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MH-53E INVESTMENTS 


• Dedicated MH-53E AMCM required through at least 2024 


 


• Specific actions taken with support from OPNAV, USFFC, CNAF/L, 


and NAVAIR to ensure more than just survivability through 2025 


• Critical Avionics Upgrade 


 Fully funded  


 Complete on all MH-53E estimated 4QFY22  


• Improved supply chain management 


 Creating new Performance Based Logistics (PBL) contracts to better 


manage repairable items and increase reliability  


 PBLs being leveraged across the Navy and Marine H-53E communities 


MH-53E sustainment as a viable AMCM capability through at least 2025  


requires continued effort, funding, and commitment across a broad spectrum. 
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MH-53E INVESTMENTS (cont.) 


• Aircraft Wholeness 


 Increasing Program Related 


Logistics (PRL) investments in 2016 


to ensure long-term health of the 


airframe 


 FY16 requirement $19.8M / current 


FY16 allocation $13.5M. Though a 


gap still exists, PRL has seen 


increases in both FY15 and FY16 


 Purchased 2 non-flyable JMSDF 


MH-53E aircraft  


 Configure all MH-53Es to be AMCM 


capable late 2016 (3 A/C remaining) 
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MH-53E sustainment as a viable AMCM capability through at least 2025  


requires continued effort, funding, and commitment across a broad spectrum. 
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MH-53E INVESTMENTS (cont.) 


UNCLASSIFIED 


 


• POM-17 


 HM Manpower Wholeness – Funded 


 193 total billets for HM-12, HM-14, and HM-15 


 


 


 


• POM-18 (Pre-decisional) 


 Procure four flyable JMSDF MH-53E – Unfunded, exploring options 


 Procure JMDSF IMRL/SE – Unfunded, exploring options 


 PEMA – Expect community to be fully outfitted (5 per A/C) by Dec 2016 


 IETMs – PMA-261 is funding internally for both the CH and MH 


                                                    


Significant investments and efforts being made to sustain the MH-53E airframe 


through 2025.  Need the same for dedicated AMCM mission systems. 
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Flight Hours Post AFB 346 


HM EXECUTED FH MONTHLY FH GRANT


HM TAC HARD DK Linear (HM EXECUTED FH)


MH-53E AMCM FLEET OPS 


        HM-14 


• FOAL EAGLE (C7F):  Completed Mar-Apr 


2016 


• RIMPAC (C3F):   Jun-Aug 2016 


 


 


       HM-15 


• IMCMEX (C5F):   Completed April 2016 


• Participation in NEPTUNE RHIALA (C5F) :  


November 2016    


• DT/OT support of USNS “Chesty” Puller 


(ESB) and AMCM  MP (VACAPES):  July/Aug 


2016 


Both HM-14 and HM-15 successfully completed significant exercises in C5F 


and C7F AORs.  Planning for FY16 HARP events ongoing. 
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AMCM MISSION SYSTEMS 
INVESTMENTS 


Specific accomplishments: 
 


• AN/AQS-24B  -  Fleet delivery (10 systems to Norfolk) in 4QTR16.  Other 


systems delivered as OEM completes conversion kits 


• AN/AQS-24C development contract awarded with testing to start 


4QTR16.  Two AQS-24A converted to AQS-24B in Jan 2016 and provided 


to Northrup Grumman to support development 


 


AQS-24 systems have begun receiving long-needed attention but need to 


widen the scope to all AMCM systems to ensure viability through 2025. 
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• PMS-495 resourcing inadequate to keep current AMCM systems 
healthy through sundown 


UNCLASSIFIED 


READINESS OF CURRENT SYSTEMS 
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Flight hours 
dedicated to 
AMCM 
increasing while 
system 
resourcing is 
decreasing. 


 


 


AMCM SYSTEM RESOURCING 
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EXPANDED AMCM 


• Expanded MH-53E  usage to bridge LCS transition gap or act as a 


failsafe if MCM MP suffers further problems : 


• T-ESB-3 Deployments 


• MQ-8 (Fire Scout) Detachments 


• MK-18 UUV (capacity to deploy 


    and recover multiple UUVs ) 


• MHU deploy, recovery, and control 


• EOD Cast/Recovery 


• Q-24 shallow water hunt  


• Barracuda 


 


Aircraft Ready and Reliable for mission execution – need Mission Systems 


resourcing and tactical innovation to stay relevant through  transition. 
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  MH-53E AMCM               MH-60S AMCM 


MH-60S AMCM DISCUSSION 
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• MH-53E sundown/transition corresponds with the LCS MCM 
mission package reaching full operational capability (FOC) 


• Sundown path originally established in the late 1990’s with the 
development of the Organic Airborne Mine Countermeasures (OAMCM) 
concept  and transition to the MH-60S as part of the Helicopter Master Plan 


• Sundown formally adjusted three times to correspond with LCS MCM 
Mission Package planned FOC to mitigate the capability gap as future 
systems matured 


• MCM mission will be assumed by the LCS, MH-60S and various 
unmanned surface, airborne, and underwater systems 


• OAMCM proof of concept deployment planned for 2005 but system 
development has not progress as planned 


• FY18 deployment planned with an interim MCM capability  


• MCM Mission Package for the LCS incorporates one MH-60S 
and one MQ-8 (series) as airborne assets 


-  Aircraft and MQ-8B/C detachment sourced from expeditionary HSC 
squadrons 


 


MH-53E TRANSITION TO LCS  
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FUTURE OF AIRBORNE MINE 
COUNTERMEASURES (AMCM) 


? 
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• MH-60S will not have full detect-to-engage capability (must 
operate as part of LCS Mission Package) 


• The MCM MP consists of 7 mission systems (only the two MH-
60S systems are ready for extended operational evaluation): 


– MH-60s 


• AMNS 


• ALMDS 


– Common Unmanned Surface Vehicle  


• Q-20A 


– Remote Minehunting System  


• Remote Multi-Mission Vehicle (RMMV) and Q-20A 


– MQ-8B Fire Scout with COBRA 


• Coastal Battlefield Reconnaissance and Analysis system 
(COBRA) 


– Unmanned Influence Sweep System (UISS) 


– Knifefish 


 


CHALLENGES IN TRANSITION 
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Mk-103 


ALMDS 


Q-24B/C? 


AMNS (MH-53E) 


Mk-103 


Q-24B/C 


 


Mk-104 


Mk-105 


Mk-106 


AMNS (MH-53E) 


AMNS (MH-60S) 


Mk-104 


Mk-105 


Mk-106 


• MH-53E Capability 


• MH-60S Capability 


    


AMCM CAPABILITIES BY WATER SPACE 
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• Health of the HM community  continues to be an NAE priority  


 


• In Service AMCM  Mission Systems need prioritized investment 
to ensure viability through transition 


 


• Tactical Innovation by combining current and new technology 
is an imperative to bridge  to full MCM MP maturity (and as a 
failsafe) 


 


• Disconnect in transition between current capability and 
aspirational technology of the LCS MCM MP could lead to a 
loss in warfighting capability and capacity 


SUMMARY 
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Questions? 








Naval Oceanography Data  Decision Superiority 


Approved for Public Release; Distribution is Unlimited. 


Drift Prediction Capability 


Kelly R. Wood, Michael S. Toner, and Lea L. Wynn 
Naval Oceanographic Office 
Ocean Prediction Division 


The view expressed in this presentation are those of the authors and do not necessarily reflect the official policy or position of the Department 
of the Navy, Department of Defense, nor the U.S. Government. 
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• Mine-like object tracking 
• Drifting object origination estimation 
• Shipwreck debris recovery 
• Aircraft wreckage location / flight data 


recorder recovery 
• Search and Rescue 
• Humanitarian Assistance 


Why is Navy Interested in Drift? 
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Simple Particle Advection (Drift) 


𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙
𝑑𝑑𝑡𝑡


= 𝑢𝑢 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡  


 
𝑑𝑑𝑙𝑙𝑙𝑙𝑡𝑡
𝑑𝑑𝑡𝑡


= 𝑣𝑣 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡  


• Velocity components are obtained from 
archived model runs 


• Linearly interpolated in space and time 


• Temporal model archive interval 1-3hr 


• Spatial horizontal grid 100m-3.5km 


• 4th Order Runge-Kutta (RK4) numerical 
integration with fixed time-step 5-20 min 


Longitude 


La
tit


ud
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𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖


𝑑𝑑𝑡𝑡 = 𝑢𝑢 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡 + 𝐿𝐿𝑢𝑢𝑖𝑖 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡  


 
𝑑𝑑𝑙𝑙𝑙𝑙𝑡𝑡𝑖𝑖


𝑑𝑑𝑡𝑡 = 𝑣𝑣 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡 + 𝐿𝐿𝑣𝑣𝑖𝑖 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡  
 
𝐿𝐿𝑖𝑖 =∝𝑖𝑖 𝑊𝑊 𝑙𝑙𝑙𝑙𝑡𝑡, 𝑙𝑙𝑙𝑙𝑙𝑙, 𝑡𝑡 + 𝛽𝛽𝑖𝑖 
 
𝑖𝑖 = 1,2,3,⋯𝑁𝑁 


• Leeway components are linearly 
scaled to wind velocity 


• Scaling factors based on 
empirical regression statistics 
(Allen 2005) for Downwind and 
Crosswind  


• Same RK4 drift method used for 
each Monte Carlo Object 


SAR Object Drift (Monte Carlo Methods) 
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SAR Object Drag Coefficients 


• Drag coefficients determined through empirical 
regression analysis  


• Coefficients publicly available; published in 
– Allen, A. A., and J.V. Plourde, 1999. "Review of Leeway: Field 


Experiments and Implementation,“ U.S. Coast Guard Report 
No. CG-D-08-99. 


– Allen, A. A., 2005. “Leeway Divergence”, U.S. Coast Guard 
Report No. CG-D-05-05. 


– Allen, A. A, et al., 2009. “Field Determination of the Leeway 
of Drifting Objects”, Norwegian Meteorological Institute 
Report No. 17/2010  
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Simple Drift Forecast Example (Grid) 


• Simulated particle of water 


• No wind forcing on object 


• No drag applied to object 


• Seed a grid or disk of particles to 
allow for model feature placement 
uncertainty 


• Forecasts available for circulation 
model forecast period, either 96 
hours (regional) or 168 hours 
(global) 
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• Drift model forced with 3.7-km resolution currents model and 15-km 
resolution winds model 


• One hundred particles released and tracked from initial point using a 
Monte Carlo computational method 


• Four object types simulated to allow requestor to select scenario that 
most closely matches the object’s behavior: 
1. Boating Debris 


Debris typical to a boating accident 
2. Bait/Wharf Box sized to hold one cubic meter of ice 


Moderately loaded 
3. Bait/Wharf Box – Heavy loaded 


Object sits lower in the water, less wind drag 
4. Bait/Wharf Box – Light loaded 


Object sits higher in the water, more wind drag 


Advanced Drift Hindcast Example 
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Model Current Speed and Direction Pattern 


• Snapshot of current 
speed and direction 


• Pattern persistent 
over Hindcast drift 
period 
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Particle tracks are shown in red with black dots as the Hindcast location, and the blue polygon is 
the predicted area of origin  


Object Type = Boating Debris 
Object Type = Moderately Loaded 


Bait / Wharf Box 


20-day Hindcast, Various Object Types 
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Object Type = Heavily Loaded 
Bait / Wharf Box 


Object Type = Lightly Loaded 
Bait / Wharf Box 


20-day Hindcast, Various Object Types 


Particle tracks are shown in red with black dots as the Hindcast location, and the blue polygon is 
the predicted area of origin  
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Particle Density Map 
Example: South of Oahu 48 hour Drift 
• 30-km Radius disc, ~7800 particles 


Raw Particle Count (per cell) 


Each Partition is a 
Probability Quartile 


Cell Density Distribution 


Drift Probability Forecast Calculation 


Particle Probability Map (Quartiles) 
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Example: Ten-day drift near Deep Water Horizon in November 


30km radius disc 
centered at DWH 


Nov 2010 Nov 2011 


• 2010: High particle concentration near the site 


• 2011: High particle concentration towards the southwest 


Inter-Annual Variability 
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48 hr  24 hr  


Model Validation 
Example: Along Actual Drifter Tracks in the Gulf of Mexico 


72 hr  


Single Drifter: 24-72hr Forecast 


• Bulk Statistics for 48 
drifters 


• Clear degradation 
with increased 
forecast time 


• Test new models or 
advection methods 


From Wynn, Lea L., 2016, “Assessing the Real-Time and Climatological Lagrangian Predictability of the Operational Navy 
Coastal Ocean Model in the Gulf of Mexico and California Current System”, Ph.D. Dissertation. 
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• Quick (2-3hr) turn-around for real-time drift 
requests 


• Special products for hind-cast and long term 
drift analysis available (longer turn-around) 


• 5+ years model predictions archived 
• Would like to experiment with MIW objects 


for SAR statistics 
– Arthur Allen at U.S. Coast Guard Office of Search 


and Rescue willing to assist 
– Pending Funding 


Summary 
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Questions? 
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Next Generation MCM Option 
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S&T thinking….. 
• Unmanned 
• System of systems 
• Up-Threat 
• Over the horizon 
• Manned host 


platform 







Future Systems Options for MCM 
Mine Hunting, Mine Disposal, Mine Sweeping 


• Small to Large UUVs 
– Water depth, Ease of use, Endurance 


• ROVs 
– Mine disposal, Identification 


• Medium USVs (~11m) 
– Towed sonar, Hull mounted sonar, Deliver UUVs & ROVs, Comms 


• Small to Medium UAVs 
– Communications relay, Search & Situation Awareness 


• Need mix of alternative solutions (e.g. UUV or towed sonar) 
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Military Requirement for Robust & 
Automated Unmanned Systems 
• Planning & preparation can be complex 


– Planning a complete mission with multiple vehicles 
– Preparation of many vehicles to go into the water 


• Use of systems at range, limited communications 
• Missions fail 


– Vehicles return without the required data 
– Enabling systems fail: Communications, C2, Navigation…… 


• UUVs are lost, USVs & UAVs are vulnerable 
– Environment, Threats & Reliability 


• Operations need to be safe 
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How Autonomy Can Help 
• Mission Planning & Preparation 


– Reduce the workload, stress and training burden on the operator 


• Mission Success 
– Continue when communications or standard navigation are lost 
– Ensure mission success through adapting the mission to the 


environment (Vehicles, Sensors, Tactics)  
– Improved mission timeline and success through co-operation across 


system of systems 


• Vehicle Survivability & Safety 
– Managing the ‘health’ of unmanned systems 


(Power, Vehicle components, Comms, Navigation, Sensors) 
– Safety improvements of unmanned systems e.g. collision avoidance 
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UK S&T Approach 
• Development of autonomy for MCM 


– Worked with 4 other nations & NATO CMRE to understand the 
benefits of autonomy, understanding the problem areas for 
operators 


• Areas of UK S&T Effort:  
– Goal based mission planning 
– Adaptive vehicle missions 
– Co-operative systems 
– Automatic Target Recognition 
– Safety (collision avoidance) 
– Development of command & control & integration into ship 


command system 
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Development of Autonomy for MCM 
Goal Based Mission Planning 
• Operator defines goal 


– E.g. Goal is 100% search area coverage of a sea lane,  
sea lane coordinates: a,b,….x,y 


• Planner breaks down goal into tasks & assigns assets 
– Database of assets capabilities 
– Database of known environment parameters 


• Planner produces detailed mission plan for each asset 
• Benefits: Reduced operator workload, optimal plan for multiple 


vehicles 
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Development of Autonomy for MCM 
Adaptive Vehicle Missions 
• Change mission according to the environment 


– Original data incorrect or environment changes 
e.g. water current direction or magnitude  


– Complex areas: Sand ripples, rock, vegetation, …… 


• Change mission according to sensor performance 
– Track spacing, sensor height above seabed, …… 


• Change mission according to vehicle performance 
– Battery drain, …… 
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Development of Autonomy for MCM 
Co-operative Systems 
 
• Multiple vehicles, multiple types 


– UUVs          UUVs 
– UUVs      USVs 
– UUVs          USVs          UAVs 


 


• Consider completion of overall mission  
– Re-tasking of vehicles 


• Positioning and communications relay between USV 
or UAV 
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Development of Autonomy for MCM 
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Automatic Target Recognition 
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Closing Remarks 
• UK S&T Programme making good progress 


– Mature baseline autonomy proven in multiple trials 
– Further S&T & further military input required  
– Pull through into products 


• Operator Trust 
– Will an operator use this automation? 
– Seen to be making their life easier 
– Seen to be effective & trustworthy 


• Currently our operators want to be: 
–  In the loop (As Required) 
– On the loop (Fully Informed) 
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PROUD MEMBER OF   


SeeTrack Neptune 
An interoperable autonomy framework for multi-asset planning, cooperation, 


and capability management - a status review, results and future plans 
 


Dr Pedro Patron 
Engineering Manager 


 
MINWARA 2016, Monterey 


 
Commercial in Confidence 







SeeByte Summary 
Smart software for unmanned maritime systems and sensors 


Offices in Edinburgh, Southampton, UK and San Diego, US 


Serving over 20 navies across the globe 


Providing solutions to the oil and gas domain 


Adding value to hardware through expert software engineering 


Working in partnership with leading sensor and vehicle vendors 


SeeByte is appraised at CMMI® Level 2 


SeeByte is a subsidiary of Battelle 







Navy MCM Requirements 
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SeeTrack Neptune 
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SeeTrack Neptune 
Architecture Framework 


NEPTUNE 


Autonomous  
Mission Planner 


Pool of 
Vehicles 


Pool of 
Behaviors 
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Functions 
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Planning 


SeeTrack/COIN 


Vehicle 
Interface 
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TOPSIDE 


PAYLOAD 
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(MINTACS / MCM Expert) 
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OPAREA (~4km diagonal) 


Complex 


Complex 


Rippled 


Rippled 


SeeTrack Neptune 
Autonomy Engine: Rapid Environmental Assessment 


Function: seafloor classifier Behavior: characterize quad 







2 vehicles 
3h 


SeeTrack Neptune 
Autonomy Engine: Rapid Environmental Assessment 







SeeTrack Neptune Programs 


Military 


Oceanography 


2011 2013 2015 2017 
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UUV 
Mk18 FoS 


UUV 
OceanServer  
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SeeTrack Neptune Platforms 


Photo: Janice Lang, DRDC 







• Graphical mission planning and monitoring tool 


• Novel search and reacquire behaviours 


• Foundation for future autonomy 


• Rapid insertion of novel sensors and behaviours 


Results: Mk18 FoS 


Distribution Statement F: For Official Use Only - U.S. Further dissemination only as directed by SEA 06 EXM (Naval Sea 


Systems Command, 1333 Isaac Hull Ave, Washington Navy Yard, DC 20376) or Higher DoD Authority.  25/May/16 







• Over-the-horizon and communication relay 


• Heterogeneous cross-domain multi-nation trials 


Results: The Technical  
Cooperation Program 


5 vehicles  


4x AUVs and 1x USV 


Taxiing behaviour 


Communication relay 


Coordination 


Fault tolerant 
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• Long-term, wide-area collection of ocean data 


• Cetacean/fish/contour tracking capabilities have cross-over 
applicability 


• Tidal-mixing front tracking experiment with large squad 


 


Results: Autonomous Adaptive 
Oceanographic Sampling Networks 


12 vehicles  


6x gliders and 6x USVs 


4 days experiment 


 100 hrs, speed up 


30-days  


 750 hrs mission  


Total of 4100km  


 ~12km / day / veh 


 



video/AAOSN-TidalFront-v1.mp4





• Enabler of dynamic in-situ autonomous decision making 


• Embedded ATR and Fusion of data (SS, video, mag) 


• Use of environmental terrain complexity 


Results: Sensor Processing 







• Identify metrics to measure effectiveness  


• Keep it simple, keep them aware 


• Use simulation to de-risk tech transitioning 


• Characterize different mission profiles and timelines 


 


Challenges - Research 







• Glue the integration of a great variety of platforms 


• Openness vs Robustness 


• Ongoing support and maintenance of systems of 
systems 


 


Challenges - Engineering 







• Unmanned Warrior 


• Large data management 


• Expand applications 


• Long-term deployment 


Future – Short term plans 







• Opportunistic mission objectives  
– Mission constraints and rewards without direct goals 


• Knowledge extraction and fusion 
– shared understanding of the known environment  


– combination of previous experience with live perception 


Future – Long term objectives 


Source: UK MoD DSTL Source: NOC 
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Sensing and Autonomy 


“Dolphin brains have large regions devoted 
to acoustic processing and human brains 
excel at visual processing. There is a clear 
link between perception of the environment 
and decision making.” 
 
R. VanRullen and S. J. Thorpe, “The Time Course of 
Visual Processing: From Early Perception to Decision-
Making” Journal of Cognitive Neuroscience 13:4, pp 
454-461 







Autonomy for Mine Hunting 


• Machine-learning classification 
• In-situ bottom type 


characterization 
• Sensor-specific environmental 


performance estimation 
• On-board processing 
• Efficient re-planning 
• Careful reward function 


calculation 


Improving ROC curves with 
reacquisition and 
reconnaissance 


Safe and Covert Transit 


• GPS denied navigation 
• Long-range path planning  
• Obstacle avoidance 
• Hostile contact detection and 


localization 
• Avoidance behaviors 
• Tactical evasion 
• Emergency responses 
• Goal and mission adjustment 







LFBB Systems 


Propulsion Section 
“Tail Cone” 


Battery 
Section 


Data 
Acquisition 


Section “DAS” 


Receiver  
Section 


Transmitter  
Section 


Reliant 


Black Pearl 







LFBB Systems 







Sensing to Autonomy 


Advanced and 
Flexible Sonar 


Onboard Processing 


Mapping and 
Situational Awareness 


Reactive Behaviors 


Task and Motion 
Planning  


Goal Management 







Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 
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Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 


Aspect 


A linear pass 
gives 90° of 
“look”. 
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Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 


But, a circular 
pass gives a 
whole 360, 
enhancing 
classification 


Aspect 


Aspect 







Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 







Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 


Frequency Band A 


Frequency Band B 







Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 







Advanced and Flexible Sonar 


LFBB Sonar Modes 


Operational Mode State of 
Development 


Long-range linear 
SAS 


Validated 


Circular SAS Validated 
Passive detector In-testing 
Bottom typing Proof-of-


concept 
Sub-bottom profiler Proof-of-


concept 
AComms Conceptual 







Note: 
For a single return, in Linear 
SAS mode, there are: 


Onboard Processing 


3.8 x 108 Multiplications 
and  


5.4 x 109 Additions 


This does not include: 


• Navigation Overhead 
• DAQ Data transfer 
• Output of data to files 
• Detection and Classification 


Algorithms 


Other considerations: 


• Power usage 
• Thermal management 
• Size constraints 
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CPU 


GPU FPGA 
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Development 
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Onboard Processing 
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Onboard Processing 
Passive Sonar 


Reuses Algorithms 
Real Time 


and In-Stride 







Mapping and Situational Awareness 


Long-range mission planning will 
require large amounts of data to be 
accessed quickly and with spatial 
relationships intact. 







MOOS 
Database 


Huxley 
Vehicle 


Controller 


IvP 


Heading, Depth, and 
Speed (RPM) 


Navigation and Sensor 
Data 


iFront 
Seat 


Modes e.g.: 
• Deploy 
• Survey 
• Reacquire 
• Return 


Waypoint 


Periodic 
Surface 
StepTo 
Altitude 
Constant 
Altitude 


OpRegion 


Min Altitude 


Survey 


Etc… 


Behaviors 


NRL Planner 


Onboard Processing/ 
Sonar Sim 


Bluefin 
Comms 


Other MOOS 
Apps 


Goal Driven 
Autonomy 


Autonomy System Configuration 







Reactive Behaviors 


From: Nested Autonomy for Unmanned Marine Vehicles with MOOS-IvP, M. 
R. Benjamin, H. Schmidt, P. M. Newman, J. J. Leonard in Journal of Field 
Robotics, Volume 27, Issue 6, pp 834-875, November 2010. 







Reactive Behaviors 


Safety 
• OpRegion 
• AvoidCollision 
• MinAltitude 
• Etc. 


Operational 
• Waypoint 
• ConstantDepth 
• Loiter 
• Etc. 


System Specific 
• StepToAltitude (Platform Dynamics) 
• SurveyArea (Linear SAS) 
• Reacquire (Circular SAS) 
• ResolveLR_Ambiguity (Passive) 
• KeepBroadside (Passive) 
• TrackContact (Passive) 







Reactive Behaviors 













Task Planning 


• Advantages: 
• Handles multiple types of high-level tasks 
• Real-time, onboard processing 
• Independent of platform (must know the 


platform’s dynamics (as a simulation)) 
• Accounts for collision avoidance 
• Roadmap improves efficiency 
• Considers time constraints 
• Uses predictive ocean models (bathymetry, 


currents, weather) 
• Disadvantages: 


• Solution may not be optimal in a planning cycle 
• Probabilistic completeness (no guarantee of 


solution, within a planning cycle) 


Mission and Motion Planning for 
Autonomous Underwater Vehicles 
Operating in Spatially and Temporally 
Complex Environments, J. McMahon 
and E. Plaku, J. Oceanic Engineering 


A Hybrid task and motion planner. Developed by James 
McMahon (NRL) and Erion Plaku (Catholic University) 







Task Planning 


“{always safe} and  
 {eventually (inspect areas A1, A2, …, An) and  
 (if obstacle then avoid) and  
 (if elevation change then adapt) and  
 (if indication of mines then explore surrounding area) and  
 (if indication of ship then track until identified)}  
next return to base)” 


Mission specification 
using Linear Temporal Logic 







Task Planning 


Z0 


Simple Example 
“{always safe} and  
 {eventually (inspect areas π1, π2, π3)} 


π2 


π1 π3 


S 


LTL converted to an 
Automaton 


S 







Task Planning 


π2 


π1 π3 


S 


Use a sampling based roadmap through state 
space as a rough guideline. 


S 







Task Planning 


π2 


π1 π3 


S 
S 


Continue with a tree-based search for a 
dynamically feasible, collision-free path. 







Task Planning 


π2 


π1 π3 


S 
S 


Completed path sent to MOOS database for 
implementation at reactive level (IvP) 







Task Planning: Reacquisition Demo 


First, perform a 
single pass with 
in Linear SAS 
mode. Each 
target is assigned 
a classification 
confidence 
between 0, not a 
mine, and 1 
mine.  
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Task Planning: Reacquisition Demo 


Next, the planner 
computes a 
reacquisition 
path revisiting 
specific targets to 
improve 
classification 
performance 
using Circular 
SAS mode. 
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The planner seeks to minimize the penalty, P, which is 
a function of the confidence of all detections, Ci 


within the allotted time. 


{ }0,1n nC C ′→ =
For visited sites: 
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Task Planning: Reacquisition Demo 







Non-equal z axis* 


Deployed 


Ran planner 
Completed mission 


MCMSim  
reported 
detections 


Task Planning: Reacquisition Demo 







• before the mission:  
– targets :: .86, .99, .73, .76, .59, .53, .31, .85 


• after the mission 
– targets :: .86, .99, .73, .76, 1, 1, 1, .85 


• assumed revisiting gave a perfect ID (0 or 1). 


before 12.37
after 10.19


P 
→ 





The min penalty ( all targets are either 0 or 1 )  = 9.5132 
The max penalty ( all targets are .5) = 80 


Task Planning: Reacquisition Demo 







Planning Simulation 







Goal Management 


Goal Driven Autonomy 


Goal-Driven Autonomy For 
Responding To Unexpected 
Events In Strategy 
Simulations, M. Klenk, M. 
Molineaux, and D.W. Aha, 
Computational Intelligence 
 
Towards applying goal 
autonomy for vehicle control, 
M. Wilson, M. B. Auslander, 
B. Johnson, B. and T. Apker, J. 
McMahon, J. and D. W. Aha, 
2013 Annual Conference on 
Advances in Cognitive 
Systems: Workshop on Goal 
Reasoning 







Goal Management 
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Goal Management 


Expectation: No ship traffic in 
the region. Friendly ships 
positions known. 


Discrepancy: Ship noise 
detected. 


User-Defined Goal: Survey 
Area. 


Explanation:  
1. Ship in area 
2. Hostile 


New Goal: Go to safe location. 













Summary 


• We are developing a complete autonomy system to work in 
concert with our Low Frequency Broadband Sonar system. 


• The autonomy can be thought of as having three levels: 
Reactive, Planning, and Goal Management. 


• The individual components have been tested in at-sea 
experiments and in simulation. 


• Upcoming experiments this July will demonstrate a 
number of new features and test the ability of the different 
levels to work together. 
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Purpose and Objectives 


AVA Overview 


Example Implementation 


In-water Tests 
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AVA 
Purpose 


• The Autonomous Vehicle Architecture (AVA) was initially created as 
part of SHD-FY10-03 Integrated ATLAS/LC-SAS EC Product 


• AVA was structured as a standalone component so other projects 
could make use of the developments 
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AVA 
Design Objectives 


• High-level autonomy controller for automated mission re-planning, task de-
confliction and sensor cueing 


• Modular and Open Design 
– Loose coupling and high cohesion that allow for independent acquisition of system 


components 


• Reusable Application Software 
– Scalable and portable 


• Life Cycle affordability 
• Encouraging Competition and Collaboration 
• Promote technology development while Managing Risk 


– Leverage proven technology 
– Modify/extend existing approaches as needed 
– Accelerate technology development 


• Existing tooling 
• Experienced user community 
• Well documented interactions 
• Multiple contributing organizations 
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Base Autonomy Architecture 
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• Setup mission  
– Define tasks, Operating Profiles, 


Constraints, Operating Regions, 
No-Go Regions 


• Load mission 
– Save mission and set autonomy to 


load new mission 
• Launch vehicle 


– Once in-water, enable autonomy 
over WiFi 


• Recover vehicle at predetermined 
extraction time 


– Trigger vehicle surface via acoustic 
ranger from recovery craft 


• Perform PMA and setup follow-on 
mission (s) 


Define 
Mission 


Load 
Mission 


Launch 
Mission 


Recover 
Vehicle 


PMA 


 







Base Autonomy Architecture 
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Task Manager 


Mission 
Manager 


Task 
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IVP Behavior 
Manager 


IVP Helm 


BHV_BounceDepth 
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BHV_MinDepth 


BHV_MaxDepth BHV_ConstantDepth 


BHV_OpRegionBounce 


BHV_GPSFix 


BHV_Waypoint 


BHV_Loiter 
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BHV_MaxAltitude 


BHV_StationKeep BHV_WaypointHeading 


Low Level Behaviors 


Other Behavior 
Managers 


Other Behavior 
Managers 


Other Behavior 
Managers 


Other Behavior 
Managers 


HWInterface 


Heading, Speed, Depth 
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LoiterTask 


TransitTask 


AreaCoverageTask 


GoHomeTask 


High Level Tasks 


…
 


Hardware or 
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Extended 
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AVA Overview 


• Built on the Mission-Oriented Operating Suite (MOOS) middle ware 
communication architecture 


• AVA accepts a lists of tasks (mission) and sends to the core of 
architecture: TaskManager 


• Tasks are queued and one is selected as current 
• Task objectives are sent to low level behavior managers such as 


IVPBehaviorManager which uses MOOS IVPHelm as a low level 
behavior system 
– Other low level behavior managers may be used that send tasks directly 


to the vehicle or to another low level behavior system 
• External interfaces may be connected to AVA through the 


HWInterface structure 
• Tasks may be created using the BaseTask structure 
• Low level behaviors may be created and integrated into IVPHelm 
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Mission Manager 


• Purpose is to combine a series of tasks to define a 
mission 


• Expected to send heartbeat to AVA’s core 
• Two methods for implementation: 


– Programmatic method through C++ 
• Example code is provided within AVA 


– Scripting where a mission is defined by a series of tasks and 
parameters within an .ini file 


• File is parsed by a core application (MissionParser) 
• Application allows user control of task, vehicle, and hardware status 


queries 
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Task Manager 


• Core component of the architecture 
• Accepts input of mission 


– Single or series of tasks placed in a queue 
– Manages current task and when to move to next task (aborts, 


completes, etc.) – task de-confliction 
– Controls spawning task simulation capabilities on separate database 


• Simulations may be used to run a single test of how the task will work and 
provide a time feedback, or to run multiple iterations of a task with slight 
changes to configuration for a comparative look 


• Handles message communication between tasks, hardware 
(sensors), vehicle controls, and user (Mission Manager) 
– Message source and destination 
– Subscriptions to specific messages 
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Base Task 


• Provides initial task structure 
• Easily inherited with functions to incorporate new tasks into 


architecture 
• Requires functions for: 


– Estimating task time requirement 
– Generating a new plan based on task structure 
– Updating plan according to updated environment and vehicle 


information 
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Initial Task Set 


• Transit (GoHome) 
– Simple waypoint task 
– Provide a series of waypoints to be 


followed with a motion state (heading, 
depth, speed, etc.) for each waypoint 


• AreaCoverage 
– Simple lawnmower coverage pattern task 
– Provide a rectangle of four waypoints 


with desired coverage percentage and a 
lawnmower waypoint path will be 
provided 


• Loiter 
– Simple circle at depth around single 


waypoint task 
– Mostly a high level version of the low 


level loiter behavior 
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Transit 


Area Coverage 







Low Level Behaviors 


• Makes use of IVPHelm within MOOS 
– Provides a series of default behaviors that may be used 


(waypoint following) 
– Weights each behaviors outputs based on priorities and provides 


a single heading, speed, depth for a vehicle 


• Configurations modified in parameter file 
– May be changed as needed by AVA 
– Parameters may include: 


• Priorities per behaviors 
• Border waypoints (safety behaviors) 
• Min/Max ranges 


• A series of custom behaviors were created for AVA 
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Custom Low Level Behaviors 
• Min/Max Depth/Altitude: 


– Control the minimum or maximum depth or 
altitude that the vehicle is allowed to go 


• Bounce Depth 
– Safety behavior to keep the vehicle away from 


min/max values as needed 
• ExclusionZoneBounce 


– Safety behavior to keep vehicle out of a 
provided boundary zone (“no-go” zone) 


• OpRegionBounce 
– Safety behavior to create an acceptable 


operating regions for vehicle to operate  within 
• GPSFix 


– Behavior to control when GPS fix is ran 
• WaypointHeading 


– Waypoint following behavior that modifies the path to 
align the vehicle with desired headings (integrated from 
AUWS) 
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Exclusion and OpRegion Bounce 


WaypointHeading 







Tasks and Behavior Management 


• Behavior Managers are used to accept tasks and output vehicle 
controls as needed 


– May use a low level behavior planner such as IvPHelm (from MOOS-IvP) 


• TaskDiscriminator 
– Takes generated task plans and pass towards a specific behavior 


manager 
– Default path is IvPBehaviorManager and IvPHelm 
– Component created under AUWS EC and integrated into architecture 


• IvPBehaviorManager 
– Accepts a task plan and breaks it down into components needed for low 


level behaviors within IvPHelm 
– Monitors low level behaviors to acknowledge task status and update the 


TaskManager 
– May be replaced by custom BehaviorManagers that process a task 


similarly or pass them to the vehicle 
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Hardware Integration 


• HWInterface 
– Provides initial HW structure  
– Easily inherited with functions to incorporate new hardware into 


architecture 
– Integration allows AVA to specify a sensor as satisfying task 


requirements 
– Vehicle and sensor data may be passed to the separate task 


database as needed 


• Vehicles and sensors may place information directly on a 
MOOSDB as desired, or may be integrated into AVA 
through HWInterface structure 
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Example Implementation 
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SHD-FY10-03 Framework 
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Autonomy Architecture (HLVC)  
Component Interactions 
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Mission Manager (MM) 
{CASPER} 


Task Engine (BE) 
{MOOS} 


Low Level 
Behavior Engine 
{IvP-Helm} 


System Communications Bus  {ROS} 


Pre-Mission Planner 
{ASPEN} 


 


Goals 
(MDF) Tasks 


Decisions 


Control Commands 


Facilitates technology insertion World Model 
Knowledge 


Store 


Environment & 
Tactical 


Intelligent 
Transit 







Mission Manager 
JPL ASPEN and CASPER 


• Replaces base 
Mission Manager 


• Transmits a single 
mission to AVA that 
is generated by 
single .ini script 


– Chain multiple goals 
together as a single 
mission 


• Display timeline per 
goal and in-between 
states 


• Display timeline for 
resource pool usage 
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World Model / UUV MCM Data Management 


• Designed as repository for FLS and SLS 
perception and other MCM products 


• Spatial database - PostgreSQL with 
PostGIS 


– Database backend storage extended for 
spatial data (lines, polygons, etc) 


– Simplifies storage and querying of contacts 
• Contacts stored using MiW CoI Contact 


Data Model (vector) 
• Bathymetry & history can be stored to  
     allow statistical calculations (raster)  
• Objects stored as 3-D polygons (vector) 
• Supports rapid integration of new products 


– Doctrinal bottom type 
– Bulk current 
– Sand ripples 
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World Model Implementation 
• Module on the communication framework 
• Decoupled from autonomy module or sensor 
• LibWorldModel is C++ library using Google Protocol Buffer Interface  


– Queries for contacts, bathymetry, and extended obstacles within specific 
geographic area 


• Supports rapid development of advanced queries 


• WM_interface serves as subscription-based server 
– All nodes on the system can interface with a single World Model Instance 
– Nodes (e.g. Autonomy) subscribe to data based on type and/or location and are 


updated asynchronously 
– Allows each node to keep a copy of  


data locally and receive deltas only 
• Stores data from ATLAS FLS 
• Contacts stored with update mechanism 


as new observations 
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IntelliTransit Task 
Volume Obstacle Avoidance (VOA) 


• Based on E* Path Planning Algorithm 
– Initially developed by Roland Philippsen for 


2D environment 
• Provides dynamic re-planning with cost 


interpolation to produce smooth paths 
• Supports multiple kernels 
• Uses a grid representation of the  


environment to generate a graph 
• Generates the navigation function  


using a wave front that propagates  
outwards from the goal node 


• Adapted to three dimensions 
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pROPS Task 
Reacquisition Identification (RI) 


• Efficiently cluster targets of interest received from 
sensors for prosecution 


• Minimize distance traveled for RI 
• Cover multiple angles of inspection using star pattern 
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Hardware Integration 


• As part of the initial project funding AVA, a 
demonstration of integration and testing with ARL:UT 
was performed 


• Hardware is provided by ARL:UT with a modified 
REMUS 600 


– A low level core (LLCORE) architecture was created by 
ARL:UT for safety and pass through control from AVA to 
vehicle 


– Provided TCP ports for connecting to vehicle and sensors 
• Various interfaces are written in the Robot Operating 


System (ROS) to connect to TCP port and collect data 
from LLCORE to publish to the ROS database 


– SSUP_Interface – Interface for communication to collect 
data or control the Sonar Supervisor in LLCORE 


– MTC_Interface – Interface for communication to collect 
vehicle status information or control the vehicle through 
LLCORE 
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Hardware Integration Continued 


• ROS nodes are created with MOOS integrated within to grab data 
from ROS database and pass to AVA 
– rosSSUP – using HWInterface, sonar commands and status are sent 


between AVA and the ROS database 
– rosMTC – using HWInterface, vehicle status information is sent to AVA 


from the ROS database 
– rosLLVC – heading, speed, and depth commands are sent to  the 


vehicle from AVA. Heartbeat is also sent 
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Autonomy Architecture  
In-Water Test (Lake Travis) 


• Various stages of behavior and integration tests with 
ARL:UT provided vehicle simulator 


• First in-water test 
– Lake Travis, Week of March 23, 2015 
– Initial integration of autonomy on UUV 
– Purpose: 


• Confirm communication and control of UUV by HLVC 
• Become familiar with physical vehicle and testing environment 
• Test various safety behaviors 
• Test transit behaviors 
• Test search pattern behaviors 


– All primary goals were achieved 
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Area Coverage Mission (Lake Travis) 


• Operating and Exclusion zones provided 
• Single search box provided as mission 
• Architecture planned and executed search path 
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Region Lap Mission (Lake Travis) 
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Region Lap Mission (Lake Travis) 


• Operating and Exclusion zones provided 
• Demonstrate a long mission track around multiple 


Exclusion zones and near Operating borders 
• Autonomy Architecture provided path as desired mission 


and handled execution of task 
– Resulted in various avoidance behaviors at exclusion zone 


borders 
– GPS Fix occurs as part of the architecture (not triggered by 


UUV) 
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VOA Algorithm Testing 


• Test area of 1km x 1km x 
50m with 3000 randomly 
placed obstacles. 


• Start position at southeast 
corner of the region and 
goal is at northwest corner. 


• Tested using six meter and 
four meter grid resolutions. 


• Testing conducted within a 
single core virtual 
machine. 


• Google Earth used to 
visualize the path output. 
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VOA Algorithm Results 


• Path plans resulted in zero 
collisions. 


• Initial plans were verified to be 
identical for multiple runs 
using the same obstacle 
positions. 


• Times for initial planning 
– 4 Meters: 28 seconds 
– 6 Meters: 14 seconds 


• Required 2 seconds to replan 
with 4 meter resolution. 


• Time primarily dependent 
upon the grid resolution. 
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VOA 3D Path 
Wall 15 to 35 meters 
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*Altitude is used instead of depth to accommodate Google Earth visualization. 







VOA 3D Path  
Wall 15 meter to Max Depth 
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*Altitude is used instead of depth to accommodate Google Earth visualization. 







Upcoming Test and Future Plans 


• FY16 Test of the following components: 
– Architecture and tasking improvements 
– JPL ASPEN and CASPER 
– pROPS Task 
– VOA Task 
– Long missions with multiple goals 


• FY16 
– Improvements to safety behaviors 
– Improvements to Area Coverage and VOA task 
– Multi-Vehicle collaboration abilities 
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Improvements to AVA 


• Occasionally components of projects that use AVA may 
be beneficial to pull up to the core architecture 


• These components are vetted for use, made generic if 
possible, and then integrated into AVA 


• Two examples from one such project: 
– WaypointHeading Behavior 
– TaskDiscriminator 


• There will be an avenue that users of AVA can suggest 
improvements or additions to the architecture as needed 


• Some components have been made to be overwritten to 
make this process easier (i.e. Mission Manager) 
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Questions? 
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• Current  MCM  CONOPS  is  to  perform  baseline  surveys  in  a  Q-route  
using  commercial  sonars.  These  data  are  used  for  planning  (clutter  
density  and  bottom  characterization  and  Change  Detection  (CD)  
referred  to  as  Intelligence  Preparation  of  the  Operational  Environment  
(IPOE).


• The  assumption  is  performance   is  going  to  be  the  same  between  the  
commercial  and  tactical  systems.


Definition  of  the  Problem
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Definition  of  the  Problem
• The  reality  is  non-linear  and  other  sophisticated  transformations  are  
applied  to  enhance  image  quality  (contrast,  shadow  enhancement,  
etc.),  whereby  physical  characteristics  relating  to  Target  Strength  (TS)  
and  SNR  are  lost.


• Sonar  characteristics  and  the  environment  are  not  accounted  for  
hence  are  inherently  part  of  the  image  presented  to  the  operator.  Pixel  
intensities  are  divorced  from  physical  acoustic  backscattering.
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Objectives:
Improve  real  and  synthetic  aperture  sonar  performance  for  
strategic  and  tactical  applications:  
• Visual  detection  by  human  operators  
• Automated  Target  Recognition  (ATR)
• Strategic  Intelligence  Preparation  of  the  Operational  
Environment  (IPOE)


• Automated  Change  Detection  (CD)


Approach:
• Use  quantifiable,   repeatable  seafloor  acoustic  backscatter  
levels  independent   of  across-track  location  


• Use  absolute  acoustic  shadow  levels  critical  for  ATR  
algorithms


Objectives/Approach
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Methodology  for  Calculating  Sidescan  Sonar  
Bottom  Acoustic  Backscatter  Levels  
Independent  of  Across-Track  Range


Radiometric  corrections:
• Range  compensation  for  two-way  transmission   loss  
(spreading  and  absorption)


• Normalization  of  echo  amplitudes  to  the  effective  
seafloor  area  ensonified  by  the  transmitted  pulse  within  
the  sonar  beam  (includes  incident  angle  relative  to  local  
seafloor  slope)


• Correction  for  roll-plane  beam  pattern  estimated  in-situ    


Conversion  to  absolute  acoustic  backscatter  levels:
• Standard  target  methodology  to  provide  combined  
transmit/receive  transfer  function
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Beamformed Broadside  
dB
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Aperture  focusing  at  pre-set  across-track   ranges


Beamwidth  reduction  and  gain  increase  
associated  with  addition  of  array  elements  at  each  end      


θ1 θ2 θ3
L1
λ


L2
λ


L3
λ


Beamwidth        θ ≈ λ / L (rad)
Aperture  
length


©10dBx  LLC                    
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Range  Steps  Removed  
dB
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Beam  Pattern  Corrected  
dB
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Beamformed  Broadside  
dB
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Range  Steps  Removed  
dB
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Roll-Plane  Beam  Pattern  Estimate
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Beam  Pattern  Corrected  
dB
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ST


SR


Sonar  Transfer  Function


Sonar Transducer Environment Target


Measurement  of  standard  target  with  backscattering  amplitude  response  F0 on  
transducer  axis:


SR0 =  ST  P0 F0 H
Solution  for  H  is  measured  overall  system  transfer  function:


H  =  SR0  /(ST  P0 F0 )


F  is  an  attribute  of  the  target,  whether  bottom  object  or  seafloor  patch
Independent  of  sonar  and  environment:


F  =  SR /  (STPH)


Determination  of  Combined  Transmit-Receive  
Transfer  Function  vs.  Frequency


Ref:  Foote,  JASA  (1982);;  Foote  et  al.,  JASA  (2007)


H                                                                        P F
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Known  
Target  
Strength


System  Transfer  
Function


Raw  Sidescan  Data  with  Standard  Targets


Apply
Radiometric  Corrections


Visual
Mine  


Detection


Estimate  Beam  
Pattern  Correction  
Coefficients


Apply  
CD  


Algorithm


Apply  
ATR  


Algorithm


End-to-End  Process


Apply  Transfer
Function


Corrected  Image
(absolute  levels)
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Summary:


• First  order  proof-of-concept  of  in  situ  beam  pattern  estimation  in  
sidescan  sonar  data


• Radiometric  corrections  and  beam  pattern  removal    =>  pixel  intensity  
independent  of  range  across-track


Next  Steps:


• Convert  to  absolute  acoustic  backscatter  levels  with  target  strength  
from  a  standard  target  (or  target  of  known  acoustic  properties)


• Absolute  threshold  for  acoustic  shadows


• Visual  detection,  Change  detection,  Automated  target  recognition


Summary  /  Way-Ahead
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Strategic  IPOE Tactical  MCM


Bottom  Line:  
Reduced  MCM  Timelines  


• Improved  NWP  3-15  bottom  databases
• Accurate  Planning


• Baseline  Change  Detection  databases
• Improved  Correlation


• Improved  Visual  Detection
• Improved  ATR  Performance
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1954-1959 Conducted mine spotting by Bell-47, S-51, S-55 in Japan Sea area 


1961 Ordered to convert H-46 to KV-107 for AMCM operations 


1963-1972 Conducted technical and operational test of KV-107 and operated for AMCM 


1972 HM-111 was organized as AMCM squadron with seven KV-107s, MK-101 
and MK-104 mine sweeping gear 


1989 Selected MH-53E as KV-107 successor equipped with MK-103, -104 & -105 


2003 Selected MCH-101 as MH-53E successor, operated as transport helicopter 


2006-2015 Researched and developed MCH-101 mine countermeasures variant 
 System Integration : Kawasaki conducted under JMSDF contract 
 Mine Countermeasure System : AQS-24, AES-1 & MK-104 


 


 
 
 
  


History of JMSDF (Japan Maritime Self-Defense 
Force) AMCM Development 
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History of JMSDF (Japan Maritime Self-Defense 
Force) AMCM Development 
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MCH-101 / CH-101 Program Summary 


Antarctic Variant CH-101 


Transport Variant MCH-101 


Kawasaki had production right licensed from AgustaWestland in 2003 and has been 
provided Transport and Antarctic Variant to Japan Maritime Self Defense Force.  
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Japan 
Financial 


Year 
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 


MCH-101 AMCM Variant Development History 
Before development, JMSDF conducted preliminary study and prototype towing 
test to reduce technical risk. 


▼ Prototype Towing Test 


AMCM Variant Development 


Preliminary Study 
▼ Contract ▼ Delivery 


Operational Test 


▼ Now 


Performance Test 


▼ IOC 
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Mine Sweeper 
MK-104 


Towing Sonar 
AQS-24A 


Laser Mine Detection System 
(ALMDS) AES-1 


Operational Concept 
To handle various mine type, we have roll-on/roll-off concept for mine detecting 
and sweeping. 
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Design Policy of MCH-101 AMCM 
System Design Policy is to; 


 Minimize modification of basic helicopter system 


Utilize basic helicopter flight safety 


 Pursue weight saving of developing components 


Secure towing capability 


 Decrease roll-on / roll-off time and burden 


Quick configuration change to adjust situation 
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Mine Sweeper(Mk-104) Configuration ALMDS(AES-1) Configuration Transport Configuration Towing Sonar(AQS-24A) Configuration 


Helicopter Configuration 


ALMDS Pod 


Mission Console 
Sensor Console 


Crew Seat 


Stream/Recovery and 
Towing System 


Winch 


AQS-24A Towing 
Sonar Mk-104 Mine Sweeper Bulkhead 


Roll-on/Roll-off concept to adjust various AMCM missions 
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 Avionics System Modification 
 Hydraulics System Modification 
 Anti Seawater Erosion  


Mine Countermeasures 
Automatic Flight 
Control System 


Mission Console 


Pod Wing 


Stream/Recovery and Towing System 


Data Link  


  


Laser Mine Detection 
System (ALMDS) 


Mine Sweeper MK-104 Towing Sonar AQS-24A 


Sensor Console 


Aircraft System Modification 


US AMCM System (GFE) 
Integration 


Mine Countermeasures System developed components 


International Collaboration between Europe Airframe, US Mine Detection System  
and Japan Components 


Developed Component 
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Airborne Laser Mine Detection System AES-1 


Laser Pod  


Console 


Detected Mine Image 


Mine 


AES-1 system can detect shallow 
water mines by blue-green laser from 
helicopter pod in the air. 


Pictures are provided by Northrop Grumman Aerospace Systems. 
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Towing Sonar AQS-24A 


Console 


Towed Fish 


Side Scan 
Sonar Laser Scaner 


Mine 


Side Scan Sonar Display 


Mine 


Towing 


Towing Fish 


Mine 


Pictures are provided by Northrop Grumman Electronic Systems. 
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HMCDS(Helicopter Mine Countermeasures Data processing System) 


Mission Computer System 
Console Computer Cockpit Terminal 


Display Example Display Example Navigation Display ALMDS AES-1 


Towing Sonar AQS-24A 


Data Link 


Mine Countermeasures 
AFCS 
 


Stream/Recovery and 
Towing System 


Aircraft Subsystem 
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MCH-101 Original Function     Developed Function 


Heading Hold 


Airspeed Hold 


Altitude Hold 


Automatic Course 
Track + + 


 


 


 


 


Ground Speed Hold 


Skew Angle Hold 


MH-53E equivalent 


評価試験施設 


Mine Countermeasures Automatic Flight Control Function 
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Mine Countermeasures Automatic Flight Control System 


  


   


Towing 
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Data Link System 


Data Link using unique wide band frequency 


 Position of mine like object 


 Cleared thread area 


Data exchange 
between allied helicopters 


Data exchange 
between allied MCMV 







© 2014 Kawasaki Heavy Industries, Ltd. All Rights Reserved 16 


AMCM Stream, Towing and Recovery System (ASTRS)  


Streaming/Recovering Carrying 


Davit 


Cradle 


Towing Equipment 


Winch 
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ASTRS Major Functions 
Components Major Functions Notes 


Winch 


Wind towing cable up and off  Adjustable winding speed by pendant 


Aligned winding Equipped level winder for aligned winding of MK-104 
and AQS-24A each 


Prevent overload Slipping function during overload winding 


Stream and 
Recovery 
System 


Store towing fish Equipped cradle to store MK-104 or AQS-24A each 


Stream and recovery of towing 
fish 


Equipped davit to prevent towing fish from contacting 
helicopter during stream and recovery 


Towing System 


Keep towing tension Equipped flexible towing cable to keep proper tension of 
MK-104 and AQS-24A 


Tension and skew angle sensor Dual sensors for towing tension and skew angle 


Cable cutter Equipped cable cutter to cut towing cable remotely to 
separate towing fish off 


Connection to 
Relative 
System 


Connection to HMCDS Output tension, skew angle, cable cutter signal and 
cradle situation to HMCDS 


Connection to AQS-24A console Output detected information of MLO from AQS-24A 


Connection to automatic flight 
control system (AFCS) Output tension and skew angle signal to AFCS 







© 2014 Kawasaki Heavy Industries, Ltd. All Rights Reserved 18 


Installing of ASTRS 


Japan Maritime Self Defense Force 
MCH-101 Technical Evaluation in October 2015 


Movie is provided by Japan Ministry of Defense 
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Streaming of Sonar 


Japan Maritime Self Defense Force 
MCH-101 Technical Evaluation in October 2015 


Movie is provided by Japan Ministry of Defense 
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Towing of Sonar 


Japan Maritime Self Defense Force 
MCH-101 Technical Evaluation in October 2015 


Movie is provided by Japan Ministry of Defense 
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MCH-101 Mission Data Flow 


AQS-24A Sensor data 


Post Mission Analysis Post Mission Analysis 


Evaluation Flight Plan 


Environment Database 
by Japan Mine Sweeper Ship MEDAL Japan Mission Planning Station 


AES-1 Sensor data 
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Analytical Challenges to CONOPS Exploiting Technology 
Advances in Neutralization 


This document does not contain technology or technical data 
controlled under either the U.S. International Traffic in Arms 
Regulations or the U.S. Export Administration Regulations.  
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Today’s Agenda 
 References  
 
 MCM CONOPS 


 
 Gaps 


 
 Architecture for Management of the False Contact Density 


 
Abstract: In May 2013, ONR awarded contracts to Raytheon’s Integrated Defense Systems and Applied Physical Sciences to develop single sortie 
mine countermeasures unmanned surface vessel architectures under its Single Sortie Detect to Engage Mine Countermeasures (SS-DTE MCM) 
Program.  The architecture envisions a large number (24) of mine neutralizers as a payload on each sortie. 
  
Advances in such architecture, in autonomy, in low cost, high capacity neutralizers can all be exploited in new concepts of operations to provide large 
potential improvements in area clearance rates while holding risks to traditional levels.  In this paper, we focus on a small set of CONOPS options 
related to target detection, recognition, identification, and battle damage assessment.  Work at JHU/APL and at Raytheon has extended our ability to 
estimate performance and cost-effectiveness, and thereby to analyze structurally varied alternatives.  The ideal we seek is an adaptive framework that 
lets us entertain moderate-to-large-N, autonomy, etc., and lets us rewire the kill chain, or kill web, to suit alternative CONOPS.   Through analysis of 
such alternative CONOPS to improve ACR, for example to exploit neutralizer advances, we hope to cost-effectively assess changes in system 
architecture. 
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The science is here.   
The engineering has been rapidly evolving. 
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Coming Changes 
 Here/Now : Multiple sortie CONOPS 


– Example:  Acoustic Search, Prune the False 
Contact Density (FCD), ID, Neutralize 
 


 Tomorrow : Evolve to a Single Sortie 
CONOPS 
– Search & Neutralize in an integrated 


Capability 
 


 Result : Improve ACR-S 
– Simultaneous operations by multiple Single 


Sortie Capabilities 
– Hard problem with many dimensions in 


work by a large community 
 This talk has a specific focus 
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Technology Evolution will provide Choices. 
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Rethinking the Phases 
 Current minehunting concept evaluation relies on grouping essential 


functions applied to time-ordered objectives and phases. 
– E.g., exploration, reconnaissance, and avoidance or clearance 


 
 Each objective and phase is associated with one or more distinct systems to 


perform essential functions, i.e., functional or “vertical” orientation. 
– Leads to proliferation of required systems and a need for multiple platforms to reacquire 


contacts (inherently wasteful of time and effort). 
 


 Parallel use of multiple autonomous and/or multifunction vehicles allows 
pipelining of phases and cooperative use towards overall mission objectives, 
i.e., “horizontal” or mission orientation. 
– Potential to compress the MCM timeline with no compromise in mission performance 
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MCM MOEs/MOPs Must Be Appropriately Sensitive and Adaptable to Architectural Changes 
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Challenges and Gaps 


 Challenges (in applying emerging capability to the MCM mission to increase clearance rates) 


– Planning for and managing multiple, simultaneous Capabilities with the same size of 
crew 


– Managing a high FCD 
– Sustaining use of neutralizers at a high rate (a key metric) 


 


 Gaps (in applying today’s technologies to the MCM mission) 


– Autonomy for vehicle cooperative control, planning, deploy and recovery 
– FCD reduction (Automatic Target Recognition (ATR) and Identification (ID)) 
– Low cost, high capacity neutralizers 
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Architectural Choices expose Gaps in developing the chosen Future Capability. 
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Autonomy Gaps  
 Gaps in autonomy for 


– Capabilities 
 Simultaneous Capability Mission Planning, Vehicle Command & Control, and Launch & Recovery 
 Cooperative autonomy & waterspace management 


– Environment-dependent, Layered Autonomy 
 Better environment means more autonomy, less supervision 


 Layered Vehicle Control 
 Remote Control – no autonomy 
 Supervised autonomy 
 Supervised, Cooperative, Kangaroo & Joey autonomy 
 Supervised, Cooperative, Kangaroo & Joey autonomy trusted to act on tacit intent 


 Corresponding Mission Plans 
– Management of the False Contact Density 
 Architectural allocation to many parts of the Capabilities with environmental dependence 
 Detection, Classification, Recognition, Identification 
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Environment Description includes Bottom Type/FCD. 
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FCD, High Capacity Neutralizers, 
and MCM Economics 
 Given a particular mission and environment,  


– When one Single Sortie Capability can sustain N neutralizations per hour 
and it has the capacity for kN neutralizers and its search endurance is k 
hours, the Capability is balanced from this point of view 


– If the mine detection rate plus the False Contact Rate combine for N per 
hour, the Capability is matched with the mission 


 
 When the Capability is balanced and matched, it is within 


capacity to launch neutralizers on all contacts passing the 
criteria that reduced the initial FCD to the final FCD 
– The allocation of processes for reducing the initial FCD has traditionally 


involved human operators in PMA, reconfiguration of assets, repeated 
sorties (We called this the “Cost of Certainty”) 


– Advances in Automatic Target Recognition (ATR) may allow allocation of 
layered FCD management to Command & Control, the MCM Capability 
vehicle, the Search sensor, the neutralizer. 
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Design New Capability to Exploit the (notional) Curve. 
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Assume a low initial FCD 
 Assume a relatively rare mine-like contact is called by the search sonar and nothing prevents the tow 


vehicle from making a confirmation loop-back. 
 


 What does that look like and how long does it take? 
 


 What does the tow vehicle need to know to make this safe and effective?  (and how does it know it?) 
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One example 


X + 


The initial Search detection “qualifies” The neutralizer is launched 


Planned mowing of the lawn 


X + 
Pruned as a 
NOMBO 


X + 


X + 


X + 


X + 
X + 


X + Not pruned 
False 
Contact 
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Another Example:  
Recognition to Prime Neutralizers 
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Performed by 
System A 


Performed by 
System B 


Performed by 
System A/B 


Performed by System B/C 
(if necessary for TTP) 


Bulk of non-mine 
discrimination 


from Recognition 


Alternative 
– Mine recognition provides better 


discernment of mine-like 
contacts than classification 


– Provide detection/classification 
systems recognition capability to 
reduce false contacts 


– Low-cost neutralizers deploy 
with or without ID 


Current Phases 
– Systems detect/classify, 


numerous false contacts 
– Separate systems 


reacquire, perform ID 
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CONOPS with Recognition 
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Alternative 
– Search Q-Route: Detect, classify, recognize, localize 


each MILCO from surface or airborne platform, ~0.8 
nm2/h per AUV with SAS (possible*) 


– Immediately deploy low-cost neutralizers (with or 
without ID) over recognized mines to verify, neutralize 
as required. 


– With autonomy, MDA hunt proceeds in parallel 
 


* Fossum, et al. HISAS 1030 – High resolution interferometric synthetic aperture sonar, Proc. 
Canadian Hydrographic Conf. and Natl. Surveyors Conf. 2008. 


Current CONOPS 
– Search Q-Route with single search sweep: 


Detect, classify, localize MILCOs 
– Establish mine danger areas (MDAs) 


around each mine 
– Continue hunt in MDAs with more intense 


search, at least 3 additional passes 
– Subsequently deploy a system for ID and 


neutralization 


MDA 
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Requirements: Back to Basics 
 Fundamental Objectives 


– Minimize risk to forces 
– Minimize time in MCM operation 


 Recast as a quality/productivity tradeoff 
– Measure quality as a success rate 
 Fraction of real mine avoidance area successfully cleared 


from the Q-Route at the end of MCM operation 
– Measure productivity as a clearance rate 
 Real avoidance area cleared from the Q-Route per unit time 


 Example: In-stride Q-Route clearance 
– Scenario: 
 ½-nm-wide Q-Route 
 100% covered by mine avoidance area (worst case) 


– Goal: 
 Clear mines in stride at a set speed of advance. 
 Reduce the residual hazard density to 0.1/nm transit in the 


Q-Route (hazard: encounter with the avoidance area of a 
mine not cleared) 


– Trade curves establish the quality/productivity trade 
space for derived MCM component requirements 
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Summary 
 Technology Developments provide opportunities for MCM 


– Autonomy concepts exist for new application to MCM problems 
 But cooperative autonomy for UUVs is not widely published 


– Yet, it is still a difficult problem to affordably increase ACR-S while maintaining traditional Risk levels 
 
 Advances in ATR for MCM are being made, but the trade off of ID certainty with 


CONOPS is not quantified 
– Layered FCD Management processes can be allocated to components of the Single Sortie Capability 
– Quantify the interaction among Environment – CONOPS – Cost ($) – and Autonomy 
 


 Advantages offered by changes to the kill-chain architecture must be appropriately 
reflected in our chosen MCM MOEs and MOPs 
– Sustainable Neutralization Rate or Avoidance Area Clearance Rate seem like useful metrics for 


assessing MCM capabilities and requirements 
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We haven’t the details to state exactly what will be done in any quantified example 
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MULTI-SHOT MINE 
NEUTRALISATION SYSTEM 
(MUMNS) 
 
NEXT GENERATION MINE DISPOSAL AND 
INTERVENTION 
 
 


Chris Lade 
Sales UK 
Saab Dynamics Underwater Systems   24 May 2016 
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WHY MUMNS 


• Insensitive Explosives 


• Cost of One-Shot Systems 


• Operational Tempo  


• Think ROVs 


• Modularity 


2 
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THE STORY SO FAR 


• Jan 2015 commence the MuMNS project 


• Nov 2015 commence design contract with BAE  


• May 2016 CDR 


• Next steps MMCM way forward 
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THE UK/FRANCE MARITIME MINE 
COUNTERMEASURES (MMCM) PROJECT 
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MMCM CONOPS 


5 


ADAPTABLE: Flexibility to anticipate and adapt to changes in threats. 
High level of modularity. 
MULTI ROLE: Off board systems capable of conducting multiple tasks. 
RAPID DEPLOYMENT: Modular, containerised systems for 
expeditionary activities, transportable by road, sea and air. 
UPGRADABLE: Modular structure ensures addition of other assets in 
future 
PROTECTION: Integrity, confidentiality and availability of information 
through appropriate secret/restricted domain separation, data encryption 
and hardware TEMPEST specification 
BREAKTHROUGHS: Increased speed of advance over conventional 
MCMVs, Reducing risk by improving classification probability. 
OPTIMISED SYSTEM READINESS LEVEL:  SRL increased by high 
TRL (Technical Readiness Level) sub-systems 
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KEY DRIVERS 


• Current 
• Depth  
• Sea State 
• Cost 
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SYSTEM DESCRIPTION 


• The USV-based MuMNS System will be designed for 
the following tasks: 


‒ Mine disposal 
‒ Mine immunization 
‒ Support mine removal and recovery 
‒ Support operator mine identification 


• The MuMNS System will be operated from a 
mothership. 


• ROV sensor data and video images will be presented 
to the operator on the Multi Function Console. 


• Detailed data and video for analysis will be stored on 
USV Network/ storage device. 
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OVERVIEW ROV SYSTEM 


• ROV System layout 


• Launch and Recovery 


• Reconfiguration 
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ROV SYSTEM OVERVIEW 


 
 


Surface Unit 


ATC-FC Winch 


Generator (CFE) 


MLB Jettison 


MMI 


LARS 


ROV 


MLB (CFE) 
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ROV 
 
 


Pan & Tilt Camera 


Transponder 


Filter and water inlet 


Bottom profiling sonar 


Doppler Velocity Log 


Rear Facing 
Camera 
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ROV 
New position of Y/Z-motor driver for 
better weight distribution 


IMU 


Pump 


Release unit 
actuator 


Trim 
weights 


Trim 
weights Tether 


Outlet 


Fairing material sectioned for easy 
installation and maintenance 
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TETHER CONNECTION 


• Compact FO/Electrical hybrid connector will  
be used for tether connection on the ROV. 
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MMI – OVERVIEW 
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LARS – SEQUENCE - DOCKED 
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LARS – SEQUENCE - ROTATION 
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LARS – SEQUENCE – LAUNCH 1 
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LARS – SEQUENCE – LAUNCH 2 
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LARS – SEQUENCE - TPS 
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LARS - DESIGN INPUT FROM ASV AND SAAB 
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LOAD CASE 1 - TRANSPORT 


LARS+ROV+MLB in Transport position 
Heave 26,81 m/s2 
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LOAD CASE 2 - TPS 


LARS+ROV+MLB in TPS position 
Roll 1,84 rad/s2 x 1840 mm = 3,385 m/s2 + gravity 
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COMMERCIAL IN CONFIDENCE 


 
MINE NEUTRALISATION SYSTEMS 
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MNS DESIGN – COMPONENTS   


• Attachment system - Nail gun  
‒ One shot, small charge firing captured nail, initiated from behind 
‒ Chosen system for this project. 


• Disposal charge – Alfords/Forcit - SC1500 or similar 
(1.0 – 1.5kg charge) 


• Float system – Mas Zengrange, Mini-DRFD POP π 
M4.0 


‒ Currently being assessed for 300m use in currents 


• Shock tube – 2.0mm – 3.0mm different suppliers 
‒ Tested down to 300m pressure depth 
‒ Current drag being analysed 


• Transmitter / Receiver – Mas Zengrange, Mini-DRFD 
‒ 12nm requirement being analysed 
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MNS COMPONENTS 


• Nail gun (1) 


• Charge (2) for high order detonation 


• Safety and arming unit (SAU) (3) 


• Remote detonator float system (4) 


• Unit container (5) 


• Mechanical interface / Release mechanism (6) 


• Extension unit (7) capable of extending the 
charge 0-1.5m depending on current and ease 
of positioning 


• Unit 1-5 together becomes a reload unit 


1 


2 3 4 


6 
7 


5 
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MNS DISPOSAL UNIT – CHARGE SAFETY - PRINCIPLES 


1 


2 


• To prevent unintentional initiation a hydrostatic safety and 
arming unit will be used. 


• Design principle: 
‒ The detonator is fitted in a slider which moves the detonator and opens a 


shutter under the right circumstances 
‒ The slider is secured by two separate locks, one hydrostatic lock and one 


mechanical lock 
‒ The hydrostatic lock is also fitted with a mechanical lock (pin)  


• Safety sequence: 
‒ When charge is still in the ROV the charge is fully secured by the 


mechanical locks (1) & (2) 
‒ Lock 1 will be released directly after charge release from ROV. 
‒ Lock 2 will be released by a wire pull when the ROV is reversed. activating 


the hydrostatic lock which moves into an armed position if the depth is 
adequate. 


• In case of a failed attempt to attach the charge. The charge is 
still fully secured and safe to take aboard. 


• Additional safety pin(s) is used to ensure safety during handling 
on-board mother ship and during reload. 
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MNS – DISPOSAL CHARGE CHOICE 


29 


• The following disposal (High order) charge has been 
chosen: Alfords/Forcit - SC1500 or similar. 


 


• The following areas were evaluated: 
‒ Qualification status of charge – paperwork available 
‒ Underwater capability of charge and manufacturer 
‒ Synthetic modelling capability 
‒ Test facilities available 
‒ Charge size and build 
‒ Explosive fill 
‒ Cost and commercial availability 
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MNS LOW ORDER DISPOSAL/ REMOVAL 


• The ROV is reconfigured for immunisation missions. 


• The immunisation device will be carried by the ROV in  
a mechanical interface. 


• Placement on mine is planned to be done using a 
fixture fitted with “gorilla stand”-like arm. 


• Attachment methods can vary, weighted belts, 
magnets, clamps, glue etc. 


• The manipulator arm is then used for fine adjustment 
of the charge placement. 


• The safe handling of the immunisation device 
assumes preparation and operation by EOD qualified 
person. 


• The immunisation device does not have the same 
safety chain as the disposal device. 
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ROV WITH MLB FITTED 
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20‘ ISO CONTAINER 


• Standard 20‘ ISO Container – Empty weight approximately 2200 kg  


• Equipment stored in the Container: 
‒ Vehicle 
‒ LARS 
‒ Winch 
‒ Generator 
‒ Surface Unit 
‒ MLB Jettison 
‒ MLB 
‒ Support beams, Trolley, Rails etc.  


• Immunization and Disposal Charges are  
not transported in the Container. 
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OPEN QUESTIONS 


• ROV questions - updates - 2016-04-29 Saab  
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It’s Real 













Motivation for Swarm (and Counter Swarm) 


Harpy UAV engaging radar source 


Reference: “Harpy Air Defense Suppression System,” Defense Update, 2006.  
http://defense-update.com/directory/harpy.htm (8 Nov 2012). 


Harpy UAV Threat Characteristics: 
• Persistent threat 


– Long loiter times 
• Minimal human-in-the-loop 


– Anti-radiation 
• Saturation attack 


– >50 UAV swarm 


Example Operational Relevance 







Frequently Asked Questions 


• Why 50 UAVs? 
• Why outdoors? 
• Why fixed wing? 
• Why competitive? 


Operational significance 
 
Challenging coordination and 
communications environment 
 
Partitions of swarm are also still 
swarms 
 
 
 







Frequently Asked Questions 


• Why 50 UAVs? 
• Why outdoors? 
• Why fixed wing? 
• Why competitive? 


Large-scale realism: scale of 
naval operations is relevant 
 
Because we can (with access to 
military airspace) 
 
Unpredictable and uncertain 
environment 







Frequently Asked Questions 


• Why 50 UAVs? 
• Why outdoors? 
• Why fixed wing? 
• Why competitive? 


Considerations such as range, 
payload capacity, survivability 
 
Maximal endurance using 
existing power technology 
 
Performance characteristics and 
constraints such as 
nonholonomic motion 







Frequently Asked Questions 


• Why 50 UAVs? 
• Why outdoors? 
• Why fixed wing? 
• Why competitive? 


Interested in ensuring that tactics 
drive the technology 
 
Study the interaction of swarms, 
both cooperative and non-
cooperative 
 
Embed multiple missions (e.g., 
transit, defend, patrol, search) in 
an interactive construct 







(R)evolution of Swarms 


`` ZephyrII UAV (Gladiator class) 


ZephyrII UAV (Argonaut class) 
Balancing  


agility vs. and 
reliability 


single UAV testing 







(R)evolution of Swarms 


`` 


Designing 
swarm-friendly 


communications 







(R)evolution of Swarms 


`` 


Exploring 
frontiers in 


human-swarm 
interactions 







(R)evolution of Swarms 


`` 


Changing the 
way we do 


swarm logistics 







(R)evolution of Swarms 


`` 


Integrating more 
autonomous 


swarm behaviors 







(R)evolution of Swarms 


Achieving  
50 UAVs aloft 


through 
innovation  


(& perspiration!) 







Tackling Swarm Technology Challenges 
 


• Leveraging open-source and COTS 
 


• Rediscovering wireless networking 
 


• Scaling human-swarm interactions 
 


• Enabling logistics of scale 
 


• Advancing collective autonomy 







Leveraging Open-source and COTS 
Commodity hardware and open-source designs for accelerated development 


• Commodity & Hobby Parts 
• GoPro Hero3 camera 
• 3D-printed components 
• GPS module (uBlox LEA-6H) 


• Communications and Networking 
• Ad hoc 802.11n USB Wifi 


(2.4GHz) 
• Auxiliary serial radio (915MHz) 


• ZephyrII RC/UAV 
• Wingspan: 145cm  
• Material: EPO foam core 
• Endurance: 45min (LiPo) 
• Speeds: ~20m/s 


• Open-source autopilot 
• Pixhawk 
• DIYdrones.com community 
• Accelerated development 


• Autonomy payload 
• High-level coordination 
• Odroid U3 single-board CPU 
• Robot Operating System  
  (for open ROS ecosystem) 







Leveraging Open-source and COTS 
Commodity hardware and open-source designs for accelerated development 


• “Trust but verify” 
o Recognize “will of community” is not always 


aligned with “will of the project” 
o Require automated tests for agile development 
o Rely on stable, core failsafe behaviors 


• Systems Suitability 
o Reliability of parts 
o Supply-chain 


considerations 
o Keeping up or ahead of 


fast technology pace 







Re-discovering Networking for Swarms 


All 50 UAVs  
on deck 


 


 


First 25 aloft,  
25 still on deck 


 


All 50 UAVs aloft  
in two stacks 


 







Re-discovering Networking for Swarms 


All 50 UAVs  
on deck 


 


Don’t let ground-based 
performance of wireless 


networks fool you 
 


First 25 aloft,  
25 still on deck 


 


Coordination algorithms 
that assume good links 


between air and ground 
may likely fail 


All 50 UAVs aloft  
in two stacks 


 


Live-fly wireless 
environment needs to be 
integrated in operations, 


algorithms, behaviors, etc. 
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Re-discovering Networking for Swarms 


All 50 UAVs  
on deck 


 


Don’t let ground-based 
performance of wireless 


networks fool you 
 


First 25 aloft,  
25 still on deck 


 


Coordination algorithms 
that assume good links 


between air and ground 
may likely fail 


All 50 UAVs aloft  
in two stacks 


 


Live-fly wireless 
environment needs to be 
integrated in operations, 


algorithms, behaviors, etc. 







Scaling Human-Swarm Interactions 


? 







Scaling Human-Swarm Interactions 


Divide swarm into 
smaller sub-
swarms… 


…and assign to 
individual sub-swarm 


operators 


Conventional approach 







Scaling Human-Swarm Interactions 
Break free from the crutch of legacy systems or mindsets 
Fallacy: Skills of single UAV operator are same as skills of “swarm operator” 


 


Using five individual 
legacy ground 
control stations plus a 
combined map 


Heatmap of eye 
tracking fixation data 







Scaling Human-Swarm Interactions 


Swarm Operator: 
responsible for 


execution of 
swarm behaviors 


Swarm Monitor: 
responsible for 
swarm health 


(battery, altitudes) 


ARSENL’s approach 







Enabling Logistics of Scale 
Need to re-think how we conduct operations 


 


• Pre-flight 
• Transport 
• Storage 
• Power 
• Manpower 
• Launch 
• Recovery 


50 UAVs aloft in 27 minutes!! 
 


Median time between launches: 0:30 
 


Total effective mission time: ~10 minutes 







Enabling Logistics of Scale 













Advancing Collective Autonomy 


Design a “playbook” of live-fly-
capable multi-UAV behaviors: 
o Leader-follower 
o Flocking 
o Swarm Search 
o Coordinated Landing 
o Coordinated Takeoff 
o … 


Challenged by complexity of 
“stitching together” different 
collective behaviors 


 


“Stacked follow” 


“Ducks in a row” 







Advancing Collective Autonomy 
Encode “swarm plays” to create “swarm tactics” in live-
virtual simulation environment 
 


o Transit 
o Land 
o Patrol 
o Maneuver 
o Split/Join 
o Amass 
o Disperse 
o Sense 
o Manipulate 













Swarm vs. Swarm Live-Fly Event in 2016 
• Inaugural effort sponsored by Marine Corps Warfighting Lab 
• Collaboration experiment with Georgia Tech Research Institute team 
• Planned for Summer 2016 at Camp Roberts, Calif. 


Mission: Deploy a large team of UAVs to: 
o Protect your own high value home base 
o Attack your opponent’s home base or tag its defenders 


 







Ongoing ARSENL Development Efforts 


• “Arbiter” software 
o Autonomous game referee 
o Game situational awareness 


 


• Next-gen airframe 
o Real-time HD video feed 
o More resilient foam material 
o Mods for improved logistics 


 


• Swarm behavior 
o Coding basic fighter maneuvers 
o Game playing tactics 


Computer vision for UAV detection and tracking  
(Collaboration between NPS and Purdue) 
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Comparison of TSM sweep quality measures 


Henrik Claésson, Ulf Jordan and Peter Krylstedt 







Outline 


• Background 
• TSM principle 
• TSM Measures 


– Normalized RMS Error 
– Normalized Cross-correlation 


• Comparison and Evaluation 
• Conclusions 







Background 


• Target simulation mode (TSM): 
– create a signature that is close to the signature of the asset the 


sweep is to protect 


• Different ways of controlling the coil currents: 
– Stationary output; the same DC level, amplitude and frequency 


is used all the time 
– Non-stationary output; adjust the output signal as the sweep 


progresses along the track 







Background 


• Non-stationary coil current output may be used 
to: 
– Mimic a large ship with a relatively small sweep 
– Mimic a fast going ship with relatively slow going 


sweep 
– Mimic a rapidly varying magnetic signature 







Sweep 


TSM principle - non-stationary coil currents 







8 m/s 
2 m/s 


t=0 s 


Qualitative example of passage signals along sweep track 


TSM principle - non-stationary coil currents 







TSM principles 
– asset signature & sweep generated field 
Optimized sweep signal at sensor 
position (0, 0, 20) m.* 


Sweep signal at sensor position 
(0, 30, 20) m. 


Need for quantitative measure of fit between target signature and 
sweep generated signature. 


*H. Claésson, U. Jordan, P. Krylstedt, Comparison of magnetic mine sweeping using stationary and non-
stationary coil currents, Eleventh International Mine Warfare Technology Symposium, Monterey, May 2014 
 







TSM Measure - considerations 
• Background noise level vs signal level 
• Importance of absolute signal level 
• TSM relative MSM measures 







TSM Measure, RMS error 


𝐷𝐷𝑆𝑆𝑆𝑆 = min
𝑘𝑘=1..𝑁𝑁


1
3𝑁𝑁


� 𝐵𝐵𝑥𝑥,𝑖𝑖
𝑆𝑆 − 𝐵𝐵𝑥𝑥,1+mod 𝑖𝑖+𝑘𝑘,𝑁𝑁


𝑆𝑆 2 + 𝐵𝐵𝑦𝑦,𝑖𝑖
𝑆𝑆 − 𝐵𝐵𝑦𝑦,1+mod 𝑖𝑖+𝑘𝑘,𝑁𝑁


𝑆𝑆 2 + 𝐵𝐵𝑧𝑧,𝑖𝑖
𝑆𝑆 − 𝐵𝐵𝑧𝑧,1+mod 𝑖𝑖+𝑘𝑘,𝑁𝑁
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Minimum RMS error between sweep signature and target signature 


𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆 =
1
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𝑆𝑆 2 + 𝐵𝐵𝑧𝑧,𝑖𝑖
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Target signature RMS strength 


Minimum Normalized RMS Error 


𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅𝑁𝑁𝑚𝑚𝑖𝑖𝑚𝑚 =  
𝐷𝐷𝑆𝑆𝑆𝑆
𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆


 







TMS Measure, Cross-correlation 


𝐶𝐶= m𝑎𝑎𝑎𝑎
𝑘𝑘=0..𝑁𝑁−1


� 𝐵𝐵𝑥𝑥𝑦𝑦𝑧𝑧,𝑖𝑖+𝑘𝑘
𝑠𝑠  𝐵𝐵𝑥𝑥𝑦𝑦𝑧𝑧,𝑖𝑖 


𝑆𝑆
𝑁𝑁−𝑘𝑘


𝑖𝑖=1


 


Cross-correlation between sweep signature and target signature  


Autocorrelation for target and sweep signatures   


𝐴𝐴𝑆𝑆 = �𝐵𝐵𝑥𝑥𝑦𝑦𝑧𝑧,𝑖𝑖
𝑆𝑆  𝐵𝐵𝑥𝑥𝑦𝑦𝑧𝑧,𝑖𝑖 


𝑆𝑆
𝑁𝑁


𝑖𝑖=1


 


𝐴𝐴𝑆𝑆 = �𝐵𝐵𝑥𝑥𝑦𝑦𝑧𝑧,𝑖𝑖
𝑆𝑆  𝐵𝐵𝑥𝑥𝑦𝑦𝑧𝑧,𝑖𝑖 


𝑆𝑆
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 Normalized Cross-correlation 


𝑁𝑁𝑁𝑁𝐶𝐶𝑚𝑚𝑚𝑚𝑥𝑥 =
𝐶𝐶


𝐴𝐴𝑆𝑆 ∗ 𝐴𝐴𝑆𝑆
 







• Asset: 
– Small vessel 
– Magnetic field data 


• Sweep: 
– One module 
– Non-stationary currents 


Asset signature 


Comparison & Evaluation  


Signature data at 20 m depth 







Comparison & Evaluation  


Asset Asset source model 


From the asset signature, a source model is calculated. The model consists 
of several three-axis magnetic dipoles. 


mx,1 


mz,1 


my,1 
mx,n 


mz,n 


my,n 
⋯ 







Comparison & Evaluation  


Generic sweep module 
Simplified generic 


sweep model 


mx(t) 


mz(t) 


The generic sweep module consists of 
one horizontal coil and one vertical coil. 


The simplified model consists of 
one horizontal and one vertical 
magnetic dipole. 







• Let the sweep configuration progress along a 
straight line 


• Let the asset progress along the same line 
• Calculate the magnetic field time series in 


different grid points generated by the source 
models of the sweep and asset 


• Evaluate the suggested TSM measures 


Comparison & Evaluation  







Normalized RMS Error Normalized Cross-correlation 


The sea bottom is covered by patches with good fit surrounded by 
areas with worse fit.  


Comparison & Evaluation  


LOW is good HIGH is good 







Normalized RMS Error 


The sea bottom is covered by patches with good fit surrounded by 
areas with worse fit.  


Comparison & Evaluation  







Normalized RMS Error 


The sea bottom is covered by patches with good fit surrounded by 
areas with worse fit.  


Comparison & Evaluation  







Normalized RMS Error < 60% Normalized Cross-correlation > 0.85 


Red indicates area exposed to signature with chosen quality. 
NB! Good quality does not necessarily imply mine detonation.  


Comparison & Evaluation  







Conclusions 
• FOI is developing tools for mine sweep platform 


evaluation and comparison 
• Two TSM measures, based on RMS and cross-


correlation, have been suggested  
• Evaluation of the measures on a generic sweep 


module have exemplified the use of these 
measures 


• Defining a suitable threshold, the measures can 
be used to calculate TSM sense area coverage 
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Future NOR unmanned MCM concept 
 


  
 Principal Scientist Morten Nakjem 


Research Manager MCM, 


 


Principal Scientist Rune Fardal 


 


FFI (Norwegian Defence Research Establishment)  


12th Mine Warfare Technology Symposium, Monterey 2016 







Outline 


• The importance of MCM for Norway. 


 


• NOR Navy MCM force. 


 


• General trends in future MCM. 


 


• Plan for future NOR MCM capability. 


 


• FFI MCM research program 


 


• Summary 


 







The importance of maritime MCM 


• MCM is crucial for Norway to: 


– secure sea lines of communications  


– prepare for allied operations in Norway 


– participate in international operations 


 Allied 


support 


-Sea 


Allied 


support 


-Air 







MCM as a specific area of interest for Norway 


• The Norwegian coast-line has challenging conditions 


– Large areas and distances 


– Arctic environment 


– Narrow straits and confined areas with strong current 


– Bottom types with clutter and difficult bathymetry 


• Mine hunting and mine sweeping is necessary 







NOR Navy MCM force - today 


 


3 Alta-class minesweepers 


– Influence minesweeping 


– Mechanical minesweeping 


– Hull mounted sonar 


– Minesniper one-shot 


 


 


• Procured: 1990 - 1995. 


• Designed for a lifetime of 25 


years. 


• Need for a future MMCM 


capability. 


 


 


3 Oksøy-class minehunters   
– Hull mounted sonar 


– Hugin AUV 


– Minesniper one-shot 


– Pluto+ ROV 


– Clearance Divers 


 


 
 







HUGIN AUV 


• Organic on Oksøy class mine hunting vessels 


– Hugin 1000 pilot (in service since 2004). 


– Hugin 1000 MR (in service since 2008). 


– Procurement of new HUGIN systems have started. 


 


Minesniper MKIII procurement program 







Mine sweeping gear 
• Towed behind Alta class vessel 


– AGATE – acoustic sweep. 


– ELMA – cable electrode sweep. 


• Fork or straight tail configuration 


• Capable of simulating military and large merchant vessels 


Mine Setting Mode (MSM) 


• The established tactic for mine 


sweeping in NATO  


 


Target Simulation Mode (TSM) 


• Full operational capability in Norway. 


 







General trends in future MCM  


• A number of nations have projects/studies regarding future MCM 


capability. 


 


• Requirements for: 


– Flexible solutions. 


– Ability to scale and rapidly distribute capacity, relative to actual situation 


– Affordable solutions 


– Reduced risk to personnel 


 


• Proposed solutions: 


– Increased use of unmanned vehicles 


• MCM vessel with exchangeable modules 


• AUV for mine hunting 


• Mine disposal from USV 


• USV based mine sweeping. 


 







 


«Future development of Norwegian mine countermeasure 
capacity shall be based on an unmanned MCM concept» 


Chief of Navy (2015) 


 
 Use of modular, autonomous or remote controlled minehunting and – 


sweeping systems 


 Operated from a manned platform positioned inside or outside the 
minefield 


 


Norway MCM Structure development plan 







Norwegian MCM structure road map 


2014 2016 2018 2020 2022 2024 2028 2030


Phase


Targets


2026


N
O


R
 M


C
M


 C
ap


ac
it


y


Plattforms and 


capabilities MCM teams


MCM vessels > 
support vessels


2018 :


New mine Hunting cap
USV and LIS testing


2026-


RNoN MCM task group FOC 
# Autonomous/ Remotely controlled


# Modular and Flexible cap
# Readiness and Deployable


2021


Organisation
IOC


Future 
MCM 


capacityShip integrated systems 
>  modular systems


Hugin AUV


Minesniper 
Light weight 
mine sweep 


(LIS)


USV


Organisation
Capabilities


FOCIOC
Experience


Team 
organisation


Training
Concepts


Tactics







P6359 Future Maritime MCM capability 


• MoD future NOR Navy MCM procurement program. 


• Program-triggering factors 


– Existing capabilities, Quality and Quantity 


– Focus on reduced risk and cost 


• “Man out of the minefield” 


• Unmanned systems. 


• Area of Operations 


– Norway-specific conditions and Norway-specific solutions 


• Timeline 


– 2015: The NOR MoD established a working group. 


– 2015: Conceptual phase  


• June 2017: Conceptual Recommendation. 


– 2017: Definition phase. 


– 2020: Government and Parliament Approval. 







FFI MCM research program 


 


Royal Norwegian Navy 


FFI KONGSBERG 


Commercial delivery 


Support 


Collaborative 


development 


HUGIN 


MRS 
CONOPS 


Requirements 


CD&E 


The Norwegian military AUV program, an example of a collaborative development 







FFI MCM research program 


• Main focus in FFI MCM research program: 


– Technological risk reduction for the future MCM capability project. 


– Support MoD in the conceptual phase for the Future MCM capability 


project. 


– unmanned systems. 


– sensors for future MCM. 


– Concept verifications. 
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3 possible conceptual alternatives for future NOR MMCM 


1. Manned ship can operate inside the minefield 
– Manned ship can safely go into the minefield and execute mine hunting and mine 


sweeping ops 


– AUVs for mine hunting 


– Neutralization from ship (or USV) 


– USVs to execute precursor sweeping against sensitive mines 


– Manned ship tows large sweep for TSM against large merchants 


– Requirements to signature and shock resistance 


– Evolution of today’s solution 


 


2. Manned ship can execute complete operation without going into the 
minefield 
– Manned ship stays outside mine field: revolution 


– AUVs for mine hunting 


– USV for neutralization 


– USVs to execute all types of mine sweeping 


– Manned ship acts as command and support vessel 


– Some requirements to signature and shock resistance 


 


3. Just modules, no dedicated manned vessels 
– Same modules as in concept 2, but fully containerized: revolution 


– Containers for C4I 


– Existing military vessels (Coast Guard?), but adaptations required 
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USV taxi for AUV 


USV with OSMDW USV master AUV USV with influence mine sweep 


MCM mothership 


Future NOR MMCM concept 







USVs with different influence sweep configurations 


 


MCM 


mothership 


Acoustic and 


mag sweep 


Closed loop with acoustic, 


magnetic and UEP 


Team sweep  with  


acoustic, magnetic and UEP 







R&D areas at FFI for AUV 


• AUV autonomy 


• Navigation  


• Synthetic aperture processing 


• System performance assessment 


Batteries and  


Fuel cells 
Sonar 


Autonomy 
ATR Navigation 


Performance  


assessment 







Automatic Target Recognition (ATR) 


SITAR: Sonar Image TArget Recognition 


 
• Developed by FFI since 2001 


• Specified mine types 


• Several sonar models 


• Processing steps: 


– Detection 


– Feature extraction 


– Classification 


– Multi-view fusion 


• Delivered to four navies 


• Processing modes: 


– Post-mission → operator aid 


– In-mission → adaptive mission 







 


 


NavP 


Real-time system in vehicle 


 


NavLab 


Post-processing, simulation, 


analysis and development 


UxV Navigation System 


AUV Navigation 


Problem: GPS does not work under water! 


 


Solution: 


- Inertial navigation system (INS) 


- Aided by any available sensor 


(for details see www.navlab.net)  



http://www.navlab.net/





AUV MCM Performance assessment tool: MCM 


Insite 


• Real time information 
from SAS sensor.  


 


• Reads performance 
table from file. 


 


• Calculates single- 
and multi-pass 
performance. 


 


• In evaluation at: 


– CMRE 


– DRDC 


– WTD-71 


– NATO P&E JRP.  
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Automated change detection in SAS images 


 
• Automated processing of streaming SAS imagery 


• Image-based co-registration of new and reference data 


• Changes detected in in-coherent difference image 


• Algorithms compatible with in-vehicle processing 


Mission 1                               Mission 2                                Difference 







• Guidance and Control 


• USV decisional autonomy 


• Scene analysis – anti-collision 


• Navigation 


• Communication 
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R&D areas at FFI for Naval MCM USV 


Mine neutralization 


• One-shot launched from USV. 


• Reacquisition 


• Data-driven navigation relative sonar survey. 


• One-shot equipped with: 


• Forward-looking sonar. 


• Optical camera and lights. 


• Acoustic positioning. 


• High-bandwidth fibre connection to USV. 


• Human in-the-loop verifies contact and commands disposal 


 


Cooperation with KONGSBERG. 







R&D areas at FFI for future USV based mine sweeps 


 
• Ship signature studies and mine/ship interaction studies. 


– National requirements for sweep sources. 


• Investigate technological maturity of relevant mine sweeping 


systems 


• Develop and adapt technology for Norwegian needs. 


 


• Continuously development of the: 


– P&E software for TSM and MSM minesweeping operations. 


– Hermine – Mine models 


– Herman – Mine analyzer tool. 


• Supporting the MWTC: 


– in tactical training operations at the Herdla Measurement Range. 


– Education programs. 
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Summary 


• The threat from sea mines will not decrease the next 20 years 


– Need for an effective and reliable MCM capability 


 


• Challenging MCM environment in Norway 


– Complimentary techniques 


 


• Main focus in FFI MCM research program: 


– unmanned systems. 


– sensors for future MCM. 


– verification of future concepts. 


 


• Future NOR unmanned MCM concept 


– Use of modular, autonomous or remote controlled minehunting and – 
sweeping systems 


– Operated from a manned platform positioned inside or outside the 
minefield 
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History of NUSSRC 
NUSSRC was formed in Fiscal Year 2008 by the Office of 
Naval Research (ONR) and the Naval Surface Warfare 
Center Panama City Division (NSWC PCD) after 
recognizing the need for a central organization to provide 
Unmanned Underwater Vehicles (UUVs) and trained 
operators for Science & Technology activities and support 
other Navy and DoD operations.  The need for a proficient 
work force with the expertise to operate and maintain the 
UUVs has grown more important as UUVs become more 
mainstream.  NSWC PCD has successfully continued to 
maintain and operate NUSSRC UUVs. 
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NUSSRC Priorities 
 


1.Development and support of UUV System technologies for future 
capabilities and fleet use including 


• Payload and Autonomy Science and Technology (S&T) 
• SMEs for fleet benefit  


2.Support other programs’ goals, operations and testing 
 


Examples of Support Efforts 
• Sensor and Site Assessment 
• Payload and Autonomy S&T efforts  
• “Introduction to UUVs” Course  
• Centralized POC for planning and scheduling UUV operations 
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What can NUSSRC do for you? 
•Provide support and UXVs for S&T efforts and 
operations  


• Leverage past ONR investments 
•Provide a source for experienced, qualified 
engineers, operators, and SMEs for several 
systems 


•Be a single interface for logistics and mission 
execution 


•Provide UXV test support and test plan 
development  
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UUV Inventory / Expertise 
Name Vehicle Primary Sensor 
Bluefin SeaLion Bluefin 9 Marine Sonics 
Bluefin Buried Mine Identification (BMI) 
Buried Object Scanning Sonar (BOSS) 


Bluefin 12 BOSS /Electro-Optic (EO)  


Remote Environmental Monitoring Units  
(REMUS) 100 – With Payload Computer 


REMUS 100  Marine Sonics 


REMUS 600 REMUS 600* EdgeTech 
REMUS 600 BMI 
Laser Scalar Gradiometer (LSG) 


REMUS 600* LSG 


Small Synthetic Aperture Minehunter (SSAM II) REMUS 600* SSAMII 
Small Synthetic Aperture Minehunter (SSAM III) REMUS 600* SSAMIII 
Ocean Server - Iver2 – With Payload Computer  Iver2 Klein UUV-3500 
Riptide µUUV Riptide Currently in development  


*NUSSRC currently has possession payloads for the REMUS 600 but not the REMUS 600 vehicle. NUSSRC 
does have the expertise for use and vehicle ops are completed via contract.  
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USVs, UGVs & Other Equipment Available 
Name Vehicle Primary Sensor 
Launch and Recovery Devices (LRD3, LRD4) - Support larger UXVs 
Unmanned Reconnaissance and Observation Craft 
(UROC) USV 


UROC EM61 


Mokai Kayak USV Mokai Available for integration 


Reconnaissance and Detection Expendable Rover 
(RaDER) UGV 


RaDER Multi-sensor 


Multi-functional, Agile, Remote controlled Robot 
(MARCbot) UGV 


MARCbot Digital Video Camera 


Micro Unmanned Surface Vehicle (µUSV) µUSV Video Camera 
Wave Adaptive Modular Vessel (WAM-V) USV WAM-V Currently in development 
20FT ISO MILVANS MILVANS - 
Various Auxiliary Equipment  - - 
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Examples of Data Products  


SONAR BATHYMETRY 


VISIBILITY CURRENTS 


VIDEO 


Camera 


MOSAIC 







Distribution A 


Local OPAREAS 
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https://www.google.com/maps/@29.5890377,-84.5756733,8.2z 


https://www.google.com/maps/@30.1510956,-85.694259,12.53z 
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NUSSRC and Supported Efforts 
• 3D printing of UUV parts 
• Riptide Vehicle use 
• Autonomy in a Box  
• Autonomy Development 
• Benthic Microbial Fuel Cell 
• Survey and Site Assessment 
• Counter UUV Efforts 
• SBP Integration  
• Upgraded PCMs  
• DOE Support  
• UUV Comparison Efforts 


 
 


• Stereo Camera Module 
System (Future) 


• IX Blue INS Integration 
(Future) 
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Approach 
 


• Leverage the cloud virtualization software known as Docker 
(www.docker.com) to create a standardized integration environment. 


• Integrate a standardized autonomy framework and commonly-used 
maritime autonomy behaviors into a Docker container. 


• Create software scripts to enable automatic, hardware agnostic 
deployment/configuration on commonly used maritime assets. 


• Develop and follow Configuration Management procedures for 
software solution. 


. 


Autonomy in a Box 
Office of Naval Research 


Objective 
 
• Develop a quickly-deployable autonomy software solution for use on 


both development platforms and unmanned systems using a shared 
environment. 
 


• Streamline testing process and lead-time for autonomy-related 
projects. 
 


• Improve technical rigor of autonomy development by creating a 
standard baseline “autonomy sandbox” development suite using pre-
existing autonomy frameworks for advanced algorithm development. 


 
 
PI’s: Dr. Matthew J. Bays, matthew.bays@navy.mil, 850-230-7711, 
Dr. Drew Lucas, drew.lucas@navy.mil, 850-230-7712. 
 


Benefits to the Community 
 


• Provide a quickly-deployable autonomy solution for customers to 
use on unmanned systems. 
 


• Lower the expense of testing autonomy algorithms on actual 
hardware.  
 


• Reduce lead time from algorithm development to implementation 
and sea testing. 


 


PCM/OS 
 
 


MVC 


Autonomy 
Engine 


Docker 


Docker 
Container 


Algorithms Dependencies 


DISTRIBUTION STATEMENT A: Approved for public release; distribution is 
unlimited. 


 



http://www.docker.com/

mailto:matthew.bays@navy.mil

mailto:drew.lucas@navy.mil
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For More Information Contact: 
Amanda Bobe 
Code X21 
110 Vernon Ave 
Panama City, FL 32407-7001 
Phone: 850-230-7438 
Email: amanda.bobe@navy.mil 
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REMUS 100 
Dimensions:   
Diameter: 7.5” / 19cm 
Length: 5’3” / 160cm  
Weight Dry: 85Ib / 38.5kg - 120Ib  
Trim Weight: 2.2Ibs /1kg 
  
Performance:  
Max Operating Depth: 328ft / 100m 
Endurance: 8-10 hrs  
Speed: Up to 4.5 knots 
  
Navigation: 
Long baseline 
Doppler-assisted dead reckoning 
Digital Ultra Short baseline (DUSBL) 
Inertial Navigation System (INS) 
UTP (with NavP only) 
GPS  
  


Imaging: 
Dynamically Focused Side Scan Sonar 
Interferometric Multi-Beam 
Dual Frequency Side Scan Sonar 
Video Camera & Lightbar 
  
Battery: 
1kw/hr internally rechargeable lithium-ion 
 
Environmental: 
ECO sensors 
Dissolved Oxygen 
pH 
ORP 
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Bluefin 9 – Sealion 2 
Dimensions:   
Diameter- 9.375” / 24cm 
Length- 5’9” / 175cm 
Weight Dry- ~133.5Ib / 60.5 kg 
  
Deployment:   
Two man portable for rapid deployment 
Can be launched from a ship, chase boat, or Jet Ski  
Lift Points- 2 (located fore and aft) 
  
Performance:  
Diameter- 9.375” / 24cm 
Length- 5’9” / 175cm 
Weight Dry- 133.5Ib / 60.5 kg 
  
Primary Sensor: 
Dual-frequency side-scan sonar 
  
Battery:  
One 1.5 kWh Lithium-polymer battery pack  
Pressure-tolerant Lithium-polymer battery 
Capable of rapid battery swap  
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IVER 2 
Dimensions  
Length: 70 inches 
Diameter: 5.8 inches 
Weight: 65 Lbs 
 
Performance 
Depth rating: 100 meters 
Endurance: 8-14 hours  
Speed range: 1-4 knots 
 
Sensors 
Klein UUV-3500: 
CT Sensor 
GPS 
DVL 
Turbidity 
 
Batteries 
Lithium-Ion batteries 
 
additional CPU:  
Low Power Intel 1.6 GHz ATOM 
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REMUS 600 with Various Sensors 
Dimensions:   
Diameter: 12.75 in / 32.4 cm 
Length: 10.67 ft / 3.25 m 
Weight Dry: 530 Ibs / 240 kg  
  
Performance:  
Max Operating Depth: 1968.5 ft / 600 m 
Endurance: 70 hrs (subject to speed and sensor configuration) 
Speed: 5 knots 
  
Sensors:  
Acoustic Doppler Current Profiler (ADCP) 
Inertial Navigation Unit 
Pressure 
Conductivity & Temperature 
Iridium 
GPS 
Small Synthetic Aperture Minehunter (SSAM) II 
Small Synthetic Aperture Minehunter (SSAM) III 
EdgeTech SSS 
ATLAS FLS 
SBP  
LSG 
  
Battery:  
4.8 kWh Lithium-polymer batteries  
 16 







Distribution A 


USVs 
Configurations:   
Catamarans 
Mono-hulls 
  
Components:  
Unmanned Surface Vehicle (USV) 
Operator Control Station (OCS)  
Interchangeable payloads 
The battery charger 
  
Cameras: 
Infrared Cameras 
Low Light Black and White Cameras 
Color Cameras 
  
Performance:  
Operational Modes: 
Direct Control via base station 
Track Mode (for predetermined routes)   
 
Battery:  
Nickel-Metal Hydride (NiMH) batteries 
Lithium Ion batteries 
Lead Acid Batteries  
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UGV - MARCbot IV-N 
Dimensions:   
Width- 19 in   
Height- 13.5 in (camera arm retracted)  
35 in (camera arm extended) 
Length- 24 in 
Weight- 35 Ibs 
Ground Clearance- 4 in 
Articulated Arm: 
Raised- Up to 45-47 in 
Forward- Up to 24-26 in 
Operator Control Unit Weight- 12.5 Ibs 
  
Performance:  
Line of Sight- 300 m  
Non-Line of Sight- 150 m  
Speed- 5 mph 
Endurance- 4-6 hrs 
  
Communications:  
Remote controlled  
15 ft antenna extension mounts 
 
 


Navigation:  
Articulated control arm 
LED Camera (color camera, fixed-focus, high-resolution, and 
low-lux) 
Camera forward projection (extended)- 24 in  
Low-light camera 
Night vision  
Commercial off-the-shelf (COTS) items for combat environment 
   
Battery:  
Rechargeable lithium ion battery 
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What is TTCP? 
• The Technical Cooperation Program 
• Forum for defense science and technology (S&T) collaboration 


between Australia, Canada, New Zealand, the United Kingdom, and 
the United States: 


 
• 5 nations involved 
• 11 technology and systems groups 
• 80 technical panels and action groups 
• 170 organizations involved 
• 300 active work strands 


• ~450 sites involved 
• ~1200 scientists and engineers directly 


accessed 
• 6000+ scientists and engineers accessed in total 
• $500,000,000 approximately of programs shared 


through TTCP per annum 


• Foster cooperation within S&T for conventional national defense and 
reduce cost by collaboration 







What is UMS KTA? 
• Within TTCP and the Maritime Systems group, Technical Panel 13 


(TP-13) focuses on collaboration in the mine warfare area of 
interests 
– TP-13 national leaders have formed several Key Technology 


Areas (KTA) such as the Unmanned Maritime Systems (UMS) 
KTA 


• The UMS KTA group created the TTCP Unmanned Systems 
eXperimentation program (TUX) as an overarching multi-year trials-
focused experimentation program (FY13 – FY16) with a heavy focus 
on autonomy across air, surface, and underwater 


• The major goal of UMS KTA is to improve our collaboration and 
interoperability 


• Hell Bay Three 2015 is the third trial of the TUX Program. It was 
held during the Patuxent River Science and Technology 
Demonstration 2015 
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Previous Trial Highlights 
• Initiate Automated Target Recognition (ATR) evaluation techniques 


– Develop ATR Test Bed 
– Develop a common contact reporting file format 
– Initially test each nations’ ATR algorithms and generated initial 


performance criteria 
• Demonstrate autonomous USV operating with simulated UUVs with 


SeeByte Neptune 
• Demonstrate interoperability and high level of collaboration with 


TTCP nations using AUS ATR module with US ONR REMUS 100 
UUVs 


• In-water testing of AUS, CAN, and US ATR algorithms on a single 
payload computer 
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Hell Bay 3 Objectives 


1. Continued collaborative ATR evaluations 


2. Demonstrate cooperative systems for Mine Countermeasures (MCM) 
with heterogeneous squad cooperation and multi-national multi-aspect 
coverage (MAC) behaviors 
– Team between Canada and the United Kingdom 
– Team between Australia and the United States of America 


3. Improve interoperability between TTCP nations’ assets and develop 
common task messages 


4. Evaluation of REA data for determining survey quality versus vehicle 
type, sensor type, and environmental conditions  


 


• NOTE: Secondary goal of educating navy operators on state-of-the-art marine robot 
operations and developments. This was done through the members of the military 
that assisted and worked closely with members during the trial 
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Participation 


• Participants from: 
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• UK Maritime Autonomous Systems Trials team 
(MASTT) 


• NZ Defence Force (NZDF) 
• CAN Fleet Diving Unit (FDU) 
• US Naval Oceanography Special Warfare Center 


(NOSWC) 
• Naval Oceanography Mine Warfare Center 


(NOMWC) 
• AUS Defence Science and Technology 


Organisation (DSTO) 


• CAN Defence Research and Development 
Canada (DRDC) 


• UK Defence Science and Technology Lab 
(DSTL) 


• US National Unmanned Systems Shared 
Resource Center (NUSSRC)  


• US Naval Surface Warfare Center (NSWC) 
Panama City 


• 70+ Operators, Developers, and Military 
Personnel 


• 17+ unmanned vehicles 
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Assets Involved 
• REMUS 100 


– 3 US 
– 1 AS 
– 2 UK 
 


• REMUS 600 
– 1 AS 
 


• IVER2/3 
– 6 US 
– 3 CA 
– 3 UK 
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• 1 CA USV-2600 
 
 


 
• 1 UK Halcyon USV 


 
 
 
 


• Stiletto 
 
 
 
 


Assets Involved 







Hell Bay 3 Accomplishments 
Objective 1 


• New Post-Mission Analysis (PMA) tool created by Australia used for 
testing ATR algorithms 
– Each nation contributed software to tool for importing ground truth, 


object data, etc. 
• Data was collected from multiple test fields using both Marine 


Sonics Side Scan Sonar (SSS) and Kraken AquaPix Synthetic-
Aperture Sonar (SAS) 


• Data was tested against each nations  
ATR, imported into PMA tool, and  
compared against real data 
– Results (call list) created for each nation 


• Results still in process of being compared  
and tested upon 
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Hell Bay 3 Accomplishments 
Objective 2 


• A heterogeneous squad made of Royal Navy REMUS 100 and 
IVER3 UUVs (UK), DRDC’s IVER3 UUVs (CAN), and Thales’ 
autonomous Halcyon USV (UK) successfully demonstrated within 
the SeeByte Neptune Framework the following: 


– UK multi-asset mission planning, execution and monitoring for a squad of 6 
autonomous marine vehicles 


– Interoperability between  
UK/Canadian UxVs 


– Collaborative USV-UUV  
autonomous behaviors (such as 
survey of environment by either 
vehicle) 


– USV behavior for avoidance of  
static and dynamic obstacles 


– Dynamic tasking of vehicles  
including passing points of interest 
to other vehicles 
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Hell Bay 3 Accomplishments 
Objective 2 


• Interoperability and communication between US REMUS 100 and 
AUS REMUS 600 through standalone framework: 


– Communication of points of interest between search and identify defined vehicles 
(mostly bench tested with some in-water demonstration and further testing at Hell 
Bay 4) 


– Demonstration of search and reacquire-identify (RI) behaviors 
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Small side-scan AUVs 
• Short range sensor 
• Highly manoeuvrable 
• Multi-aspect classification 
 


Mid-sized SAS vehicle 
• Long-range sensor 
• Not very manoeuvrable 
• Single aspect detection 
• Hands off re-acquisition tasks to 


available slaves 


Master Slave team 


Slaves execute multi-aspect re-acquisition on 
designated contacts and report results. 







• A common tasking message set was created within the Mission-
Oriented Operating Suite Interval Programming (MOOS-IvP) 
autonomy framework 


• Tasking messages are made to work with REMUS UUVs within the 
RECON framework 


• Mostly bench-tested communications while also holding initial in-
water tests 


• Further developments and testing will be held at Hell Bay 4 
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Hell Bay 3 Accomplishments 
Objective 3 







• REA data collected through 32 of 35 planned missions completed 
over a 6-day period 


• Included simultaneous operation of up to 7 UUVs with daily on-
scene REA product development and posting to website for NAVO 
modelers and tactical users 


• Data was collected,  
processed, modeled,  
and distributed daily 


• Collaboration between  
developers, NOSWC,  
and NOMWC 
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Hell Bay 3 Accomplishments 
Objective 4 







• Data collected for 20+ targets over 30+ km2 operational areas using side 
scan sonar (SSS) and synthetic aperture sonar (SAS) 


– Data processed through automated target recognition (ATR) algorithms 
• Collaborative software development and integration effort to enable 


shared ATR results processing and common evaluation methods 
– PMA(AUS) software with Contact Importer(US) and Ground Truth Importer(UK) 


• AUS and US UUVs, and autonomy software completed separate Search, 
Classify, Map (SCM) and queuing Reacquire Identify (RI) missions 
between vehicles 


• UK and CAN USVs, and UUVs collaborating to complete SCM + RI based 
missions using Neptune payload control architecture (SeeByte) 


– Vehicles completed missions while providing detailed information back at control 
station housed on USS Stiletto. 


• Rapid Environmental Assessment was performed over multiple operational 
areas using various IVER (OceanServer) and REMUS 100 (Hydroid) 
UUVs 


– Support from NOMWC and NOSWC as a training exercise 
– Data Results to show temperatures, salinity, water column, etc. 
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Hell Bay 3 Highlights 







Hell Bay 4 


• Final trial in current trials plan 
• Part of Joint Warrior/Unmanned Warrior 


– Scotland, UK 
– September/October 2016 


• Trial Objectives 
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1. Rapid Environmental Assessment  (REA) data collection & evaluation 
a)Evaluate alternative approaches to collection of bathymetric data (satellite, UUV, USV) 


2. Collaborative ATR Comparison & Evaluation 
a)Refine common evaluation techniques 
b)Compare performance of AS, CA, UK, US embedded-ATR algorithms 


3. Interoperability between TTCP nations’ assets and autonomy 
a)Testing of a custom message set for cooperation between multiple UUVs 
b)Cooperation between AS, CA, and US 


4. Evaluate Autonomous Behaviors  
a) Squad concept in Neptune architecture between USV, UAV, and multiple UUVs 
b) Cooperation between CA, UK, and US 
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 • Dates & Location 
– Unmanned Warrior 
– Loch Alsh & BUTEC, Scotland, UK 
– REA data collection:  Sept 25 – Oct 1 
– Autonomy & ATR trials: Oct 2 - Oct 16 
 


• Objectives (Tentative) 
1. Rapid Environmental Assessment  (REA) data collection & 


evaluation 
a) Evaluate REA capabilities/CONOPS with UxS and 


assess impact on MCM 
b) Evaluate alternative approaches to collection of 


bathymetric data (satellite, UUV, USV) 
2. Collaborative ATR Comparison & Evaluation 


a) Refine common evaluation techniques 
b) Compare performance of AS, CA, UK, US embedded-


ATR algorithms 
3. Interoperability between TTCP nations’ assets and autonomy 


a) Testing of a custom message set for cooperation 
between multiple UUVs 


b) Cooperation between AS, CA, and US 
4. Evaluate Autonomous Behaviors  


a) Squad concept in Neptune architecture between 
USV, UAV, and multiple UUVs 


b) Cooperation between CA, UK, and US 
 


Way Ahead 
2013 Trial 
(US Host) 


• SPAWAR San Diego, US 
• 17 – 28 June 2013 
• Objectives: 


• UUV Autonomy 
• REA  capabilities of UUVs (BC KTA) 


2014 Trial 
(UK Host) 


• HMNB Portsmouth, UK 
• 29 Sep – 10 Oct 2014 
• Objectives: 


• Develop common ATR Evaluations  
• Demonstrate unmanned squad concept 
• Investigate REA sensitivity 


2015 Trial  
(US HOST) 


• PAX River, US 
• 14 – 25 September 2015 
• Objectives: 


• UUV/USV/UAV Cooperation 
• Closer integration of US/UK/CA autonomy 
• Collaborative ATR Evaluations 
• Assess REA CONOPS w/ UxS for MCM 


2016 Trial  
(UK Host)  


• Joint Warrior, UK – Unmanned Warrior Event 
• September -  October 2016 
• Participate in Fleet Exercise 


• Integration of UAV autonomy 
• Heterogeneous vehicle squad (UAV, USV, 


UUV) autonomy mission 
• Collaborative UUV autonomy with custom 


message for communication 
• Utilize KTA parameter list & CONOPS to 


assess impact of REA on MCM 







Questions? 
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WBIED ROV 
WATER BORNE IMPROVISED EXPLOSIVE DEVICE ROV 
 • To meet the emerging threat from improvised explosive devices underwater, and only place a diver in harms way 


when absolutely necessary; a new ROV concept for disarming these devices has been created. 


• The WBIED ROV is a compact, two-man system for fast deployment that can be easily manhandled into the water 
from boat or waterside.  


• The introduction of the system follows a ‘High Priority’ directive issued by the President of the United States to 
develop an underwater ROV for disarming underwater IEDs, with similar capabilities to those of land-based 
remotely controlled vehicles used in IED disposal. 


• Saab Dynamics was contracted to deliver three prototypes to the Combating Terrorism Technical Support Office 
(CTTSO) in late 2015. 


• These vehicles are now under evaluation by the USN (EOD Group-2), FBI Counter IED Unit and the South Carolina, 
Law Enforcement Division, Bomb Squad. 
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DEVELOPING A EOD ROV WITH UNLIMITED POSSIBILITIES  
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• Portable and highly maneuverable ROV-system  


• Equipped with sensors and manipulator arm for search and recovery of both conventional explosives and IED’s in 
maritime domains such as harbours and waterways. 


• Dive down to 60 meters depth and operate in water currents up to 2.5 knots. 


CORNERSTONES in the way forward – Operational requirements  
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Underwater IEDs are a growing global threat, 
often in demanding civilian environments 


How do you counter their unpredictable nature? 


With mobility, adaptability and reliability 


  


SEAWASP – SAFETY WITHIN REACH 
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Waterborne Anti-IED Security Platform WASP(ROV). 


Underwater intervention for both improvized and conventional 
munitions. 


A versatile, modular and compact system which brings 
ultimate flexibility to the operator. 


Designed to complement the existing EOD tool box, with minimal 
operational adjustments. Only use a diver when absolutely needed. 


 


SEAWASP – SAFETY WITHIN REACH 
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Transportable by light land vehicles and small boats 


Easily deployable from boats, keysides and shores 


Two man portable and easily operated 


SEAWASP – SAFETY WITHIN REACH 
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Incorporates Saab's unique iCON intelligent control system, 
to give six degrees of freedom for ultimate maneuverability 


Powerful thrusters allow hovering or station keeping 
in up to 2.5-knot currents (Station Keeping Mode) 


Sonar-based obstacle avoidance with manual/automatic mode 


SEAWASP – SAFETY WITHIN REACH 
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Powerful thrusters allow hovering or station keeping 
in up to 2.5-knot currents (Station Keeping Mode)  


Station keeping holds the vehicles position, even in a current  at 
whatever orientation the vehicle is in. 


 • The vehicle can in this mode be moved through joystick 
commands and screen commands. 


 
• Picture to the left, the ROV is holding its position while 


inspecting a target at the quayside that has become visible 
during low tide. 


SEAWASP – SAFETY WITHIN REACH 
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Sonar-based obstacle avoidance with manual/automatic mode 


Manual mode 
obstacle avoidence that can be used when the pilot is flying the 
vehicle, makes it stop when coming close to an obstacle .           
This to avoid pilot mistakes.  
De-activate to continue fly and come up close to the obstacle, 
for example a quay side or a hull. 


Automatic mode 
Used in combination with go to waypoint function. If an obstacle 
in the direct line of sight between the ROV and the point the 
ROV moves sideways and tries to find a way around it. 


 


SEAWASP – SAFETY WITHIN REACH 
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Five-function manipulator arm, with attached camera 


With three-dimensional waypoint recording, 
the Sea Wasp can self-navigate to recorded points 


High-tech sensor suite that includes wideband sonar, 
LED lights and video cameras 


SEAWASP – SAFETY WITHIN REACH 
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SEAWASP – SAFETY WITHIN REACH 
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MAIN COMPONENTS  


 Power supply unit 


 Pilot station 


 Winch 


 Tether 


 ROV with manipulator arm, sonar and camera 


SEAWASP – SAFETY WITHIN REACH 
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Low logistic and maintenance cost, as well as personnel requirements 


Highly reliable system with exceptional performance and low lifecycle 
costs 


Efficient interchange of parts ensures easy configuration upgrades 
and mission adaptability 


SEAWASP – SAFETY WITHIN REACH 
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LENGTH 1.7 m 


WIDTH 0.5 m 


HEIGHT 0.4 m 


WEIGHT IN AIR 90 kg 


WEIGHT IN WATER Slightly buoyant, adjustable 


MAXIMUM DEPTH 60 meters 


SEAWASP – SAFETY WITHIN REACH 







COMPANY RESTRICTED | NOT EXPORT CONTROLLED | NOT CLASSIFIED 
Carl-Marcus Remén | Document number 301244274 | Issue  1 | © Saab 





		  SEAWASP��COUNTERING WATERBORNE IEDs��

		WBIED ROV�Water Borne Improvised Explosive Device ROV�

		Developing a EOD ROV with unlimited possibilities 

		Slide Number 4

		Slide Number 5

		Slide Number 6

		Slide Number 7

		Slide Number 8

		Slide Number 9

		Slide Number 10

		Slide Number 11

		Slide Number 12

		Slide Number 13

		Slide Number 14

		Slide Number 15

		Slide Number 16






Joe Cuschieri, Sekhar Tangirala 
Lockheed Martin Corporation 


 
 MARLIN® UUV – Detection, Localization 
and Classification of Offshore Structures 


and Mine Targets   


©2016 Lockheed Martin Corporation 







Lockheed Martin MARLIN® AUV 
• Mature AUV 


Design 
• Multiple AUVs In 


Operation And 
Available 
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• Complete AUV system 
– AUV With Sensors 
– L&R System 
– Control Van 


  







 MARLIN® Mk II Autonomous Underwater Vehicle 


Main Propulsors 


Specifications 
Dimensions: 
3.05m x 1.52m x  1.22 m 
Weight: 954kg (in air) 
Endurance: 12 - 18 hours 
Max Speed: 2 m/s (4 knots) 
Depth: 300m 


3D Imaging Sonar 
Forward Looking 


Sonar 


Vertical Thrusters 


Acoustic Modem 


DVL 


Fore/Aft Control Surfaces 


HD Camera 
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Acoustic Tracking 
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Capabilities 
Hovering, Spin on Axis 
Anchoring 
Autonomous L&R – 
Surface/Subsurface Platforms 
Diverse Group of Sensors: 
SSS/SAS; 3-D Sonar; FLS; 
MBES; SBP; HD Camera 







MARLIN® Mission Capabilities 
• Offshore Structure Inspections 


– Change Detection For Damage 
Assessment 


– 3-D Model Build Using 3-D Printer 
Within Hours Of Mission Completion 


• Pipeline Following, Tracking And 
Inspection 


 • Seafloor Surveying 
(IPOE Type Missions) 


• ISR Platform 
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Autonomous Homing and Docking 


• Reverse USBL System provides beacon 
location and bearing to vehicle 


• Homing and Docking sensor data  
fused with Inertial navigation sensor 
data 


• Kalman Filter based fusion and 
tracking 


• Provides ability to recover vehicle at 
depth 
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Homing Recovery Docking 
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Subsurface H&D 
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Sub-Surface Docking Sequence 
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Loitering Waiting for Host Vessel Whiskers Deployed To Snag Capture Line 


Recovery Line Captured Whiskers Retract, Capture Line Secured 







Homing and Docking 
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Surface Platform Inspection 
• Ingress 


– Approach Platform at ~20 m offset ( to account for 
worst case nav error) 


• Acquire 


– Turn on sonar 


– Broaden search space based on nav error 


– Turn off position jump safety 


– Search for ping data alignment 


– Return pose estimate 


– Check for overlapping estimates 


– Abort if slice completed without acquire 


– Fusion filter will compensate for nav error 


• Inspect 


– Come to nominal range from platform 


– Inspect platform 


– Pose estimation 


– Model building 


– Change detection 
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Integrated SIM - Sonar & AUV  
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Sensor-based Pose Estimation 
• 3D imaging sonar produces 2D 


array of ranges - a point cloud 
relative to sensor coordinate frame 


• Estimated  pose is refined by 
aligning point cloud to prior model 
of structure 


• Point cloud is aligned using 
iterative closest point with RANSAC 
for robustness 


• Alignment is integral to model 
building and change detection 
performance 


• Alignment provides high accuracy 
relative position information for 
navigation 


• With Feature aided Nav, Average 
position error on the order of 5 cm 
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Estimating vehicle pose is integral to model building  







3-D Model Building  
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Autonomous Change Detection 


• Detected and displayed Structure Image against the a- priori model in near real 
time during mission 


• Identified Positive (new features) and Negative (missing features)  Anomalies 


• Operator can visualize the approximate size, orientation and location of anomalies 


• Within Hours of Mission Completion a 3-D model of the Structure is generated 
using a 3-D printer 


Buckled, bent 
and missing 


members 
detected 


100% of Anomalies Detected and Localized 


MINWARA 2016 







Platform Inspection & Area Surveys 
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Platform 3D Model And Inspection Platform Site Survey 


Surrounding Area Survey Target Surveys 







MARLIN® Minefield Demonstration 
• Five Target Locations: 


– Mk55, Mod2 


– Mk57 


– Mk25 


– Mk36 


– Mk44 


• Planned Mission Profile: 


– Speed: 2.5 knots 


– Altitude: 10m 


– Distance: ~16km 


– Time: ~4 Hours 
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MARLIN® Minefield Demonstration 
• Actual Mission Profile: 


– Speed: 2.5 knots 


– Altitude: 10m 


– Distance: ~10km 


– 16:03 – 18:39 (~2.5 Hours) 


• Four Targets visited (three shown 
in next three slides): 


– B05: Mk36 


– B12: Mk55, Mod2 


– B09: Mk44 


– B04: Mk57 


– B07: Mk25 
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Targets - 5 Bottom Mines 


SRN Position Type 


Case 
Depthf


t 


B-04 
2638.7988N 
08000.8668W MK-57 127 


B-05 
2639.9141N 
08000.4520W MK-36 221 


B-07 
2638.8202N 
08000.6745W MK-25 170 


B-09 
2639.4026N 
08000.4136W MK-44 228 


B-12 
2639.5212N 
08000.8441W 


MK-55 
MOD 2 126 
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Mk-36 - Aircraft-laid Seabed Mine 
• Length: 2,250 mm 
• Diameter: 400 mm 
• Weight: 240 kg (with fixed conical 


fin); 261 kg (with tail retarding 
device) 


• Charge: 87 kg H-6 
• Operating depth: 91.4 m 
• Fuze: magnetometer (Mods 0/3); 


magnetic/seismic (Mods 4/5), dual-
channel 


• magnetic, acoustic 
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Mk55 Mod 2 - 2000-lb-class Bottom Mine 


• Diameter: 23.38 inches 


• Length 89.875 -  
142.625 inches  


• Weight: 2110 lb.   


• Multiple views of mine 
were possible 
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Mk-57 


• Length: 90 inches  


• Diameter: 21 inches  
(53 centimeters) 
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MARLIN® Mine Field Demo - SAS 
• Data collected with Aquapix MINSAS120®, a product of Kraken Sonar Inc., 


offshore in an Op Area with up to 200ft of depth 
• The selected survey area had three mines,  


– B07 (Mk25 Type) 


– B014 (Mk46 Type) 


– B04 (Mk 57 Type) 


• Vehicle stability Analysis was conducted to supplement the Assessment 
 • The processed data had two artifacts: 


– Bands of high and low intensity (see slide 6) 
Driven by Vehicle Stability 


– Fading of data close to vehicle (@ 30m) 
driven by vehicle roll 


• XTF Files Created by INSIGHT®, a 
product of Kraken Sonar Inc. and 
imported into SonarWiz®, (Chesapeake 
Technology), Used for Target 
Identification and Image Resolution 
Analysis 
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SAS Performance Assessment  
• MINSAS120® (Kraken Sonar Inc.) performed according to 


Image Resolution specifications 
• Successfully Performed Target Identification 
• Some Fluctuations In The Image Intensity Attributed To Vehicle 


Stability Caused By Environmental And Operational Factors 
• Performed Image Quality Improvement  By Normalizing Using 


Sonarwiz® (Chesapeake Technology) 


Demonstrated Theoretical 


Single sided swath range  110m* 220m (Altitude and Water Temp 
Dependent) 


Along track SAS image 
resolution  3cm 2.5cm unshaded, 3cm shaded 


Across track SAS image 
resolution  2.6cm 1.5cm  
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*110m Demonstrated at a 15m Altitude;  Range Limited by Water Temperature. 







Mk 25 Mine Target 


Actual Measured 


Target Length: 2.215 – 2.236 m  1.9 m / 2.1m 


Target Width: 569 mm 0.5 m / 0.7 m 


Shadow Length 2.7 m / 1.2m 


Target Height 0.4 m / 0.4 m 
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Vehicle Altitude 16.03 m 


Heading 353.3° 


Target Range 95.1 m 


Vehicle Altitude 15.5 m 


Heading 353.2° 


Target Range 46.8 m 


Mine HD Camera Image Captured 
During Mission 







Manta Mine Target 


Target Latitude 26.64766 N 


Target Longitude 80.00842 W 


Vehicle Height 16.32 m 


Heading 180.2° 


Target Range 50.55 m 


Target Width 0.9 m 


Target Length 1.0 m 


Target Shadow  1.2 m 


Estimated Target Height 0.4 m 


Vehicle Location 


North 


Length 


Width 


Shadow 


Diameter body: 980 mm (38.58 in)  


Height body: 440 mm (17.32 in)  


Weight launch: 220 kg (485 lb)  
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Summary 
• AUV Solution Developed For Accurate Navigation In The Vicinity Of A Platform / Target Of Interest In 


Deep Water, Providing A Unique Very Accurate Position/Navigation Fix  


• The Field Proven Nav Solution Compensates for: 
– INS Does Not Allow Direct Measurement Update From FBN 
– INS And FBN Run At Different Rates 
– FBN Poses Have Large Latency 


• Solution Provides For Accurate Estimates Of The Vehicle Pose Based On A Priori Knowledge Of The 
Platform Model Or Target Area 


• Fused Navigation Information Is Used For Vehicle GN&C 


• Conventional SSS (Klein 5000) And SAS (Kraken) Provided Great Performance Results As A Mine 
Hunting AUV, Demonstrated Through Mission In A Simulated Mine Field Off The Cost Of South Florida 


• Some Fluctuations In The SAS Image Caused By Induced Vehicle Motion Due To The Environment And 
Operating Conditions 


– Fluctuations Did Not Impact Image Quality (MARLIN UUV Met The SAS Stability Requirements) 


– Fluctuations Normalized Using A Tool Such As SonarWiz® 


• Target Dimensional Evaluation Based On The SonarWiz® Images Shows Good Agreement With Known 
Mine Target Characteristics  


• Mature AUV Design With Various Sensors, Multiple AUVs In Operation And Available If Requested 
Outside of LM, Complete AUV system including The L&R and the Control Van 
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Results Prove The Capabilities of the MARLIN® UUV 
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Motivation: MCM Transition 
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Transition: (Rhodes & Holder 1998, Amador 2011) 
The end of the Cold War saw shift in focus to "littoral regions"  
Littorals are where "greatest number of mines is most effective" 
Large number of countries with mine-laying capabilities  
Need for “assured access with minimum risk from mines” 


2014        2015        2016        2017        2018        2019        2020        2021        2022        2023        2024        2025  


M
C


M
 C


ap
ab


ilit
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(Amador 2011) 


Revolution: (Rhodes & Holder 1998, Amador 2011, Ailes 2012) 
 MCM systems: low vulnerability, autonomous, organic to                                                       


forward deployed forces with rapid and wide area effectiveness 
 The “right mix of man and technology for effective operations” 
 Removing the MCM ships from the minefield 
 Embodied in the LCS and its MCM Mission Package 







Modeling Constructs 


– Legacy: combination of sea, air, human and animals 
• MCM Avenger class and LHD 
• MH53 (multiple mission packages) 
• SLQ-48 or SeaFox Remote Mine Hunting 


– Current: combination of sea, air and human 
• Littoral Combat Ship (LCS) (multiple mission packages) 


– Remote/autonomous controlled assets 
» Facilitates separation of human assets from threat area 


– Identification, Classification and Neutralization packages 
» Future packages will allow for single sortie/complete kill chain 


• MH60 (multiple mission packages) 
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Expanded Study Focus 


• Comparing the search capability of the MK 18 Mod 2 
to the Remote Minehunting System (RMS) 


• Assumptions 
• Bottom mines in deep water only 
• Uncontested clearance operations 
• Perform search with similar single-pass process 
• Sea state and environmental conditions are within system 


parameters 
• Search asset provides detection and classification only 
• MK18’s are launched simultaneously (1 RHIB=2 MK18’s) 
• Reliability not considered 
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Active, Defensive MCM Operations Model 
• The simulation model must represent three 


distinct stages of operation 
– Transit to the minefield 
– Minehunting 
– Mine Neutralization 


• Physical systems must exist in the 
simulation to conduct: 
– Transit 
– Mine Detection 
– Mine Classification 
– Mine Identification 
– Mine Neutralization 


• To ensure that the results are as 
generalizable as possible: 
– Transit distance is varied 
– Transit speed is varied 


Model Overview 







Active, Defensive MCM using MCM-1 
Avenger 


• The minefield is divided into two portions, one 
for the MCM-1 and one for the MH-53E 


• Mines passed through the simulation in the 
MCM-1 Avenger area proceed through: 
– Detection (Potential Mines  MILECs) 
– Classification (MILECs  MILCOs) 
– Identification (MILCOs  Identified Mine) 
– Neutralization (Identified Mines  


Neutralized Mines) 
• After Post Mission Analysis (PMA) a list of 


MILCOs to be reacquired is populated, again the 
percentage assigned to each asset is varied 
– The systems no longer proceed from left to 


right, rather a nearest neighbor algorithm 
populates a target list 


– Each target undergoes Reacquisition, 
Identification, and Neutralization 


Detection & 
Classification 


Identification & 
Neutralization 


Model Overview: MCM-1 Avenger 







Active, Defensive MCM using Littoral 
Combat Ship with RMS 


• The minefield is searched by a Remote Multi-
Mission Vehicle (RMMV) 
– Operation of the RMMV is nearly equivalent 


to the MH-53E from the MCM-1 
configurations (MH-53E can end sortie on 
either side of minefield, RMMV cannot) 


• After Post Mission Analysis (PMA) a list of 
MILCOs to be reacquired is populated, a MH-
60S then proceeds through neutralization 
– The MH-60S is capable of searching a 


portion of the minefield that has already been 
searched while the RMMV continues to 
search another portion of the minefield 


– Each target undergoes Reacquisition, 
Identification, and Neutralization 


– This actually results in a simplified 
simulation even though it is practically 
considered more difficult 


Model Screenshot 


Detection  
Neutralization 


Model Overview: LCS with RMS 







MCM-1 Configuration Variables 
• 51 Input Variables 
• Multiple hunting assets  additional variables 


LCS Configuration Variables 
• 32 Input Variables 
• Dedicated search & hunt assets 


Variable Overview: MCM-1 and LCS 







MOE Comparison: MCM-1 vs. LCS 
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 Configurations 


ACRS Percent Clearance 


Mean 
95% Confidence 


Interval Mean 
95% Confidence 


Interval 


Lower Upper Lower Upper 
1A 4.32 4.25 4.39 0.33 0.32 0.34 
1B 4.28 4.21 4.35 0.31 0.30 0.32 
2A 5.35 5.25 5.45 0.33 0.32 0.34 
2B 5.30 5.20 5.40 0.31 0.30 0.32 
 3 4.80 4.71 4.89 0.33 0.32 0.34 


• Percent Clearance:   
• Relatively low due to wide variation of sensor and neutralization 


probabilities 
• Very similar across all configurations (SeaFox configurations perform 


slightly worse due to reacquisition when using exploratory rounds) 
• ACRS:   


• Legacy parallel configurations (2A and 2B) perform best due to joint ship 
and helicopter neutralization (cover area more quickly) 


• Future serial is better than legacy serial due to neutralizer speed advantage 
 







MK 18 Mod 2 Employment Scenarios 
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Configurations and Ranges 


Configuration Platform Transportation 


1 UUV MK18 Mod 2 1 RHIB launched from LCS 


2 UUVs MK18 Mod 2 1 RHIB launched from LCS 


3 UUVs MK18 Mod 2 2 RHIBs launched from LCS 


4 UUVs MK18 Mod 2 2 RHIBs launched from LCS 


5 UUVs MK18 Mod 2 3 RHIBs launched from LCS 


6 UUVs MK18 Mod 2 3 RHIBs launched from LCS 


7 UUVs MK18 Mod 2 4 RHIBs launched from LCS 


8 UUVs MK18 Mod 2 4 RHIBs launched from LCS 


9 UUVs MK18 Mod 2 5 RHIBs launched from LCS 


10 UUVs MK18 Mod 2 5 RHIBs launched from LCS 


12 UUVs MK18 Mod 2 6 RHIBs launched from LCS 
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• Air asset factors remain unchanged  
• Notable differences 


– Search Speed 
– Probability of detection 
– Probability of classifying a 


MILEC as a MILCO 
– Probability of classifying a non-


MILEC as a MILCO 
 







Regression Analysis - MOEs 


• ACRS significant factors 
– Probability of classifying a non-


MILEC as a MILCO 
– Surface replenish time 
– Surface search speed 
– Number of search hunt tracks per 


nautical mile 
• Percent Clearance significant 


factors 
– Probability of classifying a 


MILEC as a MILCO 
– Probability of detecting a MILEC 
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Percent Clearance MOE 


ACRS MOE 







ACRS and % Clearance Performance Results 
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• Lower % Clearance  
• Data range associated 


• 4 MK-18s  
• ACRS asymptotic 
• 12 MK-18 excursion performed 
• Limiting returns of ACRS 
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Cost Analysis 


• Cost comparison with MCM and current LCS 
– Extended through inclusion of MK18 Mod2 


• Limited data available 
– Small sample size for LCS cost data 


• Included RMS costs as part of mission costs 


– Point estimates for MK18 Mod2 
• Derived cost effectiveness estimates 


– Determined estimates for ACRS and Percent Clearance 
– Methodology of previous capstone for consistency 
– Limited excursion of search effectiveness 


• Investigation of team hypothesis of the MH60 as limiting factor 
• Eliminated airborne and neutralization assets in analysis 
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Estimated Configuration Costs (LCS) 


Ship Costs Helicopter Costs 
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Estimated Configuration Costs (MK18 
Mod2) 


RHIB Costs MK18 Mod2 Costs 


1. Costs are based upon inputs received from N95 and MK18 Mod2 SME 
2. Average annual costs divided by 8760 hours per year, min, avg, max 
3. Total of min, avg and max yearly costs for each category 
4. Maintenance costs calculated at 5% of procurement cost annually 
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Baseline Costs 
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Normalized ACRS Hunt 
vs Hunt Cost 


Normalized ACRS Hunt vs Mission Cost (4 MK18 Mod2) 


Normalized ACRS Hunt vs Mission Cost (8 MK18 Mod2) 
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MK18 Mod2 ACRS Performance 


0.68 
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Conclusions 


• Four or more MK18’s provided greater ACRS 
performance than legacy/RMS 


• Six is the cost/performance optimum 


• ACRS significant factors 
• Probability of correctly classifying non-mines 
• Probability of detection 


• % clearance significant factors 
• Probability of classifying a mine as a mine 
• Probability of detection 


• Over four search assets focus should be on target 
discrimination 
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Future Work 


• Work to be conducted in three phases 
– Capstone Team Graduating December 2016 
– Capstone Team Graduating July 2017 
– Capstone Team Graduating December 2017 


• Populate existing models with classified data 
– More detailed cost data 


• Include NATO systems 
– ‘Best of breed’ synthesis 


• Expand operational scenario 
– More mine types 
– Lane clearance 
– Changing bottom depth 


• Further analysis of MK18 scenario 
– Diminishing returns of added MK 18’s 
– RHIB consolidation 


• Revisit underlying assumptions of model 
– Search first, clear lowest density lane 
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MCM Challenges 


Surf Zone & CLZ
0’ – 10’


Very Shallow Water
10’ – 40’


Shallow Water
40’ – 200’


Deep Water
Over 200’


Obstacles
Anti-Invasion
Bottom
Moored
Floating


Rising


Bottom:  Rest on sea floor, can be covered by sediment, most 
effective on ships in < 200’ of water 
Moored:  Mine contained in buoyant cases and anchored to sea floor 
Floating:  Positively buoyant and float on or near the surface and can 
be anchored in place 


Study 
Focus 


Over 200 ft. 
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Cost Formula 
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ACRS vs Total Mission Cost 
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ACRS vs. Total Mission Cost (4 MK18 Mod 2) 


ACRS vs. Total Mission Cost (8 MK18 Mod 2) 
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Tethered and Untethered Marine Vehicles for 
Expeditionary Warfare 


International Submarine Engineering Ltd. 
Underwater vehicle specialists since 1974 







ISE Experience 


Our background encompasses all types of underwater vehicle development 
providing a broad range of experience and a solid understanding of what works. 
All things underwater.  
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All vehicles, regardless of type/class, that can be delivered by air, land or 
sea equals Expeditionary Warfare Capability. 
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Expeditionary Warfare 







Research 


Military 


Tourism 


Personal Luxury 


Life Cycle Support  


Upgrades  


Overhauls 


ABS Certification 
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Human Occupied Vehicles (HOV) 







 Overview 
 
 ROV’s since 1974 
 Full range of electro-hydraulic vehicles 
from 5 to 250 HP 
 Manipulator systems 
 Depth capability to 6000 meters 


 
Areas of Expertise 


 
 Scientific research  
 Cable and pipeline inspection 
 Oil field support 
 Military 
 Search and Recovery 
 Salvage 
 Survey 
 Over 200 ROV’s delivered 
 400 manipulators delivered 


150HP ROV, 3000M Depth 
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Remotely Operated Vehicles (ROV) 
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ROVs – Science / Oil & Gas 


         Attributes 


  High endurance 


  HD and 3D camera 
systems 
  High resolution data 
collection 
  High speed data 
communications 
Advanced manipulator 
capability 
  Umbilical to surface 
support vessel 
  Multiple mission 
configurations - toolsleds 







© ISE Ltd. 2016 


ROVs – Military MCM 


TRAILBLAZER ROVs – 25 & 35 HP  







Some Uses of AUVs 
 Surveying 
 Cable/Pipeline Inspection 
 Oceanography 
 Cable Laying 
 Thermal Flux Measurement 
 Geophysical 
 Covert Operations 


EXPLORER     /     THESEUS     /     ARCS 
 


ALL of these AUVs are MODULAR 


Autonomous Underwater Vehicles (AUV) 


         Attributes 
   Slow speed 
   Low area rate coverage 
   Low data rate communications 
   Reasonable data positioning 
   Covert 
   Battery dependent 
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PRMS – USN – ROV/HOV 


Theseus AUV/ROV 
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Hybrid Vehicles 


Pressurized Rescue Module 
System built by OceanWorks 
and ISE for US Navy – 20 
passenger 


 Length: 35 feet (10.7m) 
 Diameter: 50 inches (127cm) 
 Displacement: 19000 lbs 


(8600kg) 
 Speed:  4 knots  
 Propulsion: 6 HP brushless DC 


motor  
 Depth:  3280 feet (1000m) 
 190km single mode fiber spools 
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Semi-Submersible Vehicles 


     Attributes 
 High speed 
 High area rate coverage 
 High data rate communications 
 Best data positioning 
 Semi-covert  
 Stable platform  







ARCTIC EXPLORER AUVs onboard ISE’s MV RESEARCHER 
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Arctic Explorer AUVs - Canada 



http://www.facebook.com/photo.php?pid=2916366&id=298462694363
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Control Consoles 







AUTOMATED CONTROL ENGINE (ACE): 


• Used across entire range of underwater vehicles  


• Developed over 20 years 


• Mature, stable and robust yet simple to modify 
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Common Controller 







ROV 


Graphical User Interface - GUI 


• Automated Control Engine 
(ACE) – ISE’s in-house design is 
configured in “Electrical 
Schematic” format 
 


• Component icons are placed, 
and connected to graphically 
represent control data flow 
 


• Graphical layout aids design 
and understanding – leading to 
fewer errors 
 


• Runtime configuration also 
applies to GUI’s 
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  Harbor Defense 
  Mine Countermeasures 
  Torpedo Recovery 
  Unexploded Ordinance (UXO) 
  Accident Investigation (aide to a civil power) 


ROV’s - Military Applications 


 ROV Advantage – Tether – ie. Endurance, standoff 
capability and real-time data 


 ROV Disadvantage – Tether – ie. Drag and entanglement 
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TRAILBLAZER 25 with 5F Manipulator, ISO 20 
ft Container  
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ROV’s - Transportability 


TRAILBLAZER 25 with 3F 
Manipulator, A2 Container  







 ROV MCM operations conducted from 
assorted craft of opportunity – MSOs, 
LCUs, tugs, fishing vessels, etc. 


 Entire ROV spread compact,  
transportable by air, land or sea 


 ROV equipped with all sensors 
required for classification and 
identification. 


 ROV launch and recovery operations 
performed with existing ships 
equipment. 


 Most effective operations performed 
on MSO 
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ROV MCM Operations 







 MSO gains sonar contact on a target 


 ROV positioned on contacts relative bearing and dived towards contact   


 MOS AN/SQQ 14 sonar obtains contact on ROV and provides navigational 
input to pilots 


 ROV is then steered in a beam rider fashion until the ROV operator gained 
sonar contact. 


 ROV navigated to the contact until visual contact was obtained confirming 
contact details   


 After each contact was identified, the ROV was surfaced and continued to 
steam ahead of the MSO 
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Typical MCM MSO Operation 







 Recovery Time 
Less than 20 minutes  
20 min to 1 hour 
1 hour to 1 ½ hours 
Longest – 3 hours and 27 minutes  


Number of Mines 
4 
4 
5 
1 
 


TRAILBLAZER located, classified and recovered 14 mines in a four day 
period.   
 
Two mines broke up on impact but were inspected.  The total time in the 
water was 25 hours and 22 minutes. 
 


RECOVERY TIME TABLE FOR MID WATER MINES 
 


TRAILBLAZER Operations Example 
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 Reduces mission cost 
 Short build time 
 Dual use 
 Low risk for environment 
 Portability for expeditionary 


uses 
 Controllers can be a long way 


from hazardous environment 
 


 More capability can be fielded for less 
money 


 In addition to providing for target 
acquisition with large standoff, they also 
allow for safe target classification 
without the use of people.   


 For example, the current strategy of 
classifying mines with divers is time 
consuming, requires a large number of 
personnel, and has obvious risks.  
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AUVs Typical Military Benefits 







Principal Characteristics: 
 Length: 35 feet (10.7m) 
 Diameter: 50 inches 


(127cm) 
 Displacement: 19000 lbs 


(8600kg) 
 Speed:  4 knots  
 Propulsion: 6 hp 


brushless DC motor  
 Depth:  3280 feet 


(1000m) 
 175km single mode 


fiber spools 


AUV Theseus in the Arctic 







Arctic AUVs 
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Principal Characteristics: 


• Length: 4.5 – 7.5m 
• Max Depth: 5000m 
• Dry Weight: 240-350kg 
• Hull Diameter: 0.46m 
• Maximum Range: 450 km (80 


hours) at 1.5 m/s on one 
charge 


EXPLORER on NASA Ship 
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Explorer AUV 







Commercial 
• Surveying 
• Sampling 
• Searching 


Benefits 
• Responding to sudden 
 unexpected conflicts 
• Move by air 
• Multi vehicle operations 


Military 


• ASW 
• EW 
• MCM 
• Route Survey 
• Reconnaissance 
• Harbor Defense 
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Semi-Submersible Vehicles 







 DOLPHIN – Stable platform 
 CSS Baffin – Not Stable  
 Location – Atlantic in November  


‘DOLPHIN’ with ‘CSS Baffin” 







 


Principal Characteristics: 


 Length: 8.6m 


 Diameter: .99m 


 Mast Height: 4.5m 


Semi-Submersible DOLPHIN working with USS JOHN YOUNG 
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Remote Minehunting and EW Platform 







Consort Tug YTL602 
was built in 1945 


 Operated in Exercise 
FRONTIER SHIELD 
 


 Found 100% of targets. 
 


 Current was too high 
for other types of 
vehicles. 
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Dorado with Consort used at Portsmouth 







Attributes 
 


 Highly stable 
 Active control 
 Capable of supporting 


diverse sensors 
 Generates 5500lbs 


down force reducing 
fleet angle 


 Can be towed by 
surface ship or USV 
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Aurora Active Towfish 
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Thank You 
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Problem Statement 


• Operations and support (O&S) cost data is 
limited for US Navy UUV systems 


• Primary fielded system 
– MK 18 Mod 2 


• Mod 2 accelerated fielding as part of Office of Secretary 
of Defense (OSD) “fast-lane” initiative 


• US Navy making force shaping decisions 
without an accurate assessment of LCC. 







Research Questions 


1. What are the significant UUV O&S cost drivers? 
2. How sensitive are the identified UUV O&S cost 


drivers to a specific mission type?  
3. Is there a correlation between UUV O&S cost 


drivers? How strong is that correlation? 
4. Can probability distribution functions be derived 


from available data for each of the UUV cost 
drivers? What do these functions look like? Are they 
mission specific? 
 
 


 
 







Capstone Products 


• Significant CBS line items and cost drivers 
identified and verified 


• Cost driver probability distribution functions 
identified and verified with the program office 


• UUV O&S cost model  
– MK 18 Mod 2 


• Cost driver correlations identified 
 







SE Process 


IPR 2 IPR 1 Final 
Presentation 







MK 18 Mod 2 System Overview 


• Fleet operational in Commander Fifth Fleet 
(C5F) area of responsibility (AOR) 


• Expeditionary Mine Countermeasures 
(ExMCM) 


• >15 vehicles fielded 
•  Sidescan sonar, video, and other sensors 
• 3,883 C5F in-water UUV mission hours since 


2012 
 


 







MK 18 System OV-1 


Source: OPNAV N9 2014 







MK 18 System Support Gear 







O&S Cost Equation 


Operating and Support Cost=  


Equipment and Manpower 


+ 


+ + 


Power Maintenance and Support 


Shipping 


+ 


Training Program 
 Management 


+ + 


Continuous 
Improvement 


Contractors 







CAPE O&S Cost Significance 


Image credit: Defense Acquisition University 


Transition 


True O&S Costs 







Cost Breakdown Structure (1.0 + 2.0) 


CAPE UUV O&S Capstone  
1.0 Unit-Level Manpower 1.0 Unit-Level Manpower 
1.1 Unit-Level Operations 1.1 Unit-Level Military Operator Labor 


1.2 Unit-Level Maintenance 1.2 Unit-Level UUV and Boat Contractor 
Maintainer Labor 


1.3 Other Unit-Level 1.3 Unit-Level Contractor  
and FSR Labor 


2.0 Unit Operations 2.0 Unit Operations 
2.1 Operating Material 2.1 Operating Material 
2.2 Support Services N/A 2.3 Temporary Duty 
2.4 Transportation 2.4 Transportation 







Cost Breakdown Structure (3.0 + 4.0) 
CAPE UUV O&S Capstone  


3.0  Maintenance  3.0 Maintenance 


3.1 Consumable Material and  
Repair Parts 


3.1 Spares 
3.1.1 Unit-Level UUV System Spares 
3.1.2 Unit-Level Boat System Spares 


3.2 Depot Level Reparable N/A 3.3 Intermediate Maintenance 


3.4 Depot Maintenance 


3.4 Depot Maintenance Labor 


3.4.1 Depot-Level UUV  
System Maintenance 


3.4.2 Depot-Level Boat  
System Maintenance 


3.5 Other Maintenance 3.5 Maintenance Tools, Fixtures,  
Test Equipment Etc. 


4.0 Sustaining Support 4.0 Sustaining Support 
4.1 System Specific Training 4.1 Training 


4.2 Support Equipment Replacement 
and Repair N/A 


4.3 Sustaining/Systems Engineering 
4.4 Program Management 4.4 Program Management 
4.5 Information Systems 


N/A 4.6 Data and Technical Publications 
4.7 Simulator Operations and Repair 
4.8 Other Sustaining Support 







Cost Breakdown Structure (5.0 + 6.0) 


CAPE UUV O&S Capstone  


5.0 Continuing System Improvements 5.0 Continuing System Improvements 
5.0.1 ISEA 


5.1 Hardware Modifications 
5.1 ECPs 


5.1.1 Major ECPs 
5.1.2 Minor ECPs 


5.2 Software Maintenance N/A 
6.0 Indirect Support 


N/A 6.1 Installation Support 
6.2 Personnel Support 
6.3 General Training and Education 







Data Analysis & Model Creation 


• Data sources primarily include: programmatic 
documentation, operational logs, and SME 
input. 


• CBS cost categories, and cost equations were 
adapted based on collected data. 


• Model created in Excel/Risk Simulator 
– Worksheet for each CBS line item 


• Each CBS line item estimate calculations on one 
worksheet 


• User Input data from User Interface worksheet 
– Monte Carlo simulation to account for uncertainty 


 







O&S Model Description 


• The model is: 
– User interface 


• Allows user to customize input data 
– Input variables can be adjusted to specific program data 
– Uncertain input variables modeled with common distributions 


» Triangle distributions used when only min, max, most 
likely data is available 


– Data 
• Input data from Mk 18 Mod 2 data collection 


– Data Fitting 
– Data Regression 
– Min, Max, Most Likely from SMEs 


» Triangular distributions  







Example O&S Cost Equation 


(# of missions)  (average mission duration [time]) 
Manpower Cost = 


 (# of people) × (labor rate [$/time unit])
× 


 × 


Military Operator Operational Missions
Operational Mission Year


UUV Mission HoursLabor Hours = × 
Year Operational Mission


Military Operational Mission Labor Hours× 
UUV Mission Hour


 
 
 
 
 
 
 
 
 







How the O&S Model Works 


Σ 







Model Results  


Lognormal Distribution 
Mean = $235,795,900 


Standard Deviation = $ 2,629,423 







Model Results – Mean Costs 


Cost Element Ten-year  
Cost 


% of Total 
Cost 


1.1     Unit-Level Military UUV Operator Labor $ 5,338,847 2% 


1.2     Unit Level UUV and Boat Contractor  Maintainer   
    Labor $ 7,078,000 3% 


1.3     Unit-Level Contractor and FSR Operator Labor $ 9,707,800 4% 


2.1     Operating Material $ 620,607 <1% 


2.4     Transportation $ 3,635,122 1% 


3.1.2   Unit-Level Boat System Maintenance $ 5,000,000 2% 


3.4.1   Depot-Level UUV System Maintenance $12,479,747 5% 


4.1     Training  $ 26,300,804 11% 


4.4     Program Management $ 12,551,142 5% 


5.0.1   ISEA $ 92,425,705 39% 


5.1     ECP  $ 60,658,126 26% 


Total Cost $ 235,795,900 







Model Results – Top Sources 







Model Output – 80% Cost Estimate 


• There is an 80% probability that MK 18 Mod 2 
O&S costs will be less than $238,013,017 for 
the 10-year lifespan 


5,000 Run Monte Carlo Simulation 







Research Question #1 


What are the significant UUV O&S cost drivers? 
 


– Cost drivers affected by OPTEMPO 
• Number of operations per year 
• UUV hours per operation 


– 80% of 10-year life cycle cost 
• Program management & ISEA cost 41% 
• ECP cost 27% 
• Training cost 12%  


 
 







Research Question #3 


Is there a correlation between UUV O&S cost drivers? 
How strong is that correlation? 
 


– Analysis found no correlation between cost drivers with a 
single exception 


– “Operations/year” and “operational missions/year” 
displayed a positive correlation of 0.70 


– Remaining cost drivers had correlation values below 0.05 
– Authors believe other correlations exist but were masked 


due to limited data 
 


 







Research Question #4 


Can probability distribution functions be derived from 
available data for each of the UUV cost drivers? What 
do these functions look like? Are they mission specific? 
 


– Distribution can be derived based on available data 
• Triangular, Poisson, and Uniform for SME input 
• Lognormal and Weibull for data fitting 


– Since there is only one mission set, no comparison can be 
made to determine mission specificity 
 


 







Conclusions 


• UUV LCC cost studies must be continued 
• Fast-lane acquisition process pros & cons 
• Adaptive model successfully built 


– Solely based on MK 18 inputs 
– Model accuracy dependent on data collected 


 
 







Recommendations 


• Collect additional MK 18 data as the system 
continues operations 


• Integrate other UUV system cost information 
into the model 


• Evaluate cost driver sensitivity to mission type 
• Expand CBS as appropriate 
• Refine model user interface as critical inputs 


are identified 
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Presentation Notes

Thank you for allowing me a stage to brag about what I think is one of the most unique institutions in America, the Naval Postgraduate School.  Over the next few minutes I hope to provide evidence of this claim by showing how combining operationally experienced students with a world-class defense oriented faculty provide both meaningful graduate education for our officers and real insights into today’s defense challenges.For me to summarize over 800 warfare analysis papers, 200 classroom capstone studies, 300 theses and major research projects related to maritime warfare analysis is impossible to accomplish in detail so I will do three things today:Stay on script so as not to stray into a detailed discussion until the question periodProvide an overview of how we integrate our graduate education with technology advancements in warfareCover the biggest trends our students and faculty have produced, many are of little surprise today.







INTRODUCTION 


Or, how we do it 


Naval Postgraduate School: 
Integrating real-world issues with graduate education 
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And here is our secret weapon.  Mature, experienced joint and allied officers focusing on defense-related graduate degrees.  Our faculty’s success has been to give them the technical and analytical foundations in of their degree program, then provide them with relevant problems to employ these tools.  Ambrose Bierce, a 19th century American journalist, once said “War is God’s way of teaching Americans geography”  We take that a set further by giving them problems and scenarios to apply their education and learn about the culture, current geo-political issues, and environment of places they may one day have to fight.







2006-2016 Campaign Scenarios 


KOREA Counter-SOF 


South China Sea Conflict 


Hybrid War in the Baltic 


Blockade of Okinawa 
Strait of 
Hormuz 
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Here is a list of example scenarios that have been addressed in the past ten years.  Notice a wide range of challenges, from maritime security to all-out maritime conflict.  Sources of conflict and orders of battle all come from unclassified sources, but if a U.S. student begins classified research using a venue from the scenario, that information is replaced with the best intelligence estimates.







2016 Total 
Ships 


Systems 
Engineering 


E-Week E-Week 


Joint 
Campaign 
Analysis 


2015 Total 
Ships 


Systems 
Engineering 


Wargaming 


IW Systems 
Engineering 


Capstone 


July  August September October November December January  February March April May June 


FY15 Summer Qtr FY16 Fall Qtr FY16 Winter Qtr FY16 Spring Qtr 


 
WARFARE INNOVATION CONTINUUM 


 


“Creating Asymmetric Warfighting Advantages” 


Joint 
Campaign 
Analysis  


JC4I 
Capstone 


SEA 23 
Final 


Report 


RoboEdu 
Design 


Challenge 


Wargame Planning 
and Innovation 


 Workshop 
Littoral Operations Center 


           SEA 23 Capstone Project:: UxS in Cross Domain Operations 


 
CRUSER Innovation Thread 4:  “Leveraging 
Unmanned Systems to Create  Asymmetric Advantages in 
Contested Environments” 


Warfare 
Innovation 
Workshop 


Energy Logistics 
in Warfare 
Operations 


OPTECH (Japan) 
Ops and Technology 
Workshop 


Indonesian Littoral 
Conops Course 


SE Capstone Project – Electric ship  


Tactical 
Decision Making 
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Each year we have a campus-wide theme and scenario called the Warfare Innovation Continuum for faculty to apply in their classroom and research if they wish.  This year, “Creating Asymmetric Warfighting Advantages”  involves over 400 students, faculty and sponsors in capstone classroom projects, thesis work, and research initiatives.  It uses a scenario titled Maritime War 2030 which addresses an expansionist Russia and adventurous China.  The Continuum theme lasts in research threads for much longer than a year, many ideas going to field experimentation.This is a very cluttered slide, presented with no apology.There are a lot of people involved here, and the total cost of this enterprise is millions of dollars a year.  Though we seek surprise and insight, there is a design underlying this "continuum" and guidance of its progression.The blue boxes represent the courses involved this year and I will focus on just two, the Joint Campaign Analysis class and the Wargaming class to demonstrate how we integrate lessons learned across courses and research topics.







Joint Campaign ANALYSIS Course 


COURSE MISSION: 
THIS COURSE STUDIES THE DEVELOPMENT, 


USE, AND RECENT APPLICATIONS OF 
CAMPAIGN ANALYSIS IN ACTUAL 


PROCUREMENT, FORCE STRUCTURE, AND 
OPERATIONS PLANNING. EMPHASIS IS ON 
FORMULATING THE PROBLEM, CHOOSING 


ASSUMPTIONS, STRUCTURING THE 
ANALYSIS, AND MEASURING 


EFFECTIVENESS.  


 
 
                                                                                      
 
 
 


Students come from: 
Ops Research, Joint Operational Logistics, 
Systems Engineering Analysis, Modeling 
Simulation and Virtual Environments, and 


Defense Analysis programs.  
 


Navy, Marines, and Army officers 
 (all branches) 


 
United States, Germany, Turkey, Pakistan, 


and many others 


4-Week Mini-study deals with realistic 
future scenario that students are 


challenged to provide concepts for 
employment and quantitative assessment 


of risk, including technical injects.  
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The Joint Campaign Analysis course is required by our Operations Research, Systems Engineering Analysis,  Undersea Warfare (OR) and Joint Operational Logistics students, but is an elective in many more technical programs.  Students represent all branches of service and our collation partners.  The course’s culmination is a three to four-week mini-study using the Warfare Innovation Continuum’s scenario.  Our officers are challenged to use all the tools provided to them by their respective graduate programs and the campaign models discussed in class to quantify risk of concepts they develop to address the scenario, and provide a quantitative military assessment of technologies introduced in the scenario.  Innovative concepts of employment are encouraged, but must be assessed for effectiveness, risk, and in many cases, cost. All that said, an appreciation for campaign analysis being a big IF-THEN statement, and not a predication tool is reinforced.  IF we accept this scenario, its assumptions and data, and we use this model, then these are the results.  In this was we hope to focus on important initial conditions (critical assumptions), possible vulnerabilities, and look for patterns of activity which point to strong solutions.







Example Technical Injects 
 Tactically Exploited Reconnaissance Node 
 Undersea Constellation 
 Flotilla of smaller missile combatants 
 Advanced Undersea Weapon Systems 
 Shore based ASCM 
 Enhanced LPD-17 
 ACTUV 
 Lasers 
 Non-lethal stopping 
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Here are just a sample of the many technical injects provided to the Joint Campaign Analysis students.  These are provided by various Navy and Defense organizations, our own NPS researchers, or from the Warfare Innovation Workshop held each fall as part of the Warfare Innovation Continuum.  My next few slides will give you an appreciation on how the students accomplish a quantitative military assessment of their concepts of employment and technical injects.







Concept of Operations 


7 


CSG 


ESG 


N. FLT 
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Their first step is to develop their own concept of operations based on the scenario, order of battle, objectives, and rules of engagement.  In many cases, the students come up with innovative employment concepts for both existing platforms and future technologies.  As will be discussed, paired unmanned surface vessel operations for bi-static ASW search operations is one example.







Tactical level analysis to understand 
campaign effects 


8 


Analyzing strike effects on 
Fiery Reef runways 


Coyote UAV’s tactical 
employment with P-8 


sonobuoy field. 



Presenter

Presentation Notes

The officers frequently conduct tactical level analysis to understand how to modify campaign model parameters to capture engagement effectiveness.  The two shown here are strike effects on Fiery reef’s runways and the use of a Coyote UAV by the P-8 to provide magnetic anomaly detection capability across a sonobuoy field.







Length of ASW campaign and weapon 
usage sensitive to P-8 introduction 


9 


Phase-1  Duration (Undersea Assets employed only) 


* All numbers are mean of 1000 runs 
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Tactical effects are then represented in mission and campaign models to gain insight into the effects of changing parameters or assumptions.  These charts show the impact of introducing P-8s into a ASW campaign on weapon usage and campaign duration. 







Technical Inject: Coyote MAD 
capability for P-8 


10 


Addition of P-8A MAD capability via UAV 
Can remote MAD capability reduce the ASW Find, 
Fix, Track, Target, Engage (F2T2E) time sequence 
and enhance the ASW campaign? 


Too 
Many! 


Very Long 
Range –  
70+ NMs?? 


* All numbers are mean of 1000 runs 
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Likewise, tactical and mission analysis is done for technical injects to understand how to model their campaign effects.







Technical Inject: Campaign effects of  
P-8 Coyote capability 


11 
* All numbers are mean of 1000 runs 
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Here we see that although the introduction of the Coyote UAV to the P-8s capability has tactical effect, the impact on campaign measures of blue submarines lost and campaign length are negligible with the ASW campaign model used. 







Effects of Offensively Mining  


12 


Offensively Mining  
enemy’s submarine 


ports lowers campaign 
risks to shipping 
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Lt Nesbitt conducted mine field effectiveness analysis of offensively mining a certain adversary’s main submarine port.  Not surprising to this audience, the campaign effects were to greatly reduce the risk to shipping.







Joint Campaign Analysis  
and Wargaming Connection 


13 


Summer Joint 
Campaign 


Analysis Class 


Fall 
Wargaming 


Class 


Winter Joint 
Campaign 


Analysis Class 


Maritime 
War 2030 
Scenario 


Technology 
Injects and 
Concepts 


Red Response 
Blue Concepts 


Technology 
Injects and 
Concepts 
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The Joint Campaign Analysis’s course results are provided to the next quarter’s wargaming class, comprised of many of the same students, to add the human decision making element in modifying blue concepts and developing red’s response.  The wargaming class results will then influence the next Joint Campaign Analysis’ course scenario and red concepts.







NPS Wargaming Course  
• The first half of the Wargaming Applications 


course teaches the fundamentals of wargaming 
using a mix of lectures and practical exercises. 
Concludes with the completion of the “Wargaming 
Apprentice Certification Exam.” 


• Wargaming Capstone Project: 
The second half of the course 
focuses on applying wargaming 
fundamentals to design, 
develop, conduct and analyze a 
wargame to answer a DoD 
sponsor's actual requirement.  Commander, EWTGLANT attends student game 


14 


DoD Capstone Sponsors : 7 Navy, 5 Joint, 3 Int’l, 2 Army, 1 Marine Corps, 1 Industry. 
Wargames (34 total): 15 Navy, 5 Joint, 5 Army, 4 Int’l, 3 Marine Corps, 2 Industry. 
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A bit about our wargaming class.  It is also an applied course were the officers learn to art of executing an analytical wargame with a real world’s sponsors objectives and issues.  Essentially, they learn as they design, develop, then execute an actual game for a sponsor.  Their “final” is the actual briefing and report back to their sponsor.







Fall 2012 Capstone Game 
Littoral Flotilla  


Littoral Flotilla is an exploration into the 
application of innovative joint and combined 
naval formations conducting combat 
operations in the littoral. The goal of the 
project is to foster international cooperation 
in the development of Littoral Warfare and 
to expand awareness of the challenges 
associated with operations in the global 
littorals. 


Littoral Operations Center stood up at NPS (2014) 
15 
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Just one example is the game aligned with our research to establish a small combatant flotilla in support of the stand up of the NPS Littoral Operations Center.  Again, I have shown just two classes in the Warfare Innovation Continuum. In various degrees we accomplish this coordination across the other classes participating in the Warfare Innovation Continuum like the Joint C4I class, the Total Ships Systems Engineering Class, the Energy Logistics Class, the IW Systems Engineering class and others. 







And hundreds of Theses  
 PROJECT JASON: Countering 


UCAV 
Tactical memo development 
Logistics Network analysis: Fuel – 


Air 
Alternative Communications paths 
 Salvo Warfare 
Red’s doctrine analysis 
Distributed Forces 
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Of course deeper warfare analysis is found in our student’s thesis and capstone project work.  From simulating warfare engagements a million times and varying parameters to discover the best tactics to employ,  to exploring vulnerabilities in logistics networks or  to field- testing QR codes as alternative communication paths, NPS student theses and graduation project provide the depth to general concepts proposed by the fleet and our own activities.







BIG TRENDS ACROSS TEN 
YEARS 


Some are now no surprise…. 
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I’ll now turn to what I see as emerging from these efforts across ten years.







A sample of Trends 
 Missile and Robotics: enablers for Red and Blue 
 Red  


– Terrestrial’s growing influence on maritime 
domain, particularly where it counts 


– High/Low ISR mix difficult to defeat 
 Blue 


– Lead with Undersea Power 
– Disburse airpower and surface action groups. 
– It takes a village: rediscovering USAF missile 


trucks or more missiles please….. 
– CVN’s importance as mid-ocean air provider for 


high end conflict 
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Some of the trends I’ll address are listed here.  The impact of the missile and robotics age can clearly be seen in the way we employ forces and those forces aligned against us.  Almost all trends stem from technologies associated with miniaturization, computing power, speed, connectivity, energy, and advances in artificial intelligence.  Innovative employment of these technologies like ISR sensors on self-propelling surf boards is the most frequent theme from our Warfare Innovation Continuums.Because these enablers have so much influence on our students’ results, I will do a short primer as to why. 







Characteristics of modern maritime marfare 


• Offense is the stronger form of naval tactical warfare 
 


“Fire effectively first” (Hughes) 
 


• Defense is the stronger form of naval operational 
warfare 


             Sea Denial is easier than Sea Control 
 
 We observe U.S. Navy is currently on the 


disadvantaged side in both these areas in  
warfighting and procurement  


19 
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I want to remind us of an important perspective about naval warfare, which is reverse from the land warriors view of defense being the stronger form of warfare.  The maritime tactical offense is less expensive to employ, and more advantageous than the maritime tactical defense.  Initiatives like distributed lethality are addressing the imbalance between offensive capacity and defense capacity in our force.







Naval Warfighting Ages 


Ram Gun Aircraft Missile  Robotics 


20 


Oars Sail and Steam Carrier Distributed 
Small  


and Distributed 


Long Time Sail to 1840 
Steam to 1940 


1940 – 1970 
Nuclear 1950 


Conventional 1967 
2010 -  
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Ramming, row and boarding vessels gave way to the naval cannon and sail; sail to steam; rifled gun and armor to aircraft; aircraft to missiles; and now we are on the dawn of a robotics age.  Missiles, robots, miniaturization, hypersonic technologies, and artificial intelligence give the advantage to smaller, many, faster, and more lethal offense capabilities.  It is not surprising that our officers frequently use numerous smaller platforms, mostly unmanned, to mitigate the threat to our higher value ships. Likewise, our potential advisories recognize this as well.







Implications for Missile and 
Robotics Age 


 Easier to leverage the power of quantity: 
–  Swarms (Harpies, Boats, etc) 
– Cost effectiveness of offensive systems over 


defensive systems is enhanced 
 Enables focus on package delivered instead 


of delivery platform 
 Options:  


– Very advanced, autonomous and expensive 
systems 


– Basic, “throw away” and inexpensive systems: 
few vs. many 


21 
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Where there is a sea and air denial challenge, our potential adversaries have leveraged these points to create relatively inexpensive weapons systems in a tactically offensive way in great numbers while we invest in expensive defensive systems employed far away requiring both increased autonomy and logistics.We see opportunity in refocusing our procurement efforts to the packages (kinetic and non-kinetic) and adjust the platforms that delivery them accordingly.  A stark example is a “package” that has maritime influence yet no maritime platform, the DF-21.  Without the acquisition burden and existing capital investment in fleet platforms, our potential adversaries have the option of leaping directly into “package” focus acquisition.







TRENDS IN THE MARITIME 
THREAT 
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Here are trends we see in our potential adversaries capabilities that have real strategic impact.
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The ability for land-based missiles and bombers to threaten sea denial is news to few here, but in the last ten years this has developed into having strategic implications.  Cruise missiles like the Chinese YJ-62 and Russian P 800 as well as DF-21s are the new 21st century coastal batteries—except they are not limited to coastal in their influence.  Combined with long range surface to air missiles and missile carrying bombers their reach enables political adventurism within EEZs and beyond.  They represent the hard threat behind maritime security vessels enforcing extreme interpretations of maritime exclusion zone privileges.   Unchecked, this challenge to freedom of the seas may evolve to a Balklanization of the oceans, particularly along the major shipping routes and fishing grounds of the world.  Our students rediscovered obtaining sea control, even temporarily, is now necessary for power projection and as you will see, drove them underwater.Increasingly longer range submarine capabilities allow potential adversaries to threaten our sea lines of communications up to our own coasts through mining and direct attack.  Port breakouts, convoy operations, and port defense, including cruise missile defense of the homeland, are all areas that are again of interest to our students.  Speaking of submarine warfare, one “red” tactic that causes student blue teams concern is paired SSK operations.  Similar to the old Soviet Akula/Oscar tactics, SSKs operating near by each other, separated by depth water space management scheme, changes the engagement dynamics for a single Blue SSN, certainly the expected exchange ratio.  This was a tactic developed by a “red” Joint Campaign Analysis team and to my knowledge is not common practice by any of our potential adversaries. 







Who can best fight in the night? 
(EM night that is) 


 Threat’s combination of high (satellite) and 
low (naval auxiliary) targeting methods 
challenge Blue’s “left” of kill chain 
capabilities 
 “Old school” organic targeting methods 


become more important when everyone’s 
Precision Navigation and Timing is 
degraded 
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Although the emphasis on “left of kill chain” effects against an adversaries surveillance and targeting systems is moving in the right direction, we also need to remember hundreds of fishing junks that can act as “low mix” AGIs and consider this more eye-ball threat.  Dispersed manned ISR at sea can challenge our more sophisticated electronic deception and decoy methods.  In addition, with the potential degradation of all precision, navigation, and timing system, we are once again concerned with ensuring every shooter can also target without the necessity of off-board intelligence.







HOW BLUE RESPONDED…. 







Taking the “Low Road” 
 Lead with submarines (deny sea space) 
 Develop undersea ISR, PNT, and arsenal 


systems (Undersea constellation) 
 Get missiles into AOR  
 Genesis of  “War at Sea Strategy” 


(Hughes/Kline 2012 NWCR) 
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Keeping and leveraging the advantage in undersea operations and capabilities are critical in our studies.  The 2012-2014 Warfare Innovation Continuum “Advancing the Design of Undersea Warfare” developed architectures for NUWC’s Advanced Undersea Warfare Systems including advanced smart mines, conceived and buildt undersea docking stations and diver assist vehicles, and rediscovered concepts related to theater submarine warfare.  Results were provided to NWDC to help mature the “Leveraging the Undersea environment concept”     Using submarines for sea denial, shaping the operating area with offensive and defensive mining, and developing undersea infrastructure to influence the surface, air, and cyber domains gives us an asymmetric advantage.  A common issue, however, is a capacity gap—we simply do not have a sufficient number of submarines to cover the ocean required to create anything but an extended (years long) campaign. Therefore, early introduction of missiles into a high risk environment without undo risk to capital intensive naval force structure shortened campaign length.  Which, brings me to my next point.  When in the missile age….







In the Missile Age: Focus on 
Missiles, not platforms 


Mass missiles, not delivery platforms.   
– Disperse Air Wings 
– Distribute surface ships 
– Establish land missile outposts 
– Establish undersea “arsenals” like DARPA’s 


Hydra 
– Use joint assets (Bombers) as missile trucks 


 
 This requires buying more offensive 


missiles and force-wide training 



Presenter

Presentation Notes

Focus on missiles.   Getting missiles into a contested AOR, without risking our high value units, became a constant theme, particularly in our 2013 – 2015 Warfare Innovation Continuum “Dispersed Air and Surface Assets”.  Here emerged the concept of the smaller combatant flotilla operating in hunter-killer pairs, dispersing the air wing to various shore sites (very reminiscent of Henderson Field during the Guadalcanal campaign) then rotating them back to the CVN, establishing our own anti-ship cruise missile land sites, using undersea infrastructure as missile arsenals, and leveraging the missile carrying capacity of our sister services’ aircraft, from B-1s to C-17s.  What we learned is influencing the current Distributed Lethality Task Force and our current cross-campus Systems Engineering Analysis study addresses leveraging unmanned systems for cross-domain operations.







In the Robotics Age: Focus on 
Robotics, not platforms 


 Robots forward!   
– Combine manned and unmanned systems 


• Section of aircraft: unmanned missile carrier 
forward, manned fighter back 


• ACTUV pairs for bi-static search with Surface 
Action Groups 


– ACTUV as missile carrier (box launcher) 
– Many, disposable UxS ISR and environmental 


sensors 
 Unmanned Systems viewed by themselves, 


not as extension of manned platforms 
 
 



Presenter

Presentation Notes

Likewise, when in the robotics age, leverage their capabilities, not just as an extension of manned platforms, but by themselves.  Our 2011 – 2013 Warfare Innovation Continuum “Unmanned Systems in Naval Operations” kicked off research that is still ongoing, and in at least one case, is directly influencing DARPA programs in UAV Swarm warfare.  Dr. Tim Chung, now a DARPA Director for this program, and his students developed the software and hardware to fly 50 cooperating autonomous air vehicles in 2014, setting a world record while an NPS faculty member.  Concepts to use unmanned systems as over-the-horizon environmental and ISR sensors, to deliver left of kill chain effects, to act as missile carriers when paired with manned systems, and to deliver non-lethal effects have been analyzed and shown to shorten campaign length and mitigate risk to manned platforms.







Other Observations 
 Carriers of aircraft most impactful just 


outside missile range 
 Vulnerable logistics and repair system 


(network analysis) 
– Fuel, parts and ammunition 
– Not prepared to handle damaged ships 
– Distributed and Expeditionary Logistics 


lessons from WWII 
 



Presenter

Presentation Notes

Where does that leave the center-piece of our fleet, the aircraft carrier?  Classified student thesis work have analyzed counter-targeting methods for the CVN using electromagnetic maneuver warfare, land masking and raiding operations to mitigate risk to the carrier and air wing.  It’s major contribution, however, is as a mobile airfield outside the immediate contested AOR, either to deliver and support a dispersed air wing, or as a mid-ocean provider of air assets for sea control and convoy protection.  CVNs lurking just outside missile range demands attention from potential adversaries, diverting them away from other forces penetrating the contested area.  Of course, the utility of a mobile airfield in less-intensive conflicts is not questioned.Another large area of research has been the logistic system to support our operating forces.  Using advanced network analysis techniques, vulnerabilities in capability and capacity in our logistics system have been highlighted. Work during the “Dispersed Future Air and Surface Forces” warfare innovation continuum proposed concepts in distributed and expeditionary logistics that are very similar to those used during World War II in both theaters.  That research continues. Lessons have been provided to the current effort in Distributed Logistics concept being developed by OPNAV N4.  







More Observations 
 Unique use of evolving technology, more 


innovation than revolution 
More, less expensive sensors and platforms 


with more focused missions in dispersed 
operations 
 Push C2 to lowest level: 


– Good knowledge of mission 
– Independent, pre-coordinated and quiet 


operations 
– More WWII Submarine Operations than Desert 


Storm 
30 Ideas for a more resilient force 



Presenter

Presentation Notes

Three of the major themes consistently emerging from these activities are the innovative use of existing or evolving technology, many from industry.  The concepts that arise are not revolutionary in nature, but do show unique applications within the nature of maritime warfare.Again, we see the desire to use more dispersed, less expensive sensors and platforms to respond to a wide variety of operations and with that, authority at the lowest level to execute mission objectives.  This allows, when necessary, for independent initiative when off-board communications are not desired.  This helps mitigate reliance on a network and with more sensors and platforms, creates a more resilient force.  By a force wide resilience we mean less vulnerable and if attacked, more robust to absorb casualties.  







Technology and Strategy:  
Why I like being tactical 


 Technology enhances maritime tactical 
capabilities 
 Tactical capabilities provide additional 


operational level ways and means 
 Operational level ways and means inform 


strategic choices. 
 



Presenter

Presentation Notes

A final word in defense of we technologists and tacticians engaging strategists.  Historically, technology advancements have provided a tactical edge against maritime foes.  Wither you see strategy as decisions among choices in a constrained fiscal environment, or ends, ways, and means, these tactical edges provide opportunities for strategic choices or the ways to accomplish strategic ends.  Again, I point out the DF-21 as a tactical weapon with strategic implications.And, working with young officers, eager for relevant education and to help solve the Navy’s challenges, keeps me going to work a happy man.  I love my job.







Discussion 







Most Recent Workshop 
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“Will emergent technologies (unmanned systems, advanced 
computing power, automation, advanced sensor 
capabilities, laser weapons etc.) allow us to fight effectively 
in the complex and an electromagnetically contested 
littoral environment against sea denial forces?” 


Creating Asymmetric Warfighting Advantages 
21-24 September 2015 







34 


A two-year event thread begins with a Warfare Innovation 
Workshop (WIW) and culminates with a research presentation at 
ONR showcasing the results 


Fall  
Year 1 


 
Warfare 


Innovation 
Workshop 


Teams of junior 
officers and early 
career engineers 
propose concepts 
within a scenario 


Spring 
Year 1 


 
Technical 


Continuum 


Review of Technical 
Papers and proposals for 
concepts selected from 
Warfare Innovation 
Workshop.  Includes a 
Research Fair 


Spring 
Year 2 


 
Field 


Experiment 


Testing of 
physical models 
as a follow-on to 
the Tech 
Continuum 


Summer  
Year 2 


 
Research 


Expo 


Expo to showcase the 
results of the 
Innovation Thread – 
“Concept to 
Experimentation” 


CRUSER Innovation Thread 
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2011 2015 
2011 – 2013 


Thread #1 –UxS Employment in Naval Operations  
TechCon 
(APR 12) 


Cancelled due 
to Travel 
Restrictions 


Expo 
(JUN 13) 


Field Exp. 
(APR 13) 


WIW 
(SEP 11) 


2012 - 2014 
Thread #2 - Advancing the Design of Undersea Warfare 


TechCon 
(APR 13) 


Expo 
(JUN 14) 


Field Exp. 
(APR 14) 


WIW 
(SEP 12) 


2013-2015 
Thread #3 - Distributing Future Naval Air and Surface Forces 


TechCon 
(APR 14) 


Expo 
(JUN 15) 


Field Exp. 
(APR 15) 


WIW 
(SEP 13) 


2014-2016 
Thread #4 – Warfare in a Contested 


Littoral 


WIW 
(SEP 14) 


Past Warfare Innovation Continuum 


2015-2017 
Thread #5 – 
Asymmetric 
Advantages 


WIW 
(SEP 
15) 
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Week-Long Basic Analytic Wargaming Course  
(Mobile Education Team (MET) Concept) 


• Built around hands-on practical exercises coordinated with the sponsor—NOT a lecture-dominated course. 
• Purpose is to develop a wargaming core competency within an organization. 
• By the end of the week, student teams conduct a wargame that they designed during the course. 


Canadian Forces Aerospace Warfare Centre 
 Trenton, Ontario, Canada September 2011 


US Strategic Command 
Offutt AFB, Nebraska  March 2014 


 


Sekolah Tinggi Teknologi Angkatan Laut 
 Surabaya, Indonesia July 2015 


US Central Command 
Tampa, Florida  August 2015 


 


Potential Course Sponsors : Royal Canadian Navy, DTA (New Zealand), French and Indian Armed Forces  


Course for USMC (OAD AND I&L sponsored) completed in Quantico Feb 2016 


Upcoming courses: 9th MSN SUPPT CMD, May ‘16; DST-Group (Australia), July ‘16; CENTCOM, FY16-17 
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Naval Post Graduate School 
Mine Warfare Symposium 


 


24-26 May 2016 


Mr. Tom Dee 
DASN ELM            


Thomas.dee@navy.mil 
Pentagon 4C746 Unclassified 
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• Strategic Drivers 
 


• Agile Acquisition 


NPS MIW 
25 May 2016 Unclassified 


Mk 18 Mod 2 UUV 
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World Economic Forum 
Global Risk Assessment 2016 


Technological Innovation and 
International Security 


 
Technologies are fusing in increasingly 


unpredictable ways, and potential nefarious 
uses are not always immediately apparent. 


Even if they were, innovation quickly 
outpaces the capacity for regulatory 


oversight.  Breakthroughs in a range of 
technologies – from robotics to 


nanotechnology, artificial intelligence, 
genome sequencing, human advancements 


or meta materials – could destabilize 
security and shift balances of power. 


 


Unclassified 


The international security landscape is in flux, challenging the assumption of 
continued social, political and economic progress that characterized the first 25 years 
after the end of the Cold War. Transformative shifts in political and economic power – 
accelerated by technological innovation, social fragmentation and demographic shifts 


– will have profound ramifications for the international security order.  


NPS MIW 
25 May 2016 
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Strategic Trends and  
Operational Environment 


“Threats to our Nation’s interests have evolved, and 
instability around the globe has steadily increased.  


This unstable and increasingly dangerous world 
situation is further complicated by a constrained 


resource environment from which we must continue 
current operations, reset our equipment, and maintain 


out warfighting readiness and at the same time, 
modernize our force.”  


 
General Robert B. Neller, CMC 


FRAGO 01/2016:  Advance to Contact 
 


Unclassified NPS MIW 
25 May 2016 
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Strategic Trends and  
Operational Environment 


Strategic Environment: 
“Three forces... have profound implications 
for the United States Navy… Our competitors 
are moving quickly, and our adversaries are 
bent on leaving us swirling in their wake.” 
• forces at play in the maritime system 
• force of the information system 
• force of technology entering the 


environment 


“There is also a fourth ‘force’ that shapes our security 
environment… the Defense and Navy budgets likely will continue 
to be under pressure. We will not be able to “buy” our way out of 
the challenges that we face. The budget environment will force 
tough choices but must also inspire new thinking.”  
  ADM John Richardson,  CNO 
  A Design for Maintaining Maritime Superiority, Jan 2016 


Unclassified NPS MIW 
25 May 2016 
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FY17 DoD Budget Request 


Unclassified 


“It is important to note that the FY 2017 budget request and the enacted FY 2016 budget come 
after several years of declining defense budgets.  This defense drawdown, which began with the 


FY 2010 budget, was the fifth major defense drawdown since the end of World War II (WWII), 
following those after WWII and the Korean War, the Vietnam War, and the Cold War.  While this 


decline largely reflects a significant drawdown of U.S. presence in Iraq and Afghanistan, it 
occurred in a period of considerable instability and was driven to a substantial extent by the 
restrictions of the Budget Control Act (BCA) of 2011 rather than by strategic considerations” 


NPS MIW 
25 May 2016 
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Better Buying Power:  Obtaining Greater Efficiency and Productivity 
 
• Underpinning BBP 3.0 is the growing concern that DoD’s technological 


superiority is not assured and, in fact, it is being increasingly challenged 
 


FY17 DoD Budget Request 
“Accelerate the Pace of Defense Reform” 


Many of the BBP 3.0 initiatives address technical excellence and innovation: 
 
• Increase the use of prototyping and experimentation 
• Emphasize technology insertion and refresh in program planning 
• Use Modular Open Systems Architecture to stimulate innovation 
• Provide clear “best value” definitions so industry can respond 
• Strengthen organic engineering capabilities 


 
Navy FY17 DoN Budget Book: Rapid Prototyping and Development 
 
• In response to the accelerating rate of change in the global environment… 


there is a critical need to improve agility in the development and delivery 
of warfighting capabilities to the Fleet. The Department of Defense’s Better 
Buying Power initiatives and the SECNAV’s Task Force Innovation Vision 
identify that prototyping and experimentation activities are fundamental to 
meeting this need. 


The environment is not just a threat; its an opportunity 


Unclassified NPS MIW 
25 May 2016 







An Agile and Innovative DoD? 


Long history of demands to create a more agile and responsive 
process to address emerging threats 


“The Department must not only prepare for those threats we can anticipate, but also 
build the agile, adaptive and innovative structures capable of quickly identifying 
emerging gaps and adjusting program and budgetary priorities to rapidly field 
capabilities that will mitigate those gaps.… The Department needs a means to quickly 
prioritize and quantify requirements and to ensure that the resources are available to 
enable rapid fielding of capabilities inside of the Department’s Planning Programming, 
Budgeting and Execution System (PPBES) cycle.”          QDR, Feb 2010, pg 80 


“Why was it necessary to go outside the normal process to develop 
technologies to counter IEDs, to build MRAPS, and to quickly expand ISR 
capability? Why was it necessary to bypass existing institutions and 
procedures to get the capabilities needed to protect US troops and fight 
ongoing wars?”  Secretary Gates, Foreign Affairs, Jan/Feb 2009  


“I … believe that it is necessary to create a “Fast Lane” for acquiring and fielding 
systems in response to urgent operational needs… Since the attacks of September 11, 
2001, DoD has engaged in rapid acquisition through a variety of largely ad hoc 
processes. Section 804 of the FY 2011 National Defense Authorization Act requires 
DoD to consider a formal process for rapid acquisition. If confirmed, I will make 
creating a formal process for rapid acquisition a priority”.       Secretary Panetta  


   APQs, Senate Hearing, 
   2011 


NPS MIW 
25 May 2016 Unclassified 8 
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Only top officials can assume the risks that come with sidestepping 
general procedures. In practice, this means that the upper echelons of the 
department cannot simply issue policy guidance; they need to focus on 
specific threats and capability gaps…   And even the best ideas will 
remain unrealized if there are not clear procedures for bringing them to 
fruition -- especially in the Department of Defense, which thrives on order 
and discipline. 
    Dr Ashton Carter 
    “Running the Pentagon Right” 
    Foreign Affairs, Jan/Feb 2014 


“As we end today’s wars and reshape our Armed Forces, we will 
ensure that our military is agile, flexible, and ready for the full 
range of contingencies.”              President Obama , Jan 3, 2012 
              Sustaining U.S. Global Leadership:  
              Priorities for 21st Century Defense  
“This includes an accounting of our ability to make a course change that 
could be driven by many factors…” 


“The DON must provide emerging operational capabilities a clear and expedient 
path to the fleet. We must reduce barriers and promote a culture willing to accept 
new concepts such as adaptive force packages, unmanned/autonomous 
systems, non-lethal weapons, directed energy, and additive manufacturing.” 
    Secretary Ray Mabus 


Agility and Innovation (part 2) 


NPS MIW 
25 May 2016 Unclassified 







“Institutionalizing flexibility and adaptiveness is no easy matter: 
it goes against the bureaucratic grain.  Moreover, changing 
institutional repertoires entails far more than a realistic 
appreciation of the nature of the problem and clear policy 
guidance to cope with it…  


 
  Our Vietnam experience suggest(s)… the need for a deliberate 


effort to offset the inevitable bureaucratic tendency to keep 
doing the familiar and to adapt only slowly and incrementally, 
no matter how clear the need for change.” 


 
“Bureaucracy Does Its Thing”  


U.S. - GVN Performance in Vietnam,  
Rand Study, R-967-ARPA, Aug 1972 


Agility and Innovation (part 3) 


So how do we field capability in an innovative, responsive, and 
agile manner? 


NPS MIW 
25 May 2016 Unclassified 10 
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It’s not just what we do differently,   
it’s how we do it… 


“The expeditionary mind-set is… derived from discipline, training, 
and an overwhelming need to accomplish the mission regardless 
of the situation. An expeditionary force is built on several key 
principles:  
• Solving problems with minimal support and broad guidance… 
• Maintaining equipment in forward areas with organic assets…” 
 
Expeditionary Forces: 
• “Knowledge Workers” 
• Responsive and “Tough” 
• Have an agile toolkit 


 
 


USMC  
Expeditionary Force 21,  


Mar 2014  


A culture of initiative and innovation… 


INITIATIVE: On their own, everybody strives to be the best they can be 
– we give 100% when on the job. Our leaders take ownership and act 
to the limit of their authorities. We foster a questioning attitude and 
look at new ideas with an open mind. Our most junior teammate may 
have the best idea; we must be open to capturing that idea. 


Core Attributes: 
• Integrity 
• Accountability 
• Initiative 
• Toughness 


NPS MIW 
25 May 2016 
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Mine Countermeasures: 
A Very Complex Problem 


MCM Tasks 
• Hunt to detect and localize targets 
• Investigate to classify and identify  
• Neutralize 


Key MCM Measures 
• Reduce Tactical Timeline 


• Reduce PFA   ;  Increase ACRS 
• Improve MCM effectiveness 


• Increase PD, PC, PID 
• Maintain or improve RO, AO,  


Unclassified 
NPS MIW 
25 May 2016 
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FY12 Fast Lane Funding 
• Navy: $335.8M 


• Mk 18 Mod 2 UUV: $23M 


$$$ 


Operational Need 


Capability 


How it Works 


NPS MIW 
25 May 2016 Unclassified 
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How it Really Works… 


Balance of multiple considerations: 
 
 
 
• Operational Risk 
• Technology Opportunities and Maturity 
• Operational Suitability  
• Cost and Affordability 
• Reliability/Sustainability 
• System Integration 
• Scalability 
• Acquisition Risk 


 
All of which are formalized in: 
• CONOPs 
• Requirements documents 
• Acquisition Strategies and Plans 
• Life Cycle Support Strategies 
• Training plans 
• Manpower Documents 
• Contract Specifications 
• Programming Decisions and Budget Documents 


 


With Help from the Bureaucracy 


NPS MIW 
25 May 2016 Unclassified 







Mk 18 UUV FoS 
Lessons Learned 


• Approach 
– Highly tailored evolutionary program leveraging mature technologies 
– Partnership between S&T, Acquisition, Sponsors, and Fleet 
– Open architecture, modular design 
– Family of systems to enable future S&T transitions  


 


• Lessons Learned 
– “Build a little, test a little, field a little….” (George Pollitt, JHAPU) 


• Mature, Reliable platform - then payloads 
– Stakeholder IPT 


• PM, Fleet, Sponsor, ONR, Labs, UARCs, Contractors 
– Operational urgency and risk acceptance 


• Balance programmatic risk with operational risk 
– Measurable and Testable requirements 


• JHU APL as IT&EA 
• Fleet participation in User Operational Evaluation System (UOES) 


– Non-ACAT Abbreviated Acquisition Program (AAP) 
– Supportive S&T efforts 
– Full DOTMLPF development 


• Expeditionary MCM Company 
 
 15 Unclassified 


Incremental Approach 


NPS MIW 
25 May 2016 







Full DOTMLPF Integration 


The Technology is Not the Capability 
 


16 Unclassified 


11M RHIB carrying (2) Mk 18 Mod 2 UUVs conducts launch 
and recovery training on USS FREEDOM (LCS 1) 


Smart, Innovative, and Motivated People Provide the Capability 


Just another 
tool in the 
toolbox… 


NPS MIW 
25 May 2016 
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Balancing  
Capability, Capacity, & Readiness 


Optimizing acquisition strategies to 
be responsive to the fleet and enable 


affordability… 
NPS MIW 
25 May 2016 Unclassified 







Discussion… 


18 Unclassified NPS MIW 
25 May 2016 
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ASN (RDA)   


 
ELM 


 


 
International 


 


•  Marine Corps Ground Programs  


•  Navy Expeditionary Programs 


•  Rapid Acquisition Processes 


•  Acquisition Logistics Management 


Facilitate Successful Acquisition Outcomes 


 ASSISTANT SECRETARY OF NAVY (RDA)  
Mr. Sean J. Stackley 


 
PRINCIPAL MILITARY DEPUTY 


VADM Dave Johnson 
 


PRINCIPAL CIVILIAN DEPUTY 
Ms. Allison Stiller 


Deputy Assistant  
Secretaries  


of the  
Navy  


(DASNs) 


 
Unmanned 


 


 
Assistant General 


Counsel 
 


 
Air 


 
 


Ships 
 


 
Management  


& Budget 
 
 


RDT&E 
 


 
C4I & Space 


 


 
Acquisition 


Procurement 
 


Program 
Executive 
Officers 
(PEOs) 


 
Integrated 


Warfare Systems 
  


Strategic Systems 
Program (DRPM) 


 
 


Submarines 
 
 


Aircraft 
Carriers 


  
Air ASW Assault 
& Special Mission 


 


 
Joint Strike 


Fighter 
 
 


Ships 
  


Enterprise  
Information  


Systems 
 
 


C4I 
 
 


Space Systems 
 


 
Tactical Air 


 


 
LCS 


  
Unmanned Aviation 


& 
Strike Weapons 


 


 
Land Systems 


 


SYSCOMs 
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Mine Warfare Association Symposium 


24 May 2016 
 


 


Naval Surface and Mine 
Warfighting Development Center 


(SMWDC) 
 
 
 


RDML Jim Kilby 
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SMWDC Mission 
Increase the warfighting effectiveness of the Surface Fleet by 
providing advanced tactics and training across the individual, unit 
and integrated level to enable warships and Warfare Commanders to 
transform combat potential into maximum combat power.   


“I have one and only one priority, and that is to ensure that everything we do makes us better 
warfighters…We rededicate ourselves to the profession of Surface Warfare…We value warfighting 
excellence… We will distribute lethality throughout the Fleet and increase combat power on every ship.”    
VADM Rowden (SWO Boss) 
 
  


 tactics and training 
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SMWDC C2 


           SMWDC Det 
            Pt Loma, CA 
                  MIW  


CNSL 
 


CNSP 


NAVAL SURFACE AND MINE WARFIGHTING    
DEVELOPMENT CENTER (SMWDC) 


San Diego, CA  Headquarters 


Afloat Training 
Group 


(ATGL/P) 


Center for 
Surface Combat 
Systems (CSCS) 


CNSF  


Commander 
Carrier Strike 


Group 4/15 


Surface Warfare 
Officer School 


(SWOS) 
Tactical 


Training Group 
(TTGL/P) 


Requesting  
Numbered 


Fleets 


Marine Forces 
(MARFOR) Units 


 


Expeditionary 
Warfare Training 


Group (EWTGL/P) 


CSCS 
Learning 


Sites 


ADCON 
OPCON 
Coordination 
Support 


AIR WDC 


NWDC 


SMWDC Detachment 
Dahlgren, VA 


BMD, AW 


SMWDC Detachment 
San Diego, CA 


SUW, SuASW, SWATT  


SMWDC Detachment 
Little Creek, VA 
AMW, SWATT   


Naval Education 
Training 


Command (NETC) 


SUB WDC 


EXW WDC 


MIW Battle 
Staff 


STDG NAMDC NMAWC MIW 
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Developing high end warfighting skills 


Focus Areas 


Warfare Tactics Instructors 


Doctrine & Tactics 


Surface Warfare Advanced  
Tactical Training 


Surface Warfare Combat Training 
Continuum 


 


AMW 
 


AW 
 


BMD 
 


MIW 
 


MOS 
 


 


SUW 
 


Increased Tactical Proficiency 
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Navy Mine Warfare 
 Operational Structure 


 
COMTHIRDFLT 


COMCMRON SEVEN COMCMRON FIVE 


 
CTF 80 


    SMWDC 
Warfighting 


Development Center 
(MIW,SUW, AMW, 
IAMD/ BMD, MOS) 


 


 
COMSEVENTHFLT 


 
COMFIFTHFLT 


CTF 522 CTF 77 


COMCMRON THREE 


 
COMSIXTHFLT 


CTF xx CTF xx 


 
COMFOURTHFLT 


Deployable staff supports NCC MIW operations and training 


CTG 38.7 CTF 85 / 185 


Global Mine Warfare Commander 


UNCLASSIFIED 


MIW BattleStaff 
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MIW Fleet Engagement 


IMCMEX 
Arabian Gulf 


Ulchi Freedom  
Guardian  


Korea 


RIMPAC 
Socal 
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MIW Current Events 


 LCS Ship Building Strategy 
 


 MCM Mission Package Testing  
 


 Push Towards Unmanned System 
Integration 
 


 Expeditionary MCM Concept 
 


 Legacy MCM sustainment 
 UNCLASSIFIED 
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Transforming Mine Warfare 


Near-Term 


Mid-Term 


Far-Term 


Mining 
Single 
Non-Maneuverable 
Weapon 


Controllable  
Mobile  
Weapon 


Advanced Undersea 
Weapons & Sensors 


Autonomous  
Netted USW  
Systems 


LCS-Based 
Integrated System 


Triad of MCM 
Platforms 


MCM 
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  Where Can S&T Community Help? 


Automatic Target Recognition 
 


 
Data Compression / Transfer 


 
 


UxVs  
 


 
Advanced Mining  


 
• Offensive / Defensive / Protective 


 
 


Alternate Sensors  
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MCMnext 


Vision 
 


• Revolutionary operational concepts must 


be explored, underpinned by the latest in 


technological advances, creating a 


paradigm shift in warfighting, training and 


resourcing. 


Background 
• Mines are affordable asymmetric equalizers. 
• MCM is not getting easier for the US and allies. 
• Legacy MCM forces are approaching sundown 


and LCS will provide a near-legacy approach to 
counter current threats.  LCS/ESB modular 
design enables rapid integration of system-level 
innovation 


• MCM Ops have been conducted in a similar 
manner for 50+ years.  Advances in tech must be 
explored to alter MCM force employment. 


Approach 
MCMnext  to: 


1)  Establish a dialogue with leaders in  
industry, academia, government, and 
national labs 


2)  Propose Strategic Studies Group 
theme and NPS studies 


3)  Advocate for S&T investment 
4)  Synthesize revolutionary concepts and 


enable existing and future technologies 


MCMnext To Revolutionize the Approach to MCM 


UNCLASSIFIED 
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Collaboration is Key 


UNCLASSIFIED 


Enhance operational 
 capability 


Strengthen relationships 


Foster interoperability 
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Learning is Key 


“If you want to have good ideas, you 
have to have many ideas” 


 
 


Dr. Linus Pauling, Nobel Prize in Chemistry, 1954 


“We need to get learning now!  We 
cant wait to predict the future.  Smaller 
learning cycles are better and we must 


accelerate learning as individuals, 
teams, and organizations” 


 
 


CNO, ‘Maintain Maritime Superiority’, Dec 2015 


UNCLASSIFIED 
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Questions? 


UNCLASSIFIED 







UNCLASSIFIED 
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• Functional Framework 
• Standardized Metrics 
•  How good are we? 
•  Actual environments, theater forces 
•  Exercises in Theater 


• Capstone Metrics 
• Time 
•  Risk 


• Performance Measures 
•  Availability 
•  Mines detected / swept 
•  Area Covered 
 Fleet performance trends steer requirements, training, and OPLANs 


Integrated Assessments 





		�Mine Warfare Association Symposium�24 May 2016�

		SMWDC Mission

		Slide Number 3

		Focus Areas

		Navy Mine Warfare� Operational Structure

		Slide Number 6

		MIW Current Events

		Transforming Mine Warfare

		  Where Can S&T Community Help?

		MCMnext

		Collaboration is Key

		Learning is Key

		Slide Number 13

		Integrated Assessments






Consortium for Robotics and Unmanned Systems Education and Research 


 
Dr. Ray Buettner 


Director 
  


http://cruser.nps.edu 







Consortium for Robotics and Unmanned Systems Education and Research 


“…provide a DoD-wide community of interest to exchange research 
and experimentation results” 
 


2 


Under Secretary of the Navy  Robert O. Work – 1 Feb 2011 


 
In support of SECNAV’s unmanned systems goals CRUSER is established 
to… 
 


“…shape generations of naval officers through education, research, concept 
generation and experimentation in maritime applications of robotics, automation 
and unmanned systems…….” 
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Oversight Coordination 
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Community of Interest 


Carl Oros 
Associate Director 


 
Lyla Englehorn 


Associate Director 
 


Dr. Ray Buettner 
Director 


Advisory Committee 


Jean Ferriera 
Operations Manager 


NPS Faculty/Students:  288  


Academia: 228 


Industry: 1183  


USA/USAF: 124 


DoN: 693 


Other Government: 218  


International: 72 


General Public: 87  


2893 Members and 
growing 


Oversight 
ONR 


Sponsor 
SECNAV 


 
Dr. Brian Bingham 


Deputy Director 
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Two year innovation threads consisting of 


Concept Generation 


Experimentation Program 


Education Venue  


DoD-wide forum for collaboration  







Consortium for Robotics and Unmanned Systems Education and Research 
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A two-year event thread begins with a Warfare Innovation Workshop 
(WIW) and culminates with a research presentation at ONR showcasing 


the results 


Fall  
Year 1 


 
Warfare 


Innovation 
Workshop 


Teams of academic, govt., 
and scientific community 
representatives propose 
concepts within a scenario 


Spring 
Year 1 


 
Technical 


Continuum 


Review of Technical 
Papers and proposals for 
concepts selected from 
Warfare Innovation 
Workshop.  Includes a 
Research Fair 


Spring 
Year 2 


 
Field 


Experiment 


Testing of physical 
models as a 
follow-on to the 
Tech Continuum 


Summer  
Year 2 


 
Research Expo 


Expo to showcase the 
results of the Innovation 
Thread – “Concept to 
Experimentation” 


Two year timeline  
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2011 2016 
2011 – 2013 


Thread #1 –UxS Employment in Naval Operations  


TechCon 
(APR 12) 


Field 
Exp. 


(APR 13) 


WIW 
(SEP 11) 


2012 - 2014 
Thread #2 - Advancing the Design of Undersea Warfare 


TechCon 
(APR 13) 


Field Exp. 
(APR 14) 


WIW 
(SEP 12) 


2013-2015 
Thread #3 - Distributing Future Naval Air and Surface Forces 


TechCon 
(APR 14) 


Field 
Exp. 


(APR 15) 


WIW 
(SEP 13) 


2014-2016 
Thread #5 – Creating Asymmetric 


Warfighting Advantages 


WIW 
(SEP 15) 


2014-2016 
Thread #4 - Warfare in a Contested Littoral 


TechCon 
(APR 15) 


Field 
Exp. 


(APR 16) 


WIW 
(SEP 14) 
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This year’s Warfare Innovation Workshop will focus 
on advancing the CNO’s concept of Electromagnetic 
Maneuver Warfare (EMW) and leveraging unmanned 
systems to enhance cross domain operations.  Small 
teams of NPS U.S. officers, junior engineers from 
Navy labs and industry, and fleet junior officers will 
propose technologies and employment concepts in 
scenario based discussions.  Teams will brief their 
conclusions to sponsors, industry executives, and 
senior officers the final morning and these results will 
be disseminated to fleet commands. 


Thread #5   
Sep 2015 
Warfare 


Innovation 
Workshop 


Apr 2016 
Technical 


Continuum 


Apr  2017 
Field 


Experiment 


June 2017 
Research 


Expo 


sponsored by NWDC and CRUSER 
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Thread #4   


Sep 2014 
Warfare 


Innovation 
Workshop 


Apr 2015 
Technical 


Continuum 


Apr  2016 
Field 


Experiment 


June 2016 
Research 


Expo 







Consortium for Robotics and Unmanned Systems Education and Research 


Ideas   
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CRUSER 
Senior 


Leaders 


Call for 
Proposals 


Research 
Begins 


Sep 2014 
Warfare 


Innovation 
Workshop 


Selection Advisory 
Committee 


Fa
cu


lty
 P


ro
po


sa
ls


 


Submissions 
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Selection Criteria 
Related to CRUSER mission thread 
Alignment with SECNAV’s DoN Unmanned Systems 
NPS Student involvement 
Interdisciplinary, interagency, and partnerships with Naval labs 
Partnerships with other sponsors’ funding  
Research related to unmanned systems’ categories: 


Technical 
Experimentation 
Defense against threat UxS capabilities 
Organization and Employment 
Social, Cultural, Political, Ethical and Legal 


New research area (Seed money to attract other contributors) 
Amount Funded 


FY12 - $400k 
FY13 - $700k 
FY14 - $2M 
FY15 - $3M 
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Technical Continuum 
• Thirty presentations on selected technologies identified 


in Sept 2014 Warfare Innovation Workshops 
• Concepts will be selected for continued development 


and field experimentation in FY16 
 
5th Annual Robots in the Roses Research Fair 
• Displays of current research by NPS Faculty and NPS 


Students 
• Hands-on demonstrations of current technology 
• High School Robotics Team demonstrations 
• S.T.E.M Activity 


CRUSER Thread 4 
Sep 2014 
Warfare 


Innovation 
Workshop 


Apr 2015 
Technical 


Continuum 


Apr  2016 
Field 


Experiment 


June 2016 
Research 


Expo 
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Spring 2016 


Conduct Field Experimentation on selected presentations from 
the CRUSER Technical Continuum 
 


Summer 2016 
Expo at NPS for IMWTS to showcase research 


 


CRUSER Thread 4 
Sep 2014 
Warfare 


Innovation 
Workshop 


Apr 2015 
Technical 


Continuum 


Apr  2016 
Field 


Experiment 


June 2016 
Research 


Expo 
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• Glider-Measured Underwater Bioluminescence for Submarine Minefield Navigation  


• Robo DoJo 


• Agent Library of Unmanned Vehicles 


• Testing Small Multi-Rotor Unmanned Aerial Systems as Platforms for Atmospheric Measurements 


• Short Range Wireless Power Transfer (WPT) for UAV/UAS Battery Charging – Phase II 


• Applications of a mobile acoustic source for Tactical Oceanography 


• Towards Persistent ISR missions by teams of Autonomous Gliders 


• Computational Solutions for Real-time Optimal Maneuvering of Unmanned Vehicles 


• Irregular, Hybrid and Asymmetric Warfare: Functional Analysis & Automation for Sustaining and 
Supporting Dispersed Operations of Dismounted Infantry 


• UAS IFC Phase III 


• C2 Models of Next Generation Unmanned Aircraft Systems 


• Using Small Unmanned Aerial Systems as Electronic Warfare Platforms - Providing the Tactical 
Ground Commander the Electromagnetic Advantage 


• LDUUV Life Cycle Management 
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• Stratified wakes induced by submerged propagating objects: detection using Unmanned 
Underwater Vehicles. 


• Autonomous Aerial Vehicles with Robotic Manipulation Capability 


• CRUSER Data Farming Workshops 


• Investigating the Navy’s Logistics Role in Department of Defense International Humanitarian 
Assistance Activities 


• Combined Unmanned Underwater Vehicle Efforts in a Large-Scale Mine Warfare Environment 


• Robotic system software engineering classroom case study: a series of educational modules that 
result in the development and acceptance of an actual working robotic system 


• Real-time undersea networking using acoustic communications for improved UUV positioning and 
collaboration 


• Using Autonomous Wave Gliders to Quantify Near-Surface Turbulence and EM Ducting Conditions 


• Development of instructional tutorials, online wiki, and videos in support of Robotics and Rapid 
Prototyping 


• Rapid FDC Resupply Using a Projectile-Launched Guided Parafoil 


• Development of Control System Course Content for Interdisciplinary Applications in Robotics 
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A grand challenge where tactics drive the technology 
 
• Develop enabling capabilities for attacking the opponent’s aerial bots and their home base 


while actively defending own home base 
 


• Conduct live-fly, outdoor competition in tournament-style event 
 


• Seek innovations in tactics, concepts of operations, autonomy algorithms, hardware 
platforms, etc. 
 


• Provide common standards and infrastructure for rapid evolution 


CRUSER Thread 1 
Sep 2011 
Warfare 


Innovation 
Workshop 


May 2012 
Technical 


Continuum 


Apr  2013 
Field 


Experiment 


June 2013 
Research 


Expo 
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Developing Novel Approaches to Quick Response Code (QR Code) 
Image Acquisition using 4K Ultra-high Resolution Video  


for Fleet Tactical Communications with Unmanned Systems    


Initial results: Demonstrated QR codes can be extracted at distances at least 500 
times farther than typical (600’ versus 1-1.25’).  


Recommendations: Continued Research Warranted - Adaptive Optics to Extend 
Range past 10K yards, Software for Encode/Decode and Image Processing,  
Continued Field Testing with Unmanned Systems 


CRUSER Thread 1 
Sep 2011 
Warfare 


Innovation 
Workshop 


May 2012 
Technical 


Continuum 


Apr  2013 
Field 


Experiment 


June 2013 
Research 


Expo 
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Maritime In Situ Sensing Inter-Operable Network 
Joseph Rice, Naval Postgraduate School 


Objectives 
•Study noisy underwater 
environments 
•Achieve acoustic 
communications through 
adverse channels 
•Integrate U.S. “Seaweb” and 
Singapore “UNet” networks 
 
Deliverables 
Demonstrate in situ sensor 
networks in Singapore 
Strait 


Payoff to the Navy  
Enable distributed wireless architectures for  
Maritime Domain Awareness and Under-Sea 
Warfare 


Accomplishments to Date 
Developed bilateral project 
plan with National 
University of Singapore 


Milestones 
•MISSION 2012 sea trials 
•MISSION 2013 sea trials 


Picture or Graphic 


Project MISSION 







Consortium for Robotics and Unmanned Systems Education and Research 20 


CRUSER Robo-Ethics Continuing Education Series (RECES) 
Jan 2012/Sept 2013/Mar 2014/April 2015 


 
Navy Robotics Education Continuum 


May 2012 
 
Academy Summer block internships 


FY13, FY14, ongoing 
 
Catalog degree programs, short courses, and certificate programs country wide 


FY15 
 
Create short course programs as identified by community of interest  


Continuous 
 
Align curricula for interdisciplinary autonomous systems education 


Continuous 
 
S.T.E.M. Outreach Events 


Continuous 
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January 2012 
• Four panels over 2 days 
• Over 100 participants from the DC area 
• Commands represented included: ONR, OSD, 


NAVAIR, NAVSEA, USNA, NPS, NWC, PEO 
LCS, NRL, DOS, JGRE, Navy Staff 


September 2013 
• Enrichment Week event open to entire 


campus/Live Stream/Video 
• 2-hour panel discussion on UxS ethical issues 


related to distributing future Naval air and 
surface forces 


March 2014 
• San Diego Event with VTC Participants from 


Pentagon, NPS, NSWC Panama City, and 
USNA 


• 3-hour panel discussion providing a 
commander with guidance on ethical 
dilemmas embedded in a South China Sea 
scenario in the year 20YY 


April 2015 
• Teams of junior officers from NPS, USNA, & 


SSC Pac working remotely to explore the 
operational limits of military robotics 
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Monthly e-Newsletter 
“CRUSER News” 
Articles by CRUSER Members 
http://CRUSER.nps.edu  
 


Unclassified Website 
Calendar of Events 
http://my.nps.edu/web/cruser/cruser-sponsored-events 
 


Classified Website 
https://cruser.nps.navy.smil.mil 



http://CRUSER.nps.edu

http://my.nps.edu/web/cruser/cruser-sponsored-events

https://cruser.nps.navy.smil.mil
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Monthly Meetings 
In-person, Dial-in, or remote viewing 
1-2 Presentations 
Open Discussion  


 
NPS Students regularly completing Unmanned 
Systems/Robotics related theses/projects 
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2893 Members and growing 
(as of 1 Apr 2016) 







Consortium for Robotics and Unmanned Systems Education and Research 


 
Dr. Ray Buettner 


Director 
  


http://cruser.nps.edu 
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Modular, Open, Low-Cost 
Micro-UUVs to support 
Rapid Mine Assessment 


 
Presented by Jeff Smith 


May 2016 


MINWARA 







Lenny Baker 
Sr. Lead Systems Engineer / EE / SW 
BS - Elec Eng (WPI) 
MS – Elec Eng (Umass) 
10+ Years in electrical design,  shipboard 
electronics, power and controls 


Riptide Founders / Leads 
Jeffrey M. Smith 
President & CEO 
BS - Mech Eng (WPI) 
MS - Mech Eng (RPI) 
MBA - (RPI) 
20+ Years in technical management, program management, executive 
management, Navy Program Development, UUV Subject Matter Expert 


Dr. Stefano Brizzolara 
Naval Architecture Principal 
PhD – Numerical Hydrodynamics for 
Ship Design (Univ of Genoa) 
~20 Years in naval architecture for 
advanced surface craft, architecture 
development, hydrodynamic design 


Sam Godin 
Lead Mechanical Engineer 
BS - Mech Eng (WPI) 
20+ Years in mechanical design, 
SolidWorks Super User 


SCPO (ret) Dan Lawrence 
Lead Analyst 
Retired ONI ACINT Specialist, Operational 
Test Director, 30+ years experience in at-
sea technical assessment for operational 
utility 


Dr. Dani Goldberg 
Software Principal 
BS -Comp Sci (Brandeis) 
MS - Comp Sci (USC) 
PhD - Comp Sci (USC) 
20+ Years in technical management and 
software development for autonomous 
systems (space and undersea), architecture 
development, hybrid systems 







Vehicle Background 
• May 2015 Riptide kicked off its initial  


prototype design which concluded with  
its first in-water trials September 2015  
at the ONR Patuxent River Demo. 


• Rapid development timeline was achieved by a small 
integrated team through extensive use of COTS and rapid 
prototyping techniques. 


• Since the demonstration we reassessed the vehicle 
design and made modifications required to support end-
users and operators in preparation for initial production 
deliveries. 







µUUV Overview 
Initial Prototype Vehicle 


• 4 7/8 inches in diameter 


• 29” to 60” in length 


• ~20 lbs 


• 200 m rated 


Pre-Production Vehicle 







µUUV Overview 
First Delivered Vehicles 


• 4 7/8 inches in diameter 


• 29” to 60” in length 


• ~20 lbs 


• 200 m rated 


Pre-Production Vehicle 


Pre-Production Vehicle - µMini 







Hand Launching 







Vehicle Overview 
• Size and Depth Rating 


• 4 7/8” Diameter, 29-60” long, ~15-35 lbs, rated to 200M 


• Power 
• AA batteries (350 Wh) 
• Lithium Ion - Rechargeable (350 Wh) / Primaries (1,000 Wh) 
• Al/H20 (5-6 kWh) – Open Water Power System 


• Software 
• Linux OS, C++ code (Open Source), MOOS-IvP 


• Mission Planning 
• Creating a mission planning system from modified open source software 


• Payload Options 
• Demonstrated and delivered – Side Scan (Atlas Scout), Wet Custom 
• Under Contract – Side Scan (Scout Lite), ACOMMs, 360o Camera 







Vehicles Deliveries 


With 20” wet section installed 







Preliminary Power Option 


AA Batteries for initial deliveries 


350 Wh – approximately 12-24 hours of operations 
                   (Payload dependent) 







Superior Hydrodynamics 


+11% 


+~20% 


+~40% 







Enabling Technologies 


• Power 
• Navigation 
• Communications 
• Autonomy 
• Sensors 


 
• Advances being made across the board, but new 


capabilities for lower cost are accelerating 







Power Development 


Open Water Power has developed a novel aluminum-water platform technology for 
undersea power generation. Invented and patented by their founders at MIT, the 
electrochemical system provides safe, scalable & non-toxic energy storage with 
extremely high energy density, promising a 10x improvement in the endurance of 
Unmanned Underwater Vehicles (UUVs) and sensors. 







 







• “GPS for undersea”  
Acoustic transmitters in fixed locations 
serve as an undersea navigation 
constellation 


• Leverages proven technology from other 
domains  


• Multiple at-sea field experiments 


• Contract award March 2016, 27 m PoP 


• World class team 


POSYDON (Positioning System for Deep Ocean Navigation) 







Covert Monitoring 


• 360 Degree Camera 
• 1504 x 1504 pixels (more available) 
• 3 hours of record time 
• Affordable 


 
 


 







Rapid Environmental Assessment 


• Small yet capable platform 
• SCOUT Lite – Single Frequency – 600, 900, 1200, or 


1800 kHz 
• 6-8 hours of run time 
• Affordable 


 
 


 







Status Screen 
Title Bar Heartbeat. Blinks on 


and off showing that 
the display is active 


Colors: 
White/gray = label/info 
Cyan/Magenta  
        = Informational data 
Green = data (good value) 
Yellow = data (warning) 
Red = data (error/caution) 
Dark Gray = stale data  
   or unknown value Status Bar 


Shows the status of sensors 
and communications. 
Green = good/active 
Red = error of some sort 
Gray = no information 


WiFi 
IP address for WiFi is shown, if 
it exists.  If it is not shown, an 
error is indicated. 


WiFi Status Indicator 
Grey = no connection to 
access point 
Green = connection to access 
point 







Propulsion Motor 


Speeds of 1-12+ knots 







Ballast and Trim 
Nose Tail and Dropweight 


Weight 
washers 







Communications 


Upper Rudder is the communications node 
• WiFi 
• GPS Receiver 
• Visible Light LED 


 
• IR LED available 
• Bluetooth available 


 
• Other comms modes in added custom 


antenna masts, or custom fins 


As Delivered potted tail assembly shown 







Mission Control 
I2C 
RS232 
PWM 


Riptide Interface 


Navigation 
(MOOS) 


Dynamic Control 
(MOOS) 


Mission Control 
(MOOS, ROS) 







 


• OpenCPN 
• Add  


• Depth 
• Lawnmower 


pattern 


• Translation to 
MOOS or ROS 
mission 
format 
 


Mission Planner 







µUUV and MOOS 
• MOOS-IvP running on a BeagleBone Black 


• Provides a well supported, cost effective, power conscious hardware 
environment for MOOS-IvP and MOOS applications 


• Interface to top-side is via Wi-Fi connected to the Beaglebone Black USB 
Host port 


• GPS and Wi-Fi have direct interfaces (via PWB’s) to the BeagleBone 
Black 


• MOOS applications interface to rest of the hardware through the Nose, 
Power, or Tail Controllers via I2C 


• Low power Arduino Pro Micros handle unique interface needs to hardware 
located in the respective compartments 


• Flexible payload configuration with a range of standard interfaces as 
supported by the BeagleBone Black such as RS-232, USB, I2C, SPI, and 
Ethernet 


 
 







Summary 
• Riptide is delivering multiple µUUV systems to the US Navy 


for R&D 
• All specifications are being validated in test and in-water 


demonstrations  
• Riptide has an exclusive partnership with Open Water Power 


for the µUUV vehicle class and is supporting their ongoing 
power system development 


• Riptide is actively seeking development partners to explore 
new applications and missions for this new class of µUUV 
 


 







For further information, please contact:  Jeff Smith   
 617.820.4586  
 Jeff@RiptideAS.com  


Questions? 
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BLUF 


It is not the strongest nor the most intelligent that survives.   
It is the one that is the most adaptable to change. 


—Charles Darwin 
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Adapted from lecture by:  
Tony Seba, Stanford Univ. 
Oslo, NOR, Mar 2016 


5th Avenue 
Ney York City 
1900 
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Overview 
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Presentation Outline 
• MIW S&T Strategy & Portfolio Focus 
• MIW FNC Program 
• Strategic Issue:  Agility 







MIW S&T Investment Strategy 
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WHAT we Seek to Achieve 
• MCM Goals 


– Decrease the operational timeline 
– Minimize risk to operating forces 


• Mining Goal:  Enable on-demand battlespace shaping 
 


WHO we Serve 
• The Warfighter of Today (e.g., FNC) 


– Naval Technology Gaps, IPCLs, etc. 
• The Warfighter of Tomorrow (e.g., D&I) 


– The Naval S&T Strategic Plan 
– Community & stakeholder engagement (identification 


of fundamental, enduring problems) 
 


HOW we will Succeed (MIW Vision) 
  


• Slower & manpower intensive 
• Linear DTE sequence 


• Faster & less risk 
• Parallel / single-pass DTE 
• Distributed and Netted 
• Autonomy & Automation 
• Scalable & Adaptable Capability 


Offboard, Heterogeneous 
Unmanned Systems Integrated 
with Manned Operations &  
Command Structure 


Transformation 
of MIW 







Mine / Obstacle Detection 
• Sensors, signal processing, and ATR 
• Phenomenology, modeling, and prediction 
• Cooperative behaviors and autonomy 
• Remote sensing for MCM 


Mine / Obstacle Neutralization 
• Minesweeping for modern mines 
• Neutralization enablers 
• Mine burial (processes & prediction)  
• Mine burial effects (lethality & susceptibility) 


Mine Technology 
• Remote control concepts, strike options 
• Distributed, autonomous minefield concepts 


Naval Special Warfare / Joint Service EOD 
• Sensors, robotics, and neutralization (e.g., no/low collateral damage) 
• Diver technologies  


 


MIW Applied Research 
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Advanced Development 
• BAAs for upcoming FNCs 


 
Discovery & Invention 
• www.onr.navy.mil >> Code 32 >> 


OceanEngineering  







FNC Program 
Advanced Sonar Technology 


Advanced UUV sensors for high 
clearance rate MCM 


• Sensor fusion to reduce false alarms 
• Long range buried mine detection 
• Volume mine hunting capability 
• Confined area search capability for 


UUVs 
• VSW mine hunting, including buried  


Technologies: 
• Integrated Forward Looking Sonar and 


Dual Frequency SAS  
• Long Range LFBB Sonar 
• VSW Acoustic Color – Imaging Sonar 
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FY16 Demonstration - FY17 Transitions PMS 406 and 408 







FNC Program 
Compact Modular Sensor & Processing Suite (CMSS) 


Compact suite of sensors for single pass 
detection and real-time classification of 
drifting and moored mines 


• Reduces false alarm rate (FAR) 
• Eliminates post mission analysis (PMA) 
• In-situ characterization of the 


environment 
Technologies: 


• Advanced 2D and 3D LIDAR 
• Multi-spectral Imaging (MSI) and LWIR 
• Synthetic Aperture Radar (SAR)  
• Target recognition / data fusion 


algorithms 
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FY16-17 Test & Demonstration; Transition in FY18-19 


Pods for Fire Scout MQ-
8C and MH-60S 


Fire Scout MQ-8C MH-60S 







FNC Program 
Single Sortie Detect To Engage 


Mine Countermeasure (MCM)  
detect-to-engage in a Single Sortie  


• Accelerates the MCM timeline 
• Reduces risk to the warfighter 
• Reduces sailor workload 


Technologies: 
• USV-based launch and recovery of multiple  


UUVs for search, identification, and neutralization 
• Automated UUV charging, data extraction, information 


processing, and re-planning 
• Low-cost, expendable UUV for reacquisition & mine 


neutralization 
• Architecture, autonomy, and automation to enable USV-UUV 


cooperation and overall system supervision by remote operator 
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FY16 Initial Demo - FY17 Full demo - FY 18 Transitions PMS 495, 406 and 408 


Automated UUV Deploy & 
Retrieve System 


UUV Charge & 
Data Download 


Technologies for an Advanced 
Expendable Mine Neutralizer 







  FNC Program 
Advanced Undersea Weapons System 


Unmanned sensors, weapons and 
communications nodes  


• A cost effective battle space 
shaping system that provides a 
tactically flexible asymmetric 
capability to deter and restrict the 
mobility and access of adversary 
forces 


Technologies: 
• Tactical Positioning and Fire 


Control 
• Remote Command and Control 


(RECO) 
• Autonomous Threat  


Discrimination & Localization 
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FY17 Initial Demo - FY18 Full demo - FY 18 Transitions PMS 495 and 406 







FNC Program 
Automation of UxV-Based MCM 


Improved MCM planning tools & 
Automatic Target Recognition 


• Automated MCM planning/re-planning 
• Accelerated sensor data analysis 
• Squadron-level performance estimation 


Technologies: 
• Capability to plan/re-plan to desired risk 
• Common operating picture for diverse 


MCM assets 
• Dynamic asset rescheduling &  


deconfliction  
• In-situ MCM sensor performance 


prediction 
• Environmentally adaptive ATR 


algorithms  
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FY19 Initial Demo – FY20 Full demo – FY21 Transitions PMS 495 and 408 







Advanced USV-based MIW Capabilities 
• Autonomous situational awareness 


and hazard avoidance for USVs 
• Advanced magnetic influence sweep 


payload for USVs. 
• Underway refueling and data transfer 


system for USVs 
Technologies 


• Autonomous avoidance of fixed and 
moving hazards, regaining track and 
revisiting missed areas, using low 
bandwidth control link 


• Magnetic mine influence system 
demonstrated with existing acoustic 
generator 


• Automated underway refueling system 


Rapidly neutralize sea mines, 
day/night, in up thru SS-3 


FNC Program 
Autonomous USVs for MIW 
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FY17 Start — FY21 / FY22 Transition 







FNC Program 
Buried Mine Neutralization 


Rapidly Complete the Engagement 
Sequence against Fully Buried Mines 


• Search systems for buried minehunting are 
coming online (prerequisite)  


• Enable identification, precise localization, 
and neutralization 


• Core tradeoff:  localization accuracy vs. 
nature of neutralizer 


Technologies: 
• Multiple modalities for identification (e.g., 


acoustic, magnetic, etc.) 
• Considering full spectrum of approaches 


and technologies for precise localization 
• Considering many options for kill 


mechanism 
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FY18 Start — FY22 Transition 


Knifefish and SSAM 3 systems for 
buried minehunting (search) 



https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiN_M3MyNfMAhUIcT4KHREoCqAQjRwIBw&url=https://subseaworldnews.com/tag/uuv/&psig=AFQjCNE0B3eNVB2GxjLIZRnWKRgQLuRk4Q&ust=1463246598081225





Strategic Issue 
Agility 


What is the Purpose of DoD 5000 & JCIDS? 
• Manage Risk 


– Monetary risk  
– Safety risk 
– Performance risk 


 


• These risks manifest when we go too fast 
• Is there a principled, causal relationship with 


going too slow? 
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Strategic Issue 
Agility 


MIT Beer Game 
• Supply chain management 


– i.e., think DoD procurement system 


• Created in 1960s and prolific today 
– because its shockingly “real world” 


• Point is: 
– Looks easy 
– Everyone fails—equally & very badly 


• How? 
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Strategic Issue 
Agility 


MIT Beer Game 
• Game is designed as an unstable dynamic system 


– (but recall performance matches real-world data) 


• Exploits three fundamental vulnerabilities of 
dynamic systems 


1. Time delays 
– Material & Information 


2. Fundamental Attribution Error 
3. Criticality of Mental Models 
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Strategic Issue 
Agility 


Is this Relevant to DoD Procurement or MIW? 


16 
Provided by: D. Patt 
DARPA/TTO 2012 study 







Conclusions 


Summary 
• Too Slow just as bad as Too Fast 
• Must balance these risks  


– Monetary:  Limited production & maximize reuse of 
prior S&T investment 


– Performance:  Embrace UOES with 80% solutions 
– Safety:  Treat unmanned as unmanned where 


appropriate 


Goal 
• Balance Strong & Smart (short term)  


with Agility (long term)  
17 







Questions 
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It is not the strongest nor the most intelligent that survives.   
It is the one that is the most adaptable to change. 


—Charles Darwin 


 5th Avenue 
Ney York City 
Today 
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Mine Countermeasures 
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NSWC PCD Historical Evolution 


MIW Consolidation at PCD 70 Years in MCM 
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  Non-Mag Area & 
Fanselau Coil Littoral Warfare 


Integration Facility 


 Prototype 
Fabrication Facility  Sea Fighter 


 (FSF-1) 


 Joint Gulf Test 
Range 


Value to the Warfighter 


Advanced 
Sensors 


Search Theory 
Modernization 


Signal Processing & 
Information Fusion 


 Automation & 
Dynamics 


 Cognitive 
Architectures 


 Target Scattering 


 Chem/Bio Individual 
Protection 


USMC Mine Roller 
Family of Systems 


SEAL Delivery 
Vehicles(SDV) 


Restricted Overhauls 


SEAVIEW 


  Damage Control 
Personnel Protection 


  USMC Raids & 
Recon 


MIW Sustainment 
(MCM 1, MH-53E, 


Mines) 


MCM Tactics & 
Doctrine 


LCS Mission Package IO&TE 
Certification and IOT&E 


Naval Mine Warfare 
Simulation (NMWS) 


 Foreign Weapon 
Exploitation 


 MH-60S/AMNS        
Live Fire 


 Expeditionary 
Energy Evaluation 


 Human Systems 
Integration 


MK18 EOD UUV 


Expeditionary C2 
(DJC2,USMC, MLP, 


NETC2) 
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(SeaFox RDC) 
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SQQ-32 (V)4Sonar 
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AAG/IAAG Acoustic 
Sweeps 
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Systems (LCAC100) 


 USMC Route 
Reconnaissance & 


Clearance 


 Mission Package 
Application Software 


Mission Capable 
Unmanned System 


  MH-60S/AMCM 
Integration 
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Mine Warfare Sustainment 
Key Missions/Capabilities 


• Life Cycle Sustainment  
• Acquisition Support 
• System Engineering 
• Software Engineering 
• Helicopter Integration  
• Test and Evaluation 
• Product Improvement 
• Obsolescence Management 
• Interim Support 


• Training Development and Instruction 
• Technical Manual Development and Maintenance 
• Alteration Development and Installation 
• Reach-back Support 
• Fly-away Teams 
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USS Freedom 
(LCS 1) 


USS 
Independence 


 (LCS 2) 


MCM Mission Package 
BPAUV 


AN/AQS 20 


ALMDS 


RMS 


COBRA 


ALMDS 


PCD Support to LCS  


Littoral Warfare Systems Facility 


Tactical Analysis (RIMPAC) 


Mission Module Roll Out Ceremony 2007 


RDT&E for organic MIW capabilities 


Littoral Combat Ship 
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Joint Maritime Mining 
• Full Spectrum Mining (S&T, RDT&E, Acquisition, In-Service Engineering) 


• Mine Improvements Program Support  
• Rapid Repurposing of Legacy Systems for Emergent Needs  
• Research & Technology Development for Future Capabilities 


Quickstrike  Mk 62/63/65 


Submarine Launched 
Mobile Mine (SLMM) Mk 67 


Quickstrike  Mk 62s 


SLMM  Mk 67 


Today 


Quickstrike  Mod X 
JDAM Extended Range 


Clandestine Delivered 
Mine Mk 67 Mod X 


Tomorrow 


Modular 
Undersea 
Effectors 
(MUSE) 


Future 
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Effects 
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1960 1970 1980 1990 


Focus of Unmanned Systems Work: 
 Systems Engineering/Analysis to Meet Mission 


Requirements 
 Common Control (UUVs, USVs, UGVs, UAVs) 
 Mission Package Development 
 Total System Performance Prediction, 


Optimization, and Simulation 
 System Test and Evaluation 
 Platform Integration 
 Launch and Recovery 
 System Certification 


Making Existing Vehicles Mission Capable Through 
Systems Engineering and Technology Application 


1960 1970 1980 1990 2000 


Unmanned Systems at PCD 


2010 
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Mobile Decoy 


Remote Undersea 
MCM 


Control 
Systems Test 
Vehicle Large Scale 


Vehicle 


Acoustic Countermeasure 
Devices 
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Minehunting 
Operational 
Prototype 


Autonomous 
Search 
Hydrographic 
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Battlefield Recon 
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System 


Semi-autonomous Hydrographic 
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Surf Zone Crawler 
UGV 
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Battlespace Prep 
AUV  
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Lightweight 
Influence Sweep 
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Very Shallow 
Water 
Autonomous 
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Unmanned 
Influence Sweep 
System 


Surface MCM 
UUV 


RMMV 
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MK 18 
UUV 
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SSDTE 


AUWS 


13 


RaDER 


Common Control 
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National Unmanned Systems Shared Resource Center 


• National Unmanned Systems Shared Resource 
Center (NUSSRC) 


• Leverages the Office of Naval Research investments in 
UUVs to provide a cost-effective method of testing and 
evaluating advanced technologies without the added 
expense of maintaining your own unmanned systems.  


• NUSSRC has available experts to provide development 
support for future efforts, as well as independent 
verification and validation of new technologies as they 
apply to changing Fleet requirements for UUVs. 
 


• NUSSRC Fleet of UxVs and equipment includes: 
• IVER2 UUV 
• REMUS 100 UUVs 
• Bluefin 9 UUV 
• REMUS 600 UUVs 
• Bluefin 12 UUVs 
• ASDP USVs 
• UROC USV 
• MOKAI USV 
• microUSV 
• UUV Launch and Recovery Systems 
• UUV Mission Modules 
• Communications Buoys 


(NUSSRC) 
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Potential Future MCM 


• Deep Water thru the 
Beach 


• Multiple Unmanned 
Systems 


• Automated Target 
Recognition (ATR) 


• Fire and Forget 
Neutralizers  


• Advanced Sweeping & 
Jamming  


• Single-Pass Detect to 
Engage 


• Real time planning and 
assessment 


• Rapid asset scheduling 
and de-confliction 


• A common set of unmanned, modular systems integral to aircraft carrier, 
expeditionary strike group, and land/sea-bases.  


• Distributed over large areas and networked through a system of off-board nodes 
including intelligence and surveillance systems. 


MCM at the Speed of the Fleet 
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Potential Future Mining 
• A common set of unmanned, modular systems that provide scalable effects to 


support the dynamic control of the maritime battlespace 


• Distributed over large areas and networked through a system of off-board nodes 
including intelligence and surveillance systems. 


Controllable Scalable Effects 
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Future Integrated MIW 
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More effort on left-side of kill chain could 
significantly enhance overall capability 


U.S. Mining 
• Distributed Sensors to detect enemy 


mine laying platforms/operations 


• Scalable Effectors to disrupt/deny 
enemy mine laying platforms 


• A common set of unmanned, modular systems that provide scalable effects to 
support the dynamic control of the maritime battlespace 


MIW 
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The Phenomenology of Mine Hunting 







Aims 


• Primary aim is to discuss the importance of in-situ, fused 
sensing to developing a truly adaptive system capable of 
minehunting decisions in stride. 


   
• Secondary aim is to provoke interdisciplinary thought, as 


this is an application of philosophy to address a 
technological problem. 
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Phenomenology 


• Hegel –  self-awareness in relation to one’s surroundings as a precursor to intelligence 


• Husserl’s concept of  “epoché” in which objects are viewed from a “natural standpoint,” or a 
first-person perspective where what is observed is accepted to be exactly as it experienced. 


• Wittgenstein’s concept of “situated cognition”  


• Heidegger – being “in the world” 


• Dreyfus: “The moral of [this discussion] is this: there is more to intelligence than calculative 
rationality.”* 


 


 


 


 
*Source: Hubert L., and Stuart E. Dreyfus with Tom Athanasiou.  “Using Computers as  Means, Not Ends.” In  Computers, Ethics, and Society, 
ed.  M. David Ermann and Michele S.Shauf. New York:  Oxford University Press, 2003   
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Perception   


4 


“All knowledge takes its place within the horizons opened up 
by perception.” 
 
Maurice Merleau-Ponty - Phenomenology of Perception 







Why Merleau-Ponty is Relevant 


Perception is a holistic process that garners the input of many sensors 
and experiences and combines them to produce an experience that 
could therefore never be the same for any two “perceivers” or even be 
re-experienced perfectly for the original perceiver due to the passage of 
time.   
 
 
Perception is, however, enriched by the phenomenon of time, in that the 
new sensory experience is “colored” by previous sensory experiences 
and perceptual processing. 







Phenomenology points to… 


• The need for in-situ (“in-the-world”) perception 
• The need for multi-sensor perception 
• The requirement for fused multi-sensor perception to achieve situated 


“awareness” 
• The importance of  time in developing knowledge through in-situ 


experience 
 
 







Key Technologies (PPK) 


• Perception through: 
– Environmental sensors 
– Navigation/Motion sensors 
– Detection sensors 
– “Health” monitoring 


• Processing and Fusion: 
– Input is all-sensor/Output is not discrete data files, but fused data set 
– Discrimination and identification is not made by a single sensor, but by a 


corroboration among sensors 
– Goal is fully sensed “perception” of a “memorable” event 


• Knowledge Repository: 
– Not traditional computer “memory” 
– Changing/improving constantly 
– Associative - sensory triggers enable adaptive behavior and learning 
– Exclusive - events that are not “memorable” are not retained 







Why Minehunting? 


• The need to find and identify targets in a cluttered environment 
• The need to greatly reduce the FAR 
• The need to make “informed” decisions in stride 
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What has not worked so far… 


• Traditional Rationalist or Cartesian-Reductionist approaches 
• GOFAI (trying to program all possible adaptive behaviors/intelligence) 
• Approaching each challenge individually  
• Attempting to re-create recognizable “human” intelligence 







What shows promise… 


• Simplicity  (William Grey Walter)  
https://www.youtube.com/watch?v=lLULRlmXkKo 
 
• Holism 
• Biomimetics 
• Patience 


 



https://www.youtube.com/watch?v=lLULRlmXkKo





Beneficiaries 


• SSDTE MCM 
• UXO 
• Swarming and Cooperative Behaviors 
• Port and Harbor Security 
• ASW 







Recommended Reading 


• Phenomenology of Perception. Maurice Merleau-Ponty.  
• The Embodied Mind:  Cognitive Science and Human Experience. Varela, 


Francisco J., Evan Thompson, and Eleanor Rosch. Cambridge, MA:  MIT 
Press, 1991. 


• What Computers Still Can’t Do:  A Critique of Artificial Reason. Dreyfus, 
Hubert L. Cambridge, MA: MIT Press, 1999. 


• “Modeling curiosity in a mobile robot for long-term autonomous exploration 
and monitoring.” Girdhar, Y.; and Dudek, G. Autonomous Robots. 9,  2015. 
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And just a note about COLREGS… 


• On 19 May 2016, the US Coast Guard publically released a draft BEST 
PRACTICES FOR UNMANNED MARITIME SYSTEMS (UMS) via a 
Navigation and Vessel Inspection Circular (NVIC).  


• The USN, NOAA, and AUVSI/Industry were all notified.  
• AUVSI is coordinating with the EDA’s SARUMS and the UK’s MASRWG.  
• Feedback and input has been requested NLT 10 June 2016. 
• AUVSI has agreed to take the lead and consolidate Industry response. 
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