboard data that is required to support its current sortie. Higher level data fusion is performed on the host platform.

· The USV requires onboard multi-image registration to verify vehicle locality and sensor coverage

· The USV requires coordinate translation between the USV centered coordinate system and Earth centered latitude, longitude. The USV sensor fusion supports image fusion across time – that is, a current image may need to register with a previous image to reacquire an object. For example, USV mine neutralization is cued by an earlier mine detection image and reacquired with image registration. 
[image: image27.wmf]
Figure 4-19.  Image Registration - Merge Views

· The USV will provide the capability to abstract objects from different sensor images for co-registration – examples: a mine may be seen by both a Side-Look-Sonar (SLS) and a Synthetic-Aperture-Sonar (SAS) in real time and later seen by a Laser-Line-Scan (LLS) sensor; also, an object may be seen simultaneously by an EO/IR and a navigation radar.

· Onboard sensor fusion will support derived duplicate sensor information from indirectly related sensors. This capability will support sensor verification and system robustness with failed sensors. For example the water speed can be detected from a direct water speed sensor, and indirectly derived from the motion of bottom objects on sonar images, or propulsion power.

· The USV will use existing sensor fusion functions that are provided by the sensors. For example, the AN/SPS-73 navigation radar provides a tracker option that fuses tracks from multiple SPS-73 radars.

4.2.12.3 Host Platform Data Fusion Requirements

The USV will have communication with and be controlled by a host platform.  The host platform will use a Navy data fusion system to integrate images and data from diverse sources over space and time.  Figure 4-20 shows typical sensor images related to maritime MCM operations in the littoral such as SLS, SAS, and LLS sensors from a sensor array to detect, cue, and identify a mine. Some of these images may have been collected by another vehicle or at another time. The host platform will be required to fuse this information in support of MCM mission planning. As images are produced by the USV sorties, the host platform will fuse the real-time images with previous images. This will update the current operational picture of the mission area as well as the tactical situation.

[image: image28.wmf]
Figure 4-20.  Data Fusion from Underwater Sensors

Figure 4-21 illustrates how the host platform will fuse USV information with other ISR information to form an integrated information picture in support of MCM planning and operations. The fused picture will be used for the planning, operational monitoring, and post mission dissemination of MCM results in context of the maritime common tactical picture of the littoral. 
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Figure 4-21.  Fuse Data for the Maritime Common Operating Picture

Notional data fusion requirements for the host platform are as follows.

· The host platform will be the primary receiving point for ISR data from the USVs it controls.

· The host platform will provide selected host fused data to the USV as needed to execute its USV sortie.

· The host platform will use Navy data fusion systems such as the Littoral Surveillance System to support the MCM mission planning functions, execution of USV sorties, and exploitation of ISR information resulting from the MCM mission.

· The host platform will fuse all data that is available and relevant to the MCM mission including: EO/IR IMINT (tactical and national), SIGINT, MTI, SAR, HUMINT, DTED, bathometric, and GCCS-M/JMCIS contacts. 

· The host platform will use existing Navy communication and exploitation systems to build a common operating picture from the USV ISR data, host platform data, and other external data sources.

4.2.13 Sortie Command and Control of the USV 

4.2.13.1 Introduction

The USV executes a sortie with an on-board command and control system. USV command and control will benefit significantly from recent and ongoing ONR and DARPA initiatives conducted through organizations such as University of New Hampshire, Texas A&M University, Florida Atlantic University, Woods Hole Oceanic Institute, the Charles S. Draper Laboratory, and the Applied Research Laboratory/Pennsylvania State University as well as industry investment. The USV Command Decision System (CDS) Sortie Command and Control (SCC) function is initialized and coordinated via Tactical Decision Aids (TDAs) such as MEDAL and communicated via TCS resident on the host platform.  SCC includes USV status perception and execution of USV commands issued by an on-board pilot, a remote pilot, or autonomous vehicle control. The SCC is summarized in the following sections:

· USV Sortie Command and Control Requirements 

· USV Notional Architecture

· Autonomous Vehicle Command and Control Concepts

4.2.13.2 USV Sortie Command and Control Requirements

The SCC notional requirements are as follows:

· The SCC will support three control modes:

1. Pilot (onboard pilot)

2. Remote (remote pilot via communication, i.e. telerobotic operation)

3. Autonomous (sortie is carried out without human intervention)

· The SCC will provide USV status and fault management 

· The SCC will support USV communication to the USV host TCS including real-time changes to the sortie objectives and exploitation of interim results

· The SCC will provide payload support including deployment, operation, and stowage

· The SCC will provide fly-by-wire navigation and vehicle control functions

· The SCC will provide an autopilot which is capable of holding a heading or radius with INS, GPS, or reference tracking

· The SCC will provide a real-time path planner to avoid obstacles and enable path optimization in response to changes in the environment or sortie objectives

Discussion

The SCC will sense the current situation, plan an action, and then act on the plan. The challenge of the SCC architecture is to provide the framework for a design that supports all three modes without redesign and with minimal rework. The SCC should enable higher level control functions to be available to lower level control modes. For example, a dynamic path planner is required for full autonomous operation but path planning functionality is also useful for remote and on-board pilot operation. Similarly, way-point path following is required for autonomous or remote pilot control, but would also be useful for an on-board pilot.

In comparison to other unmanned vehicles, a USV is one of the easier vehicles to control autonomously. Where UAV and undersea (UUV) vehicles operate in three dimensions, and ground (UGV) vehicles have many obstacles - the USV operates on a simple two dimensional flat plane with no terrain changes, has continuous GPS location, and the default state for propulsion failure is benign (i.e., the system does nor crash or sink).

4.2.13.3 USV Notional Architecture

This section describes a notional architecture recommended for onboard sortie command and control (SCC) of the USV. SCC will also control and execute the operations (behaviors) required for the current onboard/deployed payloads and their associated data processing. All modes of control will contain automated sequences of events to assist in USV operations. SCC will provide the sensors and associated data processing to identify obstacles in the path of the USV and implement the algorithms to generate commands to avoid those obstacles. The SCC will provide a path planning function. Path planning will derive a path from a sortie object in the form of a set of waypoints that does not conflict with known targets, obstacles, exclusion zones, and the specific capabilities of the vehicle. Figure 4-22 shows the data flow from the USV navigation sensors and mission sensors to the USV onboard perception blackboard to support real-time command and control of a USV sortie.

Figure 4-22.  USV Entities and Top Level Data Flow

 The following subsections describe other aspects of the SCC architecture:

· USV Modes of Operation

· USV Functional layers of control

· USV Activities, behaviors, and actions

· USV Perception blackboard

· USV Path planning

4.2.13.3.1 USV Modes of Operation

USV CONOPS and requirements identify three modes or levels of operation for a USV: pilot, remote, and autonomous. The following is an overview of the three control modes.

Pilot Mode – The pilot mode provides control of the USV by an onboard pilot. For example, this mode allows the pilot to take manual control over the speed of an individual engine. Also, the vehicle speed and heading may be manually set by the onboard pilot or the pilot may opt to simply supervise the USV control software. The pilot can take advantage of on-board automation functions such as deploying and recovering a payload and path planning with obstacle avoidance. These automation aids are manually set by the pilot using their knowledge of the sortie objectives and the current state of the USV. The onboard pilot may be in communications with a remote pilot on the host platform to coordinate USV participation in the overall MCM mission. The pilot mode will also be a useful aid during the test and integration process of the USV for remote and autonomous modes.

Remote Mode –This mode provides the capability of the operator, remotely located on the host platform, to provide “supervisory control” of the operational sortie. The remote pilot has many of the same options for control as the onboard pilot. The USV will execute navigation and payload control based on the commands via a communications link and will perform obstacle avoidance as necessary. The USV will perform continual fault monitoring and processing during these operations and take actions as necessary to mitigate fault conditions. The remote operator may use his judgement and overall mission knowledge, to override some of the fault mitigation efforts.  The remote pilot’s knowledge of the current state of the USV is limited in scope, fidelity, and phase delayed in time by the communication and remote control mechanisms. For example, the remote pilot will not have feedback from the acceleration and roll of the USV resulting from control commands or sea wakes. For these reasons, the remote mode of operation will likely depend on the on-board autopilot to maintain heading and speed and the path planner for fast response obstacle avoidance. The remote pilot need for more information and shorter time delays creates a need for higher communication bandwidth. High bandwidth communication is particularly difficult for over the horizon sorties. 

Autonomous Mode – During this mode, the USV executes from a stored sortie plan reacting to events as they occur and no longer needs continuous communications with the host. Autonomous operation opens the sortie range without communication constraints. However, autonomous control requires better knowledge of the vehicle states and reactive scenarios for unplanned state changes. For example, the autonomous USV may need to know if it is being pursued by a hostile vehicle – and then what it should do e.g. rules of escape or engagement. The autonomous USV is driven at the top level by the on-board sortie planner. The sortie planner executes the sortie with a set of USV behaviors that are parameterized for the in-progress activity and processed against the current USV state (from sensors). The sortie default plan is loaded on the USV as part of the launch process, but can be replaced or modified via communication while the sortie is in-progress.

Figure 4-23 shows this notional three mode control architecture that meets these requirements. Control mode selection is shown schematically in the notional architecture with logical switches that select the input sources for control entities. The host platform can monitor the USV and sortie progress (in all three modes). The host platform may make top-level sortie plan modifications transmitted via TCS to change the current operations as necessary. These host platform based decisions may be made using the data collected from the USV and other assets in the area through tools such as MEDAL. This will allow the remote operator to coordinate the active USV sortie with the operations being conducted by the other MCM assets within the mission area to optimize performance of the in-progress sorties. 
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Figure 4-23.  USV Three Mode Command and Control Architecture

4.2.13.3.2 USV Functional Layers of Control

The notional USV control architecture has three layers: strategic, tactical, and execution layers. The control layers are described below.

Strategic – This layer of control determines the plan to be executed by the USV. This top layer in the control hierarchy, is the “smartest” layer in the USV. The plan formed by the strategic layer combines guidelines for sortie objectives with concerns for safety of the USV and host platform with the current state of the USV and the ocean environment to determine the plan. These plans may change or be adapted in response to changes in the detected environment or updated objectives or control are received from the host platform.

Tactical – This layer of control implements the scheduled activity initiated by the strategic layer by breaking it down into smaller actions or events and determining whether the action is complete. This middle layer of the control hierarchy is also responsible for assessing the USV basic health, sortie plan status, and sortie evaluation. Some knowledge of the vehicle specifics is required to coordinate the tasks. The tactical layer will continually monitor sortie progress and when specific conditions are detected generate an alert to the strategic layer. 

Execution – This layer provides the subsystem interface interpreting commands into subsystem control and translating subsystem status into USV status. The execution layer consists of the guidance and control routines and algorithms, navigation data management, data collection, subsystem management and control processing required to execute a sortie. 

The execution layer is interfaced to the electromechanical control systems of the USV, while the strategic and tactical layers provide the automated capabilities of the control system.  A common command and control interface between the layers will enhance the ability of the USV to support other types of missions (e.g. surveillance, communication network node, search and rescue) without redesign of the control layers.

4.2.13.3.3 USV Activities, Behaviors, and Actions

This section describes the elements of autonomous USV control, and how the elements enable remote or autonomous sorties in support of the overall MCM mission. A mission is comprised of a set of USV sorties as defined through a mission planning tool such as MEDAL. A specific sortie is executed through a set of activity areas (e.g. mine hunting area) and associated support activities (e.g., scanning the horizon periodically for threats). Mission, Sortie, and Actions are illustrated in Figure 4-24 and the table with examples.
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Figure 4-24.   Mission, Sortie, Activity, Path, and Action


Pilot
Remote
Autonomous

Mission
MCM in zone A



Sortie
Survey sectors C7 to G8
Survey sectors C7 to G8
Survey sectors C7 to G8

Activity
Find mines in C7
Find mines in C7
rules

Path
Heading 237 deg, or rules
Heading 237 deg, or rules
rules

Action
Increase port speed 350 rpm, or rules
Increase port speed 350 rpm, or rules
rules

An activity area to be surveyed will have been preplanned via MEDAL using algorithms such as UCPLN. The output is a recommended swath spacing to achieve a desired coverage. The swath spacing is used to define an initial set of survey legs for an area activity. On-board USV command and control implements these activities through a set of behaviors. In the remote mode, a survey behavior will extract survey leg definition from the USV-Host TCS command link. In autonomous mode, the survey behavior will execute the list of survey legs making real-time adjustments as necessary. In either case, these survey legs consist of a list of waypoints which define a desired set of paths. The on-board path planner translates the paths into a series of primitive control actions which are then fed to the autopilot.

Most autonomous vehicle architectures define the capabilities of vehicle activities through a defined set of behaviors and actions required to complete the activities. A behavior is designed to complete a specific activity or task. Parameters can be uniquely associated with each implementation of a behavior. For example, a set of behaviors might be defined to include the following:

· transit the USV to a perimeter location with respect to the host platform

· launch payload (e.g. sidelook sonar)

· conduct patrolling pattern

· periodically report status to host platform

· receive new direction from host platform

· recover payload

· rendezvous with the host platform or some other recovery area

It is the responsibility of each behavior to implement the details required to execute and monitor the activity. Thus, a behavior is planned by putting together a series of actions forming a behavior plan. An action accomplishes a single event towards overall completion of a behavior. At the higher level, the sortie planner maintains the current elements of the sortie plan.

4.2.13.3.4 USV Perception Blackboard

All three modes of control are supported by a perception blackboard that acts as a USV clearing house for raw sensor data and processed data. The perception blackboard provides direct states as well as indirect and inferred states or perceptions. The collection of all the information at one place provides a common application program interface (API) for sensors, analysis, and control. The blackboard is implemented as non-persistent memory-resident structures with high speed access. Some of the perception blackboard properties and methods are listed below.

· Contains plans, rules, module status, and system states

· Transforms data into information with normalization and algorithmic combinations

· Perception infers current understanding of information with rules

· Blackboard receives all data, derives information, and infers perceptions

· Plans are dynamic as perceptions change

· Inference engine is multi-paradigm: forward, backward, neural, genetic, statistical

4.2.13.3.5 USV Path Planner

An onboard USV path planner is needed for autonomous control and is desirable for remote control. The path planner uses information about the current vehicle state to load set points into the autopilot. The path planning accounts for vehicle dynamics such as maximum speed, minimum turning radius, and range; as well as the environmental conditions such as currents, tides, wind, depth, GPS, and sensor range. A fast response path planner is required for obstacle avoidance. Navigation around complex unknown obstacles requires a versatile path planner.  Figure 4-25 illustrates a path planner finding a safe path through a complicated environment. Path planning has been the subject of many research projects, thus viable solutions now exist.
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Figure 4-25.  Path Planner Finds Path Through Obstacles

4.2.13.4 Autonomous Vehicle Control Concepts

The SCC notional architecture and application concepts are derived from earlier autonomous vehicle control concepts for military vehicles. The following sections review the background, architectures, and components of remote and autonomous vehicle command and control systems for unmanned military vehicles.

4.2.13.4.1 Other Unmanned Military Vehicles

The military has used unmanned vehicles for many applications and is expected to increase the use of unmanned remote and autonomous vehicles in the future. The emerging DoD Future Combat Systems (FCS) program will enable a new military doctrine with significant autonomous capabilities driven by the requirements of reduced manning and ease of system deployment. The following represents some of the many military systems in development or already operating in an unmanned mode.

· Guided missiles and torpedoes

· UAV such as Hunter, Predator, and Global Hawk

· Unmanned undersea vehicles (UUV) such as SAHR, CETUS, BPAUV, Ocean Explorer, and LMRS

· Unmanned ground vehicles (UGV) such as SARGE, BUGS, and ARTS will be used for unmanned operations 

Some of these systems operate in remote mode and are not configured with onboard intelligence for full autonomous operations. The remote systems require ongoing communications with frequent control updates from external sources such as the host platform.

4.2.13.4.2 Previous Autonomous Marine Vehicle Architectures

As illustrated in Figure 4-26, automatic control systems “Act” on “Plans” built from “Sensors”. Much research and development has been invested in recent years to design and build candidate architectures for unmanned marine vehicles. Most implementations
 are based on either hierarchical, heterarchical, subsumptive architectures, or a hybrid combination of these. The architectures are summarized below:
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Figure 4-26.  Functional Architecture Integrates Requirements

Hierarchical – a top-down approach to control, where the highest level of control operates at an overall sortie level and the lowest level of the hierarchy interfaces with the hardware itself. A primary advantage of this architecture is a very rigid, tightly coupled control structure, whereas the disadvantages are lack of flexibility, possible response time delays, and that the system is not focused on providing a dynamic reactive response to the detected environment.

Heterarchical – implements a parallel architecture where all system modules may communicate amongst themselves. This architecture supports more direct knowledge of all sensor data by the modules, but since there is no supervisory level, controllability can be an issue.

Subsumption- is a layered architecture consisting of behaviors working in parallel. This architecture introduces flexibility and robustness defining truly reactive characteristics, but contains disadvantages with respect to synchronization and timing between behaviors.

Hybrid –combines the strengths of different architectures. These architectures typically implement a hierarchical approach for supervisory functions, with a subsumptive method of implementing behaviors, and lower level heterogeneous modules performing the low- level functions of the autonomous vehicle.

Previous autonomous marine vehicle control architectures have been developed by universities and government labs sponsored by ONR and DARPA. The Draper AMMT
 uses a hierarchical planner. The Texas A&M AUVC
 uses a hybrid hierarchical architecture with a distributed set of loosely coupled processes. Applied Research Laboratory/Pennsylvania State University (ARL/PSU) developed the PIC
 architecture as a hybrid combination of the subsumptive and hierarchical architectures.  The PIC perception element is an inference network that continually updates an internal representation of the external world. This internal representation serves as a database for a response element which execute behaviors with the ability to react to the detected environment. The response element is a collection of hierarchical levels at the sortie, behavior, and action levels. Northrop Grumman ESSS has developed an Autonomous Sortie Controller (ASC) layered on the ARL/PSU PIC architecture
. The ASC implements a set of behaviors, and actions which were demonstrated through a series of in-water tests on the NUWC 21UUV.

4.2.14 Mission Planning, Command and Control, and Data Dissemination

4.2.14.1 Introduction

The operational application of USVs to MCM missions involves three primary functions:  mission planning, mission execution, and mission product data dissemination.  Mission product dissemination is performed during and after execution of the mission.  These basic USV MCM functions must be executed in a manner consistent with emerging network-centric C4ISR characteristics that are to become endogenous to Naval and joint warfare. 

In the following sections is presented a summary of:  

· The current COMINEWARCOM-approved general CONOPS and doctrine for MCM within the 21st Century, 

· The functionality of the MEDAL given its emerging importance for MCM operations planning, evaluation, situation assessment, and asset management, 

· The functionality of the Tactical Control System, given its emerging importance as a common and joint interoperable system for unmanned systems mission planning, command and control, and data dissemination,

· Alternatives and recommendations for USV-MCM mission planning, command and control, and data dissemination, based on the information above and, 
· Recommended high-level CONOPS for conducting MCM operations with USVs.
4.2.14.2 General C4ISR Requirements Related to USV-MCM Mission

Naval forces organize, deploy, and fight in concert with a number of warfighting organizations.  Whether naval forces are operating independently or as part of a combined or Joint Task Force (JTF), the emerging Composite Warfare Commander (CWC) doctrine forms the basis upon which the Officer in Tactical Command (OTC) or Naval/Maritime Component Commander (NCC/MCC), designates and establishes individual responsibility and authority for subordinate warfare commanders.  These subordinate warfare commanders include those for Air Defense (ADC), Sea Combat (SCC), Antisubmarine Warfare (ASWC), Surface Warfare (SUWC), Strike Warfare (STWC), and Information Warfare (IWC).  COMINEWARCOM is promoting the addition of a new warfare commander, MIWC, that will operate under the OTC or NCC/MCC and within the CWC framework.

The MIWC will assume responsibility for all MIW-related mission planning, execution, and product dissemination in support of the BG/ARG.  The MIWC will act as the OTC’s principal advisor regarding current and future MIW mission requirements and force employment, including utilization of supporting MCM forces.

For example, the BG/ARG may have to transit an area that may have been mined and is geographically restrained (e.g., a strait).  The OTC could direct the MIWC to establish a transit lane within which the mine risk must be minimized to the greatest extent possible considering time and resource constraints.  In MIW terms, this type of operation is called “breakthrough”.

MIW mission planning and execution functions cannot be completed without robust C4ISR systems that use standard fleet and Department of Defense (DOD) systems and architectures to link the OTC, MIWC, other warfare commanders, naval operating units, other joint forces, and support agencies and organizations.  Additionally, sensors must be fully linked with data collection and dissemination systems.  As with other warfare areas, the MIW C4ISR architecture must embody and support traditional warfighting principles, including unity and speed of command, delegation of authority, and centralized planning with decentralized execution.  Additionally, all MCM-related C4ISR systems must be fully compliant with, and enable information exchange through, the Defense Information Infrastructure (DII) Common Operating Environment (COE).  As an intermediate step, mainstreaming requires that MIW systems must be fully compatible with existing processing and display systems.  Over the longer term, IT-21 and network-centric principles must be embraced as well. 

At the operational and tactical level, the MIWC must have access to C4ISR systems that facilitate C2 functions related to mission planning, execution, and product dissemination.  Systems with global reach, such as the Global Command and Control System (GCCS), Global Command and Control System - Maritime (GCCS-M) and the Marine Air Ground Task Force Command, Control, Communications, Computer and Intelligence (MAGTF C4I) system will facilitate high level planning, execution, and product dissemination.  At the operational and tactical level, the MIWC will access intra-force C2 systems to contribute to the development of the common operational and common tactical pictures.  Critical to supporting this effort will be the interoperability of assigned MIW systems within the COPERNICUS C2 architecture.

USVs and their MCM payloads, along with other MCM systems, should be interoperable with the Joint Planning Network (JPN), GCCS-M/JMCIS, and Joint Data Network (JDN) Tactical Data Information Link Systems (TADILS).  Further, as the interoperability standards for network-centric warfare emerge, assigned MIW sensors, tactical decision aids (TDAs), and C2 systems must be capable of achieving that extensibility.  These systems collectively permit the MIWC to coordinate and engage in decision-making processes at all levels, and across all warfare functionalities.

At the tactical level, where intra-platform and intra-force information and data exchange is a dominant element, MIW C4ISR systems must be embedded in the force structure.  The MIWC will depend heavily on systems that can accurately link sensors to host ships and other force assets.  Each host ship must have available real- or near real-time intra-platform links for all remotely operated systems, including RMS, LMRS, AMCM platforms, and emerging unmanned MCM concepts involving UAVs, UUVs, and USVs.  

The MIWC will also depend heavily on systems that interface with agencies and organizations external to the operating force.  The MIWC will be capable of interfacing with many external support agencies and organizations utilizing many of the same C2 systems described above.  These systems permit access to archived intelligence and environmental databases, as well as coordination between assigned and supporting MCM forces.

4.2.14.3 MEDAL Overview

4.2.14.3.1 General

The Mine Warfare and Environmental Decision Aid Library (MEDAL), also known as the Mine Countermeasures Segment (MCMSEG), provides the MCM systems user with planning, evaluation, situation assessment, and asset management tools for conducting MCM operations.  This GCCS-M segment integrates models and algorithms to determine optimum mine hunting and mine sweeping strategies and employment of assigned and supporting MCM forces.  MEDAL makes full use of environmental data to optimize platform and equipment effectiveness in the planning and execution of MCM operations, and supports MCM-specific information exchange between the MCM Commander and assigned units.  MEDAL Build 6 is operational within the U. S. Navy fleet, and Build 7 will undergo OPEVAL in June of 2000.  Build 8 will operate in the PC Windows NT environment.  The MEDAL system architecture as a GCCS-M segment within the DII-COE environment is shown in Figure 4-27.  
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Figure 4-27.  MEDAL System Architecture

The primary MCM capabilities within MEDAL are as follows:

· Mission planning

· Tactical data management

· Environment data management

· Intelligence data management

· Route survey data management

· Message processing

· Data import/export

· Mission evaluation

4.2.14.3.2 MEDAL Capabilities Summary

The above capabilities provided by MEDAL are described in Appendix A.

4.2.14.4 TCS Overview

The Tactical Control System is under development to provide a common, scalable C4ISR-connected, and joint-interoperable system for UAVs, thus replacing the inefficient and costly "stove-pipe" approach to mission planning and C3 of UAVs.  By scalability is meant the TCS ability to operate at levels of operation, varying from Level One, for indirect receipt and direct retransmission of imagery and/or data, to Level Five, for full functionality and control of the UAV from takeoff to landing.  

A long-term goal of the TCS program is to extend the common control system concept beyond UAVs and into the realm of unmanned ground vehicles and unmanned maritime vehicles.  However, funding allocations are currently not in place for this effort.  

Additional details regarding TCS program administration, system description, software and hardware features, operational concept, and mission planning functionality, and C4I interfaces are summarized in Appendix B.

4.2.14.5 Mission Planning, Command and Control, and Data Dissemination -- Alternatives and Recommendations

Given general guidelines for USV-MCM network-centric C4I and a summary of the functionality of TCS and MEDAL, we now describe alternatives for USV-MCM mission planning, command and control, and data dissemination, and recommend an approach for each.

4.2.14.5.1 Mission Planning, Alternatives and Recommendations

a.)  Mission Planning Issues

In general both MEDAL and TCS include mission planning functionality as described above in Sections 4.3.10.1.3 and 4.3.10.1.4 respectively.  TCS includes the PEO(CU)-endorsed UAV mission planning functionality for tactical fixed-wing UAVs and the MAE Predator, and will later include similar functionality for VTUAVs.  MEDAL includes the mission planning functionality for current MCM systems, as mandated by PEO(MIW) and COMINEWARCOM.  The role of the Joint Mission Planning System for aircraft mission planning must also be considered.  The current issue is how to execute USV-MCM mission planning functions.

This issue is much larger than USVs and MCM.  As the U. S. Navy moves inevitably towards increased use of unmanned systems for littoral warfare, we must ask whether mission planning (and C2) functions should be centralized within a common C3 system and within a physical location in CIC for application to all unmanned systems, or should the functionality be decentralized for varying types of unmanned systems and aligned along mission lines within CIC (i. e., MCM, AAW, ASW, etc).  The former approach suggests that a TCS GCCS-M segment on a workstation (or number of workstations) should perform the mission planning, C2, and data dissemination functions for all unmanned systems, including UAVs and USVs, within a particular area in CIC.  The latter approach, based on the premise that each unmanned systems type and its mission area, such as USVs performing MCM, are operationally distinct from other systems (e.g. UAVs flying reconnaissance and surveillance missions).  With this latter premise, it might be reasonable to assume that the planning, C2, and data dissemination functions and architecture be physically separated.

b.)  Alternatives for Mission Planning

· TCS for USV-MCM Mission Planning.  The long-term solution that is in the spirit of common unmanned systems mission planning, command and control, and data receipt and dissemination, is to incorporate the MEDAL mission planning functionality into the TCS GCCS segment in the form of either a software component, or possibly as a menu-driven mission planner.  With this general approach, the MCM mission planning functions within MEDAL would essentially be absorbed into TCS.  A portion of the existing MEDAL mission planning software -- for example those components related to track area locations and spacing -- would be re-usable.  A portion of the remaining software will inevitably be specific to the vehicle platform itself, such as the Remote Minehunting Vehicle of the AN/WLD-1 (RMS) system, or a USV.  This approach would require considerable coordination between PEO (CU), PEI (MIW), and COMINEWARCOM, and would also require substantial software development.

· MEDAL for USV-MCM Mission Planning.  Another solution is to retain the integrity of MEDAL and use its mission planning functionality to plan the USV-MCM mission.  Additional MEDAL software would be required to achieve full mission planning for USVs performing mine reconnaissance or mine sweeping.  Because MEDAL is modular, the development of planning algorithms for new vehicles may be accomplished with relative ease.  The required software development effort is expected to be less than that required if the USV-MCM missions were to be planned from within TCS.

c.)  Recommendations for Mission Planning

Both TCS and MEDAL are GCCS-M software segments that run on the host platform computer under DII-COE architecture, allowing the USV mission planning to be performed under MEDAL, after which the USV C2 is accomplished under TCS.  For the near term, we recommend that MEDAL provide the USV-MCM mission planning functionality.  For the far term, we recommend a detailed study to determine the functional relationship between TCS, JMPS, MEDAL, and other long-term mission planning development efforts.  The long-term solution will depend to a large extent on how TCS evolves within the next few years.  

4.2.14.5.2 Command and Control of Vehicle and Payload, Alternatives and Recommendations

a.)  Vehicle and Payload Command and Control Issues 

Vehicle and payload command and control (C2) and payload data receipt and display functions include operator-transmitted vehicle and payload commands, receipt and display of vehicle position data, receipt of vehicle and payload status and health data, and the ability to receive and display payload imagery and other payload products.  Examples of transmitted vehicle commands are rpm or speed, rudder or heading, a waypoint sequence or, ultimately, a command for the vehicle to enter fully autonomous mode.  Examples of received vehicle data are actual rpm, speed, heading, and latitude/longitude position; and engine temperatures, flooding sensor data, etc.   

· Vehicle Command and Control Issues.  The graphical user interfaces (GUI) currently within TCS for supporting vehicle C2 functions are designed for fixed-wing UAVs.  UAVs currently controlled by TCS operate with one engine and within a three-dimensional environment, while USVs often operate with multiple engines and operate in a two-dimensional environment.  A USV GUI thus requires certain vehicle C2 functions inherently different from those of  fixed-wing or vertical take-off UAVs.  Certain UAV speed/heading commands have USV analogies.  The UAV indicated air speed vs. ground speed, for example, is analogous to the USV speed through water vs. speed over bottom.  Similarly, both the UAV and USV may require trim commands to adjust for changes in center of gravity.  However, the USV operates in a two-dimensional environment, has the ability to stop and "sleep", is subject to accidental seawater intrusion, often must control the launch and retrieval of a towed system, and is confronted with in-water obstacles such as buoys, nets, and other craft.  The basic low-level means for controlling the speed and heading of the USV are rpm of the engine(s), and rudder (or equivalent).  The USV does not require many of the commands and status data associated with UAVs such as vertical velocity, altitude, angle of bank, control of landing gear, barometric pressure, etc. 

· Payload Command and Control Issues.  Further, an expanded set of payloads beyond those currently associated with current UAVs are required for anticipated USV-performed MCM missions.  UAV payloads typically include EO (video), IR (infra-red), and SAR (synthetic aperture radar).  Payloads associated with USVs performing MCM missions may include, but are not limited to, multiple sonars and the laser line scan EO system within, for example, the AN/AQS-20/X; acoustic and magnetic influence systems; and ultimately deployment of neutralization devices such as the AMNS Seafox, and deployment of munitions for surf zone mine clearance.  The missions performed by UAVs are also expanding beyond those currently supported by TCS, including  data relay functions, target designation, and even into the realm of unmanned combat aerial vehicles (UCAV).  The payload command and control software and GUI for all of the above must facilitate the deployment and operation of each sensor or other payload onboard each unmanned platform.

b.)  Alternatives and Recommendations for TCS Command and Control of Vehicle.
Past CSS efforts to use the air vehicle C2 GUIs currently within TCS have been unsuccessful.  TCS control of the Advanced Lightweight Influence Sweep System (ALISS) during Kernel Blitz 1999, for example, required the development of a GUI with the capability to control and monitor four-engines (and its acoustic and magnetic mine influence systems), functionality that was not available within TCS.  

Modification of TCS for control of USVs may be achieved with one of three alternatives: 1) development of vehicle C2 GUIs corresponding to each vehicle, 2) development of a single, general-purpose vehicle C2 GUI, and 3) development of a small number of vehicle C2 segments, each corresponding to a general class of unmanned vehicles.  Each alternative is described further in the following.

· Vehicle-Specific Command and Control GUIs.  A GUI is prepared for each unmanned vehicle, including each USV, that is to be employed with TCS.  The operator brings up the specific GUI on the TCS workstation as required.  The location of the vehicle-specific software would be within the DCM, as the DCM is specifically designed to host software that is specific to each vehicle.  This approach is inconsistent with the entire design philosophy of TCS, that strives to minimize software development with the greatest possible use of common software.  

· Single, General Purpose C2 GUI.  The second approach for USV C2 is to expand the existing fixed-wing UAV C2 capability into a single general-purpose GUI for application to vertical take-off UAVs, USVs, semi-submersibles, etc.  This approach, a one-size-fits-all concept, would undoubtedly result in a C2 interface that would be cumbersome for application to all air and waterborne vehicles.

· Vehicle-Type C2 Segments, including a USV GUI.  This approach is essentially a compromise between the above vehicle-specific C2 GUIs and the single, general purpose C2 GUI.  The current vehicle C2 GUI within TCS may be viewed as a "Fixed-Wing UAV GUI".   PEO(CU) and PMA 263 are currently sponsoring the integration of TCS with the new Navy VTUAV, resulting in what could become a "VTUAV GUI" that could apply to a number of vertical take-off and landing UAVs.  The third general GUI segment could become the "'USV GUI" that includes C2 functionality for a number of unmanned surface craft.  A fourth GUI might be developed for C2 of semi-submersibles such as Dolphin, AN/WLD-1 (RMS), or the Lockheed Remote Surveillance System (RSS).

· Recommendation.  The third option is recommended:  the development of a USV-type C2 GUI as one of a small number of vehicle-type C2 GUIs.  This approach, while recommended here and formerly suggested to PEO(CU) by CSS, has thus far been neither endorsed nor rejected. 

c.)  Alternatives and Recommendations for TCS Payload Command and Control of Payload

UAV and USV payloads (usually sensors) must be controlled by the operator.  Current typical UAV payloads, as described earlier, include EO, IR, and SAR.  USV payloads, for the case of mine reconnaissance, might include surface video onboard the USV, and sonar and electro-optic systems onboard the towfish.  The resulting products (usually imagery) must then be received by TCS and displayed on the TCS monitor in real-time for viewing by the operator.  

Two alternative TCS approaches for payload C2 will be summarized:  1) fixed UV-payload configurations and, 2) UVs and payloads each configured individually.  

· Fixed Unmanned Vehicle-Payload Configurations.  The Predator carries video, infra-red, and SAR sensors.  We might assume that the Predator will always carry these payloads and similarly, that each UAV, USV, etc, and its payloads is a fixed configuration.  For example, a USV may be developed that performs mine reconnaissance only and its payloads would include a fixed set of sensors including video for surface imaging, a particular sonar suite for detection and classification, and a particular EO system for identification.  Under this assumption, the vehicle's C2 GUI and payload control GUI might reasonably be a single "package".  The payload C2  GUI would reasonably be integrated with the vehicle C2 GUI.  The payload C2 functionality would in fact be included with the approach described above that summarizes alternatives for vehicle C2.  

· UVs and Payloads Configured Individually.   On the other hand, we may reasonably assume that as the Predator and other UAVs evolve, their payload selection will evolve also.  Similarly, a particular USV is expected to evolve into a multi-mission vehicle with modular payload capabilities.  One basic unmanned surface platform could be developed for mine reconnaissance (with video, sonars, and electro-optic sensors), or for influence mine sweeping (with video and acoustic/magnetic influence systems), or for delivery of mine neutralization devices, or for other non-MCM missions such as ship or battlegroup surface surveillance and defense.  In this case, the TCS software and GUIs for vehicle C2 should be distinct from those used to configure payload C2.  Thus the vehicle C2 capability and the payload C2 and product receipt capability are developed as separate software packages, and selection of GUIs for vehicle and payload C2 becomes a "mix-and-match" process. 

· Recommendation. Given the expected progression of unmanned systems development and introduction, the second approach, individual configuration of UV and payload C2 software and GUIs, is expected to produce the minimum in total software development, and the most efficient means of controlling unmanned vehicles and their payloads.  The second alternative is recommended.

4.2.14.5.3 Payload Product Data Dissemination, Alternatives and Recommendations

a.)  Payload Product Data Dissemination Issues

The USV payload products or some processed component thereof must be disseminated to other interested force components.  In the case of both UAVs performing airborne surveillance/reconnaissance missions and USVs performing MCM missions, a certain amount of processing of the data is usually performed by the operators prior to dissemination.  A potential fundamental difference between the UAV performing overhead surveillance and reconnaissance missions and the USV performing MCM missions is that full real-time UAV imagery is more likely desired by end-users other than those who are operating and directly receiving the UAV.  Real-time UAV imagery products, with their wide-area coverage and multi-mission application, are generally desired by several Services and even the Pentagon.  This is the reason for the many C4I interfaces that are currently within or planned for integration within TCS.

The full imagery from the USV's MCM payloads will often be viewed in real-time by the payload operator onboard the host platform.  But the MIWC, MCM Squadron Commanders, and other command echelons associated with MCM operations will desire a highly processed subset of the full imagery.  These end-users are generally interested in contact summary data that may be disseminated with narrow-band communication systems, with the sonar data limited generally to small snippets from the sonar display.  Thus, the need for widespread dissemination of the MCM data, and the need for full real-time sonar imagery data, are both expected to be considerably less for the case of the USV performing MCM missions than for the UAV performing surveillance and reconnaissance missions.

b.)  Recommendation

As summarized in Section 4.3.10.1.4, a number of C4I interfaces are integrated within TCS to facilitate data dissemination, and a number of others are planned for future integration.  A relatively simple modification to TCS that would allow two-way message and data transfer between TCS and MEDAL would be to incorporate into TCS an additional C4I interface for MEDAL.  A MEDAL interface is not currently within TCS, nor is its development planned.  For this reason, during the Kernel Blitz 99 TCS demonstration of the remotely operated ALISS craft, a temporary MEDAL software interface was developed to allow the ALISS vehicle operator to send MEDAL messages from the TCS workstation.  This software may be viewed as pilot software for the future development of a formal MEDAL interface within TCS.

4.2.15 Control of Multiple Unmanned Vehicles

With a single USV, a given mission will require a certain amount of time to complete.  In the case of MCM, if the mission first requires mine hunting and then mine sweeping operations, the single USV would need to be reconfigured.  The capability of deploying multiple, similarly equipped USVs, would allow the same mission to be performed in a shorter amount of time.  When each USV is equipped for a unique mission, the capability of performing the various missions simultaneously becomes feasible.  In both cases, the total mission time would be reduced.

There are a number of concepts or approaches to controlling multiple unmanned vehicles.  In this discussion, an overview of the control of multiple USVs will first be considered beginning with line of sight (LOS) operation and expanding to include over the horizon (OTH) operations. 

Techniques and architectures for controlling multiple USVs should build upon and be compatible with those being developed for unmanned aerial vehicles, unmanned ground vehicles, and unmanned underwater vehicles.  There is continuing research in the areas of behavior-based control, reactive control, formation control, cooperation without communication, and multiagent robotic systems. A good example of multiple UV efforts is the Multiple Resource Host Architecture (MRHA) being developed under the Mobile Detection Assessment Response System (MDARS) program which will provide the simultaneous control of up to 32 UGVs.  Efforts like this can be applied and developed for controlling multiple USVs, as appropriate.

Generally, individual control of multiple vehicles is going to require more antennas if all vehicles are controlled from a single host platform.  However, as communications and antenna technologies improve, this issue may disappear.

In the 2007 timeframe, the level of autonomous control onboard the USV should allow it to perform its mission given a set of mission orders.  The more autonomy inherent to the USV system, the less bandwidth required for host ship and USV information exchange.

4.2.15.1 Control Strategies for LOS Operations

There are a number of control strategies that could be utilized in controlling multiple unmanned vehicles.  The following strategies could be applied to any given potential USV mission.  In Section 4.3.11.3, the strategies that are appropriate to the USV MCM mission will be selected and detailed.  

4.2.15.1.1 Control of a Single USV from a Single TCS

Each TCS would control a single USV.  Multiple USVs would require an equal number of TCS.  In order for the USVs to work as a group, unique mission plans must be distributed to each TCS/USV operator from MEDAL.  It would then be the operator’s responsibility to control the USV to perform the mission plan.  Control of the USV could be accomplished through numerous methods including remote control, direction control, waypoint control, or full autonomous control.  

If all of the TCS control stations are installed on a single host platform this may require more space and manning than is readily available on a single platform.  However, if each host platform has a TCS control station and a USV, this problem is not likely to be an issue.

4.2.15.1.2 Control of Multiple USVs from a Single TCS

A single TCS station can potentially be configured to control up to four USVs.  With this, TCS could be used to control up to four individual USVs or four groups of USVs as detailed in the following sections.

4.2.15.1.2.1 Individual Control of Each USV

This approach is limited by TCS capability of controlling multiple UVs.  With this capability each USV can be individually sent commands.  Since a single TCS station could not simultaneously accomplish basic remote control of the four USVs, each USV must be capable of, at a minimum, direction or waypoint control. 

4.2.15.1.2.2 Commander/Lead USV with Subordinates / Formation Control

A group consisting of an arbitrary number of USVs could comprise of a commanding or lead USV.  This Lead USV is the communication link between the operator and the subordinate USVs.  All subordinate USVs would have the capability to take the role of the command USV if the command USV is unable to perform its mission.  This provides a level of expendability to the USV, which, if lost, does not hinder mission success.  Command could automatically be transferred or could be assigned by the operator.  There are two subsets of this approach, which are detailed in the following sections.

4.2.15.1.2.2.1 Unit Commander

The Command USV provides commands to subordinates.  In this concept, one USV is assigned the role of commander.  This commanding USV will receive all instructions from the manned control station and distribute tasks or instructions to subordinate USVs.  This approach would require the USVs to be capable of waypoint control.

4.2.15.1.2.2.2 Follow-the-Leader

In this concept, subordinates do not need specific navigation commands.  They will operate in one of the following manners:  1) follow the same path as leader at some spacing or 2) follow path of the leader with an offset (e.g., USV1 is 1000 yards to the left, USV2 is 1000 yards to the right of the lead USV)  The spacing could be set up to keep the USVs in a specified formation.  The formation could change according to current operations.  This approach could be utilized for searching areas or even transiting to an area.  Sensor deployment and other operations would require input through one of the other control approaches discussed here.

This approach would require the USVs to be capable of semi-autonomous operation.  The Lead USV could be controlled remotely, semi-autonomously, or be autonomous.  The lead USV will need to communicate its position and motion information to the subordinates or the subordinate USVs could utilize their surface search radar to track and follow the lead USV. 

4.2.15.1.2.3 Independent Operation

Multiple vehicles would work together without communicating with each other.  This concept would require a large amount of automatic processing and some level of artificial intelligence.  Each USV would be capable of identifying other USVs and redirect its operations to work in concert.  This concept would likely require the operator to specify an operations area for the USV team.

4.2.15.2 Control Strategies for OTH Operations

In order to control USVs in OTH operations, a communications link must be provided between the USVs and the operator station.  The control approaches described in Section 3.1 are still applicable with the addition of a communications node in the middle.  This communications node could be one of a number of platforms and could be controlled or positioned in a number a ways.  

4.2.15.2.1 USV Link

This approach is the simplest approach in that it utilizes another USV to provide the needed communications link between the USVs executing the mission and the host platform.  The USV providing the communications link could be positioned in one of two ways:  Manually by the operator or by automatic positioning.  In manual positioning, the operator controls the location of the “Link” USV through continuous remote control, direction control, or waypoint control.  The operator could also provide the “Link” USV with an operating area within which the USV will remain.  The second approach of automatic positioning would require an autonomous USV.  This USV would automatically place itself between the operating USVs and the host platform.  One benefit of using the USV for this task is that the USV is capable of loitering for large amounts of time.  While the USV is acting as a communications link, it could turn the engines to a minimum rpm so that they provide required power, but are not generating unnecessary power.

4.2.15.2.2 UAV Link

UAVs could be utilized to provide an OTH link in a manner similar to the USV.  In cases where the UAVs endurance is shorter than the endurance of the USV, additional UAVs could be deployed to relieve the operating UAV.  The UAV could provide the OTH link as a secondary function, while performing its primary mission. 

4.2.15.2.3 SATCOM Link

SATCOM could be used to provide the OTH control of multiple UVs.  SATCOM has a transfer rate of 28.8 kbps, which should be adequate for vehicle and payload control.  SATCOM could provide the necessary channels to control multiple vehicles if necessary.  The transfer of the sensor data, however, would require a communications system with greater capabilities. 

4.2.15.2.4 Acoustic Communications (ACOMMS)/UUV Link

Acoustic Communications is currently part of an Advanced Technology Demonstration (ATD).  With the development of this capability, USVs could communicate using underwater systems as a node for providing OTH communications capabilities.

4.2.15.2.5 Repeater MODEM

Repeater MODEMs could be deployed by the USV at required intervals to provide an OTH communications capability.  The small size of the repeater MODEM would allow a USV to carry multiple systems.  Additionally, they provide a relatively low cost solution to OTH communications. 

4.2.15.3 USV MCM Control Strategies (based on USV MCM CONOPS)

The CONOPS presented in section 4.2 utilize a single USV.  In order to select an appropriate approach for the control of multiple vehicles, the CONOPS for the use of multiple USVs performing MCM operations need to be developed.  The ways in which the USVs are going to be utilized in operations will affect the way that they are controlled.

Generally, the implemented strategy for the control of multiple USVs will depend on what the current mission demands.  The MCM mission planning, likely provided by MEDAL or an equivalent system, will feed into or may even determine the appropriate multiple vehicle control strategy to use.

4.2.15.4 Communications for Multiple USVs

Regardless of which control approach is used, TCS provides only command and control (C2) capabilities, which would be used for vehicle and payload control.  TCS does interface with existing command, control, communications, computers, and intelligence (C4I) systems, which will provide a means for USV sensor data handling.

5 EVALUATION OF EXISTING USV CANDIDATES

5.1 Existing USV Candidate Platforms versus MCM Sensors

Selection of existing surface vehicles for application to USV MCM missions should consider payload transport and towing performance issues (size, weight, thrust, speed, endurance, payload capability, etc), as well as a number of other issues such as stealth, survivability, host platform handling requirements,  power requirements, automation, and data communication.  Table 5-1 shows a risk evaluation summary of nine existing USV candidate platforms versus the MCM sensors and sweep systems under consideration with respect to their ability to transport and tow the mission payloads.  Although there is no single candidate platform that provides full payload and optimal towing capability for the six MCM sensors, the platforms that were considered in this study indicate that there are a number of candidates that, with development, could provide the capabilities desired by the USV concept. If shipboard handling, launch and retrieval from current Naval combatant and auxiliary ships is paramount, the choices narrow to the 7 to 11 meter candidates.

Table 5-1.  Existing USV Candidate Platforms versus MCM Sensors  for Payload and Towing Performance
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OWL (jet-ski)

A jet-ski does not provide the size, and hence payload area and weight capabilities, to support any of the MCM systems under consideration in this study.  Based on the platform thrust versus drag results, it is not expected that a jet-ski would even be capable of towing any of the MCM systems.

Navy Standard 7m RHIB

The advantage of the Navy Standard 7m RHIB is that it is already deployed on a number of target host platforms.  Based on the platform thrust versus drag, the 7m RHIB would be able to tow all of the MCM systems.  The tow speeds would, however, be less than the design speeds.  The true limiting factor on the 7m RHIB is the allowable payload.  Based on payload, the 7m RHIB would only be able to carry a Klein 5500 system and potentially an AN/AQS-14A minehunting system.

HSMST

The HSMST, being similar to the Navy Standard 7m RHIB should provide similar capabilities.  The HSMST does have dual 150hp engines, which should improve the towing capabilities over the "stock" Navy Standard 7m RHIB.  Gasoline engines, however, are not allowed on surface ships for damage control reasons.  The HSMST also provides a large payload capability.

TEAM ONE USA 8m HSPC

The 8m HSPC is potentially the most capable of the smaller craft presented in this study providing large payload capability (5000 lb), fast transit speeds (40+ kt), large range (500 nm), and the added benefit of a modular capability already designed into the boat.

Navy Standard 11m RHIB

The Navy Standard 11m RHIB is limited by range.  The range could be expanded by carrying more fuel, however, this would be at the expense of payload.  

11m NSW RHIB

The 11m NSW RHIB improves on the range and speed capabilities of the Navy Standard 11m RHIB.  The maximum payload of 4,200 pounds limits the range of MCM sensor or sweep system packages that the 11m NSW RHIB could carry. 

TEAM ONE USA 11m HSPC

The 11m HSPC is capable of carrying 5,000 lb of payload, has a range of 500 nm, and can transit in excess of 40 knots.  The size and shape of the 11m HSPC is compatible with the LPD-17 launch and recovery system.  Although specific analysis needs to be performed on the 11m HSPC, it is expected to be capable of towing the AN/AQS-20 minehunting sonar at or near design speeds based on the 11 ton craft results.  A 12m version of the HSPC has also successfully demonstrated the towing of an AN/AQS-14A minehunting sonar.

MHS-1 SWATH

The major drawback to the MHS-1 SWATH is its inability to be deployed from current surface ships.  This stems from its large weight and two underwater torpedo-shaped hulls.  Development of a new and unique launch and recovery system would be required.

SLICE

Although SLICE is modular and capable of carrying and towing all of the MCM systems under consideration the current design is too large to be deployed from any of the potential host platforms.  The cost of the current SLICE also is far greater than desirable.  Scaled-down versions being both cheaper and capable of being deployed from the potential host platforms may not have the capabilities required for the MCM mission.  Regardless of size, the SLICE design will require development of a new and unique launch and recovery system deploying off surface ships.

General Comments

Although there is no single platform that matches all the characteristics of the USV concept, the platforms that were considered in this study indicate that there are a number of platforms that, with development, could provide the capabilities desired by the USV concept.  Additionally, it is important to note that the vehicles considered in this study represent a small sample of the boats that could serve as the USV platform.

Regardless of the platform, both analytical and experimental analysis will be required to determine the effects of platform motion on sensor performance.  The analytical analysis outlined in Section 4.3.4 (Dynamic Performance of USV Towfish Configurations) should be performed for any platform prior to selection as the USV platform. 

5.2 Previous Experience

Operational implementation of an MCM system from a USV type platform has been demonstrated by the integration and operation of the U.S. Navy's AN/AQS-14A Sonar Detecting Set from the GB-12-296 high speed surface craft in late 1997 - early 1998. This system, called the Modular MCM system, has been the test platform for much of the empirical data presented in this report. The details associated with the initial integration and operation of the AQS-14A system from the 12 meter surface craft, as well as some of the more current testing and operational uses of the Modular MCM system, are documented under separate cover. This report is titled "The Modular Mine Counter Measures Integration and Test Report" dated June 28, 2000.
The implementation of the AQS-14 onto a launch and recovery ramp on the GB-12-296 is shown Figure 5-1. The ramp tilts downward placing the tow body into or lifting the tow body from the water.  In June of 2000, tests were conducted to quantitatively measure the tow forces as a function of towing speed/thrust.   The range of these tests was limited by the total scope of the available cable (350 feet).  Measurements were made at tow speeds of up to twelve knots and at tow depths of 20 to 150 feet.  The results indicate that the full mission profile for the sonar can be achieved with the Modular MCM platform. 


Figure 5-1 Operational Deployment of AQS-14 from GB-12-296 High Speed Surface Craft

Concurrent with the recent towing tests, demonstrations were conducted in the Pacific Northwest of the sonar performance for potential U.S. Navy end-users.  The demonstrations reconfirmed the ability of the Modular MCM platform to image features and objects on or near the bottom.  Figure 5-2 is an image from the demonstration that was of particular interest to the navy personnel.   
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Figure 5-2 Side Look Sonar Image of Bottom Target in Pacific Northwest (Towed from GB-12-296  High Speed Surface Craft)

6 RECOMMENDATIONS

Two of the most important issues for USV systems performing MCM missions are size of the USV necessary for carrying the payloads and for compatibility with the host platform, and performance of its payloads in seaway conditions. The limited capacity for stowage on U.S. Navy ships is a primary influence on both the USV and its payload. Two potentially suitable mine reconnaissance and sweep systems for a USV assigned to a Naval ship are the AN/AQS-20 and the OASIS.  The relatively small size and weight of these systems minimizes the impact of deploying them with USVs aboard Navy ships.

Until the AN/AQS-20 becomes available in sufficient quantities, the smaller size and weight Klein 5500 and the AN/AQS-14 could provide mine reconnaissance capabilities, though with less capability.  The AN/AQS-14 is preferred over the Klein 5500 due to its higher speed capabilities.

Other mine reconnaissance and sweep systems, which have characteristics that make them less desirable or less practical for use with USVs deployed from surface combatants, do not pose any insurmountable problems for deployment by USVs. For example, the Mk-106 sweep system would need to be deployed from the host ship separately from the USV since the system is too large and heavy to allow deployment from the USV. This may limit the deployment of Mk-106 equipped USVs to the larger Amphibious Warfare ships where more space for USV mission payloads can be provided. DYADS could be deployed on the USV with the acoustic emitter towed behind the USV if the permanent magnets interfered with USV electronics.
6.1 USV platform

Platform Size Recommendations

Based on the preliminary analysis performed in this study, 7m and 11m boats should be further investigated for their suitability to perform the MCM missions as a USV concept.  The 7m boat is expected to be aboard the surface combatants (e.g., CG-47, DDG-51, etc.) while the 11m boat should be aboard the amphibious ships (e.g., LPD-17).  These sizes fit within the current limitations of these potential host ships.  The various small boat handling systems currently installed on the surface combatants will likely need to be upgraded to increase their load capacities.

Tow Capability Recommendations

Further analysis needs to be performed to determine the tow capabilities of each craft.  Initial results indicate that an 11 ton craft (similar in size to an 11m boat) would be capable of towing an AN/AQS-14 or AN/AQS-20 minehunting sonar at a depth of 200 ft and a speed of 20 kt, if the cable is configured with sectional-fairing.  Further configurations should be investigated, such as various combinations of faired and unfaired cable.

The tow capabilities of a 7m craft outfitted with a more capable engine (i.e., 300 hp vice 180 hp) should be analyzed. Initial analysis showed that the standard 7m RHIB can tow the AN/AQS-20 at about 10 kt and 200 ft (refer to section 4.3.3.2, Figure 4-10) although the ability of the standard 7m RHIB to carry the required hardware onboard is questionable.  The analysis also indicated that the standard 7m RHIB can tow the DYADS at 12 kt.

Core System and Mission Package Recommendations

The size, weight, and power requirements of the core system and mission package/module need to be detailed.  This will aid in the selection of a USV platform.  Currently the 11m should be capable of handling all of the systems considered under this study except the MK 106. The 7m craft will be limited to the smaller MCM systems. Further analysis is required to determine payload capability, stability, speed and endurance.

A reconfigurable, modular mission package capability should be integrated into the USV design early.  The modular capability allows a single platform to be reconfigured and perform a different mission (e.g., minehunting to minesweeping).  Modularity also allows simplified integration of future sensors and systems, thus allowing the USV to operate the latest systems.

USV Command and Control

The USV should, from the outset, be configured with sensor and control capabilities to support Piloted, Remote, and Autonomous modes of operation. This will allow prompt application of technologies developed for “like” platforms such as UUVs and UAVs. These technologies will include, at a minimum, automated functions such as launch and recovery, navigation, path planning, and communications. Building from this existing control technology base will still require integration and tuning to support unmanned surface operations.

6.2 Technology Development Tasks

A number of technology development tasks are recommended to mitigate risk and prove the USV concept for performing the mine hunting and mine sweeping missions. Among them are:

· Towing Demonstration, Collection of Tow Cable Tension, Tow Body Motion, and USV Motion Data, Dynamic Tow Simulation, Detailed Design of Tow Cable

· USV Signature, Impact on MCM Sensors

· Demonstration of Sensor Data Transmission in Real Time

· Stability, Thrust, Endurance and Transit Speed Analysis

· Analysis of Impact of Having a USV on a Host Platform

· Automated MCM System Deployment and Retrieval System Design

· USV Model Development for TCS

· Development of Ability to Perform Onboard Path Planning with Obstacle Avoidance Under Remote Pilot Supervisory Control

· Detailed mission analysis effort is also recommended to quantify the Measures of Effectiveness of proposed MCM missions to be performed with USVs.

These tasks are described and prioritized in Appendix J.

7 APPENDIX A: MEDAL CAPABILITIES SUMMARY

a.)  Load and Install.  The Load and Install function allows the user to install MEDAL under the DII COE architecture using the GCCS-M installer utilities.

b.)  MCM Mission Planning.   MEDAL mission planning capabilities include:

· A/B Worksheets, a function that allows the user to specify detection/actuation widths (A) and detection/actuation probabilities (B) of MCM equipment against a threat mine in a given environment. 

· MCM Plans, a function that allows the user to develop plans that contain lists of planned tracks representing effort intended to be applied by MCM assets towards clearing an MCM area.  

· Plan Clearance, a function that allows the user to compute clearance percentages for one or more MCM plans.

· Sonar Performance Prediction, a function that allows the user to determine optimum depth and tilt angle settings for AN/SQQ-14, AN/SQQ-30, and AN/SQQ-32 sonars.  The Sonar Performance Prediction capability for the AN/AQS-20 is under development.

· Exploratory Operations, a function that allows the user to determine the effort required to detect whether or not a mine is present in an area based on confidence level and estimated number of mines.

c.)  MCM Tactical Data Management.  MCM TDM capabilities include:

· MCM Areas, a function that allows the user to create Q-routes, polygons, grids, and circles for use in MCM mission planning and evaluation functions.  MCM areas are the basic geographic entities on which the MCM mission planning and MCM mission evaluation functions are performed.

· MCM Contacts, a function that allows the user to maintain a list of mines and mine-like objects.  

· MCM Asset Positions, a function that allows the user to maintain a list of MCM assets, their historical positions, and their MCM status.  This database is maintained separately from the GCCS-M Tactical Database Manager (TDBM) because the reporting resolution and timeliness are unique to Mine Warfare. 

d.)  MCM Environment Data Management.  MCM EDM capabilities include the Environment Database, a function that allows the user to maintain and utilize environmental data unique and critical to MCM operations. 

e.)  MCM Intelligence Data Management.  MCM IDM capabilities include:

· Mine Threat Database, a function that allows the user to maintain reference and performance data on threat mines.  Mine threat data is used by the MCM Contacts, A/B Worksheets, METOC/Intel Plot, and Clearance Calculation functions.

· METOC/Intel Plot, a function that allows the user to plot geographic mine threat region based upon the mine’s minimum and maximum threat depths.  METOC/Intel Plot also allows the user to plot bathymetry contour regions based upon user-entered depth contours.

f.)  MCM Route Survey Data Management.  MCM RSDM capabilities include the Route Survey Database, a function that allows the user to maintain a historical list of mine-like and non-mine-like bottom objects. 

g.)  MCM Message Processing.  MCM Message Processing capabilities include:

· MCM Message Processing Overview, a function that provides messaging capability. 

· MCM Alerts, a function that allows the user to select which message processing events will cause an alert to be generated. 

· Task Orders, a function that allows the user to create Mine Warfare task order messages (MW 125).  

· Tactical Situation Reports, a function that allows the user to report MCM status information via OTH Gold OVLY2 messages.  

· MCM Message Control, a function that allows the user to specify automatic or manual processing of MCM messages.  

· Contact Resolution, a function that allows the user to view candidate updates to the MCM Contact database prior to committing the update. 

· MCM ILOG, a function that allows the user to view and process MCM messages.  

· MCM OLOG, a function that allows the user to view previously transmitted MCM messages.  

· MCM Broadcast, a function that allows the user to transmit without operator intervention any subsequent updates to the MCM contact database and MCM asset position database.  

· METOC Message Control, a function that allows the user to specify automatic or manual processing of METOC messages

· METOC Review, a function that allows the user to view candidate updates to the Environment database prior to committing the update.  

· METOC ILOG, a function that allows the user to view and process METOC messages. 

h.)  MCM Import/Export.  MCM Import/Export Capabilities include: 

· MCM Import, a function that allows the user to import files from DAT tape, floppy disk, or other network location.  

· MCM Export, a function that allows the user to export files (messages, slides, contact data, route survey data) to DAT tape, floppy disk, or other network location. 

i.)  MCM Mission Evaluation.  MCM Mission Evaluation capabilities include:

· MCM Actual Tracks, a function that allows the user to maintain a list of actual tracks representing effort applied by MCM assets towards clearing an MCM area. The term ‘actual tracks’ refers to the line segment(s) that represent the actual historical positions of MCM assets.  

· Actual Clearance, a function that allows the user to compute achieved clearance percentages for one or more MCM areas. 

8 Appendix B: Tactical Control System Summary

8.1 TCS Sponsor and Software Engineering Agent

The TCS Program sponsor is Program Executive Office for Cruise Missiles and Unmanned Aerial Vehicles [PEO(CU)] and PMA 263.  Prior to FY 00, the TCS software engineering agent for TCS was the Dahlgren Division of the Naval Surface Warfare Center.  The current system engineering agent is Raytheon Systems Company.  

8.2 TCS System Description

TCS is the software and software-related hardware designed to support command and control of the U.S. Army Tactical Unmanned Aerial Vehicle (TUAV), the U.S. Navy Vertical Takeoff and Landing Tactical UAV (VTUAV), the U.S. Air Force RQ-1 Predator Medium Altitude Endurance (MAE) UAV, and future Tactical and MAE UAVs.  TCS will also support direct payload data receipt from High Altitude Endurance (HAE) UAVs.  TCS will support interfaces with identified Command, Control, Communications, Computers, and Intelligence (C4I) systems.  TCS will include the functionality to allow the operator to generate a UAV mission plan and to send and receive and process UAV mission plans from service-specific mission planning systems and from other TCS systems.  TCS will be hosted on the Service-provided, specified Defense Information Infrastructure/Common Operating Environment (DII/COE) compliant Ground Control Station (GCS).  Although developed as a total package, TCS will have the capability to be configured and scaled to meet the user’s requirements. 

The TCS functional architecture to support UAV C3 is shown in Figure 8-1.  TCS possesses fundamental vehicle and payload command and control capabilities, and the interfaces to various service-specific communication systems, as indicated in the left and right sides, respectively, of Figure 8-1.  

8.3 TCS Software

The deliverable product of the TCS Program is software.  The software will provide the UAV operator with the necessary tools for computer-related communications, mission tasking, mission planning, mission execution, data processing, and data dissemination.  The software will provide a high resolution, computer-generated graphical user interface (GUI) that will enhance joint use and interoperability of different types of UAVs and  UAV payloads.  TCS software developed will be DII-COE/Joint Technical Architecture (JTA) compliant, non-proprietary (to the maximum extent possible), and the architectural standard for all future Tactical and MAE UAVs.  TCS will support long range communications from one TCS compliant GCS to another, data storage expansion, and access to other computers to share in processing capability and multiple external peripherals.  TCS will use Department of Defense

(DoD) standard command and control GUIs, and will employ an open architecture capable of being hosted on computers that are typically supported by the using Service.
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Figure 8-1.  TCS System Functional Architecture

Two of the functional components of TCS that are particularly relevant to the present USV study are the Route and Payload Planner (RPP) and the Datalink Control Processor (DCP).  The RPP is the TCS UAV mission planner.  The DCP is the "personality module" software, to be developed by the manufacturer of each UAV and interfaced with the TCS software, that enables TCS to communicate with the particular UAV.  The interface definition that enable UAV manufacturers to develop their vehicle-specific DCP is the Air Vehicle Standard Interface (AVSI).

8.4 TCS Service Hardware

Procurement of hardware to host TCS is the responsibility of the respective Services.  TCS will be designed to operate on Service-specific hardware and support the scalable needs of the Service requirements.  The TCS Program is not required to provide the communications systems or hardware required to interface with different UAV systems.

8.5 TCS Operational Concept

TCS will be employed as part of the UAV system it supports.  Its five levels of operation, scaled and modular operational capability, and joint operations capability are summarized in the following.

a.)  Levels of Interaction.  TCS software will support five levels of UAV interaction:

· Level One is the indirect receipt and direct retransmission of imagery and/or data. 

· Level Two is the receipt of imagery and/or data directly from the UAV and includes the functionality of Level One.

· Level Three is the control of the UAV payload and includes the functionality of previous levels.

· Level Four is control of the UAV, less takeoff and landing, and includes the functionality of previous levels.

· Level Five is the full functionality and control of the UAV from takeoff to landing.  

b.)  Scaled and Modular Design.  TCS software will be capable of being hosted on a variety of computers, including legacy USAF RQ-1 Predator systems. Since not all recipients of UAV information require all levels of TCS interaction, the software and software-related hardware will be developed so that it is scalable to meet both Service requirements and joint warfighting needs.  TCS will prevent users from entering levels of interaction for which they are not authorized through software and hardware configuration and/or operational doctrine.

c.)  Joint Operations Concept. To meet joint warfighting needs,  the core software will be generically written to support Level Five interaction for both the Army TUAV and the Navy VTUAV, Level Four for the Air Force Predator MAE UAV, and include the architecture necessary to support future Tactical and MAE UAVs to be used by the various Services.  TCS will allow the joint warfighter to plan varying levels of interaction with available UAVs to support intelligence, surveillance and reconnaissance (ISR) tasks in real time or near real time (NRT).  TCS also provides joint warfighting flexibility by enabling forces directly engaged with the enemy to be supported by available UAVs that can meet time critical targeting and battle damage assessment needs.

8.6 Mission Planning with TCS

The TCS mission planner, called the Route and Payload Planner (RPP), will be Joint Mission Planning System (JMPS) compliant (excluding the USAF RQ-1 Predator GCS) and will have the following capabilities.

a.)  
The mission planner will be capable of importing National Imagery and Mapping Agency (NIMA) Digital Terrain Elevation Data (DTED), Digital Feature Analysis Data (DFAD), Arc Digitized Raster Graphic (ADRG) and scanned hard copy maps, and will be capable of selecting and cross referencing between various datums and map reference systems.  The system will be capable of importing map information via UAV operator procedure, be capable of incorporating vector format and Compressed ADRG (CADRG) maps, and will support a three-dimensional mission rehearsal capability.

b.)  
The mission planner will include basic flight planning tools.  As a minimum these tools will include:

· Weight and balance takeoff data calculations.

· Fuel calculations.

· Terrain avoidance warning and minimum reception altitude calculations for LOS flights.

· Payload search area information such as visual acuity range due to atmospheric conditions, diurnal transition periods for thermal imagery, lunar and solar terrain shadowing and basic flight weather conditions (temperature, humidity, turbulence, winds, etc.).

c.)  
The mission planner will provide point-and-click route and sensor planning.

d.)  
The mission planner will be capable of programming air vehicles (AV) with mission planning data prior to launch.

e.)  
The mission planner will utilize joint standard tools for importing or creating overlays for fire support coordination measures, airspace control measures and threat.

f.)  
The mission planner will include survivability planning that will:

· Provide override of payload and AV automated/preprogrammed inputs.

· Provide a method of displaying Service-provided AV signature (radar, visual, thermal, and acoustic) versus threat, before and during flight.

· Display overlays or icons of known threat systems, the threat engagement envelopes and associated radar terrain masking for those threats for route planning.  Be capable of dynamically updating the threat picture throughout the mission.

g.)  
The mission planner will be capable of storing mission plans and exporting them to other TCS-compliant GCSs and exporting them to force level mission planning systems.

h.)
The mission planner will support upload to, and receipt of, mission plans from Service-specific mission planning systems.  

i.)  
The mission planner will be capable of changing the mission plan while the AV is airborne.

8.7 TCS C4I Interfaces

The following interfaces to Service-specific C4I systems have been developed for TCS Block 0:

· Closed Circuit Television (CCTV)

· Joint Surveillance Target Attack Radar System (JSTARS)

· Common Ground System (GCS)

· Joint Maritime Command Information System (JMCIS)

· Joint Deployable Intelligence Support System (JDISS)

· Tactical Exploitation Group (TEG)

· Trojan Special Purpose Integrated Remote Intelligence Terminal (TROJAN SPIRIT II)

· Joint Service Imagery Processing System (JSIPS)

· All Source Analysis System (ASAS)

· Advanced Field Artillery Tactical Data System (AFATDS)

· Intelligence Analysis System (IAS)

9 Appendix C:  USV Propulsion System Data
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10 APPENDIX  D: OVERVIEW OF MCM SYSTEMS
10.1 Surface MCM

10.1.1 AVENGER (MCM-1) Class Mine Countermeasures Ships

The 14 ships of this class are relatively large mine countermeasures ships intended to locate and destroy mines.  They are deployed to coastal waters, choke points, and other critical areas overseas.  They are fitted with a variant of the AN/SQQ-32 advanced minehunting sonar set.  Deployed MCMs carry two AN/SLQ-48 Mine Neutralization System (MNS) vehicles.  They additionally carry conventional sweep gear, including the AN/SLQ-38 mechanical sweep and AN/SLQ-37 magnetic/acoustic influence sweep systems.  Maximum transit speed is 14 knots, and maximum minehunting speed is five knots.

10.1.2 OSPREY (MHC-51) Class Minehunting Ships

There are 12 ships in this minehunter class that deploy to coastal waters, choke points, and other critical areas overseas.  They are equipped with the AN/SLQ-48 Mine Neutralization System and the AN/SQQ-32 advanced minehunting sonar set.  The maximum transit speed is 10 knots, and maximum minehunting speed is five knots.

10.1.3 AN/SQQ-30 Variable Depth Sonar

The AN/SQQ-30 is a variable depth sonar, which provides the capability to detect and classify minelike objects and the information necessary to control the neutralization vehicles.  The search subsystem localizes targets in range, bearing, and elevation.  The classify subsystem, integrated with the search subsystem to operate simultaneously, provides very high resolution in range and bearing to permit classification of detected objects. 

This system is used in a reconnaissance role to detect the presence of a minefield, to estimate the density of mines, and to locate clear passages through mined areas.  It also assists in guiding the AN/SLQ-48(V) Mine Neutralization Vehicle to the mine location for neutralization.

This variable depth minehunting sonar is the standard installation in the MCM 2-9.  The AN/SQQ-30 (originally designated the Deep Mod AN/SQQ-14) is an improved version of the AN/SQQ-14.  An actual AN/SQQ-14 sonar system was used as the starting point for each AN/SQQ-30 with various improvements made to the system.  Replacement of the AN/SQQ-30 by the new Minehunting Sonar Set (AN/SQQ-32) commenced with the delivery of the MCM-10.

10.1.4 AN/SQQ-32 Variable Depth Sonar

The AN/SQQ-32 is a variable depth sonar which replaces the AN/SQQ-30.  The system includes search and classify sonars integrated into a towed body with consoles in the combat information center (CIC).  Major emphasis in this sonar is placed on increased area coverage rate, volume coverage, system availability, ease of operation and maintenance, and high performance requirements.

This system is also used in a reconnaissance role to detect the presence of a minefield, to estimate the density of mines, and to locate clear passages through mined areas.  The system also assists in guiding the AN/SLQ-48(V) Mine Neutralization Vehicle to the mine location for neutralization.

This state-of-the-art, variable-depth sonar brings the latest technology to minehunting sonars, with increased depth capability and detection ranges over the AN/SQQ-30, and new and improved classification features. 
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Figure 10-1.  AN/SQQ-32
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Figure 10-2.  AN/SLQ-48(V)

10.1.5 AN/SLQ-48(V) Mine Neutralization System

The AN/SLQ-48(V) Mine Neutralization System is a reusable, remote controlled, tethered submersible that is deployed from an MCM ship to neutralize bottom and moored mines.  Data transmitted from the vehicle to command and control on board the MCM ship provides information to identify mines.  The mine neutralization vehicle is equipped with sensors and command and control capabilities to deploy a moored-mine cable cutter or a bottom mine neutralization charge.  This system is integrated with the AN/SQQ-30 or AN/SQQ-32 Sonar and the AN/SSN-2(V) Precise Integrated Navigation System to provide target location information.

This equipment is used by both the MCM 1 and MHC 51 Class ships.  The prime feature is the 2700 lb, tethered, TV- and sonar-equipped Mine Neutralization Vehicle (MNV), that places an explosive destructive charge on bottom mines, and cuts the cables of moored mines.  The main difference between the installation on the two classes is the vehicle launch/recovery system.  The MCM Class has a burtoning (yard and stay) rig, starboard, amidships, while the MHC 51 uses an articulated crane on the fantail.

While in operation, the minehunting sonar makes initial contact with the target mine.  The MNV, powered through an umbilical cable from the ship, is launched and given a vector to the target by ship sonar information.  The MNV is flown by the operator toward the target using an installed tracking system until the vehicle's own sensors acquire the target.  The operator then flies the MNV based on the vehicle sonar and/or TV information until it is in position to place the charge on the bottom mine, or the explosive cutter on the mooring cable of the moored mine.  Once that is done, the MNV is returned to the ship, and the explosive device is actuated by a coded acoustic signal from the ship.

10.1.6 Mk 2(G) Acoustic Minesweeping System

The Mk-2(G) Acoustic Minesweeping System, called the "rattle bars", is a device consisting of fixed and swinging plates and pipes that interact to create a sound field capable of actuating acoustic mines.  Sound is generated by percussion.  When operated, the device is suspended from a float.  The Mk 2(G) is designed primarily for use by surface craft, but may also be employed by aircraft.  The system may be towed by a helicopter, but it is neither streamed from, nor recovered by the aircraft.  The device must be streamed from a ship and transferred to the helicopter.  After the minesweeping mission is complete the helicopter must subsequently transfer it back to the ship for recovery. 
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Figure 10-3.  Mk 2 (G)
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Figure 10-4.  AN/SLQ-38 (V) 

10.1.7 AN/SLQ-37(v) Magnetic/Acoustic Influence Minesweeping System

The AN/SLQ-37 sweep system is installed in MCM class ships. It consists of a straight tail magnetic sweep (M Mk 5A) combined with the A Mk 4(v) and/or A Mk 6(b) acoustic sweeps.  Earlier versions of these components were all used by the U.S. Navy WWII sweepers.  The system can be configured several ways including diverting the magnetic cable and/or the acoustic devices by using components of the AN/SLQ-38 mechanical sweep gear. 

The AN/SLQ-37 sweep system counters magnetic, passive acoustic and combination magnetic/passive acoustic mines by causing the mines to actuate on ship-like magnetic and acoustic pulsed emissions emitted by the sweep. 
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Figure 10-5.  AN/SLQ-38 Mechanical Minesweeping System

10.1.8 AN/SLQ-38 Mechanical Minesweeping System

AN/SLQ-38 is the relatively new designation given to the Oropesa minesweeping equipment that has been used on the large U.S. Navy sweepers since the early days of World War II.  The gear is rugged, stable, and effective.

The AN/SLQ-38 is also versatile in that it can be rigged to one or both sides, and used in conjunction with another ship on a catenary, or trawl, configuration.  The system can provide the diverting means for the complex magnetic and acoustic sweep configurations.  Current versions are fabricated from non-magnetic material.  It sweeps for moored mines by cutting the mine mooring cable with cutters attached to the diverted sweep wire.  The AN/SLQ-38 is standard equipment for MCM 1 class ships.

10.1.9 Advanced Lightweight Influence Sweep System (ALISS)

Advanced Lightweight Influence Sweep System (ALISS) is a U.S. Navy technology demonstration program instituted to develop the next generation acoustic and magnetic sources for influence minesweeping.  The program objective is to achieve significant advances in MCM capability by developing a lightweight, high output, low drag, high-speed acoustic and magnetic influence minesweeping system. 
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Figure 10-6.  ALISS

The ALISS concept is directed toward fulfilling the Navy's shallow water mission in the Amphibious Objective Area (AOA).  To develop a payload system as universally applicable as possible, other mission areas and compatibility with various host platforms were also included in the objective.  Other host platforms include MH-53 helicopters, MCM-1 Class Ocean Minesweepers, MHC-51 Class Coastal Minehunters, air cushion vehicles, fast planing hulls, and rigid hull inflatables. 

ALISS subsystems include a spark gap acoustic source using pulsed power driven, underwater electrical discharge technology, and a superconducting magnetic source.  ALISS has been successfully demonstrated several times, most recently at Kernel Blitz 99 during which TCS control of ALISS was demonstrated.  

10.1.10 AN/WLD-1(V) Remote Minehunting System (RMS) 

RMS will provide surface combatants with a long endurance, low observable, and offboard reconnaissance and minehunting capability.  RMS includes an air- breathing, diesel-powered semi-submersible remote minehunting vehicle (RMV) that deploys and retrieves a variable depth sensor (VDS), the AN/AQS-20/R.  The VDS includes acoustic sensors for detecting, classifying, and localizing bottom, close‑tethered and moored mines in the volume.  The sensor body also includes an electro-optic sensor for identification of bottom mines.  The sensors can operate either in a hull-mount mode (in the RMV) or while being towed at variable depths.  The VDS is deployed with a winch system from within the RMV, and operates in either an altitude or depth-following mode.  The RMV is also equipped with forward-looking sonar (FLS), used primarily for obstacle avoidance.  A mast-mounted video camera provides surveillance in support of surface contact avoidance.  Bottom mine identification is constrained by the towed body’s depth limitations.

RMS acoustic sensors are capable of sampling the environment in situ for sound velocity to optimize sensor placement and performance.  The system operates via one of two data link subsystems (a line‑of-sight UHF data link for near ship operations, and a VHF data link for OTH operations).  The RMV uses global positioning system (GPS) navigation to automatically follow predetermined waypoints for mission execution.  The RMV can also be manually controlled with shipboard consoles.  Missions can be downloaded via an encrypted data link or pre-stored prior to deployment.  A data recorder on board the RMV stores mission information and archives sensor data during autonomous operations.  RMS is operated as part of the AN/SQQ-89 (V) 15 Undersea Warfare Combat System.
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Figure 10-7.  AN/WLD-1(V)

10.2 Airborne MCM

10.2.1 Mk 103 Mod 2 Mechanical Minesweeping System

The Mk 103 Mechanical Minesweeping System is a diverted wire sweep used to sweep moored mines.  The sweep consists of a tow wire, one to four sweep wires, a lead float, a depressor (to maintain sweep depth), otters (to divert sweep wires to port and/or starboard), Mk17 Mod 1 cable cutters, and various connectors and floats.  The submerged sweep wires are towed at a pre-selected depth, and can be streamed in four configurations, single and double to port and starboard, or double to port or starboard.  The Mk 103 can be transferred from helicopter to helicopter, ship to helicopter, and vice versa.
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Figure 10-8.  Mk103 Mod 2 Mechanical Minesweeping System

10.2.2 AN/37U-1 Mechanical Minesweeping System

The AN/37U-1 Mechanical Minesweeping System is an improved moored minesweeping system that augments the Mk 103.  The system is a diverted wire sweep with Mk17 Mod 1 cutters.  The sweep wires are diverted and maintained at preset depths by self-powered depressor and otter units.  Each depressor and otter is self-contained with its own alternator, depth sensor, servomotor, and electromechanical control circuitry and linkage.  The AN/37U-1 can be transferred from helicopter to helicopter, ship to helicopter, and vice versa.

10.2.3 Mk 2(G) Acoustic Minesweeping System

The Mk 2(G) Acoustic Minesweeping System, called "rattle bars", is a device consisting of fixed and swinging plates and pipes that interact to create a sound field capable of actuating acoustic mines.  Sound is generated by percussion.  When operated, the device is suspended from a float.  The Mk 2(G) is designed primarily for use by surface craft, but may also be employed by aircraft.  A helicopter may tow the system, but it is neither streamed from, nor recovered by the aircraft.  The device must be streamed from a ship and transferred to the helicopter.  After the minesweeping mission is complete the helicopter must subsequently transfer it back to the ship for recovery. 
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Figure 10-9.  AN/37U-1

[image: image49.wmf]
Figure 10-10.  Mk 104 Mod 3 

10.2.4 Mk 104 Mod 3 Acoustic Minesweeping System

The Mk 104 Acoustic Minesweeping System is a lightweight self-contained submerged acoustic generator.  The sound-producing element causes ducted water flow to cavitate, and when towed through the water at specified speeds, the resultant sound field is capable of actuating acoustic mines.  

10.2.5 AN/SPU-1/W Magnetic Minesweeping System

The AN/SPU-1/W Magnetic Minesweeping System is a shallow water magnetic influence sweeping device initially developed for clearing the shallow water areas of North Vietnam and the Suez Canal.  The Magnetic Orange Pipe, or MOP as it is commonly referred to, is simply one or more 30 foot long magnetized iron pipe(s) filled with Styrofoam.  It is magnetized prior to each mission and imitates the magnetic signature of most shallow water vessels.  The 1,000 lb pipe must be externally transported below the helicopter to and from the operating area.  It can be towed as a single unit, or with three units in tandem.  The streaming and recovery of the tandem unit system is accomplished from surface craft or the beach.  A combination magnetic and acoustic sweep system may be configured by attaching either a Mk 2(G) or Mk-104 acoustic device to the aft end of the farthest pipe aft.
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Figure 10-11.  AN/SPU-1/W 

10.2.6 DYADS Magnetic Minesweeping System

This system is similar to the AN/SPU-1/W in that it is a large pipe; however, it is the rare-earth magnets inside the pipe that provide the magnetic signature.  Because it uses rare-earth magnets it does not require re-magnetizing prior to each mission.  

10.2.7 Mk 105 Mod 2 Magnetic Minesweeping System

The Mk 105, also known as “the sled", is designed to produce electrical power that is transmitted to a towed cable array, with the resultant current generating a magnetic field in the seawater to actuate magnetic mines.  The Mk 105 system consists of the hydrofoil platform, a turbine-generator, the towing cable that  serves as the control link and refueling hose, a magnetic cable sweep array, and airborne control panel.
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Figure 10-12.  Mk 105 Mod 2

The hydrofoil platform is a catamaran with a load bearing wing assembly spanning the two cylindrical floats.  The floats contain fuel cells for turbine operations, wheels for handling before deployment, and fore and aft struts on which the hydrofoils are mounted.  The gas turbine-generator on the hydrofoil platform is controlled and refueled through the tow cable by an operator at the control panel located in the back of the helicopter.  

Electrical current produced by the turbine-generator is passed through the two electrode tails of the cable array behind the hydrofoil platform.  The electrodes produce an electro-magnetic field which imitates the magnetic signature of an un-degaussed ship. 

The sled is too large to be carried internally in the helicopter and must be launched and recovered from various ships (MCS, LPH, LPD), ramps, docks or prepared beaches.  The Mk 105 system can be configured as a combination magnetic and acoustic sweep system by attaching either the Mk 104 or Mk 2(G) acoustic devices to the sweep array through the use of a designated pendant. 
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Figure 10-13.  Mk 105 Mod 2 in Towing Configuration

10.2.8 Mk 106 Magnetic/Acoustic Minesweeping System

The Mk 106 Magnetic/Acoustic Minesweeping System is used for combination acoustic/magnetic mines.  This system is an acoustic sweep (either the Mk104 or the Mk 2(G)) towed in tandem with the Mk 105.

10.2.9 AN/ALQ-141 Minesweeping System

The AN/ALQ-141 is an underwater towed body capable of electronic countermeasures to counter new threats.  The towed device and associated electronics have distinct surveillance and sweep-to-detonate modes.

10.2.10 Shallow Water Influence Minesweeping System (SWIMS)

SWIMS is a self-contained, high speed, shallow water magnetic influence sweeping device.  The SWIMS device is capable of being totally contained within the MH-53E Sea Dragon helicopter for transit to the operating area.  It is then deployed upon arrival and provides rapid mine clearance.  The SWIMS allows for the emulation of the magnetic signatures of the platforms in transit through an assault area as well as the conduct of generic minesweeping operations.  Designed to operate in shallow waters at speeds up to 40 knots, it can be towed as a single unit or in tandem.  It is possible to add an acoustic minesweeping device, such as the Mk 104 or the Mk 2(G), to SWIMS in order to provide magnetic and acoustic minesweeping.

[image: image54.wmf]
Figure 10-14.  AN/ALQ-141 
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Figure 10-15.  SWIMS

The system includes a towed magnetic and acoustic source, a tow/power delivery cable, a power conditioning-and-control subsystem, and an external or palletized power supply.  The magnetic portion is ten feet long, 20 inches in diameter, and weighs approximately 1,000 lb.  The system is intended to be compatible with surface craft and remotely controlled vehicles.  Five units are available for the fleet to use on a contingency basis.

10.2.11 Organic Airborne Surface Influence Sweep (OASIS)

OASIS is a towed system that will be deployed from the CH-60S helicopter.  It will provide a limited high speed, shallow water magnetic and acoustic influence minesweeping capability to support mine clearance operations.  Its ability to fully demagnetize permits the system to be transported in the helicopter, which will facilitate fast transit for over-the-horizon (OTH) operations.

10.2.12 AN/AQS-14A Side-Looking Sonar

The AN/AQS-14A Side-Looking Sonar is an underwater towed body containing a high resolution, side-looking, multibeam sonar system used for minehunting along the ocean bottom.  This rapidly-deployable system provides real-time sonar images to operators in the aircraft to locate, classify, mark and record minelike objects and underwater terrain features.  The AQS-14A is an active, stabilized underwater tow body equipped with advanced multiple-beam side-looking sonar.  The operator can view the underwater image and identify objects on a video monitor while recording the data on S-VHS digital tapes for post mission analysis.  Operators actually fly the device underwater, actively controlling the depth or altitude of the device in the water column.  Once located, the exact coordinates of minelike objects can be used by Explosive Ordinance Disposal (EOD) personnel to reacquire and neutralize the mine.  The AN/AQS-14A system includes a digital recorder-reproducer, high-resolution 19-inch color video monitor, and a navigation and acoustic control processor.

10.2.13 AN/AQS-20/X Sonar Mine Detection Set

The AN/AQS-20/X is a towed minehunting system that will be deployed from the CH‑60S helicopter to provide assigned BG/ARG MCM capability.  The AN/AQS-20/X system includes a towed body that houses minehunting sonars and a mine identification sensor (IDS); an airborne common console to control and provide power to the towed body and to perform signal processing and display functions; and aircraft-mounted handling equipment.  The system will be capable of detecting, localizing, and classifying bottom, some close-tethered, and volume mines.  It will be capable of identifying bottom contacts previously detected and classified as minelike.  Bottom mine identification is constrained by the towed body’s depth limitations

The AQS-20/X will include the following minehunting sensors:   Side Look Sonar, Gap Filler Sonar, Ahead Look Sonar, Volume Search Sonar, and Electro-optic Sensor.

10.2.14 Magic Lantern (Deployment Contingency) (ML(DC))

The Magic Lantern sensor system, using Light Detection and Ranging (LIDAR) technology, presently provides the U.S. Navy with an advanced sea mine detection, classification and localization capability for near surface mines.  ML(DC) is a fielded Advanced Development Model (ADM).  ML(DC) is currently operated by Helicopter Squadron Light 94 (HSL-94) aircrew on an SH-2G aircraft.  This system is used to search for mines in the direct path of advancing naval forces.  The system builds on advances in electro-optic technology to provide digitized imagery of mines lurking just beneath the surface of the sea.
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Figure 10-17.  AN/AQS-20/X
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Figure 10-18.  Magic Lantern (DC)

10.2.15 Airborne Laser Mine Detection System (ALMDS)

ALMDS is a helicopter-mounted, electro-optic system that can detect, classify, and localize floating and near surface moored minelike contacts for subsequent prosecution by other MCM systems (e.g., RAMICS or EOD divers).  ALMDS is a quick response system employed by the CH-60S to provide upper water column detection coverage for minelike objects, and to complement other assigned MIW systems in providing collective coverage for the full water column.  The system will provide rapid wide area reconnaissance and assessment of the shallow water mine threats. 

ALMDS is the follow-on program for the Magic Lantern.  ALMDS will increase the performance capability of ML(DC) while at the same time provide a fully Fleet supportable production unit.  ALMDS is to be installed on the H-60 helicopter, which is organically available to all Fleet battle groups.  ALMDS is intended to be pod-mounted on the H-60 weapons station. This installation will enable the H-60 to be quickly reconfigured for multiple missions.  ALMDS is planned to be an integral part of the Surface Combatant 21st Century (SC21) organic mine warfare capability. 
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Figure 10-19.  ALMDS

10.2.16 Rapid Airborne Mine Clearance System (RAMICS)

RAMICS is a helicoptor-mounted mine neutralization system to be carried by CH-60S helicopters.  It will provide a rapid response clearance capability against near-surface minelike objects that have been detected, classified, and located by ALMDS.  The system will fire a supercavitating projectile using a laser targeting fire control system.  Mine deflagration caused by the RAMICS projectile will provide evidence as to whether the ALMDS minelike contacts were indeed mines. 

10.2.17 Airborne Mine Neutralization System (AMNS)

The AMNS is a remotely operated expendable mine neutralization device that will be employed from helicopters to relocate, identify, and neutralize previously detected/classified unburied bottom, close-tethered moored, and volume mines.  The system will have a day-or-night, shallow- and deep-water capability. 

The AMNS is a development program using modified non-developmental items (NDI).  
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Figure 10-20.  AMNS

10.3 Underwater MCM

10.3.1 EOD Detachments

EOD Detachments, when specially equipped, can perform limited Underwater Mine Countermeasures (UMCM) operations to reacquire, identify, and neutralize floating, moored, and bottom mines.  They can deploy from most helicopter-capable platforms to assist assigned MCM systems.

10.3.2 Marine Mammal Systems (MMS)

The system detects mines and attaches neutralization charges on or near bottom and buried mines, and on the mooring cables of buoyant moored mines, including close-tethered mines where the mine case is near the seabed.  The following designations are used:

· Mk-4 (moored mine hunting)

· Mk-5 (mine recovery)

· Mk-6 (swimmer defense)

· Mk-7 (bottom mine hunting)

10.3.3 EX-8 Marine Mammal System (MMS)

The EX-8 MMS is a part of CMWC’s VSW MCM Detachment at the Naval Amphibious Base Coronado, CA.  This system provides a low-visibility exploratory and reconnaissance MCM capability, including against buried mines, in the VSW zone during the pre-assault phase of amphibious operations.

10.3.4 Mine Clearance System, EX9 Mod 0, Shallow Water Assault Breaching (SABRE) System

The Mine Clearance System, EX9 Mod 0 (SABRE) is a single rocket deployed linear demolition charge launched from a Landing Craft, Air Cushion (LCAC).  Multiple SABRE systems are used in conjunction with Distributed Explosive Technology (DET) systems to explosively neutralize mines and light obstacles in the Surf Zone (SZ) (0-10 ft water depth). SABRE's mission is to clear anti-invasion mines from Breach Lanes in the water depth range from 10 feet to 3 feet with DET clearing from 3 feet up to the High Water Mark (HWM).
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Figure 10-21.  EX9 Mod 0 SABRE

SABRE consists of three major sub-systems: the EX 165 Mod 0 Linear Demolition Charge (LDC), a Mk 22 Mod 4 Rocket Motor, and an EX9 Mod 0 Launch Controller Kit.  The assembled SABRE system is connected, along with other SABRE and DET systems, to a single reusable Launch Controller.  Once fired, the rocket motor pulls the EX 165 Mod 0 line charge from its container and into the SZ where a delayed arming fuze detonates the line charge.  Up to twelve SABREs may be carried aboard the LCAC.  However, normal load out is nine SABREs and two DET systems. 

10.3.5 Mine Clearance System, EX10 Mod 0, Distributed Explosive Technology (DET)

The Mine Clearance System, EX10 Mod 0, also known as the Distributed Explosive Technology (DET) system is a dual Mk22 Mod 4 rocket launched explosive array that is deployed from the deck of an LCAC.  DET is used in conjunction with multiple SABRE systems to neutralize mines in the Surf Zone (SZ) (0-10 ft water depth).  DET's mission is to clear a breaching lane from a depth of three (3) feet to the water’s edge with SABRE clearing the remaining portion of the lane in the SZ.

Two DETs will be situated side-by-side on the fore deck of the LCAC. Each DET will rest on an LCAC Interface Platform (LIP).  A launch controller (the EX9 Mod 0), using LCAC electrical power, will fire the rocket motors that pull the array from its container and deliver it to the target area.  The Launch Controller is common with SABRE and M58.

[image: image61.wmf]
Figure 10-22.  EX10 Mod 0 DET

Two Mk 22 Mod 4 rocket motors pull the explosive array (180 ft x 180 ft fully deployed) from its container while parachutes on the trailing edge of the array aid in its expansion.  A delay fuse will detonate the array after it lands in the surf zone.  Subsequent to the repositioning of the LCAC a second array will be launched in a similar fashion.  Together, the two arrays easily cover the intended 50 yd lane with a significant overlap.

10.4 Submarine MCM

10.4.1 Long-Term Mine Reconnaissance System (LMRS)

[image: image62.wmf]
Figure 10-23.  LMRS

LMRS is an Unmanned Underwater Vehicle (UUV) that will provide SSN and NSSN submarines with a clandestine, offboard, wide-area mine reconnaissance capability.  LMRS will be self-powered and self-propelled, and will be launched, operated, and recovered via the submarine’s torpedo tube.  LMRS will be equipped to detect and classify minelike objects in an area of interest.  The LMRS system provides clandestine coverage of water depths of 1000 to 40 feet in areas where a mine threat exists.

10.4.2 Submarine High Frequency Sonar Program (HFSP)

The submarine sail-mounted HF sonar is capable of conducting clandestine bottom reconnaissance in water depths from 3000 to 150 feet.  Two developmental 688 HF sonar systems have been fielded with sufficient processing power to provide a high resolution, high discrimination still picture of the bottom and water column at speeds up to 15 knots.  System displays have sufficient Nominal Recognition Differential (NRD) to allow the operator to detect a variety of mines or MILCs.  With the addition of EC‑18 on pre-688Is and ARCI phase IV on 688Is, all 688s will have the same capability.

Recent advances have allowed the fusing of system display pictures to produce a high-resolution 3-D map of the bottom and water column.  The introduction of vertical aperture to the forward-looking transducers also enables development of a precision navigation capability using bottom features.  The addition of precision mapping and navigation to the 688 HF sonar system along with the planned installation of a wide band communications system will enable a submarine to provide the OTC with a high resolution, 3-D map of the bottom and water column annotated with all minelike objects.  The precision mapping and navigation upgrade to the HF sonar system will begin installation in FY02 and complete in FY06.

11 APPENDIX E: MCM SYSTEMS SELECTED FOR USE WITH USVs

Table 11-1. Mk 106 Magnetic/Acoustic Minesweeping System

Hydrofoil (Mk 105)

Length:

28.75 ft

Width:

11.5 ft (catamaran)

Width:

21.3 ft (Hydrofoil span)
Height:

11.5 ft (foils up)



17.2 ft (foils down)

Weight:

8400 lb

Power Req.:
350 kw

Electrodes:
150 ft long (the long electrode has “spacer” 450 ft long before electrode)
Acoustic Device (Mk 104)

Length:

49 in

Width:

26 in
Height:

35 in

Weight:

180 lb

Power Required: 0 kw



Control Consoles
Length:

Width:
Height: 

Weight:

Power Required:


Winch and cable for Mk 105

Length:

Width:
Height:

Weight:

Cable length:
450 ft (helo to hydrofoil)

Cable Diameter:

Power Required:
Cable for Mk 104

Cable Length:

25 - 100 ft

Cable Diameter:
7/16 in nylon polypropylene rope

Mk 104 is attached to the long tail of Mk 105 after it is streamed


Performance

Speed:

  (min) *



  (max) * 

Depth:

  * 

Tension:
  *

* Values can be found in "Fleet Battle Experiment Foxtrot MCM Blue Book, Current Acquisition and Technology Programs," CSS Informal Report, October 27, 1999.

Table 11-2.  DYADS Magnetic Minesweeping System

Tow body 

Diameter:
24 in

Length:

25 ft

Weight:
    
3600 lb

Power Required: 0 kw




Control Consoles
Length:

Width:
Height: 

Weight:

Power Required:


Other Required Equipment
Winch 

Length:

Width:
Height:

Weight:

Cable Length:

Cable Diameter:

Power Required:



Performance

Speed:
(max)


(optimum)

Depth Capability:
Surface tow

Table 11-3.  Organic Airborne Surface Influence Sweep (OASIS)

VDS 

Length:

131.5 in

Width:

60 in
Height:

30 in

Weight:

930 lb

Power Required: 20 kw

Control Console Assembly
Length:

72 in

Width:

47 in
Height:

56 in

Weight:

350 lb (without WRAs)

Weight:

978 lb (with WRAs)

Power Required: 1000 watts

WRA – the individual boxes installed in the consoles

Winch Assembly

Length:

94 in

Width:

64 in
Height:

65 in

Weight:

2218 lb (without cable)

Weight:

3300 lb (with cable)


Cable

Cable length:
975 ft

Cable Diameter: 0.6079 in



Cradle Assembly

Length:

70 in

Width:

43 in
Height:

19 in

Weight:

176 lb


Davit Assembly

Length:

102 in

Width:

89 in
Height:

32 in

Weight:

526 lb



AMPMS – includes a GPS unit & radar altimeter for target localization
Length
 
39.5 in

Width:

29 in
Height:

14.5 in

Weight:

120 lb

Power Required: 150 watts


UYPOLE – pole used by helo crew to guide/stabilize VDS as it is recovered

Length:

96 in

Diameter:
1 in

Weight:

5 lb



This equipment list is an estimate based on the AQS-20 system.  The OASIS system is still in development and this information has not been identified yet.

Performance

Speed:

25 kt

Depth Capability: as needed to achieve required clearance depth, currently undetermined



Table 11- 4.  AN/AQS-14A Side-Looking Sonar

VDS 

Length:
     111.9 in

Width: 
     66.5 in
Height: 
     40 in

Diameter:     10.5 in

Weight:
     511 lb

Power Required:  115 VAC @ 3.5 kw     

                             28 VDC @ 20 A

Control Console Assembly
Length:

68 in

Width:

47 in
Height:

56 in

Weight:

218 lb (without WRAs)

Weight:

918 lb (with WRAs)

Power Required: 1500 watts

WRA – the individual boxes installed in the consoles

Winch Assembly

Length:

41 in

Width:

50 in
Height:

37 in

Weight:

523 lb (without cable)

Weight:

755 lb (with 600 ft cable on 


spool)


Cable

Cable Length:
1000 ft

Cable Diameter: 0.48 in

Cable Weight:
388 lb



Cradle Assembly

Length:

65 in

Width:

47 in
Height:

28 in

Weight:

187 lb


Davit Assembly

Length:

108 in

Width:

90 in
Height:


Weight:

354 lb



Performance

Speed:

* (max)



* (optimum)

Depth Capability: * to *

* Values can be found in "Fleet Battle Experiment Foxtrot MCM Blue Book, Current Acquisition and Technology Programs," CSS Informal Report, October 27, 1999.


Table 11-5.  AN/AQS-20 Sonar Mine Detection Set

VDS 

Length:

131.5 in

Width:

60 in
Height:

30 in

Weight:

930 lb

Power req.:
270VDC @ 1200 watts, 80VDC @ 135 watts (total consumed power = 1400 watts)

Control Console Assembly
Length:

72 in

Width:

47 in
Height:

56 in

Weight:

350 lb (without WRAs)

Weight:

978 lb (with WRAs)

Power Required: 1000 watts

WRA – the individual boxes installed in the consoles

Winch Assembly

Length:

94 in

Width:

64 in
Height:

65 in

Weight:

2218 lb (without cable)

Weight:

3300 lb (with cable)


Cable

Cable Length: 
 975 ft

Cable Diameter: 0.6079 in



Cradle Assembly

Length:

70 in

Width:

43 in
Height:

19 in

Weight:

176 lb


Davit Assembly

Length: 
102 in

Width: 

89 in
Height: 

32 in

Weight: 
526 lb



AMPMS – includes a GPS unit & radar altimeter for target localization
Length:

39.5 in

Width:

29 in
Height:

14.5 in

Weight:

120 lb

Power required:
150 watts


UYPOLE – pole used by helo crew to guide/stabilize VDS as it is recovered

Length: 
96 in

Diameter: 
1 in

Weight: 
5 lb



Performance

Speed:

* (max)



* (optimum)

Depth Capability: *

* Values can be found in "Fleet Battle Experiment Foxtrot MCM Blue Book, Current Acquisition and Technology Programs," CSS Informal Report, October 27, 1999.


Table 11-6.  Klein 5500

VDS 

Length:

76.4 in

Width: 

Diameter:
6 in
Height: 

Weight:

155 lb

Power req.:
115/240 VAC, 50/60 Hz, 120 watts

Control Console Assembly
Klein Ruggedized or Customer Supplied PC

Power Required:  approx 250 w



Winch Assembly

depends on application
Cable

Cable:
Coaxial or fiber-optic, double armored steel

Cable Length and Diameter:


depends on application



Transceiver Processor Unit

Width:

19 in rack mount

Height:

5.2 in

Depth:

21.5 in

Power Req.:
115/240 VAC, 50/60 Hz, 120 watts

Navigation Input: NMEA 0183

Data Output:
100 Base-T Ethernet LAN




Performance

Speed:

10 kt (max)



8 kt (optimum)

Depth Capability: 200 m

Pathwidth:
150 m per side, 300m total



12 APPENDIX F:  MAJOR USV SYSTEMS DEFINITIONS

The USV houses the necessary controls, communication, navigation, power, and handling systems required to make the USV concept successful.  The USV system block diagram, shown in Figure 2, illustrates the relationship between the main USV systems and components. 

The USV platform consists of a small surface craft with a propulsion and steering system.  The design and shape of the USV platform also drives handling requirements for launch and retrieval.  Based on current host ship handling systems, some platform designs are not feasible.  
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Figure 12-1.  USV System Block Diagram

USV

The USV houses all the system required to make the USV operate including the propulsion, communications, navigation, power, and command decision systems.  The USV also carries the mission specific packages such as the MCM minehunting sonar and minesweeping systems presented in this study.

USV Core System

The USV core system includes all of the systems required to make the USV operate either in manned, remote, or autonomous modes.  This includes the command decision system, navigation system, communications system, propulsion and steering system, the launch and recovery interface, and power system.

Command Decision System

The Command Decision System (CDS) is the hub of the USV.  It accepts input information from all of the USV systems, sensors, and actuators including those that are part of the mission module and distributes the information to those systems that require or utilize it.  The CDS also includes the navigation, C4ISR, and communications to and from the support ship.  CDS provides a monitoring system for the entire USV to assess its current state.

USV Navigation System

The USV navigation system includes a surface search radar, an EO/IR system, and GPS/INU.  The navigation system must also work closely with the vehicle controller and the propulsion system in order to move the USV in the desired direction.  Information from the navigation system may be used by other systems including the mission module.
USV Communication System

The USV RF communications system allows for vehicle control/instructions to be passed from the host ship to the USV and data/information to be transmitted back to the host ship (or other unit).  Vehicle command and control can be passed between the USV and the host ship via low frequency/low bandwidth RF communications.  MCM sensor data, radar, and EO can be passed back via high frequency/high bandwidth RF communications.

USV Launch and Recovery Interface

The USV launch and recovery interface consists of the system native to the USV that is required in order to allow the launch and recovery of the USV from the host ship.  This interface includes any components required to connect the USV with the launch and recovery mechanism on board the host ship.

USV Power System

The USV power system provides the hotel functions to all core USV systems and mission payloads.  The power system includes electric power system (e.g., a generator set), hydraulic power systems (e.g., a hydraulic pump), and pneumatic systems (e.g., a pneumatic pump), as required by the USV.   

USV Propulsion and Steering System

The propulsion and steering system includes the engine, propulsors (propeller, waterjet), and the trim and steering systems.  The propulsion system should have computer control and monitoring systems, which would allow unmanned or manned operation of the USV.  Gasoline engines should not be used on the USV in order to avoid damage control issues aboard the host ship.

USV Mission Module / Package

The USV mission module or package consists of the systems required to accomplish a mission beyond those included in the USV core system (e.g., AN/AQS-20 Minehunting Sonar system including sensor deployment and retrieval system).  A system block diagram of the USV mission module/package is shown in Figure 12-2.


[image: image64.wmf]USV Mission Package/Module

Sensor / Sweep System

Sensor / Sweep

Deployment and Retrieval

System

Mission Package/Module

Interface to

Command Decision System

Mission Package/Module

Interface to

USV

To USV Command

Decision System

To USV


Figure 12-2.  USV Mission Module/Package Block Diagram

Sensor / Sweep System

The sensor/sweep system includes the tow body/system and related electronics that are installed on the USV.  

Sensor / Sweep Deployment and Retrieval System

The sensor/sweep deployment and retrieval system allows the USV to deploy and retrieve the sensor/sweep system that is loaded onboard the USV.  It includes the handling equipment such as the tow body cradle, the winch, and the tow cable, all varying depending on the particular mission package.

Mission Package / Module Interface to Command Decision System

The mission package/module interface to CDS provides the pathway for system status and monitoring information to CDS as well as sensor data for transmission back to the host ship (or other friendly forces).

Mission Package / Module Interface to USV

The mission package/module interface to the USV includes the mechanical, electrical, hydraulic, and other required connections to allow the mission package/module to operate properly onboard the USV.

Host Ship USV Launch and Recovery System

The host ship USV launch and recovery system is located on board the host platform.  It launches and recovers the USV as required.  It can also provide a stowage space for the USV during transit of the host ship.  For the backfit market, modifications to the current davit and crane systems used for the 7 and 11m RHIBs are expected.

Host Ship USV Mission Module Handling and Stowage

The host ship USV mission module handling and stowage system would allow the host platform to store multiple mission modules and change the mission module loaded on the USV.  If modular payloads are not utilized on the implemented USV system, this system would not be required.  Even if the modular payloads are utilized the host platform does not need to have this system.  The USV can be preloaded with the mission package/module.

13 APPENDIX G:  EXISTING USV CANDIDATES

There are numerous types of small boats and watercraft that may be suitable for USV applications.  In the following sections, the goal is to provide a representation of the characteristics of existing platforms that could potential be used as a platform for the USV concept.

Each of the candidates is either being used within the U.S. Navy organization or has characteristics that are desirable to the USV concept.  Characteristics of each platform are shown in Tables 13-1 through 13-9.

All candidate USV platforms will require some development.  No single platform is expected to provide all of the characteristics of the USV concept. The more requirements a COTS/GOTS/NDI system meets, the lower the cost to develop the USV platform.  Additionally, the base cost of a system that requires development to conform to the USV platform requirements will increase.

Generally, RHIBs are designed and built with a specific task in mind.  If they are used in any other way, they may not perform to specification.  The addition of a USV mission package may require a redesign of the platform in order to perform adequately.  The addition of a modular capability to a RHIB may also require platform modifications on top of those required for the integration of the modular capability.

Small Waterjet-Propelled Craft (OWL) 

OWL is a remote control surface vehicle with a specially designed hull built by Navtec, Inc. Also known as Autonomous Search/Hydrographic (ASH) vehicle. .  CSS is the Technical Design Agent for ASH and the sponsor is SOCOM.   The Roboski is another small waterjet-propelled craft that is based on a commercial platform. The contractor is RoboTek Engineering, Inc., and the Technical Design Agent is the Naval Facilities Engineering Services Center (NFESC) in Pt Hueneme.  CSS owns a Roboski and has demonstrated Roboski under TCS control.  

Small waterjet-propelled craft (sometimes called "jet-skis") are typically designed for 2 to 4 passengers with only a minimal amount of additional stowage area.  Small two-stroke gasoline engines power jet-skis with jet pumps providing the thrust.  Jet-skis have glass reinforced plastic hulls.  Typical characteristics of typical commercial jet-skis are shown in Table 13-1.

Table 13-1.  Typical Jet-ski Characteristics

Characteristic
Value

LOA
2 to 4 m

BOA
0.7 to 1.5 m

Draft (Full Load)
n/a

Weight (Dry)
342 to 960 lb

Maximum Payload Weight
350 to 660 lb

Maximum Speed
43 to 57 kt

Cruise Speed
n/a

Horsepower
75 to 155

Fuel Capacity
4.6 to 25 US gallons

Range
n/a

Cost
$6k to $10k

Navy Standard 7m RHIB

The Navy Standard 7m RHIB, currently manufactured by Willard Marine, Inc, is carried as a service craft onboard all DDG-51, FFG-7, and CG-47 class surface combatants.  Navy Standard RHIBs are used for ferrying personnel, boarding, environmental response, and rescue.  The 7m RHIB is equipped with an inboard diesel engine and a prop drive unit.  Characteristics of the Navy Standard 7m RHIB are shown in Table 13-2.

Table 13-2.  Navy Standard 7m RHIB Characteristics

Characteristic
Value

LOA
7.24 m

BOA
2.75 m

Draft (Full Load)
0.575 m

Weight (Dry – Light)
4,300 lb

Maximum Payload Weight
2,900 lb

Maximum Speed / At Full Load
26 / 23 kt

Cruise Speed / At Full Load
24 / 21 kt

Horsepower
175

Fuel Capacity
40 US gallons

Range
75 nm

Cost
Approx. $125k

High Speed Maneuverable Surface Target (HSMST)

The HSMST is an AMBAR AM 700 fitted with a remote control unit and is used as a target boat for weapons testing by NAWC, Pt. Magu.  The AMBAR AM 700 is a RHIB design and is available in inboard and outboard configurations.  The inboard configuration uses a diesel engine and a waterjet while the outboard configuration uses a gasoline engine and a prop.  The AM 700 has an extruded aluminum hull with closed-cell foam sponsons.  Characteristics of the HSMST are shown in Table 13-3.

Table 13-3.  HSMST (AMBAR AM 700) Characteristics

Characteristic
Value

LOA
7.72 m

BOA
2.84 m

Draft (Full Load)
0.38 m

Weight (Dry – Light)
4300 lb

Maximum Payload Weight
5000 lb

Maximum Speed
42-46 kt

Cruise Speed
27-32 kt

Horsepower
300 (twin 150s)

Fuel Capacity
40 US gallons

Range
n/a

Cost
n/a

8m TEAM ONE USA HSPC

The 8m TEAM ONE USA HSPC was designed as a modular multi-mission craft with the ability to reconfigure the mission module in less than 30 minutes.  The craft features solid cell foam sponsons.  The craft is controlled by a fly-by-wire system, which is quickly and easily upgraded for remote or autonomous control.  Feature and capabilities of the 8m TEAM ONE USA HSPC are shown in Table 13-4.

Table 13-4.  8m TEAM ONE USA HSPC Characteristics

Characteristic
Value

LOA
8 m 

BOA
3.73 m

Draft (Full Load)
n/a

Weight (Dry – Light)
8,000 lb

Maximum Payload Weight
5,000 lb

Maximum Speed
40 + kt

Cruise Speed
40 + kt

Horsepower
660

Fuel Capacity
n/a

Range
500 nm

Cost
Approx. n/a

Navy Standard 11m RHIB

The Navy Standard 11m RHIB, which is built by Willard Marine, Inc, is similar to the 7m Navy Standard RHIB.  The 11m RHIB, like the 7m RHIB, is typically used as a utility boat:  ferrying personnel, boarding, environmental response, and rescue, etc.  Characteristics for the Navy Standard 11m RHIB are shown in Table 13-5.

Table 13-5.  Navy Standard 11m RHIB Characteristics

Characteristic
Value

LOA
11 m

BOA
3.66 m

Draft (Full Load)
0.61 m

Weight (Dry – Light)
n/a

Maximum Payload Weight
n/a

Maximum Speed
40 kt

Cruise Speed
36 kt

Horsepower
n/a

Fuel Capacity
180 US gallons

Range
81 nm

Cost
Approx. $352k 

11m NSW RHIB

The 11m Naval Special Warfare (NSW) RHIB, manufactured by US Marine, Inc, was developed to meet Special Operations Forces requirements.  The boat performs short-range SOF insertion and extraction, SOF coastal resupply, and coastal surveillance missions.  It is essentially the same as the 11m Navy Standard RHIB except for the drive-propulsion system as well as various SOF-related modifications.  They began entering service in early 1998 with plans to acquire a minimum of 70 boats.  LPD-17 class ships will be capable of supporting four such boats.  Characteristics of the 11m NSW RHIB are shown in Table 13-6.

Table 13-6.  11m NSW RHIB Characteristics

Characteristic
Value

LOA
11m

BOA
n/a

Draft (Full Load)
n/a

Weight (Dry – Light)
n/a

Maximum Payload Weight
4,200 lb.

Maximum Speed
46 kt

Cruise Speed
33 kt

Horsepower
n/a

Fuel Capacity
n/a

Range
200 nm (@ 32 kt)

Cost
Approx. $570k

11m TEAM ONE USA HSPC

The 11m TEAM ONE USA HSPC is a larger version of the 7m TEAM ONE USA HSPC. The 11m HSPC includes the same modular system, while accommodating larger payloads.  Features and capabilities of the 11m TEAM ONE USA HSPC are shown in Table 13-7.

Table 13-7.  11m TEAM ONE USA HSPC Characteristics

Characteristic
Value

LOA
11 m

BOA
3.73 m

Draft (Full Load)
0.86 m

Weight (Dry – Light)
10,850 lb

Maximum Payload Weight
5000 lb + 2-3 crew

Maximum Speed
40 kt

Cruise Speed
40 kt

Horsepower
1320

Fuel Capacity
680 US gallons

Range
500 nm

Cost
Approx. n/a

MHS-1 40ft Small Waterplane Area Twin Hull (SWATH)

The small prototype SWATH, designated MHS-1, is operated by EOD MU7 based in San Diego, California (MU7 is Explosive Ordnance Disposal Unit 7).  This manned craft is equipped with a side-scan sonar and an remotely operated vehicle (ROV) for detection, identification and location of mines.  The hull construction is all aluminum.  The deckhouse can be detached to allow transport via C-5 or C-17.  The vessel is compact, rugged, easily handled, stable, controllable, and relatively inexpensive.  On the negative side, payload, speed, and range are modest, and the craft has not been treated for signatures.

Because most of their buoyancy is underwater, SWATH ships tend to possess superior stability in high sea states compared to conventional monohulls.  The downside to the SWATH design is their slower speeds due to the high drag resulting from the two underwater torpedo-shaped hulls.  Characteristics of the MHS-1 SWATH is shown in Table 13-8.

Table 13-8.  MHS-1 SWATH Characteristics

Characteristics
Value

LOA
12.2 m

BOA
5.5 m

Draft (Full Load)
n/a

Weight (Dry – Light)
n/a

Maximum Payload Weight
< 4000 lb

Maximum Speed
18 kt

Cruise Speed
15 kt

Horsepower
n/a

Fuel Capacity
n/a

Range
500 nm

Cost
n/a

SLICE

The SLICE craft is a variant of the SWATH craft design.  SLICE capitalizes on the advantages of the SWATH design while improving on its disadvantages.  Instead of standing on two torpedo-shaped hulls, SLICE sits on four teardrop-shaped hulls.  Two of the underwater hulls house diesel engines  

The SLICE design provides a modular payload area, which can be fitted with any number of mission packages.  The current design is large:  104 ft LOA, 55 BOA, and a 180 long ton displacement.  This would limit the ability to deploy the current SLICE craft, from a surface combatant.  Characteristics of the SLICE craft are shown in Table 13-9.  It is unknown what impact a reduction in the size of the craft will have on the benefits of the SLICE design.
Table 13-9.  SLICE Characteristics

Characteristics
Value

LOA
31.7 m

BOA
16.8 m

Draft (Full Load)
4.27 m

Weight (Dry – Light)
n/a

Maximum Payload Weight
112,500 lb

Maximum Speed
30+

Cruise Speed
n/a

Horsepower
6850

Fuel Capacity
n/a

Range
2000 nm (@ 22 kt)

Cost
$12,300k (prototype)

14 Appendix H:  Sensors and Processing Requirements for CDS

Figure 14-1 Command Decision System Communication Block Diagram shows a typical USV equipment suite consisting of vehicle sensors and effectors, mission modules, C4ISR and communication to and from the support ship. The amount of data to be transmitted is proportional to the resolution of the sensors (i.e. video, sonar or radar) and the update rate desired on the support ship. As autonomous processing (perception capabilities) increases on the USV, the communication bandwidth and response time decrease. 

Typical Communication Requirements for the following USV Onboard Subsystems are discussed below:

· Radar

· Vehicle Control (Manual, Remote Piloted, Autonomous)

· Navigation

· Engine/Jet Pump/Hydraulics

· EO/IR System

· Mission Module

· Microphones/Speakers

Radar

The radar system is used for obstacle avoidance and threat detection. A radar system can use differential GPS or a blended inertial navigation/GPS position, selected by the remote operator. The position is used by the Command Decision System for waypoint navigation. This data is communicated to the remote pilot display for electronic chart navigation and plotting of vehicle track. The remote radar display can possibly maintain track information on up to 200 other platforms and perform collision avoidance and/or targeting of other ships. Selection and moding of sensors, changes to waypoints or responses to emergencies are under control of the remote operator. 

Autonomous Control

The USV will evolve into an autonomous platform with a perception blackboard. During this transition phase, the autonomous processing can be performed on the support ship and monitored by operators. As we gain confidence in the algorithms, these functions will be transferred to the USV.

Navigation

Navigation can be performed by a ring laser gyro Inertial Navigation Unit (INU) with embedded Global Positioning System (GPS). The GPS can be a military P-code GPS or a commercial CA code. The INU performs Kalman filtering to generate a best estimate of position and velocity. The INU also outputs USV attitude and attitude rate information for the remote pilot, the electro-optic pedestal and the mission module if required. The remote operator performs initialization and either stationary (fixed-base) or GPS (moving-base) alignment. No other operator controls are necessary.
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Figure 14-1  Command Decision System Communication Functional Block Diagram

Engine/Jet Pump/Hydraulics

The Engines and Water Jet Pumps should have digital control and monitoring systems. The hydraulics system mine reconnaissance sonar launch, retrieval and cable handling equipment use solenoid actuators.

EO/IR System

A high-performance electro-optic system has a medium wave (3 to 5 micron) cooled infra-red camera and a low light level Charge Coupled Device (CCD) camera. These are mounted on a pedestal controlled by the remote operator via the Command Decision System. The pedestal can be placed in a fixed position (i.e. forward) or continuously rotate for obstacle/threat detection or surveillance.

Mission Module

The mission module has remote controls for power and moding and receives both raw and processed minehunting sonar and underwater laser line scan video information.

Microphones/Speakers 

Since no operators are on board, a microphone can be installed for acoustic monitoring of vehicle conditions or external threats and a speaker can be placed on board to relay operator warnings or instructions to intruders or friendly forces.

Data Types and their Selection for Transmission to a Support Ship

Table 1 indicates the communication requirements for audio signals. Telephony based 3KHz bandwidth audio signals are adequate for USV audio requirements. (See later discussion on networking USV signals.)

Table 2 indicates digital TV sampling rates. The T1 quality video is adequate for USV needs and fits the network and communication requirements of the USV.

Table 3 indicates the medium resolution 24 bit digital color video. We would have to scan digital color video at 1 to 10 Hz to be compatible with a 3 Mbps transfer rate allocated to video signals.

Table 4 indicates the raw radar tracks, the high resolution radar display and the blended CDS communication requirements. See the later discussion of the Fast Ethernet and Fiber Distributed Data Interface (FDDI) networks and recommended communication approaches.

Table 5 lists representative USV data requirements for unmanned operation and a mine reconnaissance mission module.

Table 14-1.  Digital Audio Formats

Format
Sampling Rate
Bandwidth
Frequency Band
Transfer Rate



kHz
kHz
Hz
kBits/sec


Telephony
8
3.2
2000-   3,400
8-16


Teleconferencing
16
7
    50-   7,000
16


Compact Disk (CD)
44.1
20
    20- 20,000
64-128


Digital Audio Tape
48
20
    20- 20,000
64-128


Table 14-2.  Digital Television Formats

Format
Resolution
Sampling Rate
Transfer Rate


CCITT/ISO-MPEG

MHz
kBits/sec


CIF
  360 x 288 x 30  
    3
            384 
ISDN VTC, good

¼ CIF, Slow
  180 x 144 x 10 

    48 -  112 
ISDN VTC, min

CCIR
  720 x 576 x 30 
  12
1,000 -1,500
CD ROM

T1 Video
1024 x 768 x15 
  12
           1,572
Networks, good

HDTV
1280 x 720 x 60 
  60
 15,000 - 20,000


Table 14-3.  Transform Based Coding of JPEG Images in Digital Format

Source
Resolution
Sampling Rate
Transfer Rate




Mbytes/sec
kbits/sec














24 bit Color Video
  640 x 480 x 30 
  27.648 
8,000
25:1 data comp

24 bit Color Video
  640 x 480 x  3x 1 

640 x 480 x 3 x 10
    0.922

    9.22
   292

2,916
1 frame/sec, 25:1

10 frame/sec, 25:1

Table 14-4.  Radar Data Transmission Requirements

Source
Resolution
Sampling Rate
Transfer Rate




Mbytes/sec
kbits/sec


SPS-73 Radar

200 Tracks


4.8
NMEA 0183

SPS-73 Radar Screen
1280 x 1024 x 30

1280 x 1024 x 8
39,322

10,486
5,000

1,311
High Res TV,

Slow Scan mode

CDS Radar,  Navigation, Mission Module,  Vehicle data
Various resolutions, selected and multiplexed by CDS
Up to 500
4,500
Fast Ethernet or FDDI to TCS data stream

Table 14- 5 Representative USV Data Requirements
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SINS to GPS Integration

Data is transferred between the INU and GPS subsystem via a digital (two-state) RS-422 interface.  Data is formatted as binary coded digital data (command and messages) and pulse trains (serial data bus clocks).

Acceptance of GPS Data by the INU
The INU OCP (Operational Computer Program) is mechanized to use GPS data, when available, regardless of operational mode. INU system position is initialized to the GPS position (unless the operator initializes the position), so that the returned system position should echo that of the GPS. GPS position data is utilized once a minute as an observation to the Kalman filter. In between, GPS velocity data is utilized. The Kalman only incorporates as much of the observation as is required for the optimal solution; thus the system will not slave to the exact GPS position.

Interface

The data interconnect between the INU and GPS subsystem is usually via balanced differential voltage circuits in accordance with EIA Standard RS-422 or MIL-STD-1553 dual redundant buses. 

Data Bus Characteristics
The INU to GPS subsystem  generally has a full duplex, asynchronous serial data bus. All commands and messages are transferred between the GPS subsystem and the INU via the data bus.

15 APPENDIX I:  TRANSMISSION OF DATA BETWEEN HOST SHIPS AND USVS

Time Division Multiplexing (TDM) of data is rooted in telephone analog voice switching methods. The traditional telephone analog channel bandwidth is 3000Hz for voice signals. When these analog channels are multiplexed together, 4,000 Hz is allocated per channel (3,000 Hz for voice and two guard bands of 500 Hz). When these channels are handled entirely by digital electronics, the analog signals are digitized at  8,000 samples per second (125usec/sample) because the Nyquist theorem requires a 2x bandwidth to capture a 4 KHz analog signal. Thus virtually all time intervals within the telephone system are multiples of 125 usec. 

A widespread method for time division multiplexing is the T1 carrier, which consists of 24 voice channels multiplexed together. Each of the 24 channels inserts 1 byte (8 bits) into the output stream plus an extra bit for framing. These 193 bits every 125usec gives a gross data rate of 1.544 Mbps. When the T1 system is being used entirely for data, only 23 of the channels are used for data. The 24th one is used for a special synchronization pattern to allow for fast recovery in the event that a frame slips. Therefore, if our USV signals can fit in multiples of 1.472 Mbps (23 x 8 x 8000), they can be handled by T1 communication links (of 1.544 Mbps).

The Tactical Control System (TCS) can transmit data at 4.5 Mbps which can be two T1 links plus all the USV status from navigation, vehicle and mission systems control.

A USV needs to have a Local Area Network (LAN) to handle the data among subsystems. Three common LAN standards are 802.3, 802.4 and 802.5:

LAN Standard
Example
Frame Size
Transfer Rate
Comment

802.3 CSMA/CD
Ethernet
1500
10 Mbps
Packet Switching


IP Datagram
532
3.5 Mbps
Point to Point


Fast Ethernet
1500
100 Mbps
Packet Switching

802.4 Token Bus
CAN
8191
10 Mbps


802.5 Token Ring
Office
5000
4 Mbps
Asynchronous


FDDI
768
98 Mbps
Synchronous


4TI
96
6 Mbps
Synchronous

The advantage of 802.3 (Ethernet) is that it is the most widely used standard and has the most installed equipment and user experience. Stations can be added on the fly without taking the network down. A passive cable is used and modems are not required. 

The disadvantage is that it has a substantial analog component (Ethernet boards in every computer). Each station has to be able to detect the signal of the weakest other station and all the collision detect circuitry is analog. 802.3 is non-deterministic, which is often inappropriate for real-time work. It has no priorities, the cable length is limited to 2.5 km (at 10 Mbps). As the speed increases, the efficiency drops because the frame transmission time drops but the contention interval does not. At high load (4.5 Mbps on a 10 Mbps ethernet), the presence of collisions becomes a major problem and can seriously affect the throughput.

Many of these difficulties are overcome by 100 Base T (Fast Ethernet) which operates at 100 Mbps. Our TCDL 4.5 Mbps transmission requirement is less than 5% of the Fast Ethernet capacity. Non-determinism is not as much of a problem at these speeds, because transmission delays become very short. With the increase in the user base, the cost of ethernet boards is diminishing. The use of very large scale integrated circuits is solving  the analog complexity problem. Finally, cable length limitations are not a problem for our USV LAN. A proposed architecture is shown in Figure 15-1.
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Figure 15-1.  USV Fast Ethernet LAN to TCS Tactical Control Data Link (TCDL)

These signals can be multiplexed in a data concentrator. An example is the Harris TAC-200 Tactical ATM Concentrator. It provides interface options for Ethernet, Circuit Emulation, video (T1/E1), compressed digital or analog voice, and Asynchronous Transfer Mode (ATM). The Ethernet interface supports transparent LAN services. 

The ethernet output will handle streaming video and digital data. The USV will send packets to the support ship ("ground") ethernet sockets for control and display on a Multi Modal Watch Station (MMWS).

Token bus 802.4, uses highly reliable cable television equipment which is available off-the-shelf from numerous vendors. It handles short minimum frames well and is deterministic but suffers from token loss at critical moments. Token bus supports priorities and can be configured to provide a fraction of the bandwidth to high-priority traffic, such as digitized voice. It has excellent efficiency and throughput at high load, effectively becoming Time Division Multiplexing. Broadband cable can support multiple channels for data, voice and television. The disadvantage is that it has substantial analog components including modems and wideband amplifiers. The protocol is extremely complex and has substantial delay at low load (stations must always wait for the token, even in an otherwise idle system). It is poorly suited for fiber optic implementation and has a small base of users.

The Token Ring 802.5 uses point-to-point connections, meaning that the engineering is easy and can be fully digital. Rings can be built using virtually any transmission medium. The use of wire centers make the token ring the only LAN that can detect and eliminate failures automatically. Short frames as well as arbitrarily long ones are possible, limited only by the token holding time. This makes token ring particularly effective for USV applications, that is, sending high bandwidth video data output to an RF communication interface. The major disadvantage is the presence of a centralized monitor function, which introduces a critical component, however, for USVs that centralized monitor is the Command Decision System. There is a delay at low loads because the sender must wait for a token.

The Command Decision System can use a Fiber Distributed Data Interface (FDDI), a high performance fiber-optic token ring LAN running at 100 Mbps.  FDDI-II is the successor to FDDI, which is modified to handle synchronous, circuit-switched Pulse Code Modulated (PCM) data for voice or Integrated Services Digital Network (ISDN) traffic in addition to ordinary data. 

FDDI uses multi-mode fibers because the additional expense of single mode fibers is not needed for networks running at only 100 Mbps.   FDDI uses LEDs rather than lasers, not only due to their lower cost but because FDDI may sometimes be used to connect directly to workstations. LEDs are too weak to do eye damage, survive better under high shock, and strong enough to transfer data accurately at 100 Mbps. The FDDI specification calls for no more that 1 failure in 2.5 1010 bits.

The FDDI cabling consists of two fiber rings, one transmitting clockwise and the other transmitting counter-clockwise. If either breaks, the other can be used as a backup. Each station contains relays that can be used to join the two rings or bypass the station in the event of station problems. Class A FDDI connects to both rings for fault tolerance. Class B connects to a single ring where fault tolerance is not critical.

In addition to regular (asynchronous) frames , FDDI also permits special synchronous frames for circuit switched PCM or ISDN data. The synchronous frames are generated every 125 usec by a master station (CDS) to provide the 8000 samples/sec needed for the PCM systems. Each of these frames has a header and 96 bytes of circuit-switched data (i.e. up to 96 PCM channels per frame). The number 96 was chosen because it allows four T1 channels (4 x 24) at 1.544 Mbps to fit in a frame. One synchronous frame every 125 usec consumes 6.144 Mbps bandwidth. ( A maximum of 16 synchronous frames every 125 usec allows up to 1536 PCM channels or the 98.3 Mbps total FDDI bandwidth).

FDDI T1 Data Channel Capacities 

· One  T1 Channels  1 x 24 = 24 bytes/frame x 8 bits/byte x 8000 frames/sec = 1.536 Mbps

· Two T1 Channels  2 x 24 = 48 bytes/frame x 8 bits/byte x 8000 frames/sec = 3.072 Mbps

· Four T1 Channels  4 x 24 = 96 bytes/frame x 8 bits/byte x 8000 frames/sec = 6.144 Mbps

FDDI Local Area Network Capacity

· 16 synchronous frames x 96 bytes/frame x 8 bits/byte x 8000 frames/sec = 98,304,000bps

The USV can run the Command Decision System on a FDDI LAN, multiplexing selected data for transmission to the Tactical Control System, Tactical Control Data Link (TCDL) connection to the support ship. This will allow us to send two separate T1 video channels (1.5 Mbps each) or a combined channel of 3.0 Mbps to uplink video data. The remaining digital status data can be buffered as PCM channels for the remaining TCDL link capacity. 
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Figure 15-2.  USV FDDI LAN to TCS Tactical Control Data Link (TCDL)

The Tactical Control System multiplexes RS-422 data and RS-170 video (A single T1 line at present, 2 T1 lines in the future). Data is sent to the support ship over a Tactical Control Data Link at up to 4.5 Mbps.
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Figure 15-3.  TCS Tactical Control Data Link (TCDL)
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Figure 15-4.  TCS Tactical Control Data Link (TCDL) Data Link Path Configuration

For Beyond Line Of Sight (BLOS) communication, TCS offers satellite communication which is able to handle 2 T1 video lines and 112 kbps of data.

TCS Satellite Communication Performance Requirements

• Functional replacement for link manager assembly at reduced cost, size

– 
Supports ATC radio SATCOM configuration

• Outputs 200 kbps command link

• Demultiplexes/decodes T1 and 2 T1 (selectable) return link rate

• Outputs baseband signal at T1 or 2 T1 data rate to LOS link

– 
Supports 70 MHz IF

– 
1 LMA/SDT supports 1 BLOS link 

 
(multiple UAV control BLOS requires multiple LMA/SDT units)

Predator Usage of 2 T1 Return Link Data Rate
The ATC Radio modification increases the return link data rate to 2 T1+ 112 Kb/sec.
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Figure 15-5. TCS Satellite Communication

These video/digital data channels will be demultiplexed at the support ship communications and displayed on the Multi-Modal Watch Station (MMWS). Operator commands are then packaged and sent on a 200 KHz LPI spread spectrum downlink to the USV.
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Figure 15-6.  Support Ship TCS Comm Link to Multi Modal Watch Station

16 APPENDIX J:  DEVELOPMENT TASKS

The major tasks associated with the development of a USV for MCM are described and prioritized in this section. The tasks are presented in a logical order such that the tasks completed first will provide data that will justify further investment in the subsequent tasks.

Based on the data presented in this report, a candidate USV craft should be selected for use in the tasks described in this section. Several of the tasks will result in data that is specific to the chosen USV craft. Therefore, the one most appropriate craft should be used for all of the tasks.

Towing Demonstration, Collection of Tow Cable Tension, Tow Body Motion and USV Motion Data

The demonstration involves an existing candidate USV craft and an existing towed mine hunting system. The USV should be used to tow the MCM system at a number of depths and speeds and in as many sea states as possible. The tow cable should be instrumented so that tension data can be collected. The tow body of the mine hunting system should be instrumented with inertial sensors so that data related to its motion can be recorded. The USV should be instrumented so that data related to its motion can also be recorded. Mine hunting sensor data from the mine hunting system should be recorded during the demonstration. This task should be accomplished as soon as possible. The results of this demonstration will provide invaluable data that will inform decisions as to future efforts related to the development of a USV MCM system. A preliminary version of this task has already been accomplished as is described in section 4.3.4. 

USV Signature, Impact on MCM Sensors

The signature of existing USV craft(s) should be quantified. The resulting data should be compared to the requirements of existing MCM systems in order to determine whether or not the USV signature will degrade the performance of the systems. The signature data should also be compared to requirements related to the detonation of mines in order to determine the likelihood of the USV setting off mines.

Dynamic Tow Simulation

The dynamics associated with towing a representative MCM system with a USV in various sea states should be modeled. The extent to which USV tow point motion is translated through the tow cable to the tow body should be quantified. The dynamics models should be validated using data from the towing demonstration described above.

Demonstration of Sensor Data Transmission in Real Time

The ability to transmit MCM sensor data from the USV to a remote site in real-time should be demonstrated.

Stability, Thrust, Endurance and Transit Speed Analysis

The available towing thrust, stability while towing an MCM system, and endurance of a candidate USV platform(s) should be determined.

Analysis of Impact of Having a USV on a Host Platform

The impact of having one or more modular, reconfigurable USVs on host platforms of interest should be determined. Factors such as the removal of existing equipment that will be displaced by the USV, the logistics of launching and recovering the USV, the loading and unloading mission modules, and the maintenance of the USV and mission modules should be considered.

Automated MCM System Deployment and Retrieval System Design

The design of an automated deployment and retrieval system for the USV should be completed. The system should be computer controlled and should offer reliable unmanned operation.

USV Model Development for TCS

The TCS is currently used for unmanned air vehicles UAVs and does not have an appropriate graphical user interface nor does it accept the appropriate inputs for USVs. A development task related to the use of TCS for USVs should be completed.

Investigation of USV Antennas

An evaluation of candidate antennas for communication between the USV and the host platform should be completed. The antennas will have to be compatible with a high bandwidth communication system. The antennas will have to provide a continuous link with the USV(s) regardless of the bearing to the position of the USV relative to the ship. Multiple antennas may be required in some instances due to the fact that the line of sight between an antenna and the USV may at times be obstructed by the super structure of the ship.

Detailed Design of Tow Cable

As is mentioned in the section 4.3.3 of this report, there are several design parameters associated with a tow cable system. These parameters include the cable diameter, scope, and fairing type(s). A detailed design of a tow cable system for the USV based on its intended missions should be completed. The design process should include the optimization of the tow cable system parameters for optimal performance of the USV MCM system within the operating space of interest.

Demonstration of USV Command and Control

With many of the required capabilities for autonomous USV control already available, the focus will be directed on the ability to tie these elements together in support of a USV mission. Control confidence can be gained by demonstrating the ability to perform reactive onboard path planning with obstacle avoidance under remote pilot supervisory. This will require the ability to control the USV through an onboard autopilot executing through a list of waypoints while avoiding any detected obstacles. This will require some amount of data fusion with the placement of sensor data (nominally radar) into the perception blackboard for use in path planning and obstacle avoidance
Optimize Towing Requirements

Following the detailed design of the tow cable system, USV towing requirements corresponding to the towed MCM systems of interest should be determined.

Optimize Payload Weights

Following the detailed design of the tow cable system, the tow cable handling system should be optimized based on tow cable system parameters such that the handling system is sufficient for reliable unmanned operation, but that no unnecessary weight penalty is accepted. By reducing the weight of the system, the speed, endurance and maneuverability of the USV will be maximized.

Table 15-1. Development Tasks Summary

Order
Task
Priority
Duration

1
Towing Demonstration, Collection of Tow Cable Tension, Tow Body Motion, and USV Motion Data
High
Short

2
USV Signature, Impact on MCM Sensors
High
Long

3
Dynamic Tow Simulation
High
Medium

4
Demonstration of Sensor Data Transmission in Real Time
High
Short

5
Stability, Thrust, Endurance and Transit Speed Analysis
High
Short

6
Analysis of Impact of Having a USV on a Host Platform
High
Medium

7
Automated MCM System Deployment and Retrieval System Design
Medium
Medium

8
USV Model Development for TCS
Medium
Long

9
Investigation of USV Antennas
Low
Short

10
Detailed Design of Tow Cable
Medium
Medium

11
Development of Ability to Perform Onboard Path Planning with Obstacle Avoidance Under Remote Pilot Supervisory Control
Medium
Long

12
Optimize Towing Requirements
Medium
Medium

13
Optimize Payload Weights
Low
Medium
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Figure10-16.  AN/AQS-14A





















































� “Control Architectures for  Autonomous Underwater Vehicles” K. Valavanis et.al., 1997 IEEE Control Systems


� “AMMT Mission Planning for an Autonomous Undersea Vehicle: Design and Results” M. Ricard, United States Naval Mine Warfare Plan, Third Edition, FY 1996-1997


� “Architecture of the Texas A&M Autonomous Underwater Vehicle Controller”, Proceedings of the IEEE Symposium on Autonomous Underwater Vehicle Technology, June 1996.


� “Complexity Management in the Design of an Intelligent Controller for Autonomous Underwater Vehicles”, Proceedings for Association for Unmanned Vehicle Systems International, June 1997


� “An Effective Transfer of Autonomous Control Technology”, M. Jarriel et.al, 14th IEEE International Symposium on Intelligent Control/Intelligent Systems and Semiotics, Sept 1999.


� Based on information from the following vendors:  Yamaha Motor Corporation, USA;  Polaris Industries Inc.;  Bombardier Inc.;  Arctic Cat, Inc.;  and Kawasaki Motors Corp., USA.
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MEDAL Software Architecture

Common Operating Environment (COE)
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