Computer Science and ArtificialIntelligence Laboratory

Technical Report

mas sachus etts ins titute of technology , cambr idge, ma 0 213 9 usa — www .csai l.mit.edu

MIT-CSAIL-TR-2009-028 June 18, 2009

An Overview of MOOS-IvP and a Brief Users Guide to the IvP Helm Autonomy Software

Michael R. Benjamin, Paul M. Newman, Henrik Schmidt, and John J. Leonard

An Overview of MOOS-IvP and a Brief Users Guide to the IvP Helm Autonomy Software

Michael R. Benjamin^{1 , 2} , Paul Newman^3 , Henrik Schmidt^1 , John J. Leonard^1

1 Department Mechanical Engineering Computer Science and Artificial Intelligence Lab oratory Massachusetts Institute of Technology, Cambridge MA

2 Center for Advanced System Technologies NUWC Division Newp ort, Newp ort RI

3 Department of Engineering Science University of Oxford, Oxford England

June 1st, 2009 - Release 4.0 b eta (SVN Revision 2107)

Abstract This do cument describ es the IvP Helm - an Op en Source b ehavio r-based autonomy application for unmanned vehicles. IvP is short for interval progra mming - a technique for representing and solving multi-ob jective optimizations problems. Beha viors in the IvP Helm are reconciled using multi-ob jective optimization when in comp etition wi th each other for influence of the vehicle. The IvP Helm is written as a MOOS application where M OOS is a set of Op en Source publish-subscrib e autonomy middleware to ols. This do cume nt describ es the configuration and use of the IvP Helm, provides examples of simple missions and information on how to download and build the software from the MOOS-IvP server at www.mo osi vp.org.

Approved for public release; Distribution is unlimited.

This work is the pro duct of a multi-year collab oration b etwe en the Center for Advanced System Technologies (CAST), Co de 2501, of the Naval Undersea Warfa re Center in Newp ort Rho de Island and the Department of Mechanical Engineering and the Comput er Science and Artificial Intelligence Lab oratory (CSAIL) at the Massachusetts Institute of Techn ology in Cambridge Massachusetts, and the Oxford University Mobile Rob otics Group.

Points of contact for collab orators:

Dr. Michael R. Benjamin Center for Advanced System Technologies NUWC Division Newp ort Rho de Island Michael.R.Benjamin@navy.mil mikerb@csail.mit.edu

Prof. John J. Leonard Department of Mechanical Engineering Computer Science and Artificial Intelligence Lab oratory Massachusetts Intitute of Technology jleonard@csail.mit.edu

Prof. Henrik Schmidt Department of Mechanical Engineering Massachusetts Intitute of Technology henrik@mit.edu

Dr. Paul Newman Department of Engineering Science University of Oxford pnewman@rob ots.ox.ac.uk

Other collab orators have contributed greatly to the develo pment and testing of software and ideas within, notably - Joseph Curcio, Don Eickstedt, Andrew Patrikilaki s, Toby Schneider, Arjuna Balasuriya, David Battle, Christian Convey, Andrew Shafer, and Kevin Co ckrel l.

Sp onsorship, and public release information:

This work is sp onsored by Dr. Behzad Kamgar-Parsi and Dr. Don Wagner of the Office of Naval Research (ONR), Co de 311. Information on Navy public release approva l for this do cument can b e obtained from the Technical Library at the Naval Undersea Warfare Center, Div ision Newp ort RI.

CONTENTS

Contents

1 Overview 8 1.1 Purp ose and Scop e of this Do cument . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.2 Brief Background of MOOS-IvP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.3 Sp onsors of MOOS-IvP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 1.4 The Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.4.1 Building and Running the Software . . . . . . . . . . . . . . . . . . . . . . . . 9 1.4.2 Op erating Systems Supp orted by MOOS and IvP . . . . . . . . . . . . . . . . 10 1.5 Where to Get Further Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.5.1 Websites and Email Lists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.5.2 Do cumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Design Considerations of MOOS-IvP 12 2.1 Public Infrastructure - Layered Capabilities . . . . . . . . . . . . . . . . . . . . . . . 12 2.2 Co de Re-Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.3 The Backseat Driver Design Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.4 The Publish-Subscrib e Middleware Design Philosophy an d MOOS . . . . . . . . . . 16 2.5 The Behavior-Based Control Design Philosophy and IvP He lm . . . . . . . . . . . . 16

3 A Very Brief Overview of MOOS 18 3.1 Inter-pro cess communication with Publish/Subscrib e . . . . . . . . . . . . . . . . . . 18 3.2 Message Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.3 Mail Handling - Publish/Subscrib e - in MOOS . . . . . . . . . . . . . . . . . . . . . 19 3.3.1 Publishing Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.3.2 Registering for Notifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.3.3 Reading Mail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.4 Overloaded Functions in MOOS Applications . . . . . . . . . . . . . . . . . . . . . . 20 3.4.1 The Iterate() Metho d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.4.2 The OnNewMail() Metho d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.4.3 The OnStartup() Metho d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.5 MOOS Mission Configuration Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 3.6 Launching Groups of MOOS Applications with Antler . . . . . . . . . . . . . . . . . 23 3.7 Scoping and Poking the MOOSDB . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 3.8 A Simple MOOS Application - pXRelay . . . . . . . . . . . . . . . . . . . . . . . . . 24 3.8.1 Finding and Launching the pXRelay Example . . . . . . . . . . . . . . . . . . 25 3.8.2 Scoping the pXRelay Example with uXMS . . . . . . . . . . . . . . . . . . . . . 25 3.8.3 Seeding the pXRelay Example with the uPokeDB To ol . . . . . . . . . . . . . . 25 3.8.4 The pXRelay Example MOOS Configuration File . . . . . . . . . . . . . . . . 27 3.8.5 Suggestions for Further Things to Try with this Exampl e . . . . . . . . . . . 28 3.9 MOOS Applications Available to the Public . . . . . . . . . . . . . . . . . . . . . . . 29 3.9.1 MOOS Mo dules from Oxford . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.9.2 MOOS Mo dules from MIT and NUWC . . . . . . . . . . . . . . . . . . . . . 30

4 A First Example with MOOS-IvP - the Alpha Mission 31 4.1 Where to Find, and How to Launch the Alpha Example Mission . . . . . . . . . . . 31

CONTENTS

4.2 A Closer Lo ok at the Behavior File used in the Alpha Exampl e Mission . . . . . . . 33 4.3 A Closer Lo ok at the set of MOOS Apps In the Alpha Example Mi ssion . . . . . . . 35 4.3.1 Antler and the Antler Configuration Blo ck . . . . . . . . . . . . . . . . . . . 35 4.3.2 The pMarinePID Application and Configuration Blo ck . . . . . . . . . . . . . 36 4.3.3 The iMarineSim Application and Configuration Blo ck . . . . . . . . . . . . . 36 4.3.4 The pNo deRep orter Application and Configuration Blo c k . . . . . . . . . . . 36 4.3.5 The pMarineViewer Application and Configuration Blo c k . . . . . . . . . . . 37

5 The IvP Helm as a MOOS Application 38 5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 5.2 Helm Engagement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 5.2.1 Helm Engagement Transitions . . . . . . . . . . . . . . . . . . . . . . . . . . 39 5.2.2 What Is and Isn’t Happ ening when the Helm is Disengaged . . . . . . . . . . 40 5.2.3 Initializing the Helm Engagment State at Pro cess Laun ch Time . . . . . . . . 40 5.2.4 Suggestions for Trying Out the Engagement Settings . . . . . . . . . . . . . . 40 5.3 Parameters for the pHelmIvP MOOS Configuration Blo ck . . . . . . . . . . . . . . . 41 5.3.1 The COMMUNITYParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 5.3.2 The DOMAINParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 5.3.3 The BEHAVIORSParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 5.3.4 The VERBOSEParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 5.3.5 The STARTENGAGEDParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 5.3.6 The OKSKEWParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 5.3.7 An Example pHelmIvP MOOS Configuration Blo ck . . . . . . . . . . . . . . . 42 5.4 Launching the IvP Helm and Output to the Terminal Window . . . . . . . . . . . . 43 5.5 Publications and Subscriptions for IvP Helm . . . . . . . . . . . . . . . . . . . . . . 45 5.5.1 Variables published by the IvP Helm . . . . . . . . . . . . . . . . . . . . . . . 45 5.5.2 Variables Subscrib ed for by the IvP Helm . . . . . . . . . . . . . . . . . . . . 47 5.6 Automated Filtering of Successive Duplicate Helm Publi cations . . . . . . . . . . . . 47 5.6.1 Motivation for the Duplication Filter . . . . . . . . . . . . . . . . . . . . . . . 47 5.6.2 Implementation and Usage of the Duplication Filter . . . . . . . . . . . . . . 48 5.6.3 Clearing the Duplication Filter . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6 IvP Helm Autonomy 50 6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 6.1.1 The Influence of Bro oks, Stallman and Dantzig on the IvP Helm . . . . . . . 50 6.1.2 Traditional and Non-traditional Asp ects of the IvP Be havior-Based Helm . . 50 6.1.3 Two Layers of Building Autonomy in the IvP Helm . . . . . . . . . . . . . . 51 6.2 Inside the IvP Helm - A Lo ok at the Helm Iterate Lo op . . . . . . . . . . . . . . . . 52 6.2.1 Step 1 - Reading Mail and Populating the Info Buffer . . . . . . . . . . . . . 52 6.2.2 Step 2 - Evaluation of Mo de Declarations . . . . . . . . . . . . . . . . . . . . 53 6.2.3 Step 3 - Behavior Participation . . . . . . . . . . . . . . . . . . . . . . . . . . 53 6.2.4 Step 4 - Behavior Reconciliation . . . . . . . . . . . . . . . . . . . . . . . . . 53 6.2.5 Step 5 - Publishing the Results to the MOOSDB. . . . . . . . . . . . . . . . . . 53 6.3 Mission Behavior Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 6.3.1 Variable Initialization Syntax . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

CONTENTS

6.3.2 Behavior Configuration Syntax . . . . . . . . . . . . . . . . . . . . . . . . . . 54 6.3.3 Hierarchical Mo de Declaration Syntax . . . . . . . . . . . . . . . . . . . . . . 55 6.4 Hierarchical Mo de Declarations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 6.4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 6.4.2 Behavior Configuration Without Hierarchical Mo de Declarations . . . . . . . 56 6.4.3 Syntax of Hierarchical Mo de Declarations - The Charli e Mission . . . . . . . 57 6.4.4 A More Complex Example of Hierarchical Mo de Declarati ons . . . . . . . . . 58 6.4.5 Monitoring the Mission Mo de at Run Time . . . . . . . . . . . . . . . . . . . 59 6.5 Behavior Participation in the IvP Helm . . . . . . . . . . . . . . . . . . . . . . . . . 60 6.5.1 Behavior Run Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 6.5.2 Behavior Run Conditions and Mo de Declarations . . . . . . . . . . . . . . . . 61 6.5.3 Behavior Run States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 6.5.4 Behavior Flags and Behavior Messages . . . . . . . . . . . . . . . . . . . . . . 62 6.5.5 Monitoring Behavior Run States and Messages During Mi ssion Execution . . 64 6.6 Behavior Reconciliation in the IvP Helm - Multi-Ob jecti ve Optimization . . . . . . . 64 6.6.1 IvP Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 6.6.2 The IvP Build To olb ox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 6.6.3 The IvP Solver and Behavior Priority Weights . . . . . . . . . . . . . . . . . 67 6.6.4 Monitoring the IvP Solver During Mission Execution . . . . . . . . . . . . . . 68

7 Standard and Overloadable Prop erties of Helm Behaviors 70 7.1 Brief Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 7.2 Parameters Common to All IvP Behaviors . . . . . . . . . . . . . . . . . . . . . . . . 71 7.2.1 A Summary of the Full Set of General Behavior Parameter s . . . . . . . . . . 71 7.2.2 Altering Behavior Parameters Dynamically with the UPDATESParameter . . . 73 7.2.3 Limiting Behavior Duration with the DURATIONParameter . . . . . . . . . . . 74 7.2.4 The PERPETUALParameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 7.2.5 Detection of Stale Variables with the NOSTARVEParameter . . . . . . . . . . . 75 7.3 Overloading the setParam() Function in New Behaviors . . . . . . . . . . . . . . . . 75 7.4 Behavior Functions Invoked by the Helm . . . . . . . . . . . . . . . . . . . . . . . . . 76 7.4.1 Helm-Invoked Immutable Functions . . . . . . . . . . . . . . . . . . . . . . . 76 7.4.2 Helm-Invoked Overloaded Functions . . . . . . . . . . . . . . . . . . . . . . . 78 7.5 Lo cal Behavior Utility Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 7.5.1 Summary of Implementor-Invoked Utility Functions . . . . . . . . . . . . . . 78 7.5.2 The Information Buffer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 7.5.3 Requesting the Inclusion of a Variable in the Informat ion Buffer . . . . . . . 80 7.5.4 Accessing Variable Information from the Information Buffer . . . . . . . . . . 80 7.6 Overloading the onRunState() and onIdleState() Functions . . . . . . . . . . . . 81

8 uHelmScop e 83 8.1 Brief Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 8.2 Console Output of uHelmScope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 8.2.1 The General Helm Overview Section of the uHelmScope Output . . . . . . . . 84 8.2.2 The MOOSDB-Scop e Section of the uHelmScope Output . . . . . . . . . . . . 85 8.2.3 The Behavior-Posts Section of the uHelmScope Output . . . . . . . . . . . . . 85

CONTENTS

8.3 Stepping Forward and Backward Through Saved Scop e Histo ry . . . . . . . . . . . . 86 8.4 Console Key Mapping and Command Line Usage Summaries . . . . . . . . . . . . . 86 8.5 IvPHelm MOOS Variable Output Supp orting uHelmScope Rep orts . . . . . . . . . . . 87 8.6 Configuration Parameters for uHelmScope . . . . . . . . . . . . . . . . . . . . . . . . . 88 8.7 Publications and Subscriptions for uHelmScope . . . . . . . . . . . . . . . . . . . . . . 89

9 Geometry Utilities 90 9.1 Brief Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 9.2 Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 9.2.1 String Representations for Points . . . . . . . . . . . . . . . . . . . . . . . . . 90 9.2.2 Optional Point Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 9.3 Polygons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 9.3.1 String Representations for Polygons . . . . . . . . . . . . . . . . . . . . . . . 91 9.3.2 A Polygon String Representation using the Radial Form at . . . . . . . . . . . 91 9.3.3 A Polygon String Representation using the Ellipse For mat . . . . . . . . . . . 92 9.3.4 Optional Polygon Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 9.4 SegLists and their String Representations . . . . . . . . . . . . . . . . . . . . . . . . 93 9.4.1 Metho ds for Sp ecifying Seglists . . . . . . . . . . . . . . . . . . . . . . . . . . 93 9.4.2 A SegList String Representation using the Lawnmower F ormat . . . . . . . . 93

10 pMarineViewer 95 10.1 Brief Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 10.2 Description of the pMarineViewer GUI Interface . . . . . . . . . . . . . . . . . . . . 96 10.3 Pull-Down Menu Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 10.3.1 The “BackView” Pull-Down Menu . . . . . . . . . . . . . . . . . . . . . . . . 97 10.3.2 The “GeoAttributes” Pull-Down Menu . . . . . . . . . . . . . . . . . . . . . . 99 10.3.3 The “Vehicles” Pull-Down Menu . . . . . . . . . . . . . . . . . . . . . . . . . 100 10.3.4 The “MOOS-Scop e” Pull-Down Menu . . . . . . . . . . . . . . . . . . . . . . 101 10.3.5 The Optional “Action” Pull-Down Menu . . . . . . . . . . . . . . . . . . . . 101 10.3.6 The Optional “Mouse-Context” Pull-Down Menu . . . . . . . . . . . . . . . . 102 10.3.7 The Optional “Reference-Point” Pull-Down Menu . . . . . . . . . . . . . . . 104 10.4 Displayable Vehicle Shap es, Markers, Drop Points, and other Geometric Ob jects . . 104 10.4.1 Displayable Vehicle Shap es . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 10.4.2 Displayable Marker Shap es . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 10.4.3 Displayable Drop Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 10.4.4 Displayable Geometric Ob jects . . . . . . . . . . . . . . . . . . . . . . . . . . 107 10.5 Supp ort for Command-and-Control Usage . . . . . . . . . . . . . . . . . . . . . . . . 108 10.5.1 Poking the MOOSDB with Geo Positions . . . . . . . . . . . . . . . . . . . . 108 10.5.2 Configuring GUI Buttons for Command and Control . . . . . . . . . . . . . . 108 10.6 Configuration Parameters for pMarineViewer . . . . . . . . . . . . . . . . . . . . . . 109 10.7 More ab out Geo Display Background Images . . . . . . . . . . . . . . . . . . . . . . 114 10.8 Publications and Subscriptions for pMarineViewer . . . . . . . . . . . . . . . . . . . 115 10.8.1 Variables published by the pMarineViewer applicati on . . . . . . . . . . . . . 115 10.8.2 Variables subscrib ed for by pMarineViewer applicat ion . . . . . . . . . . . . . 115

CONTENTS

11 Behaviors of the IvP Helm 117 11.1 BHV Wayp oint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 11.1.1 Overview of the BHV Wayp oint Behavior . . . . . . . . . . . . . . . . . . . . 117 11.1.2 Brief Summary of the BHV Wayp oint Behavior Parameters . . . . . . . . . . 118 11.1.3 Sp ecifying Wayp oints - the points , order , and repeat Parameters . . . . . . 118 11.1.4 The capture radius and nonmonotonic radius Parameters . . . . . . . . . 119 11.1.5 Track-line Following using the lead Parameter . . . . . . . . . . . . . . . . . 119 11.1.6 Variables Published by the BHV Wayp oint Behavior . . . . . . . . . . . . . . 120 11.1.7 The Ob jective Function Pro duced by the BHV Wayp oint Behavior . . . . . . 121 11.2 BHV OpRegion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 11.2.1 Overview of the BHV OpRegion Behavior . . . . . . . . . . . . . . . . . . . . 122 11.2.2 Brief Summary of the BHV OpRegion Parameters . . . . . . . . . . . . . . . 122 11.2.3 Safety Checking Applied to an Op eration Region . . . . . . . . . . . . . . . . 122 11.2.4 Safety Checking Applied to a Maximum Mission Op erati on Time . . . . . . . 123 11.2.5 Safety Checking Applied to a Maximum Vehicle Depth . . . . . . . . . . . . . 123 11.2.6 Safety Checking Applied to a Minimum Vehicle Altitud e . . . . . . . . . . . . 123 11.2.7 Variables Published by the BHV OpRegion Behavior . . . . . . . . . . . . . . 123 11.3 BHV Loiter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 11.4 BHV Perio dicSp eed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 7 11.5 BHV Perio dicSurface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 11.6 BHV ConstantDepth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 0 11.7 BHV ConstantHeading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 30 11.8 BHV ConstantSp eed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 0 11.9 BHV GoToDepth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 11.10 BHV MemoryTurnLimit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 4 11.11 BHV StationKeep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 11.11.1 Overview of the BHV StationKeep Behavior . . . . . . . . . . . . . . . . . . 136 11.11.2 Brief Summary of the BHV StationKeep Behavior Parameters . . . . . . . . 136 11.11.3 Setting the Station-Keep Point and Radial-Sp eed Re lationships . . . . . . . . 137 11.11.4 Passive Low-Energy Station Keeping Mo de . . . . . . . . . . . . . . . . . . . 138 11.11.5 Station Keeping On Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 11.12 BHV Timer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

12 Multi-Vehicle Behaviors of the IvP Helm 142 12.1 Parameters Common All Multi-Vehicle Behaviors . . . . . . . . . . . . . . . . . . . . 142 12.2 BHV AvoidCollision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 42 12.3 BHV CutRange . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 12.4 BHV Shadow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 12.5 BHV Trail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

13 App endix - Behavior Summaries 147

14 App endix - Colors 163

1 OVERVIEW

1 Overview

1.1 Purpose and Scope of this Document

The purp ose of this do cument is to provide an overview of the I vP Helm in terms of design considerations, architecture and usage. This do cument contains ref erences to example missions distributed with the MOOS-IvP software bundle at www.moos-ivp.org . The example and material herein should serve as a “getting-started” guide as well as users manual fo r users lo oking to go b eyond simple autonomy missions. THIS DOCUMENT REPRESENTS WORK IN PROGRESS. IT IS STILL CONSIDERED TO BE IN DRAFT FORM AND HAS KNOWN OMISSIONS. THE RE ADER IS ENCOURAGED TO EMAIL THE AUTHORS FEEDBACK AND LOOK FOR LATE R VER- SIONS.

1.2 Brief Background of MOOS-IvP

MOOS was written by Paul Newman in 2001 to supp ort op erations with autonomous marine vehicles in the MIT Ocean Engineering and the MIT Sea Grant pr ograms. At the time Newman was a p ost-do c working with John Leonard and has since joined the faculty of the Mobile Rob otics Group at Oxford University. MOOS continues to b e develop ed a nd maintained by Newman at Oxford and the most current version can b e found at his websit e. The MOOS software available in the MOOS-IvP pro ject includes a snapshot of the MOOS co de dis tributed from Oxford. The IvP Helm was develop ed in 2004 for autonomous control on unmanne d marine surface craft, and later underwater platforms. It was written by Mike Benjamin as a p o st-do c working with John Leonard, and as a research scientist for the Naval Undersea Warfare Ce nter in Newp ort Rho de Island. The IvP Helm is a single MOOS pro cess that uses multi-ob jective o ptimization to implement b ehavior co ordination.

Acronyms

MOOS stands for ”Mission Oriented Op erating Suite” and its o riginal use was for the Bluefin Odyssey I I I vehicle owned by MIT. IvP stands for ”Interval Pr ogramming” which is a mathematical programming mo del for multi-ob jective optimization. In th e IvP mo del each ob jective function is a piecewise linear construct where each piece is an interval in N-Space. The IvP mo del and algorithms are included in the IvP Helm software as the metho d for repres enting and reconciling the output of helm b ehaviors. The term interval programming was inspired by the mathematical programming mo dels of linear programming (LP) and integer programming ( IP). The pseudo-acronym IvP was chosen simply in this spirit and to avoid acronym clashing.

1.3 Sponsors of MOOS-IvP

Original development of MOOS and IvP were more or less infras tructure by-pro ducts of other sp onsored research in (mostly marine) rob otics. Those sp on sors were primarily The Office of Naval Research (ONR), as well as the National Oceanic and Atmosphe ric Administration (NOAA). MOOS and IvP are currently funded by Co de 31 at ONR, Dr. Don Wagner a nd Dr. Behzad Kamgar- Parsi. MOOS is additionally supp orted in the U.K. by EPSRC. E arly development of IvP b enefited from the supp ort of the In-house Lab oratory Indep endent Res earch (ILIR) program at the Naval Undersea Warfare Center in Newp ort RI. The ILIR program is fu nded by ONR.

1 OVERVIEW

1.4 The Software

The MOOS-IvP autonomy software is available at the followin g URL:

http://www.moos-ivp.org

Follow the links to Software . Instructions are provided for downloading the software fr om an SVN server with anonymous read-only access.

1.4.1 Building and Running the Software

After checking out the tree from the SVN server as prescrib ed at this link, the top level directory should have the following structure:

moos-ivp/

MOOS/ MOOS-2208/ README.txt README-LINUX.txt README-OS-X.txt build-moos.sh build-ivp.sh ivp/

Note there is a MOOSdirectory and an IvP sub-directory. The MOOSdirectory is a symb olic link to a particular MOOS revision checked out from the Oxford ser ver. In the example ab ove this is Revision 2208 on the Oxford SVN server. This directory is lef t completely untouched other than giving it the lo cal name MOOS-2208. The use of a symb olic link is done to greatly simplify the pro cess of bringing in a new snapshot from the Oxford server.

The build instructions are maintained in the README files and are probably more up to date than this do cument can hop e to remain. In short building the s oftware amounts to two steps - building MOOS and building IvP. Building MOOS is done by exec uting the build-mo os.sh script:

> cd moos-ivp > ./build-moos.sh

Alternatively one can go directly into the MOOSdirectory and configure options with ccmake and build with cmake . The script is included to facilitate configuration of optio ns to suit lo cal use. Likewise the IvP directory can b e built by executing the build-ivp.sh script. The MOOStree must b e built b efore building IvP. Once b oth trees have b een built , the user’s shell executable path must b e augmented to include the two directories containing the n ew executables:

moos-ivp/MOOS/MOOSBin moos-ivp/ivp/bin

At this p oint the software should b e ready to run and a go o d way to confirm this is to run the example simulated mission in the missions directory:

> cd moos-ivp/ivp/missions/alpha/ > pAntler alpha.moos

1 OVERVIEW

Running the ab ove should bring up a GUI with a simulated vehic le rendered. Clicking the DEPLOY button should start the vehicle on its mission. If this is not the case, some help and email contact links can b e found at www.moos-ivp.org/support/ .

1.4.2 Op erating Systems Supp orted by MOOS and IvP

The MOOS software distributed by Oxford is well supp orted on Linux, Windows and Mac OS X. The software distributed by MIT/NUWC includes additional M OOS utility applications and the IvP Helm and related b ehaviors. These mo dules are supp ort on Linux and Mac OS X. The software compiles and runs on Windows but Windows supp ort is limited.

1.5 Where to Get Further Information

1.5.1 Websites and Email Lists

There are two websites - the MOOS website maintained by Oxfor d University, and the MOOS-IvP website maintained by MIT/NUWC. At the time of this writing t hey are at the following URLs:

http://www.robots.ox.ac.uk/~pnewman/TheMOOS/

http://www.moos-ivp.org

What is the difference in content b etween the two websites? As discussed previously, MOOS-IvP, as a set of software, refers to the software maintained and di stributed from Oxford plus additional MOOS applications including the IvP Helm and library of b eha viors. The software bundle released at mo os-ivp.org do es include the MOOS software from Oxford - usually a particular released version. For the absolute latest in the core MOOS software and do cumen tation on Oxford MOOS mo dules, the Oxford website is your source. For the latest on the core I vP Helm, b ehaviors, and MOOS to ols written by MIT/NUWC, the mo os-ivp.org website is the s ource.

There are two mailing lists op en to the public. The first list i s for MOOS users, and the second is for MOOS-IvP users. If the topic is related to one of the MOO S mo dules distributed from the Oxford website, the prop er email list is the ”mo osusers” mai ling list. You can join the ”mo osusers” mailing list at the following URL:

https://lists.csail.mit.edu/mailman/listinfo/moosus ers,

For topics related to the IvP Helm or mo dules distributed on t he mo os-ivp.org website that are not part of the Oxford MOOS distribution (see the softwar e page on mo os-ivp.org for help in drawing the distinction), the ”mo osivp” mailing list is app ropriate. You can join the ”mo osivp” mailing list at the following URL:

https://lists.csail.mit.edu/mailman/listinfo/moosiv p,

1.5.2 Do cumentation

Do cumentation on MOOS can b e found on the Oxford University w ebsite:

http://www.robots.ox.ac.uk/~pnewman/MOOSDocumentati on/index.htm

1 OVERVIEW

This includes do cumentation on the MOOS architecture, prog ramming new MOOS applications as well as do cumentation on several bread-and-butter appli cations such as pAntler , pLogger , uMS, pMOOSBridge, iRemote , iMatlab , pScheduler and more. Do cumentation on the IvP Helm, b ehaviors and autonomy related MOOS applications not from Oxford can b e found on the www.mo osivp.org website under the Do cumentation link. Below is a summary of d o cuments:

Do cuments Released or Pending Approval for Release

• An Overview of MOOS-IvP and a Brief Users Guide to the IvP Helm Autonomy Software (this do cument) - This is the primary do cument describing th e IvP Helm regarding how it works, the motivation for its design, how it is used and config ured, and example configurations and results from simulation.

• MOOS-IvP Autonomy Tools Users Manual - A Users Manual for seven MOOS applications:

uHelmScope , pMarineViewer , uXMS, uTermCommand, uPokeDB, uProcessWatch , pEchoVar . These applications are common supplementary to ols for running an autonomy system in simulation and on the water. See [4].

• A Tour of MOOS-IvP Autonomy Software Modules - This do cument acts as a catalog of existing mo dules (Both MOOS applications and IvP Behaviors ). For each mo dule, it relates (a) where it can b e downloaded, (b) what the mo dule do es, (c) w ho it was written by, (d) rough estimate on size and complexity, and (e) what mo dules i t may dep end on for its build.

• Extending a MOOS-IvP Autonomy System and Users Guide to the I vPBuild Toolbox - This do cument is a users manual for those wishing to write their ow n IvP Helm b ehaviors and MOOS mo dules. It describ es the IvPBehavior and CMOOSApp sup erclass. It also describ es the IvPBuild To olb ox containing a numb er of to ols for buildi ng IvP Functions which is the primary output of b ehaviors. It provides an example templat e directory with example IvP Behavior and MOOS application with an example CMake build st ructure for linking against the standard software MOOS-IvP software bundle.

Do cuments In-Progress

• Extended MOOS-IvP Autonomy Examples from Simulation and In -water Exercises - This do cument describ es a set of example scenarios and helm config urations and describ es their p erformance in simulation and in field exercises where p ossi ble.

• The IvP Solver - A Look at Interval Programming as a Mathemati cal Programming Model - This do cument describ es b oth the mathematical structure o f IvP functions and problems as well as the algorithms used for solving an IvP problem. Pri or to this do cument b eing available, one can consult [5].

2 DESIGN CONSIDERATIONS OF MOOS-IVP

2 Design Considerations of MOOS-IvP

The primary motivation in the design of MOOS-IvP is to build h ighly capable autonomous systems. Part of this picture includes doing so at a reduced short and l ong-term cost and a reduced time line. By “design” we mean b oth the choice in architectures an d algorithms as well as the choice to make key mo dules for infrastructure, basic autonomy and a dvanced to ols available to the public under an Op en Source license. The MOOS-IvP software design i s based on three architecture philosophies, (a) the backseat driver paradigm, (b) publis h and subscrib e autonomy middleware, and (c) b ehavior based autonomy. The common thread is the abi lity to separate the development of software for an overall system into distinct mo dules co or dinated by infrastructure software made available to the public domain.

2.1 Public Infrastructure - Layered Capabilities

The central architecture idea of b oth MOOS and IvP is the sepa ration of overall capability into separate and distinct mo dules. The unique contributions of MOOS and IvP are the metho ds used to coordinate those mo dules. A second central idea is the decision to make a lgorithms and software mo dules for infrastructure, basic autonomy and advanced to ols available to the public under an Op en Source license. The idea is pictured in Figure 1. There a re three things in this picture - (a) mo dules that actually p erform a function (the wedges), (b) m o dules that co ordinate other mo dules (the center of the wheel), and (c) standard wrapp er software use by each mo dule to allow it to b e co ordinated (the sp okes).

Figu re 1: Publ i c Infras tructure - Laye re d C apabi l i ti e s : Th e cent er of t h e wh eel rep resent s MO O S - I v P Core. For MO O S t h is mean s t h e MO O S D B an d t h e message p assin g an d sch ed u lin g algorit h ms. For I v P t h is mean s t h e I v P h elm b eh av ior man agement an d t h e mu lt i- ob ject ive op t im izat ion solver. Th e wed ges on t h e wh eel rep resent in d iv id u al mo d u les - eit h er MO O S p ro cesses or I v P b eh av iors . Th e sp okes of t h e wh eel rep resent t h e id ea t h at each mo d u le in h erit s from a su p erclass t o grab fu n ct ion ality key t o p lu ggin g int o t h e core. Each wed ge or mo d u le cont ain s a wrap p er d efi n ed by t h e su p erclass t h at au gment s t h e fu n ct io n of t h e in d iv id u al mo d u le. Th e d arker wed ges in d icat e p u b licly availab le mo d u les an d t h e light er on es are mo d u les ad d ed by u sers t o au gment t h e p u b lic set t o comp rise a p art icu lar fi eld ed au t on omy sy st em.

The darker wedges in Figure 1 represent application mo dules (not infrastructure) that provide basic functionality and are publicly available. However, t hey do not hold any sp ecial immutable status. They can b e replaced with a b etter version, or, since the source co de is available, the

2 DESIGN CONSIDERATIONS OF MOOS-IVP

co de of the existing mo dule can b e changed or augmented to pro vide a b etter or different version (hop efully with a different name - see the section on branchin g b elow). Later sections provide an overview of ab out 40 or so particular mo dules that are curren tly available. By mo dules we mean MOOS applications and IvP b ehaviors and the ab ove comments h old in either case. The white wedges in Figure 1 represent the imaginable unimplemented m o dules or functionality. A particular fielded MOOS-IvP autonomy system typically is comprised of ( a) the MOOS-IvP core mo dules, (b) some of the publicly available MOOS applications and IvP b ehavio rs, and (c) additional p erhaps non-public MOOS applications and IvP b ehaviors provided by one or more 3rd party develop ers.

The ob jective of the public-infrastructure/layered-capa bilities idea is to strike an imp ortant balance - the balance b etween effective co de re-use and the need f or users to retain privacy regarding how they cho ose to augment the public co debase with mo dules o f their own to realize a particular autonomy system. The b enefits of co de re-use are an imp or tant motivation in fundamental architecture decisions in b oth MOOS and IvP. The mo dules tha t comprise the public MOOS-IvP co debase describ ed in this do cument represent over twenty w ork-years of development effort. Furthermore, certain core comp onents of the co debase have had h undreds if not thousands of hours of usage on a dozen or so fielded platform typ es in a variety of sit uations. The issue of co de re-use is discussed next.

2.2 Code Re-Use

Co de re-use is critical, and starts with the ability to have a system comprised of separate but co ordinated mo dules. They key technical hurdle is to achiev e mo dule separation without invoking a substantial hit on p erformance. In short, MOOS middleware is a way of co ordinating separate pro cesses running on a single computer or over several netwo rked computers. IvP is a way of co ordinating several autonomy b ehaviors running within a s ingle MOOS pro cess.

Factors Contributing to Co de Re-use:

• Freedom from proprietary issues . Software serving as infrastructure shared by all comp onents (MOOS pro cesses and IvP b ehaviors) are available unde r an Op en Source license. In addition many mature MOOS and IvP mo dules providing commonl y needed capabilities are also publicly available. Proprietary or non-publicly rele ased co de may certainly co-exist with non-proprietary public co de to comprise a larger autonomy s ystem. Such a system would retain a strategic edge over comp etitors if desired, but hav e a subset of comp onents common with other users.

• Module independence . Maintaining or augmenting a system comprised of a set of dis tinct mo dules can b egin to break down if mo dules are not indep enden t with simple easy-to-augment interfaces. Compile dep endencies b etween mo dules need to b e minimized or eliminated. The maintenance of core software libraries and application co d e should b e decoupled completely from the issues of 3rd party additional co de.

• Simple wel l-documented interfaces . The effort required to add mo dules to the co de base should b e minimized. Do cumentation is needed for b oth (a) us ing the publicly available applications and libraries, and (b) guiding users in adding their own mo dules.

• Freedom to innovate . The infrastructure do es not put undue restrictions on how b asic problems can b e solved. The infrastructure remains agnostic to t echniques and algorithms used

2 DESIGN CONSIDERATIONS OF MOOS-IVP

in the mo dules. No mo dule is sacred and any mo dule may b e repla ced.

Benefits of Co de Re-Use:

• Diversity of contributors . Increasingly, an autonomy system contains many comp onent s that touch many areas of exp ertise. This would b e true even for a va nilla use of a vehicle, but is comp ounded when considering the variety of sensors and mi ssions and ways of exploiting sensors in achieving mission ob jectives. A system that allo ws for wide co de re-use is also a system that allows mo dule contributions from a wide set of de velop ers or exp erts. This has a substantial impact on the issues mentioned b elow of lower co st, higher quality and reliability, and reduced development time line.

• Lower cost . One immediate b enefit of co de re-use is the avoidance of rep e atedly re-inventing mo dules. A group can build capabilities incrementally and e xp erts are free to concentrate on their area and develop only the mo dules that reflect their s kill set and interests. Perhaps more imp ortant, co de re-use gives the systems integrator choices in building a complete system from individual mo dules. Having choices leads to inc reased leverage in bargaining for favorable licensing terms or even non-proprietary terms fo r a new mo dule. Favorable licensing terms arranged at the outset can lead to substantially lower long-term costs for future co de maintenance or augmentation of software.

• Higher performance capability . Co de re-use enhances p erformance capability in two ways.

First, since exp erts are free to b e exp erts without re-inven ting the mo dules outside their exp ertise and provided by others, their own work is more like ly to b e more fo cused and efficient. They are likely to achieve a higher capability for a given a finite investment and given finite p erformance time. Second, since co de re-use giv es a systems integrator choices , this creates a merito cracy based on optimal p erformance-co st ratio of candidate software mo dules. The under-capable, more exp ensive mo dule is less l ikely to diminish the overall autonomy capability if an alternative mo dule is develop ed t o offer a comp etitive choice. Survival of the fittest.

• Higher performance reliability . An imp ortant part of system reliability is testing. The mor e testing time and the greater diversity of testing scenarios the b etter. And of course the more time sp ent testing on physical vehicles versus simulation t he b etter. By making core comp onents of a co debase public and p ermitting re-use by a communi ty of users, that community provides back an enormous service by simply using the softwa re and complaining when or if something go es wrong. Certain core comp onents of the MOOS -IvP co debase have had hundreds if not thousands of hours of usage on a dozen or so pla tform typ es in a variety of situations. And many more hours in simulation. Testing do es n’t replace go o d co ding practice or formal metho ds for testing and verifying correctness, bu t it complements those two asp ects and is enhanced by co de re-use.

• Reduced development time line . Co de re-use means less co de is b eing re-develop ed which leads to quicker overall system development. More subtly, s ince co de re-use can provide a systems integrator choices and comp etition on individual m o dules, development time can b e reduced as a consequent. An integrator may simply accept the mo dule develop ed the quickest, or the comp etition itself may sp eed up development. If choic es and comp etition result in

2 DESIGN CONSIDERATIONS OF MOOS-IVP

more favorable license agreements b etween the integrator a nd develop er, this in itself may streamline agreements for co de maintenance and augmentati on in the long term. Finally, as discussed ab ove, if co de re-use leads to an element of commun ity-driven bug testing, this will also quicken the pace in the evolution toward a mature and rel iable autonomy system.

2.3 The Backseat Driver Design Philosophy

The key idea in the backseat driver paradigm is the separatio n b etween vehicle control and vehicle autonomy . The vehicle control system runs on a platform’s main vehicl e computer and the autonomy system runs on a separate payload computer. This separat ion is also referred to as the mission control ler - vehicle control ler interface. A primary b enefit is the decoupling of the platfor m autonomy system from the actual vehicle hardware. The vehicle manufacturer provides a navigation and control system capable of streaming vehicle p osition an d tra jectory information to the main vehicle computer, and accepting a stream of autonomy decisi ons such as heading, sp eed and depth in return. Exactly how the vehicle navigates and implements control is largely unsp ecified to the autonomy system running in the payload. The relationship is depicted in Figure 2.

Figu re 2: T he back s e at dri ve r paradi gm : Th e key id ea is t h e sep arat ion of veh icle au t on omy from veh i cle cont rol. Th e au t on omy sy st em p rov id es h ead in g, sp eed an d d ep t h comma n d s t o t h e veh icle cont rol sy st em. Th e veh icle cont rol sy st em ex ecu t es t h e cont rol an d p asses n av igat ion in format ion , e.g., p osit ion , h ead in g an d sp eed , t o t h e au t on omy sy st em. Th e b ack seat p arad igm is agn ost ic regard in g h ow t h e au t on omy sy st em imp lement ed , b u t in t h is fi gu re t h e MO O S - I v P au t on omy arch it ect u re is d ep ict ed .

The autonomy system on the payload computer consists of a set of distinct pro cesses communicating through a publish-subscrib e database called the M OOSDB (Mission Oriented Op erating Suite - Database). One such pro cess is an interface to the mai n vehicle computer, and another key pro cess is the IvP Helm implementing the b ehavior-based aut onomy system. The MOOS community is referred to as the “larger autonomy” system, or the “a utonomy system as a whole” since MOOS itself is middleware, and actual autonomous decision m aking, sensor pro cessing, contact management etc., are implemented as individual MOOS pro ces ses.

2 DESIGN CONSIDERATIONS OF MOOS-IVP

2.4 The Publish-Subscribe Middleware Design Philosophy an d MOOS

MOOS provides a middleware capability based on the publish- subscrib e architecture and proto col. Each pro cess communicates with each other through a single d atabase pro cess in a star top ology (Figure 3). The interface of a particular pro cess is describ ed by what messages it pro duces (publications) and what messages it consumes (subscriptions). Each message is a simple variable-value pair where the values are limited to either string or numerical va lues such as ( STATE, ‘‘DEPLOY’’), or ( NAVSPEED, 2.2 ). Limiting the message typ e reduces the compile dep endenci es b etween mo dules, and facilitates debugging since all messages are human read able.

Figu re 3: A M OOS com muni ty : is a collect ion of MO O S ap p licat ion s ty p ically ru n n in g on a sin gle mach in e each wit h a sep arat e p ro cess I D . Each p ro cess commu n icat es t h rou gh a sin gle MO O S d at ab ase p ro cess ( t h e MO O S D B) in a p u b lish - su b scrib e man n er. Each p ro cess may b e ex ecu t in g it s in n er- lo op at a freq u en cy in d ep en d ent from on e an ot h er an d set by t h e u ser. Pro cesses may b e all ru n on t h e sam e comp u t er or d ist rib u t ed across a n etwork .

The key idea with resp ect to facilitating co de re-use is that applications are largely indep endent, defined only by their interface, and any application is easil y replaceable with an improved version with a matching interface. Since MOOS Core and many common ap plications are publicly available along with source co de under an Op en Source GPL license, a use r may develop an improved mo dule by altering existing source co de and intro duce a new version under a different name. The term MOOS Core refers to (a) the MOOSDB application, and (b) the MO OS Application sup erclass that each individual MOOS application inherits from to allow con nectivity to a running MOOSDB. Holding the MOOS Core part of the co debase constant b etween M OOS develop ers enables the plug-and-play nature of applications.

2.5 The Behavior-Based Control Design Philosophy and IvP He lm

The IvP Helm runs as a single MOOS application and uses a b ehav ior-based architecture for implementing autonomy. Behaviors are distinct software mo dules that can b e describ ed as selfcontained mini exp ert systems dedicated to a particular asp ect of overall vehicle autonomy. The helm implementation and each b ehavior implementation exp o ses an interface for configuration by the user for a particular set of missions. This configuration often contains particulars such as a

2 DESIGN CONSIDERATIONS OF MOOS-IVP

certain set of wayp oints, search area, vehicle sp eed, and so on. It also contains a sp ecification of state spaces that determine which b ehaviors are active unde r what situations, and how states are transitioned. When multiple b ehaviors are active and comp e ting for influence of the vehicle, the IvP solver is used to reconcile the b ehaviors (Figure 4).

Figu re 4: T he Iv P He l m : Th e h elm is a sin gle MO O S ap p licat ion ru n n in g as t h e p ro cess p H elmI v P. I t is a b eh av iorb ased arch it ect u re wh ere t h e p rimary ou t p u t of a b eh av ior on each it erat ion is an I v P ob ject ive fu n ct ion . Th e I v P solver p erforms mu lt i- ob ject ive op t imizat ion on t h e set of fu n ct ion s t o fi n d t h e sin gle b est veh icle act ion , wh ich is t h en p u b lish ed t o t h e MO O S D B. Th e fu n ct ion s are b u ilt an d t h e set is solved on each it erat ion of t h e h elm - ty p ically on e t o fou r t imes p er secon d . O n ly a su b set of b eh av iors are ac t ive at any given t ime d ep en d in g on t h e veh icle sit u at ion , an d t h e st at e sp ace con fi gu rat ion p rov id ed by t h e u ser.

The solver p erforms this co ordination by soliciting an ob je ctive function, i.e., utility function, from each b ehavior defined over the vehicle decision space, e .g., p ossible settings for heading, sp eed and depth. In the IvP Helm, the ob jective functions are of a ce rtain typ e - piecewise linearly defined - and are called IvP Functions. The solver algorithms exploit this construct to find a rapid solution to the optimization problem comprised of the weigh ted sum of contributing functions.

The concept of a b ehavior-based architecture is often attri buted to [9]. Since then various solutions to the issue of action selection, i.e., the issue of co o rdinating comp eting b ehaviors, have b een put forth and implemented in physical systems. The simplest approach is to prioritize b ehaviors in a way that the highest priority b ehavior lo cks out all othe rs as in the Subsumption Architecture in [9]. Another approach is referred to as the p otential fields, or vector summation approach (See [1], [12]) which considers the average action b etween m ultiple b ehaviors to b e a reasonable compromise. These action-selection approaches have b een u sed with reasonable effectiveness on a variety of platforms, including indo or rob ots, e.g., [1], [ 2], [16], [17], land vehicles, e.g., [18], and marine vehicles, e.g., [8], [10], [13], [19], [20]. However , action-selection via the identification of a single highest priority b ehavior and via vector summation have well known shortcomings later describ ed in [16], [17] and [18] in which the authors advo cat ed for the use of multi-ob jective optimization as a more suitable, although more computationally exp ensive, metho d for action selection. The IvP mo del is a metho d for implementing multi-ob jective f unction based action-selection that is computationally viable in the IvP Helm implementation.

3 A VERY BRIEF OVERVIEW OF MOOS

3 A Very Brief Overview of MOOS

MOOS is often describ ed as autonomy “middleware” which can b e argued is shorthand for the glue that connects a collection of applications where the “r eal” work is going on. MOOS do es indeed connect a collection of applications, of which the Iv P Helm is one. However, each application inherits a generic MOOS interface whose implementat ion provides a p owerful, easy-to-use means of communicating with other applications and control ling the relative frequency at which the application executes its primary set of functions. Due t o its combination of ease-of-use, general extendability and reliability, it has b een used in the class ro om by students with no prior exp erience, as well on many extended field exercises with substantial rob otic resources at stake. To frame the later discussion of the IvP Helm, the basic issues regarding MOOS applications are intro duced here. For further information on MOOS, see [15].

3.1 Inter-process communication with Publish/Subscribe

MOOS has a star-like top ology. This is depicted in Figure 3 on page 16. Each application within a MOOS community (a MOOSApp) has a connection to a single MOOS D atabase (called MOOSDB) that lies at the heart of the software suite. All communicati on happ ens via this central server application. The network has the following prop erties:

• No Peer to Peer communication.

• All communication b etween the client and server is instigat ed by the client, i.e., the MOOSDB never makes a unsolicited attempt to contact a MOOSApp.

• Each client has a unique name.

• A given client need have no knowledge of what other clients ex ist.

• A client has no way of transmitting data to a given client - it c an only b e sent to the MOOSDB.

• The network can b e distributed over any numb er of machines ru nning any combination of supp orted op erating systems.

This centralized top ology is obviously vulnerable to b ottl e-necking at the server regardless of how well written the server is. However the advantages of suc h a design are p erhaps greater than its disadvantages. Firstly the network remains simple regardl ess of the numb er of participating clients. The server has complete knowledge of all active connections and can take resp onsibility for the allo cation of communication resources. The clients op erat e indep endently with inter-connections. This prevents rogue clients (badly written or hung) from dir ectly interfering with other clients.

3.2 Message Content

The communications API in MOOS allows data to b e transmitted b etween the MOOSDB and a client. The meaning of that data is dep endent on the role of th e client. However the form of that data is constrained by MOOS. Somewhat unusually MOOS only al lows for data to b e sent in string or double form. Data is packed into messages (CMOOSMsg class ) which contains other salient information shown in Table 1.

3 A VERY BRIEF OVERVIEW OF MOOS

Variable Meaning Name The name of the data String Value Data in string format Double Value Numeric double float data Source Name of client that sent this data to the MOOSDB Time Time at which the data was written Data Typ e Typ e of data ( STRINGor DOUBLE) Message Typ e Typ e of Message (usually NOTIFICATION) Source Community The community to which the source pro cess b elongs

Tab le 1: Th e cont ent s of MO O S message

The fact that data is commonly sent in string format is often s een as a strange and inefficient asp ect of MOOS. For example the string "Type=EST,Name=AUV,Pos=[3x1]3.4,6.3,-0.23 ” might describ e the p osition estimate of a vehicle called “AUV” as a 3x 1 column vector. Typically string data in MOOS is a concatenation of comma separated ”name = value” p airs. It is true that using custom binary data formats do es decrease the numb er of bytes sent. H owever binary data is unreadable to humans and requires structure declarations to deco de it a nd header file dep endencies are to b e avoided where p ossible. The communications efficiency argum ent is not as comp elling as one may initially think. The CPU cost invoked in sending a TCP/IP pac ket is largely indep endent of size up to ab out one thousand bytes. So it is as costly to send two byte s as it is one thousand. In this light there is basically no p enalty in using strings. There is howe ver a additional cost incurred in parsing string data which is far in excess of that incurred when simpl y casting binary data. Irresp ective of this, exp erience has shown that the b enefits of using strin gs far outweighs the difficulties. In particular:

• Strings are human readable.

• All data b ecomes the same typ e.

• Logging files are human readable (they can b e compressed for s torage).

• Replaying a log file is simply a case of reading strings from a fi le and “throwing” them back at the MOOSDB in time order.

• The contents and internal order of strings transmitted by an application can b e changed without the need to recompile consumers (subscrib ers to tha t data) - users simply would not understand new data fields but they would not crash.

Of course, scalar data need not b e transmitted in string form at - for example the depth of a sub-sea vehicle. In this case the data would b e sent while set ting the data typ e to "MOOSDOUBLE" and writing the numeric value in the double data field of the me ssage.

3.3 Mail Handling - Publish/Subscribe - in MOOS

Each MOOS application is a client having a connection to the M OOSDB. This connection is made on the client side and the client manages a private thread tha t co ordinates the communication with

3 A VERY BRIEF OVERVIEW OF MOOS

the MOOSDB. This thread completely hides the intricacies an d timings of the communications from the rest of the application and provides a small, well de ned set of metho ds to handle data transfer. By having this thread automatically available to each MOOS application, the application can:

1. Publish data - issue a notification on named data.

2. Register for notifications on named data.

3. Collect notifications on named data - reading mail.

3.3.1 Publishing Data

Data is published as a pair - a variable and value - that consti tute the heart of a MOOS message describ e in Table 1. The client invokes the Notify(VarName, VarValue) command where appropriate in the client co de. The ab ove command is implemented b oth for string values and double values, and the rest of the fields describ ed in Table 1 are filled in auto matically. Each notification results in another entry in the client’s “outb ox”, which is emptied t he next time the MOOSDBaccepts an incoming call from the client.

3.3.2 Registering for Notifications

Assume that a list of names of data published has b een provide d by the author of a particular MOOS application. For example, a application that interfac es to a GPS sensor may publish data called GPSX and GPSY. A different application may register its interest in this da ta by subscribing or registering for it. An application can register for notifi cations using a single metho d Register sp ecifying b oth the name of the data and the maximum rate at wh ich the client would like to b e informed that the data has b een changed. The latter parame ter is sp ecified in terms of the minimum p ossible time b etween notifications for a named vari able. For example setting it to zero would result in the client receiving each and every change no tification issued on that variable.

3.3.3 Reading Mail

A client can enquire at any time whether it has received any ne w notifications from the MOOSDB by invoking the Fetch metho d. The function fills in a list of notification messages w ith the fields given in Table 1. Note that a single call to Fetch may result in b eing presented with several notifications corresp onding to the same named data. This imp lies that several changes were made to the data since the last client-server conversation. Howe ver, the time difference b etween these similar messages will never b e less than that sp ecified in the Register function describ ed ab ove. In typical applications the Fetch command is called on the client’s b ehalf just prior to the Iterate metho d, and the messages are handled in the user overloaded OnNewMail metho d. These metho ds are describ ed next.

3.4 Overloaded Functions in MOOS Applications

MOOS provides a base class called CMOOSAppwhich simplifies the writing of a new MOOS application as a derived sub class. Beneath the ho o d of the CMOOSAppclass is a lo op which rep etitively calls

3 A VERY BRIEF OVERVIEW OF MOOS

a function called Iterate() which by default do es nothing. One of the jobs as a writer of a n ew MOOS-enabled application is to flesh this function out with t he co de that makes the application do what we want. Behind the scenes this ub er-lo op in CMOOSAppis also checking to see if new data has b een delivered to the application. If it has, another vir tual function, OnNewMail() , is called if this is the sp ot to write co de to pro cess the newly delivered d ata.

Figu re 5: Ke y v i rtual functi ons of the M OOS appl i cati on bas e cl as s : Th e fl ow of ex ecu t ion on ce Run() h as b een called on a class d erived from CMOOSApp. Th e scrolls in d icat e wh ere u sers of t h e fu n ct ion ality of CM O O S A p p will b e writ in g n ew co d e t h at imp lement s wh at ever it is t h at i s want ed from t h e n ew ap p licat ion s.

The roles of the three virtual functions in Figure 5 are discu ssed b elow. The pHelmIvP application do es indeed inherit from CMOOSAppand overload these three functions. The base class contains other virtual functions ( OnConnectToServer() and OnDisconnectFromServer() ) not discussed here but discussed in [15].

3.4.1 The Iterate() Metho d

By overriding the CMOOSApp::Iterate() function in a new derived class, the author creates a functio n from which the work that the application is tasked with doing can b e orchestrated. In the pHelmIvP application, this metho d will consider the next b est vehicl e decision, typically in the form of deciding values for the vehicle heading, sp eed and depth. The rate at w hich Iterate() is called by the SetAppFreq() metho d or by sp ecifying the AppTick parameter in a mission file (see Section 3.5 for more on configuring an application from a file). Note that the r equested frequency sp ecifies the maximum frequency at which Iterate() will b e called - it do es not guarantee that it will b e called at the requested rate. For example if you write co de in Iterate() that takes 1 second to complete there is no way that this metho d can b e called at more than 1Hz. If you want to call Iterate() as fast as is p ossible simply request a frequency of zero - but you may want to reconsider why you need such a greedy application.

3 A VERY BRIEF OVERVIEW OF MOOS

3.4.2 The OnNewMail() Metho d

Just b efore Iterate() is called, the CMOOSAppbase class determines whether new mail is present, i.e., whether some other pro cess has p osted data for which th e client has previously registered, as describ ed ab ove. If new mail is waiting, the varCMOOSApp b ase class calls the OnNewMail() virtual function, typically overloaded by the application . The mail arrives in the form of a list of CMOOSMsgob jects (see Table 1). The programmer is free to iterate over this collection examining who sent the data, what it p ertains to, how old it is, whether o r not it is string or numerical data and to act on or pro cess the data accordingly.

3.4.3 The OnStartup() Metho d

This function is called just b efore the application enters i nto its own forever-lo op depicted in Figure 5. This is the application that implements the applic ation’s initialization co de, and in particular reads configuration parameters (including thos e that mo dify the default b ehaviour of the CMOOSApp base class) from a file. The next section (3.5) ad dresses the issue of configuring a MOOS application from a file.

3.5 MOOS Mission Configuration Files

Every MOOS pro cess can read configuration parameters from a m ission file which by convention has a .moos extension. Traditionally MOOS pro cesses share the same mis sion file to the maximum extent p ossible. For example, it is customary for there to b e one common mission file for all MOOS pro cesses running on a given machine. Every MOOS pro ces s has information contained in a configuration blo ck within a *.moos file. The blo ck b egins with the statement

ProcessConfig = ProcessName

where ProcessName is the unique name the application will use when connecting t o the MOOSDB. The configuration blo ck is delimited by braces. Within the br aces there is a collection of parameter statements, one p er line. Each statement is written as:

ParameterName = Value

where Value can b e any string or numeric value. All applications derivin g from CMOOSAppinherit several imp ortant configuration options. The most imp ortan t options for CMOOSAppderived applications are CommsTick and AppTick . The latter configures how often the communications thread t alks to the MOOSDBand the former how often (approximately) Iterate() will b e called. An example configuration blo ck can b e found in Listing 6 on page 42.

Parameters may also b e defined at the “global” level, i.e., no t in any particular pro cess’ configuration blo ck. Three parameters that are mandatory and typic ally found at the top of all *.moos files are: ServerHost naming the IP address asso ciated with the MOOSDB server b ein g launched with this file, ServerPort naming the p ort numb er over which the MOOSDB server is commun icating with clients, and Community naming the community comprising the server and clients. An e xample is shown in lines 1-3 in Listing 4-A.

3 A VERY BRIEF OVERVIEW OF MOOS

3.6 Launching Groups of MOOS Applications with Antler

Antler provides a simple and compact way to start a MOOS missi on comprised of several MOOS pro cesses, a.k.a., a MOOS “community”. For example if the de sired mission file is alpha.moos then executing the following from a terminal shell:

> pAntler alpha.moos

will launch the required pro cesses for the mission. It reads from its configuration blo ck (which is declared as ProcessConfig=ANTLER ) a list of pro cess names that will constitute the MOOS commun ity. Each pro cess to b e launched is sp ecified with a line with the ge neral syntax

Run = procname [ @ LaunchConfiguration ] [ MOOSName ]

where LaunchConfiguration is an optional comma-separated list of parameter=value pairs which collectively control how the pro cess procname (for example pHelmIvP , or pLogger or MOOSDB) is launched. Exactly what parameters can b e sp ecified is outside the scop e of this discussion. Antler lo oks through its entire configuration blo ck and launches one pro c ess for every line which b egins with the RUN=left-hand side. When all pro cesses have b een launched Antle r waits for all of them to exit and then quits itself.

There are many more asp ects of Antler not discussed here but c an b e found in the Antler do cumentation at the Oxford website (see Section 1.5). Thes e include ho oks for altering the console app earance for each launched pro cess, controlling the sear ch path for sp ecifying how executables are lo cated on the host file system, passing parameters to lau nched pro cesses, running multiple instances of a particular pro cess, and using Antler to launc h multiple distinct communities on a network.

3.7 Scoping and Poking the MOOSDB

An imp ortant to ol for writing and debugging MOOS applicatio ns (and IvP Helm b ehaviors) is the ability for the user to interact with an active MOOS commu nity and see the current values of particular MOOS variables (scoping the DB) and to alter one o r more variables with a desired value (p oking the DB). Below are listed to ols for scoping and p okin g resp ectively. More information on each can b e found on the Oxford or MIT websites, or in in some in stances, other parts of this do cument.

To ols for scoping the MOOSDB:

• uMS - A GUI-based to ol written in FLTK and maintained and dist ributed from the Oxford website.

• uXMS - A terminal-based to ol maintained and distributed fro m the MIT website

• uHelmScop e - A terminal-based to ol sp ecialized for display ing information ab out a running instance of the helm, but it also contains a general-purp ose scoping utility similar to uXMS. Distributed from the MIT website.

• MOOSDB http - The newer releases of MOOS allow the MOOSDBto b e configured to run an http server on the current MOOSDBvariable-value pairs, viewable through a web browser.

3 A VERY BRIEF OVERVIEW OF MOOS

To ols for p oking the MOOSDB:

• uMS - The GUI-based to ol for scoping, listed ab ove, also prov ides a means for p oking. Distributed from the Oxford website.

• uPokeDB - A light-weight command-line to ol for p oking one or more variable-value pairs, with the option of scoping on the b efore and after values of th e p oked variable b efore exiting. Distributed from the MIT website.

• pMarineViewer - A GUI-based to ol primarily used for renderi ng the paths of vehicles in 2D space on a Geo display, but also can b e configured to p oke the DB with variable-value pairs connected to buttons on the display. Distributed from the MI T website.

• uTermCommand - A terminal-based to ol for p oking the DB with p re-defined variable-value pairs. The user can configure the to ol to asso ciate aliases (a s short as a single character) to quickly p oke the DB. Distributed from the MIT website.

• iRemote - A terminal-based to ol for remote control of a rob ot ic platform running MOOS. It can b e configured to asso ciate a pre-defined variable-value p oke with any un-mapp ed key on the keyb oard. Distributed from the Oxford website.

The ab ove list is almost certainly not a complete list for sco ping and p oking a MOOSDB, but it’s a decent start.

3.8 A Simple MOOS Application - pXRelay

The bundle of applications distributed from www.moos-ivp.org contains a very simple MOOS application called pXRelay . The pXRelay application registers for a single “input” MOOS variable an d publishes a single “output” MOOS variable. It makes a single publication on the output variable for each mail message received on the input variable. The val ue published is simply a counter representing the numb er of times the variable has b een publishe d. By running two (differently named) versions of pXRelay with complementary input/output variables, the two pro ces ses will p erp etuate some basic publish/subscrib e handshaking. This applicati on is distributed primarily as a simple example of a MOOS application that allows for some illustrat ion of the following topics intro duced up to this p oint:

• Finding and launching with pAntler example co de distributed with the MOOS-IvP software bundle.

• An example mission configuration file.

• Scoping variables on a running MOOSDB with the uXMSto ol.

• Poking the MOOSDB with variable-value pairs using the uPokeDB to ol.

• Illustrating the OnStartUp() , OnNewMail() , and Iterate() overloaded functions of the CMOOSApp base class.

Besides touching on these topics, the collection of files in t he pXRelay source co de sub-directory is not a bad template from which to build your own mo dules.

3 A VERY BRIEF OVERVIEW OF MOOS

3.8.1 Finding and Launching the pXRelay Example

The pXRelay example mission should b e in the same directory tree contain ing the source co de. See Section 1.4 on page 9. There is a single mission file, xrelay.moos :

moos-ivp/

MOOS/ ivp/

missions/ xrelay/ xrelay.moos <---- The MOOS file

To run this mission from a terminal window, simply change dir ectories and launch:

> cd moos-ivp/ivp/missions/xrelay > pAntler xrelay.moos

After pAntler has launched each pro cess, there should b e four op en termina l windows, one for each pXRelay pro cess, one for uXMS, and one for the MOOSDB itself.

3.8.2 Scoping the pXRelay Example with uXMS

Among the four windows launched in the example, the window to watch is the uXMSwindow, which should have output similar to the following (minus the line n umb ers):

Listing 1 - Example uXMSoutput after the pXRelay example is launched.

0 V a r N a m e ( S ) o u r c e ( T ) i m e ( C ) o m m u n i t y V a r V a l u e 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ( 7 3 ) 2 A P P L E S n / a n / a n / a n / a 3 P E A R S n / a n / a n / a n / a 4 A P P L E S _ I T E R _ H Z p X R e l a y _ A P P L E S 1 4 . 9 3 x r e l a y 2 4 . 9 3 5 6 1 5 P E A R S _ I T E R _ H Z p X R e l a y _ P E A R S 1 4 . 9 4 x r e l a y 2 4 . 9 3 6 8 3 6 A P P L E S _ P O S T _ H Z n / a n / a n / a n / a 7 P E A R S _ P O S T _ H Z n / a n / a n / a n / a

Initially the only thing that is changing in this window is th e integer at the end of line 1 representing the numb er of up dates written to the terminal. Here uXMSis configured to scop e on the six variables shown in the VarName column. Column 2 shows which pro cess last p osted on the variable, column 3 shows when the last p osting o ccurred, col umn 4 shows the community name from which the p ost originated, and column 5 shows the current val ue of the variable. The "n/a" entries indicate that a pro cess has yet to write to the given variable . For further info on the workings of uXMSsee [4], or typ e ’h’ to see the help menu.

There are two pXRelay pro cesses running - one under the alias pXRelay APPLES publishing the variable APPLESas its output variable, APPLESITER HZ indicating the frequency in which the Iterate() function is executed, and APPLESPOSTHZ indicating the frequency at which the output variable is p osted. There is likewise a pXRelay PEARSpro cess and the corresp onding output variables.

3.8.3 Seeding the pXRelay Example with the uPokeDB To ol

Up on launching the pXRelay example, the only variables actively changing are the * ITER HZ variables (lines 4-5 in Listing 1) which confirm that the Iterate() lo op in each pro cess is indeed b eing

3 A VERY BRIEF OVERVIEW OF MOOS

executed. The output for the other variables in Listing 1 refl ect the fact that the two pro cesses have not yet b egun handshaking. This can b e kicked off by p okin g the APPLES(or PEARS) variable, which is the input variable for pXRelay PEARS, by typing the following:

> cd moos-ivp/ivp/missions/xrelay > uPokeDB xrelay.moos APPLES=1

The uPokeDB to ol will publish to the MOOSDB the given variable-value pai r APPLES=1. It also takes as an argument the mission file, xrelay.moos , to read information on where the MOOSDBis running in terms of machine name and p ort numb er. The output should lo ok similar to the following:

Listing 2 - Example uPokeDB output after poking the MOOSDB with APPLES=1.

0 P R I O R t o P o k i n g t h e M O O S D B 1 V a r N a m e ( S ) o u r c e ( T ) i m e V a r V a l u e 2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 A P P L E S 4 5 6 A F T E R P o k i n g t h e M O O S D B 7 V a r N a m e ( S ) o u r c e ( T ) i m e V a r V a l u e 8 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 9 A P P L E S u P o k e D B 4 0 . 1 9 1 . 0 0 0 0 0 "

The output of uPokeDB first shows the value of the variable prior to the p oke, and the n the value afterwards. Further information on the uPokeDB to ol can b e found in [4]. Once the MOOSDBhas b een p oked as ab ove, the pXRelay PEARSapplication will receive this mail and, in return, will writ e to its output variable PEARS, which in turn will b e read by pXRelay APPLESand the two pro cesses will continue thereafter to write and read their input and output variables. This progression can b e observed in the uXMSterminal, which may lo ok something like that shown in Listin g 3:

Listing 3 - Example uXMSoutput after the pXRelay example is seeded.

0 V a r N a m e ( S ) o u r c e ( T ) i m e ( C ) o m m u n i t y V a r V a l u e 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ( 2 2 1 ) 2 A P P L E S p X R e l a y _ A P P L E S 4 4 . 7 8 x r e l a y 1 5 1 3 P E A R S p X R e l a y _ P E A R S 4 4 . 7 4 x r e l a y 1 5 1 4 A P P L E S _ I T E R _ H Z p X R e l a y _ A P P L E S 4 4 . 7 x r e l a y 2 4 . 9 0 4 9 5 5 P E A R S _ I T E R _ H Z p X R e l a y _ P E A R S 4 4 . 7 x r e l a y 2 4 . 9 0 4 2 7 6 A P P L E S _ P O S T _ H Z p X R e l a y _ A P P L E S 4 4 . 7 9 x r e l a y 8 . 3 6 4 1 1 7 P E A R S _ P O S T _ H Z p X R e l a y _ P E A R S 4 4 . 7 4 x r e l a y 8 . 3 6 4 0 6

Up on each write to the MOOSDBthe value of the variable is incremented by 1, and the integer progression can b e monitored in the last column on lines 2-3. The APPLESPOSTHZand PEARSPOSTHZ variables represent the frequency at which the pro cess make s a p ost to the MOOSDB. This of course is different than (but b ounded ab ove by) the frequency of the Iterate() lo op since a p ost is made within the Iterate() lo op only if mail had b een received prior to the outset of the l o op. In a world with no latency, one might exp ect the “p ost” frequency to b e exactly half of the “iterate” frequency. We would exp ect the frequency rep orted on lines 6 -7 to b e no greater than 12 .5, and in this case values of ab out 8 .4 are observed instead.

3 A VERY BRIEF OVERVIEW OF MOOS

3.8.4 The pXRelay Example MOOS Configuration File

The mission file used for the pXRelay example, xrelay.moos is discussed here. This file is provided as part of the MOOS-IvP software bundle under the “missions” directory as discussed ab ove in Section 3.8.1. It is discussed here in three parts in Listing s 4-A through 4-C b elow.

The part of the xrelay.moos file provides three mandatory pieces of information needed b y the MOOSDBpro cess for launching. The MOOSDBis a server and on line 1 is the IP address for the machine, and line 2 indicates the p ort numb er where clients can exp ect to find the MOOSDBonce it has b een launched. Since each MOOSDBand the set of connected clients form a MOOS “community”, the community name is provided on line 3. Note the xrelay community name in the xrelay.moos file and the community name in column 4 of the uXMSoutput in Listing 1 ab ove.

Listing 4-A - The xrelay.moos mission file for the pXRelay example.

1 S e r v e r H o s t = l o c a l h o s t 2 S e r v e r P o r t = 9 0 0 0 3 C o m m u n i t y = x r e l a y 4 5 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 6 / / A n t l e r c o n f i g u r a t i o n b l o c k 7 P r o c e s s C o n f i g = A N T L E R 8 { 9 M S B e t w e e n L a u n c h e s = 2 0 0 1 0 1 1 R u n = M O O S D B @ N e w C o n s o l e = t r u e 1 2 R u n = p X R e l a y @ N e w C o n s o l e = t r u e ~ p X R e l a y _ P E A R S 1 3 R u n = p X R e l a y @ N e w C o n s o l e = t r u e ~ p X R e l a y _ A P P L E S 1 4 R u n = u X M S @ N e w C o n s o l e = t r u e 1 5 }

The configuration blo ck in lines 7-15 of xrelay.moos is read by the pAntler for launching the pro cesses or clients of the MOOS community. Line 9 sp ecifies h ow much time, in milliseconds, b etween the launching of pro cesses. Lines 11-14 name the fou r MOOS applications launched in this example. On these lines, the comp onent "NewConsole = true" determines whether a new console window will b e op ened for each pro cess. Try changing them to false - only the uXMSwindow really needs to b e op en. The others merely provide a visual confirmat ion that a pro cess has b een launched. The ” ~ pXRelay_PEARS” comp onent of lines 12 and 13 tell pAntler to launch these applications with the given alias. This is required here since each MOOS client needs to have a unique name, and in this example two instances of the pXRelay pro cess are b eing launched.

In lines 17-39 in Listing 4-B b elow, the two pXRelay applications are configured. Note that the argument to ProcessConfig on lines 20 and 32 is the alias for pXRelay sp ecified in the Antler configuration blo ck on lines 12 and 13. Each pXRelay pro cess is configured such that its incoming and outgoing MOOS variables complement one another on lines 25- 26 and 37-38. Note the AppTick parameter (see Section 3.4.1) is set to 25 in b oth configuration blo cks, and compare with the observed frequency of the Iterate() function rep orted in the variables APPLESITER HZ and PEARSITER HZ in Listing 1. MOOS has done a pretty faithful job in this example of honoring the requested frequency of the Iterate() lo op in each application.

Listing 4-B - The xrelay.moos mission file - configuring the pXRelay processes.

1 7 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 8 / / p X R e l a y c o n f i g b l o c k

3 A VERY BRIEF OVERVIEW OF MOOS

1 9 2 0 P r o c e s s C o n f i g = p X R e l a y _ A P P L E S 2 1 { 2 2 A p p T i c k = 2 5 2 3 C o m m s T i c k = 2 5 2 4 2 5 O U T G O I N G _ V A R = A P P L E S 2 6 I N C O M I N G _ V A R = P E A R S 2 7 } 2 8 2 9 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 0 / / p X R e l a y c o n f i g b l o c k 3 1 3 2 P r o c e s s C o n f i g = p X R e l a y _ P E A R S 3 3 { 3 4 A p p T i c k = 2 5 3 5 C o m m s T i c k = 2 5 3 6 3 7 I N C O M I N G _ V A R = A P P L E S 3 8 O U T G O I N G _ V A R = P E A R S 3 9 }

In the last p ortion of the xrelay.moos file, shown in Listing 4-C b elow, the uXMSpro cess is configured. In this example, uXMSis configured to scop e on the six variables sp ecified on lines 5 4-59 to give the output shown in Listings 1 and 3. By setting the PAUSEDparameter on line 49 to false , the output of uXMSis continuously and automatically up dated - in this case fou r times p er second due to the rate of 4Hz sp ecified in lines 46-47. The DISPLAY* parameters in lines 50-52 ensure that the output in columns 2-4 of the uXMSoutput is expanded. See [4] for further ways to configure the uXMSto ol.

Listing 4-C - The xrelay.moos mission file for the pXRelay example - configuring uXMS.

4 1 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 4 2 / / u X M S c o n f i g b l o c k 4 3 4 4 P r o c e s s C o n f i g = u X M S 4 5 { 4 6 A p p T i c k = 4 4 7 C o m m s T i c k = 4 4 8 4 9 P A U S E D = f a l s e 5 0 D I S P L A Y _ S O U R C E = t r u e 5 1 D I S P L A Y _ T I M E = t r u e 5 2 D I S P L A Y _ C O M M U N I T Y = t r u e 5 3 5 4 V A R = A P P L E S 5 5 V A R = P E A R S 5 6 V A R = A P P L E S _ I T E R _ H Z 5 7 V A R = P E A R S _ I T E R _ H Z 5 8 V A R = A P P L E S _ P O S T _ H Z 5 9 V A R = P E A R S _ P O S T _ H Z 6 0 }

3.8.5 Suggestions for Further Things to Try with this Exampl e

• Take a lo ok at the OnStartUp() metho d in the XRelay.cpp class in the pXRelay mo dule in the software bundle to see how the handling of parameters in the xrelay.moos configuration file are implemented, and the subscription for a MOOS variable.

3 A VERY BRIEF OVERVIEW OF MOOS

• Take a lo ok at the OnNewMail() metho d in the XRelay.cpp class in the pXRelay mo dule in the software bundle to see how incoming mail is parsed and handle d.

• Take a lo ok at the Iterate() metho d in the XRelay.cpp class in the pXRelay mo dule in the software bundle to see an example of a MOOS pro cess that acts u p on incoming mail and conditionally p osts to the MOOSDB

• Try changing the AppTick parameter in one of pXRelay configuration blo cks in the xrelay.moos file, re-start, and note the resulting change in the iteratio n and p ost frequencies in the uXMS output.

• Try changing the CommsTickparameter in one of pXRelay configuration blo cks in the xrelay.moos file to something much lower than the AppTick parameter, re-start, and note the resulting change in the iteration and p ost frequencies in the uXMSoutput.

3.9 MOOS Applications Available to the Public

Below are very brief descriptions of MOOS applications in th e public domain. This is by no means a complete list. It do es not include applications outside MI T, Oxford and NUWC, and it is not even a complete list of applications from those organizatio ns. For a more in-depth tour of MOOS applications, see [6].

3.9.1 MOOS Mo dules from Oxford

• pAntler: A to ol for launching a collection of MOOS pro cesses given a mi ssion file. See [15], [14]. Also, see Section 3.6.

• pMOOSBridge: A to ol that allows messages to pass b etween communities and a llows for the renaming of messages as they are shuffled b etween communities . See [15], [14].

• pLogger: A logger for recording the activities of a MOOS session. It ca n b e configured to record a fraction of, or all publications of any numb er of MOO S variables. See [6], [14].

• pScheduler: A simple to ol for generating and resp onding to messages sent to the MOOSDB by pro cesses in a MOOS community. See [6], [14].

• uMS: A GUI-Based MOOS scop e for monitoring one or more MOOSDBs. Se e [6], [14].

• uPlayback: An FLTK-based, cross platform GUI application that can load in log files and replay them into a MOOS community as though the originators o f the data were really running and issuing notifications. See [6], [14].

• iMatlab: An application that allows matlab to join a MOOS community - e ven if only for listening in and rendering sensor data. It allows connectio n to the MOOSDB and access to lo cal serial p orts. See [6], [14].

• iRemote: A terminal-based to ol for remote control of a rob otic platfo rm running MOOS. It can b e configured to asso ciated a pre-defined variable-value p oke with any un-mapp ed key on the keyb oard. See [6], [14].

3 A VERY BRIEF OVERVIEW OF MOOS

• uMVS: A multi-vehicle AUV simulator, capable of simulating any nu mb er of vehicles and acoustic ranging b etween them and acoustic transp onders. T he vehicle simulation incorp orates a full 6 D.O.F vehicle mo del replete with vehicle dyn amics, center of buoyancy / center of gravity geometry, and velo city dep endent drag. Th e acoustic simulation is also fairly smart. It simulates acoustic packets propagating as spherical shells through the water column. See [6], [14].

3.9.2 MOOS Mo dules from MIT and NUWC

• pHelmIvP: The IvP Helm, and primary fo cus of this do cument.

• pTransponderAIS: The pMOOSBridge pro cess is a to ol that allows messages to pass b etween communities and is able to rename the messages as they are shu ffled b etween communities.

• uHelmScope: A terminal-based to ol sp ecialized for displaying informat ion ab out a running instance of the helm, but it also contains a general-purp ose scoping utility similar to uXMS. See [4], [7]. Also, see Section 8.

• uPokeDB: A light-weight command-line to ol for p oking one or more vari able-value pairs, with the option of scoping on the b efore and after values of the p ok ed variable b efore exiting. See [4], [7]. Also, see Sections 3.7 and 3.8.3.

• pMarineViewer: A GUI-based to ol primarily used for rending the paths of vehi cles in 2D space on a Geo display, but also can b e configured to p oke the DB with variable-value pairs connected to buttons on the display. See [4], [7]. Also, see S ection 10.

• uXMS: A terminal based to ol for live scoping on a MOOSDB pro cess. Se e [4], [7]. Also, see Sections 3.7 and 3.8.2..

• iMarineSim: A very simple single-vehicle simulator that up dates vehicl e state based on present actuator values. Runs lo cally in the MOOS community asso cia ted with the simulated vehicle, so, unlike uMVS, there is one iMarineSim pro cess running p er each vehicle.

• pEchoVar: A lightweight pro cess that runs without user interaction fo r “echoing” sp ecified variable-value pairs p osted with a follow-on p ost having di fferent variable name.

• pMarinePID: An application providing simple PID control for vehicle sp e ed-thrust, headingrudder, and depth-pitch.

• uFunctionVis: A application for live rendering of ob jective functions pro duced by the IvP Helm b ehaviors. See [7].

• uProcessWatch: An application for monitoring the presence (connection) of a set of MOOS pro cesses to a running MOOSDB. Status is summarized by a single published variable. See [4 ], [7].

• uTermCommand: A terminal-based to ol for p oking the DB with pre-defined vari able-value pairs.

The user can configure the to ol to asso ciate aliases (as short as a single character) to quickly p oke the DB. See [4], [7].

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

4 A First Example with MOOS-IvP - the Alpha Mission

In this section a simple mission is describ ed using the IvP He lm. This example is designed to run in simulation on a single desktop/laptop machine. The missi on configuraiton files for this example are distributed with the source co de. Information on how to fi nd these files and launch this mission are describ ed b elow in Section 4.1. In this example the vehic le simply traverses a set of pre-defined given wayp oints and returns back to the launch p osition. The user may re-call the vehicle prematurely b efore completing the wayp oints, and may subseque ntly command the vehicle to resume the wayp oints at any time. By this example the ob jective is to touch the following issues:

• Launching a mission with a given mission ( .moos ) file and b ehavior ( .bhv ) file.

• Configuration of MOOS pro cesses, including the IvP Helm, wit h a .moos file.

• Configuration of the IvP Helm (mission planning) with a .bhv file.

• Implementation of simple command and control with the IvP He lm.

• Interaction b etween MOOS pro cesses and the helm during norm al mission op eration.

4.1 Where to Find, and How to Launch the Alpha Example Mission

The example mission should b e in the same directory tree cont aining the source co de (See Section 1.4). There are two files - a MOOS file, also mission file or .moos file, and a b ehavior file or .bhv file:

moos-ivp/ MOOS/ ivp/

missions/ alpha/ alpha.moos <---- The MOOS file alpha.bhv <---- The Behavior file

To run this mission from a terminal window, simply change dir ectories and launch:

> cd moos-ivp/ivp/missions/alpha > pAntler alpha.moos

After pAntler has launched each pro cess, the pMarineViewer window should b e op en and lo ok similar to that shown in Figure 6. After clicking the DEPLOYbutton in the lower right corner the vehicle should start to traverse the shown set of wayp oints.

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

Figu re 6: T he A l pha Ex am pl e M i s s i on - In the Surve y i ng M o de ’: A sin gle veh icle is d isp at ch ed t o t raverse a set of way p oint s an d , u p on comp let ion , t raverse t o t h e way p oint ( 0,0) wh ich is t h e lau n ch p oint .

This mission will complete on its own with the vehicle return ing to the launch p oint. Alternatively, by hitting the RETURNbutton at any time b efore the p oints have b een traverse, the v ehicle will change course immediately to return to the launch p oint, as s hown in Figure 7. When the vehicle is returning as in the figure, it can b e re-deployed by hitting the DEPLOYbutton again.

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

Figu re 7: T he A l pha Ex am pl e M i s s i on - In the Re turni ng M o de ’: Th e veh icle can b e comman d ed t o ret u rn p rior t o t h e comp let ion of it s way p oint s by t h e u ser click in g t h e RETURNb u t t on on t h e v iewer.

The vehicle in this example is configured with two basic wayp o int b ehaviors. Their configuration with resp ect to the p oints traversed and when each b ehavior i s actively influencing the vehicle, is discussed next.

4.2 A Closer Look at the Behavior File used in the Alpha Exampl e Mission

The mission configuration of the helm b ehaviors is provided i n a behavior file , and the complete b ehavior file for the example mission is shown in Listing 5. Be haviors are configured in blo cks of parameter-value pairs - for example lines 6-17 configure t he wayp oint b ehavior with the five wayp oints shown in the previous two figures. This is discusse d in more detail in Section 6.3.

Listing 5: The behavior file for the Alpha example.

0 / / - - - - - - - - F I L E : a l p h a . b h v - - - - - - - - - - - - - 1 2 i n i t i a l i z e D E P L O Y = f a l s e 3 i n i t i a l i z e R E T U R N = f a l s e 4 5 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 6 B e h a v i o r = B H V _ W a y p o i n t 7 {

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

8 n a m e = b h v _ w a y p t _ s u r v e y 9 p r i o r i t y = 1 0 0 1 0 c o n d i t i o n = D E P L O Y = t r u e 1 1 c o n d i t i o n = R E T U R N = f a l s e 1 2 e n d f l a g = R E T U R N = t r u e 1 3 1 4 s p e e d = 2 . 0 1 5 r a d i u s = 8 . 0 1 6 p o i n t s = 6 0 , - 4 0 : 6 0 , - 1 6 0 : 1 5 0 , - 1 6 0 : 1 8 0 , - 1 0 0 : 1 5 0 , - 4 0 1 7 } 1 8 1 9 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 0 B e h a v i o r = B H V _ W a y p o i n t 2 1 { 2 2 n a m e = b h v _ w a y p t _ r e t u r n / / I v P B e h a v i o r c o m m o n p a r a m 2 3 p r i o r i t y = 1 0 0 / / I v P B e h a v i o r c o m m o n p a r a m 2 4 c o n d i t i o n = R E T U R N = t r u e / / I v P B e h a v i o r c o m m o n p a r a m 2 5 c o n d i t i o n = D E P L O Y = t r u e / / I v P B e h a v i o r c o m m o n p a r a m 2 6 2 7 s p e e d = 2 . 0 / / B H V _ W a y p o i n t s p e c i f i c p a r a m 2 8 r a d i u s = 8 . 0 / / B H V _ W a y p o i n t s p e c i f i c p a r a m 2 9 p o i n t s = 0 , 0 / / B H V _ W a y p o i n t s p e c i f i c p a r a m 3 0 }

The parameters for each b ehavior are separated into two grou ps. Parameters such as name, priority , condition and endflag are parameters defined generally for all IvP b ehaviors. Para meters such as speed , radius , and points are defined sp ecifically for the Wayp oint b ehavior. A convention used in .bhv files is to group the general b ehavior parameters separately at the top of the configuration blo ck.

In this mission, the vehicle follows two sets of wayp oints in succession by configuring two instances of a basic wayp oint b ehavior. The second wayp oint b ehavior (lines 20-30) contains only a single wayp oint representing the vehicle launch p oint (0, 0). It’s often convenient to have the vehicle return home when the mission is completed - in this ca se when the first wayp oint b ehavior has reached its last wayp oint. Although it’s p ossible to sim ply add (0,0) as the last wayp oint of the first wayp oint b ehavior, it is useful to keep it separate to fa cilitate recalling the vehicle pre-maturely at any p oint after deployment.

Behavior conditions (lines 10-11, 24-25), and endflags (lin e 12) are primary to ols for co ordinating separate b ehaviors into a particular mission. Behaviors wi ll not participate unless each of its conditions are met. The condtions are based on current value s of the MOOS variables involved in the condition. For example, b oth b ehaviors will remain idle unless the variable DEPLOYis set to true . This variable is set initially to b e false by the initialization on line 2, and is toggled by the DEPLOY button on the pMarineViewer GUI shown in Figures 6 and 7. The pMarineViewer MOOS application is but one example of a command and control interface to the he lm. The MOOS variables in the b ehavior conditions in Listing 5 do not care which pro cess wa s resp onsible for setting the value. Endflags are used by b ehaviors to p ost a MOOS variable and valu e when a b ehavior has reached a completion. The notion of completion is different for each b ehavior and some b ehaviors have no notion of completion, but in the case of the wayp oint b ehavio r, completion is declared when the last wayp oint is reached. In this way, b ehaviors can b e config ured to run in a sequence, as in this example, where the returning wayp oint b ehavior will have a n ecessary condition (line 24) met when the surveying b ehavior p osts its endflag on line 12.

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

4.3 A Closer Look at the set of MOOS Apps In the Alpha Example Mi ssion

Running the example mission involves five other MOOS applica tions in addition to the IvP helm. In this section we take a closer lo ok at what those applicatio ns do and how they are configured. The full MOOS file, alpha.moos , used to run this mission is given in full in the app endix. An o verview of the situation is shown in Figure 8.

Figu re 8: T he M OOS pro ce s s e s i n the e x am pl e “al pha” m i s s i on : I n ( 1) Th e h elm p ro d u ces a d esired h ead in g an d sp eed . I n ( 2) t h e PI D cont roller su b scrib es for t h e d esired h ead in g an d sp eed an d p u b lish es act u at ion valu es. I n ( 3) t h e simu lat or grab s t h e act u at or valu es an d t h e cu rrent veh icle p ose an d p u b lish es a set of MO O S variab les rep resent in g t h e n ew veh icle p ose. I n ( 4) all n av i gat ion ou t p u t is wrap p ed int o a sin gle n o d e- rep ort st rin g t o b e con su med by t h e h elm, t h e v iewer. I n ( 5) t h e p Marin eV iew er grab s t h e n o d e- rep ort an d ren d ers a n ew veh icle p osision . Th e u ser can int eract wit h t h e v iewer t o writ e limi t ed commman d an d cont rol variab les t o t h e MO O S D B.

4.3.1 Antler and the Antler Configuration Blo ck

The pAntler to ol is used to orchestrate the launching of all the MOOS pro c esses participating in this example. From the command line, pAntler is run with a single argument the .moos file. As it launches pro cesses, it hands each pro co ess a p ointer to this same MOOS file. The Antler configuration blo ck in this example lo oks like

ProcessConfig = ANTLER { MSBetweenLaunches = 200

Run = MOOSDB @ NewConsole = false Run = iMarineSim @ NewConsole = false Run = pNodeReporter @ NewConsole = false Run = pMarinePID @ NewConsole = false Run = pMarineViewer @ NewConsole = false Run = pHelmIvP @ NewConsole = false }

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

The first parameter sp ecifies how much time should b e left b ete en the launching of each pro cess. The other lines sp ecify which pro cesses to launch. The MOOSD B is typically launched first. The NewConsole switch on each line determines whether a new console window s hould b e op ened with each pro cess. You might try switching one or more of these to true as an exp eriment.

4.3.2 The pMarinePID Application and Configuration Blo ck

The pMarinePID application implements a simple PID controller which pro du ces values suitable for actuator control based on inputs from the helm. The full confi guration for this blo ck can b e found in the app endix. In simulation the output is consumed by the v ehicle simulator rather than the vehicle actuatiors.

In short: The pMarinePID application typically gets its info from pHelmIvP ; pro duces info consumed by iMarineSim or actuator MOOS pro cesses when not running in simulation.

Sub crib es to: DESIREDHEADING, DESIREDSPEED.

Publishes to: DESIREDRUDDER, DESIREDTHRUST.

4.3.3 The iMarineSim Application and Configuration Blo ck

The iMarineSim application is a very simple vehicle simulator that conside rs the current vehicle p ose and actuator commands and pro duces a new vehicle p ose. I t can b e initialized with a given p ose as shown in the configuration blo ck used in this example:

ProcessConfig = iMarineSim { AppTick = 10 CommsTick = 10

START_X = 0 START_Y = 0 START_SPEED = 0 START_HEADING = 180 PREFIX = NAV }

In short: The iMarineSim application typically gets its info from pMarinePID ; pro duces info consumed by pNodeReporter and itself on the next iteration of iMarineSim .

Sub crib es to: DESIREDRUDDER, DESIREDTHRUST, NAVX, NAVY, NAVSPEED, NAVHEADING.

Publishes to: NAVX, NAVY, NAVHEADING, NAVSPEED.

4.3.4 The pNo deRep orter Application and Configuration Blo c k

An Automated Information System (AIS) is commonplace on man y larger marine vessels and is comprised of a transp onder and receiver that broadcasts one ’s own vehicle ID and p ose to other nearby vessels equip ed with an AIS receiver. It p erio dicall y collects all latest p ose elements, e.g.,

4 A FIRST EXAMPLE WITH MOOS-IVP - THE ALPHA MISSION

latitutude and longitude p osition and latest measured head ing and sp eed, and wraps it up into a single up date to b e broadcast. This MOOS pro cess collects p ose information by subscribing to the MOOSDB for NAVX, NAVY, NAVHEADING, NAVSPEED, and NAVDEPTHand wraps it up into a single MOOS variable called NODEREPORTLOCAL. This variable in turn can b e subscrib ed to another MOOS pro cess connected to an actual serial device acting as an AIS transp onder. For our purp oses, this variable is also subscrib ed to by pMarineViewer for renderi ng a vehicle p ose sequence.

In short: The pNodeReporter application typically gets its info from iMarineSim or otherwise onb oard navigation systms such as GPS or compass; pro duces inf o consumed by pMarineViewer and instances of pHelmIvP running in other vehicles or simulated vehicles.

Sub crib es to: NAVX, NAVY, NAVSPEED, NAVHEADING.

Publishes to: NODEREPORTLOCAL

4.3.5 The pMarineViewer Application and Configuration Blo c k

The pMarineViewer is a MOOS pro cess that subscrib es to the MO OS variable AIS REPORTLOCAL which contains a vehicle ID, p ose and timestamp. It renders t he up dated vehicle(s) p osition. It is a multi-threaded pro cess to allow b oth communication wit h MOOS and let the user pan and zo om and otherwise interact with the GUI. It is non-essentia l for vehicle op eration, but essential for visually confirming that all is going as planned.

In short: The pMarineViewer application typically gets its info from pNodeReporter and pHelmIvP ; pro duces info consumed by pHelmIvP when configured to have command and control ho oks (as in this example).

Sub crib es to: NODEREPORT, NODEREPORTLOCAL, VIEWPOINT, VIEWSEGLIST, VIEWPOLYGON, VIEWMARKER.

Publishes to: Dep ends on configuration, but in this example: DEPLOY, RETURN.

5 THE IVP HELM AS A MOOS APPLICATION

5 The IvP Helm as a MOOS Application

In this section the helm is discussed in terms of its identity as a MOOS application - its MOOS configuration parameters, its Iterate() lo op, its output to the console, and its output in terms of publications to the larger MOOS community.

5.1 Overview

The IvP Helm is implemented as the MOOS mo dule called pHelmIvP . On the surface it is similar to any other MOOS application - it runs as a single pro cess tha t connects to a running MOOSDB pro cess interfacing solely by a publish-subscrib e interfa ce, as depicted in Figure 9. It is configured from a b ehavior file, or .bhv file, in addition to the MOOS file used to configure other MOOS applications. The helm primarily publishes a steady stream of information that drives the platform, typically regarding the desired heading, sp eed or depth. It may also publish information conveying asp ects of the autonomy state that may b e useful for monitori ng, debugging or triggering other algorithms either within the helm or in other MOOS pro cesses . The helm can b e configured to generate decisions over virtually any user-defined decisio n space.

Figu re 9: T he pHelmIvP M OOS appl i cati on : Th e I v P H elm is imp lement ed as t h e MO O S ap p licat ion pHelmIvP . Th e h elm is con fi gu red wit h two fi les - t h e mission fi le an d b eh av ior fi le. O n ce lau n ch ed it con n ect s t o t h e MO O S D B alon g wit h ot h er MO O S ap p licat ion s p erformin g ot h er fu n ct i on s. I n format ion fl owin g int o t h e h elm in clu d e b ot h sen sor in format ion an d comman d an d cont rol in p u t s. Th e h elm p ro d u ces comman d s for man eu verin g t h e veh icle alon g wit h ot h er st at u s in format ion p ro d u ced by act ive b eh a v iors.

The helm subscrib es for sensor information or any other info rmation it needs to make decisions. This information includes navigation information r egarding the platform’s current p osition and tra jectory, information regarding the p osition or stat e of other vehicles, or environmental information. The information it subscrib es for is prescrib ed by the b ehaviors themselves, configured in the .bhv file. In addition to sensor information, the helm also receiv es some level of command

5 THE IVP HELM AS A MOOS APPLICATION

and control information. For example, in some marine vehicl e configurations, one of the “Other MOOSApp” mo dules in the figure is a driver for an acoustic mo de m over which command and control information may b e relayed.

5.2 Helm Engagement

The highest level interface with the helm concerns simply wh ether it is engaged or disengaged . To use an automobile analogy, launching the pHelmIvP MOOS pro cess is like turning the car on, and putting the helm in the engaged mo de is like shifting from “Pa rk” to “Drive”. Here we discuss (a) how the engagement is changed, (b) what it is going on in the he lm when it is disengaged, (c) how the helm engagement state is initialized at start-up.

5.2.1 Helm Engagement Transitions

The helm engagement state can b e transitioned by writing to t he MOOS variable MOOSMANUALOVERIDE. As Figure 10 depicts, a value of false , which is case insensitive, puts the helm in the Engaged state. A value of true puts it into the Disengaged state. When the helm transitions from Engaged to Disengaged it makes one more publication to the helm decision variables, each with a value zero. This can b e thought of publishing “All-Stop”.

Figu re 10: T he Engage m e nt s tate of the Iv P He l m : Th e h elm is eit h er en gaged or d isen gaged , d ep en d in g on b ot h h ow t h e h elm is in it ialized an d mail received by t h e h elm aft er st art - u p on t h e variab le MOOSMANUALOVERIDE. Th e valu e for t h is variab le is case in sen sit ive.

The variable MOOSMANUALOVERIDEcontains the mis-sp elling of “override”. However, it is a va riable that has some legacy presence in other MOOS application s such as iRemote . To avoid a situation where there is an attempt to override the helm, but the request is ignored b ecause of a (prop er) sp elling, the helm will also resp ect transition r equests on the prop erly sp elled variable MOOSMANUALOVERRIDE. This has the drawback however that these two variables coul d conceivably have different values in the MOOSDB. This is not a problem but c ould b e confusing for someone trying to infer the engagement state by op ening a scop e on the MOOSDB, on either the wrong variable or the two disagreeing variables. In this case the h elm engagement state would b e aligned with the variable with the most recent publication time stam p. In any event, the b est way to

5 THE IVP HELM AS A MOOS APPLICATION

monitor the helm engagement state is to scop e on the MOOS vari able HELMENGAGEMENT, published by the helm itself, or use the uHelmScope to ol.

The helm can also b e transitioned interally from the Engaged to the Disengaged state if a b ehavior determines that a critical error has o ccurred, suc h as not getting critical sensor information for a critical safety b ehavior. In this situation, the helm c an b e re-engaged by another MOOS client p osting MOOSMANUALOVERIDE=false, but this is no guarantee that the helm may disengage again immediately if the same condition p ersists that cause d a b ehavior to declare a critical error previously.

5.2.2 What Is and Isn’t Happ ening when the Helm is Disengaged

When the helm is in the Disengaged state, the lo op depicted in Figure 5 on page 21 carries on. The OnNewMail() continues to b e called and new mail is read and dealt with exac tly as it would if the helm were in the Engaged state. The Iterate() lo op, however, is truncated to virtually a no-op, with the only action b eing the output of a heartb eat ch aracter to the console if the helm is configured to do so. No b ehavior co de is called whatso ever. The helm iteration counter, a key index in the uHelmScope output, is also susp ended despite the fact that technically the Iterate() lo op continues to b e called.

5.2.3 Initializing the Helm Engagment State at Pro cess Laun ch Time

The helm, by default, is configured to b e initiallly in the Disengaged state up on start-up. By setting parameter STARTENGAGED=truein the mission file configuration blo ck, the helm will indeed b e in the Engaged state up on start-up. This feature was found to have practica l use in UUV op erations to allow for reb o oting of the autonomy computer to automatic ally launch the helm, engaged and ready to accept field commands. This feature should b e used wi th caution, and it may b e phased out in a later software release.

5.2.4 Suggestions for Trying Out the Engagement Settings

• Try running the Alpha mission again from Section 4. Deploy th e vehicle, and op en a separate console from which to p oke the MOOSDB with the following:

> uPokeDB alpha.moos MOOS_MANUAL_OVERIDE=true

which should pause the vehicle in its track. Then resume the v ehicle with another p oke, this time with MOOSMANUALOVERIDE=false.

• Try running the Alpha mission again, and as ab ove, toggle the value of MOOSMANUALOVERIDE.

This time however, op en a separate console and run uHelmScope by typing:

> uHelmScope alpha.moos MOOS_MANUAL_OVERIDE IVPHELM_ENG

AGED "

Note the app earance of "DISENGAGED!!!"in the top line of the output whenever the helm is in the Disengaged state. Also note the values of MOOSMANUALOVERIDEand IVPHELMENGAGEDin the MOOSDB Scop e section of the uHelmScope output.

5 THE IVP HELM AS A MOOS APPLICATION

5.3 Parameters for the pHelmIvP MOOS Configuration Block

The following configuration parameters are defined for the Iv P Helm. The parameter names are case insensitive.

Paramet er Man d at ory D escrip t ion

COMMUNITY Y ES Glob al MO O S p aramet er. D et ermin es own sh ip n ame

DOMAIN Y ES Th e d ecision sp ace for t h e I v P S olver

BEHAVIORS N O Th e n ame an d lo cat ion of t h e b eh av ior con fi gu rat ion fi le

STARTENGAGED N O D et ermin es wh et h er or n ot t h e h elm is overrid e mo d e at st art - u p .

VERBOSE N O D et ermin es verb osity of t ermin al ou t p u t - quiet , terse , or verbose

OKSKEW N O Toleran ce on t h e age of in comin g mail b efore reject ed as b ein g t o o old

Tab le 2: Con fi gu rat ion p aramet ers for t h e pHelmIvP b lo ck in a ty p ical MO O S mission con fi gu rat ion fi le.

5.3.1 The COMMUNITYParameter

The COMMUNITYparameter is defined at the “global” level outside of any MOOS pro cess’ configuration blo ck. See Section 3.5. The helm reads this parameter and use s its value as the name asso ciated with “ownship”. It is a mandatory parameter.

5.3.2 The DOMAINParameter

Mandatory. This parameter prescrib es the decision space of the helm. It consists of one line p er decision variable. Each line contains a colon-separated li st of four fields. Field one is the domain variable name, field two is the lower b ound value, field three i s the higher b ound value, and field four is the numb er of p oints in the domain. For example DOMAIN = speed:0:3:16 shown in Listing 6 indicates a domain variable called “sp eed”, with a lower an d upp er b ound 0 and 3 meters/second resp ectively. Since there are 16 p oints, the sp eed choices a re 0, 0.2, 0.4, ..., 2.8, 3.0. The helm requires that a decision b e made on all listed variables on ea ch iteration of the control lo op. If a variable is used by some b ehaviors but is not necessarily inv olved in all decisions, it can b e declared as optional. For example DOMAIN=speed:0:3:16:optional .

5.3.3 The BEHAVIORSParameter

The parameter names the b ehavior file, i.e., *.bhv file, on the lo cal file system from which the helm b ehaviors are read. More than one file may b e sp ecified on s eparate lines, and the helm will read in all files almost as if they were one single file. This is a n optional parameter b ecause a file could alternatively b e sp ecified on the command line (whe n not launching with pAntler). If a b ehavior file is sp ecified b oth on the command line, and in the pHelmIvP configuration blo ck with this parameter, they will all b e used to configure the helm b eh aviors collectively.

5 THE IVP HELM AS A MOOS APPLICATION

5.3.4 The VERBOSEParameter

Optional. This parameter affects how much information is wri tten to the terminal on each iteration of the helm. The p ossible values are verbose , terse , or quiet . The verbose setting will write a brief helm rep ort to the terminal on each iteration. With the terse setting minimal output will b e pro duced, a ’*’ character when not pro ducing helm commands, and a ’$’ character when active and healthy. With the quiet setting, no output at all will b e written to the terminal. The default value is terse . This setting can b e changed after the helm is started by chan ging the value of HELMVERBOSE in the MOOSDB.

5.3.5 The STARTENGAGEDParameter

This is an optional parameter. This parameter is set to eithe r true or false . Normally the helm starts in the Disengaged state and needs to receive MOOS mail on the variable MOOSMANUALOVERIDE with the value of this variable set to true . When STARTENGAGEDis set to true , the helm is in the Engaged state up on start-up. The issue of helm engagement was discus sed in more detail in Section 5.2.

5.3.6 The OKSKEWParameter

This is an optional parameter. This parameter sets the allow able skew tolerated by the helm for receiving incoming mail messages. If a clo ck skew is detecte d greater than this value, the message will b e ignored. A check for skews can b e disabled by setting OKSKEW = ANY. The default value is 60 seconds.

5.3.7 An Example pHelmIvP MOOS Configuration Blo ck

Below is an example configuration blo ck for the IvP Helm.

Listing 6 - An example pHelmIvP configuration block.

0 / / - - - - - - - - p H e l m I v P c o n f i g u r a t i o n b l o c k - - - - - - - - - - - - - 1 P r o c e s s C o n f i g = p H e l m I v P 2 { 3 A p p T i c k = 4 / / D e f i n e d f o r a l l M O O S p r o c e s s e s 4 C o m m s T i c k = 4 / / D e f i n e d f o r a l l M O O S p r o c e s s e s 5 6 D o m a i n = c o u r s e : 0 : 3 5 9 : 3 6 0 7 D o m a i n = s p e e d : 0 : 3 : 1 6 8 D o m a i n = d e p t h : 0 : 5 0 0 : 1 0 1 9 1 0 / / I F B E L O W C O M M E N T E D O U T , F I L E G I V E N O N C M D - L I N E 1 1 B e h a v i o r s = f o o b a r . b h v 1 2 1 3 / / V E R S B O S E = t e r s e p r o d u c e s m i n i m a l t e r m i n a l o u t p u t 1 4 V E R B O S E = t e r s e 1 5 1 6 / / A C T I V E _ S T A R T = f a l s e i s t h e d e f a u l t 1 7 S T A R T _ E N G A G E D = t r u e 1 8 1 9 / / O K _ S K E W = 6 0 ( s e c o n d s ) i s t h e d e f a u l t 2 0 O K _ S K E W = A N Y 2 1 }

5 THE IVP HELM AS A MOOS APPLICATION

The APPTICKand COMMSTICKparameters are defined for all MOOS pro cesses (see [15]) and s p ecify the frequency in which the helm pro cess iterates and communi cates with the MOOSDB. The COMMUNITYparameter is not included in the configuration blo ck b ecause it is sp ecified at the global level in the mission file.

5.4 Launching the IvP Helm and Output to the Terminal Window

The IvP Helm can b e launched either directly from the command line, or from within Antler. On the command line the usage is as follows:

Usage: pHelmIvP file.moos [file.bhv]...[file.bhv]

[--help|-h] [--version|-v]

[file.moos] Filename to get MOOS config parameters. [file.bhv] Filename to get IvP Helm config paramters. [-v] Output version number and exit. [-h] Output this usage information and exit.

If no b ehavior file is sp ecified in the .moos file then a b ehavior file must b e given on the command line. Multiple b ehavior files may b e provided. Order of the ar guments do not matter - command line arguments ending in .bhv will b e read as b ehavior files, and those ending with .moos as MOOS files. The sp ecification of b ehavior files may also b e split b et ween references in the .moos file and the command line. The duplicate sp ecification of a single file wil l simply b e ignored. Typical start-up output to the terminal is shown in Listing 7 b elow.

Listing 7 - Example start-up output generated by the pHelmIvP process.

0 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 1 * * 2 * T h i s i s M O O S C l i e n t * 3 * c . P N e w m a n 2 0 0 1 * 4 * * 5 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 6 7 - - - - - - - - - - - - - - - M O O S C O N N E C T - - - - - - - - - - - - - - - - - - - - - - - 8 c o n t a c t i n g a M O O S s e r v e r l o c a l h o s t : 9 0 0 0 - t r y 0 0 0 0 1 9 C o n t a c t M a d e 1 0 H a n d s h a k i n g a s " p H e l m I v P " 1 1 H a n d s h a k i n g C o m p l e t e 1 2 I n v o k i n g U s e r O n C o n n e c t ( ) c a l l b a c k . . . o k 1 3 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 4 1 5 T h e I v P H e l m ( p H e l m I v P ) i s s t a r t i n g . . . . 1 6 L o a d i n g b e h a v i o r d y n a m i c l i b r a r i e s . . . . 1 7 L o a d i n g d i r e c t o r y : / U s e r s / m i k e r b / p r o j e c t - c o l r e g s / s r c / l i b _ b e h a v i o r s - c o l r e g s 1 8 L o a d i n g b e h a v i o r d y n a m i c l i b r a r i e s - F I N I S H E D . 1 9 N u m b e r o f b e h a v i o r f i l e s : 1 2 0 P r o c e s s i n g B e h a v i o r F i l e : b r a v o . b h v S T A R T 2 1 S u c c e s s f u l l y f o u n d f i l e : b r a v o . b h v 2 2 I n i t i a l i z e B e h a v i o r : f o u n d s t a t i c b e h a v i o r B H V _ L o i t e r 2 3 I n i t i a l i z e B e h a v i o r : f o u n d s t a t i c b e h a v i o r B H V _ L o i t e r 2 4 I n i t i a l i z e B e h a v i o r : f o u n d s t a t i c b e h a v i o r B H V _ W a y p o i n t 2 5 I n i t i a l i z e B e h a v i o r : f o u n d s t a t i c b e h a v i o r B H V _ T i m e r 2 6 P r o c e s s i n g B e h a v i o r F i l e : b r a v o . b h v E N D 2 7 p H e l m I v P i s R u n n i n g : 2 8 A p p T i c k @ 4 . 0 H z 2 9 C o m m s T i c k @ 4 H z

5 THE IVP HELM AS A MOOS APPLICATION

3 0 T i m e W a r p @ 1 . 0 3 1 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $

The output in lines 0-13 are standard output generated by a MO OS pro cess launched and successfully connected to a running MOOSDB. Lines 15-30 are start-up output generated unique to the IvP Helm and the particular user usage. Behaviors used by the helm are either static or dynamic. Static b ehaviors are compiled in to the pHelmIvP ex ecutable. Dynamic b ehaviors are brought in at run time via shared libraries compiled separat ely. The helm lo oks for an environment variable IVP BEHAVIORDIRS for a colon-separated list of directories to search for shar ed libraries. If this variable is not set, or if one or more of the directories a re not legitimate directories, an error message will indicate so b etween what is otherwise line 16 an d 18 in Listing 7. This kind of error may not actually b e problematic if the b ehaviors sp ecified in the b ehavior file can all b e otherwise successfully found.

For each sp ecified b ehavior file, the information shown in lin es 20-26 is generated to the terminal. For each b ehavior configuration in a given .bhv file, a single line is output as in lines 22-25 indicating that the b ehavior typ e is recognized and it is configured prop erly. A single unrecognized b ehavior or improp er configuration will result in (a) an error message indicating the offending line numb er and file name, (b) the output of the actual offending line, and ( c) immediate disconnection of the pro cess from the MOOSDB and exit. (Tip: If the helm is launche d with Antler an error during start-up will result in the closing of the pHelmIvP console window which makes it hard to catch useful error output for debugging. In this case, the helm sho uld just b e launched outside of Antler in its own terminal window.)

The output on line 31 of Listing 7, a series of dollar-signs, i ndicates for each character, the completion of a single helm iteration - a heartb eat output. T his is the output when the VERBOSE parameter is set to the default setting of terse . When set to quiet no output is generated at all. When set to verbose , a short multi-line rep ort is generated for each iteration. An example is shown b elow in Listing 8:

Listing 8 - An example helm iteration report generated by an a ctive helm.

0 I t e r a t i o n : 1 6 1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 1 H e l m S u m m a r y - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 l o i t e r _ a d i d N O T p r o d u c e a n o b j - f u n c t i o n 3 l o i t e r _ b p r o d u c e s o b j - f u n c t i o n - t i m e : 0 . 0 0 p c s : 9 . 0 0 0 0 0 p w t : 1 0 0 . 0 0 0 0 0 4 w a y p t _ r e t u r n d i d N O T p r o d u c e a n o b j - f u n c t i o n 5 l o i t e r _ t i m e r d i d N O T p r o d u c e a n o b j - f u n c t i o n 6 N u m b e r o f O b j e c t i v e F u n c t i o n s : 1 7 D E S I R E D _ S P E E D : 2 . 1 0 8 D E S I R E D _ C O U R S E : 1 4 5 . 0 0 9 ( E n d ) I t e r a t i o n : 1 6 1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

On each iteration the Helm Summary indicates which b ehavior s pro duced ob jective functions (lines 2-5), and for those that did, it indicates the CPU time needed to generate the function, the numb er of pieces in the piecewise linear IvP function, an d its priority weight. Following this, the decision rendered for current iteration is output with o ne line p er decision variable (lines 7-8). This is a very thin summary of what is going on within the helm a nd it should b e noted that the uHelmScope to ol is a much b etter suited for monitoring helm activity and debugging. This to ol is describ ed later in Section 8.

5 THE IVP HELM AS A MOOS APPLICATION

5.5 Publications and Subscriptions for IvP Helm The IvP Helm, like any MOOS pro cess, can b e sp ecified in terms o f its interface to the MOOSDB, i.e., what variables it publishes and what variables it subs crib es for. It is imp ossible to provide a complete sp ecification here since the helm is comprised of b ehaviors, and the means to include any numb er of third party b ehaviors. Each b ehavior is able to p ost variable-value pairs, published to the MOOSDBby the helm on b ehalf of the b ehavior at the end of the iteratio n. Likewise, each b ehavior may declare to the helm any numb er of MOOS variables it would like the helm to register for on its b ehalf. Barring these variables, published and su bscrib ed for by the helm on b ehalf of individual b ehaviors, this section addresses the remainin g p ortion of the helm’s publish - subscrib e interface.

5.5.1 Variables published by the IvP Helm Variables published by the IvP Helm are summarized in Table 3 b elow. The column indicating frequency is in resp ect to each helm iteration. A more detail ed description of each variable follows the table.

# Vari abl e Fre q D e s cri pti on 1 IVPHELMSUMMARY Each S u mmary of many st at ist ics of t h e cu rrent h elm it erat ion , cu rrent mo d e. 2 IVPHELMPOSTINGS Each R ecap of all variab le- valu e b eh av ior p ost in g for t h e cu rren t it erat ion . 3 IVPHELMSTATEVARS R are List of variab les involved in b eh av ior p recon d it ion s. 4 IVPHELMMODESET O n ce D escrip t ion of H elm H ierarch ical Mo d e D eclarat ion s. 5 IVPHELMENGAGED R are S t at u s of t h e H elm En gagement S t at e ( true or false ) . 6 HELMIPF COUNT Each I v P Fu n ct ion s involved in t h e d ecision of t h e most recent it e rat ion . 7 CREATECPU Each Tot al t ime n eed ed t o creat e I v P Fu n ct ion s in t h e most recent i t erat ion . 8 LOOPCPU Each Tot al t ime in t h e Iterate() lo op of t h e most recent it erat ion . 9 PLOGGERCMD O n ce A h o ok t o t h e pLogger t o record t h e b eh av ior fi le( s) . 10 DESIRED* Most Th e resu lt of t h e H elm in it s con fi gu red d ecision sp ace. 11 BHVIPF Most S t rin g form of I v P fu n ct ion s p ro d u ced by b eh av iors. 12 BHVWARNING R are Warn in g messages gen erat ed by h elm b eh av iors. 13 BHVERROR R are Error messages gen erat ed by h elm b eh av iors.

Tab le 3: Variab les p u b lish ed by t h e I v P H elm.

• IVPHELMSUMMARY: Pro duced on each iteration of the helm for consumption by th e uHelmScope application. It contains information on the current helm it eration regarding the numb er of IvP functions created, create time, solve time, which b ehav iors are active, running, idle, and the decision ultimately pro duced during the iteration.

• IVPHELMPOSTINGS: Pro duced on each iteration of the helm for consumption by th e uHelmScope application. It provides a recap of all variable-value p ost ings made by all b ehaviors on the

5 THE IVP HELM AS A MOOS APPLICATION

current iteration.

• IVPHELMSTATEVARS: Pro duced p erio dically by the helm for consumption by the uHelmScope application. It contains a comma-separated list of MOOS var iables involved in preconditions of any b ehavior, i.e., variables affecting b ehavior run stat es.

• IVPHELMDOMAIN: Pro duced once by the helm at start-up for consumption by the uHelmScope application. It contains the sp ecification of the IvP Domain in use by the helm.

• IVPHELMMODESET: Pro duced once by the helm at start-up for consumption by the uHelmScope application (see Section 8.) It contains the sp ecification o f the Hierarchical Mo de Declarations, if any, in use by the helm.

• IVPHELMENGAGED: Written by the helm once each time it changes the Engagement State (see Section 5.2). It is either true or false .

• HELMIPF COUNT: Pro duced on each iteration of the helm. It contains the numb er of IvP functions involved in the solver on the current iteration.

• CREATECPU: The CPU time in seconds used in total by all b ehaviors on the c urrent iteration for constructing IvP functions.

• LOOPCPU: The CPU time in seconds used by the IvP solver in the current h elm iteration.

• BHVIPF : The helm will publish this variable for each active b ehavio r in the current iteration.

It contains a string representation of the IvP function pro d uced by the b ehavior. It is used for visualization by the uFunctionVis application, and for logging and later playback and analysis.

• PLOGGERCMD: This variable is published with the b elow value to ensure th at the pLogger application logs the .bhv file along with the other data log files and the .moos file.

"COPY_FILE_REQUEST = filename.bhv"

• DESIRED* : Each of the decision variables in the IvPDomain provided in the helm configuration will have a separate p osting prefixed by DESIREDas in DESIREDSPEED. One exception is that the variable course will b e converted to heading for legacy reasons.

• BHVWARNING: Although this variable may never b e p osted, it is the defaul t MOOS variable used when a b ehavior p osts a warning. A warning may b e harmless but deserves consideration.

• BHVERROR: Although this variable may never b e p osted, it is the defaul t MOOS variable used when a b ehavior p osts what it considers a fatal error - one tha t the helm will interpret as a request to generate the equivalent of ALL-STOP.

In addition to the ab ove variables, the helm will p ost any var iable-value pair on b ehalf of a b ehavior that makes the request. These include endflags, runflags, idl eflag, activeflags and inactiveflags.

5 THE IVP HELM AS A MOOS APPLICATION

5.5.2 Variables Subscrib ed for by the IvP Helm

Variables subscrib ed for by the IvP Helm are summarized in Ta ble 4 b elow. A more detailed description of each variable follows the table.

# Vari abl e D e s cri pti on

1 MOOSMANUALOVERIDE A llows for t ran sit ion of t h e h elm En gagement S t at e.

2 MOOSMANUALOVERRIDE A llows for t ran sit ion of t h e h elm En gagement S t at e.

3 HELMMAPCLEAR R eset s t h e h elm map t h at fi lt ers su ccessive d u p lcat e p u b lica t ion s.

Tab le 4: Variab les su b scrib ed for by t h e I v P H elm.

• MOOSMANUALOVERIDE: When set to true , usually by a third-party application such as iRemote , of from a command-and-control communication, the helm may r elinquish control. If the helm was configured with ACTIVESTART = true, it will not relinquish control (this may b e changed).

• HELMVERBOSE: Affects the console output pro duced by the helm. Legal value s are verbose , terse , or quiet . See Section 5.4.

• HELMMAPCLEAR: When received, the helm clears an internal map that is used t o surpress rep eated duplicate p ostings. See Section 5.6.

In addition to the ab ove variables, the helm will subscrib e f or any variable-value pair on b ehalf of a b ehavior that makes the request. This includes, but is not l imited to, variables involved in the CONDITIONand UPDATESparameters available generally for all b ehaviors.

5.6 Automated Filtering of Successive Duplicate Helm Publi cations

The helm implements a “duplication filter” to drastically re duce the amount of mail p osted by the helm on b ehalf of b ehaviors. This filter has b een noted to redu ce the overall log file size seen during in-water exercises by 60-80%. Reductions at this level noti cably facilitate the use of p ost-mission alalysis to ols and data archiving. For the most part this filt er is op erating b ehind the scenes for the typical helm user. However, knowledge of it is indeed releva nt for users wishing to implement their own b ehaviors, and we discusss it here to explain a bit what is b ehind the variable HELMMAPCLEAR to which the helm subscrib es, and listed ab ove in Section 5.5 .2.

5.6.1 Motivation for the Duplication Filter

The primary motivation of implementing the duplication filt er is to reduce the amount of unnecessary mail p osted by the helm on b ehalf b ehaviors, and thereby greatly reduce the size of log files and facilitate the p ost-mission handling of data. By unnecessa ry we mean successive variable-value pairs that match exactly in b oth fields. For sure, there are cases wh en a b ehavior develop er may not want this filter, and there are simple ways to bypass the filter for a ny p ost. But in most cases, successive duplicate p osts are just redundant and unnecessary. For exa mple, a wayp oint b ehavior named

5 THE IVP HELM AS A MOOS APPLICATION

“ SURVEY” will p ost, on each helm iteration, the variables PWTBHVSURVEYand STATEBHVSURVEYindicating the b ehavior’s priority and run-state. These vari able values often remain unchanged for many successive iterations, and really only need to b e p oste d up on a change.

The uHelmScope to ol dep ends on a numb er of status variables published by the helm to provide content for the scop e. These variables are the IVPHELM* variables listed in Table 3. This includes the variable IVPHELMPOSTINGSwhich is a summary of al l variable-value p ostings made by al l b ehaviors on the current iteration. This provides the content for the B ehavior-Posts section of the uHelmScope output, describ ed in Section 8.2.3 on page 85. This string ca n b e long, and the p oint here is that each unnecessary successive duplicate p ost by a b ehavior ac tually shows up in the log file twice! They can also clutter the output in the uHelmScope window, but main detriment motivating the filter is the reduction of log file bloat.

5.6.2 Implementation and Usage of the Duplication Filter

The helm keeps two maps (STL maps in C++), one for string data a nd one for numerical data:

KEY --> StringValue KEY --> DoubleValue

The two maps corresp ond to the two typ es of message typ es in MO OS (see Section 3.2 on page 18). The KEYis typically the MOOS variable name. Inside a b ehavior imple mentation, the following four functions are available:

void postMessage(string varname, string value, string key =""); void postMessage(string varname, double value, string key =""); void postBoolMessage(string varname, bool value, string k ey=""); void postIntMessage(string varname, double value, string key="");

These functions are available in all b ehavior implementati ons b ecause they are defined in the IvPBehavior sup erclass, of which all b ehaviors are sub clas ses. Before the helm p osts a message to the MOOSDBthe filter is applied by a simple check to its map to determine i f there is a value match on the given key. If a match is made, the p ost will not b e made to th e MOOSDBon the b ehavior’s b ehalf. The postIntMessage() function is merely a convenience version of the postMessage() function that rounds the variable value to the nearest integer to further r educe p osts when combined with the filter. The postBoolMessage() ultimately p osts a string value "true" or "false" .

The default value of the key parameter is the empty string, and in most cases this paramet er can b e ommitted without disabling the duplication filter. Th is is b ecause the KEYused by the caller is only part of the key actually used by the duplication filter . The actual key is the concatenation of (a) the b ehavior name, (b) the variable name, and (c) the ke y passed by the caller. Thus the default value, the empty string, still results in a decent ke y b eing used by the filter. The key is augmented by the b ehavior name b ecause often there is more th an one b ehavior p osting messages on same variable. The optional key parameter is used for two r easons. First, it can b e used to further distinguish p osts within a b ehavior on the same vari able name. Second, when the key value has the sp ecial value "repeatable" , then no key is used and the duplication filter is disabled for that variable p osting.

5 THE IVP HELM AS A MOOS APPLICATION

5.6.3 Clearing the Duplication Filter

Occasionally a user, or another MOOS application in the same community as the helm, may want to “clear” the map used by the helm to implement its duplicati on filter. This can b e done by writing to variable HELMMAPCLEAR, with any value. This may b e necessary for the following reas on. Supp ose a GUI application subscrib es for the variable VIEWSEGLIST which contains a list of line segments for rendering. If the viewer application is launched after the variable is published, the application will only receive the most recent mail on the variable VIEWSEGLIST. There may b e publications to this variable, made prior to the most recent publication, th at are relevant to the GUI application at launch time. Those publications for the variable VIEWSEGLISTmay not b e the most recent from the p ersp ective of the MOOSDB, but they may b e the most recent from the p ersp ective of a part icular b ehavior in the helm. By clearing the filter, it gives each b eh avior the chance to once again have all of its variable-value p osts made to the MOOSDB. In the pMarineViewer application, a publication to HELMMAPCLEARis made up on start-up. Clearing the filter will only clear the way for the next p ost for a given variable. It will not result in the publishin g to the MOOSDB of the contents of the maps used by the filter.

6 IVP HELM AUTONOMY

6 IvP Helm Autonomy

6.1 Overview

An autonomous helm is primarily an engine for decision makin g. The IvP Helm uses a b ehaviorbased architecture to organize its decision making and is di stinctive in the manner in which it resolves comp etition b etween comp eting b ehaviors - it p erf orms multi-ob jective optimization on their collective output using a mathematical programming m o del called interval programming. Here the IvP Helm architecture is describ ed and the means for confi guring it given a set of b ehaviors and a set of mission ob jectives.

6.1.1 The Influence of Bro oks, Stallman and Dantzig on the IvP Helm

The notion of a b ehavior-based architecture for implementi ng autonomy on a rob ot or unmanned vehicle is most often attributed to Ro dney Bro oks’ Subsumpt ion Architecture, [9]. A key principle at the heart of Bro oks’ architecture and arguably the primar y reason its app eal has endured, is the notion that autonomy systems can b e built incremental ly . Notably, Bro oks’ original publication pre-dated the arrival of Op en Source software and the Free Software Foundation founded by Richard Stallman. Op en Source software is not a pre-requi site for building autonomy systems incrementally, but it has the capability of greatly acceler ating that ob jective. The development of complex autonomy systems stands to significantly b enefit if t he set of develop ers at the table is large and diverse. Even more so if they can b e from different or ganizations with p erhaps even the lo osest of overlap in interest regarding how to use the colle ctive end pro duct.

As discussed in Section 2.5, a key issue in b ehavior-based au tonomy has b een the issue of action selection, and the IvP Helm is distinct in this regard with th e use of multi-ob jective optimization and interval programming. The algorithm b ehind interval pr ogramming, as well as the term itself, was motivated by the mathematical programming mo del, linear programming, develop ed by George Dantzig, [11]. The key idea in linear programming is t he choice of the particular mathematical construct that comprises an instance of a linear pr ogramming problem - it has enough expressive flexibility to represent a huge class of practica l problems, and the constructs can b e effectively exploited by the simplex metho d to converge quick ly even on very large problem instances. The constructs used in interval programming to represent b e havior output (piecewise linear functions) were likewise chosen to have enough expressive flexib ility to handle any current and future b ehavior, and due to the opp ortunity to develop solution alg orithms that exploit the piecewise linear constructs.

6.1.2 Traditional and Non-traditional Asp ects of the IvP Be havior-Based Helm

The IvP Helm indeed takes its motivation from early notions o f the b ehavior-based architecture, but is also quite different in many regards. The notion of b eha vior indep endence to temp er the growth of complexity in progressively larger systems is sti ll a principle closely followed in the IvP Helm. Behaviors may certainly influence one another from one iteration to the next, as we’ll see in discussions in this section. This was also evident in the A lpha example mission in Section 4 where the completion of the Survey b ehavior triggered the Re turn b ehavior. But within a single iteration, the output generated by a single b ehavior is not a ffected at all by what is generated by other b ehaviors in the same iteration. The only inter-b ehav ior “communication” realized within an

6 IVP HELM AUTONOMY

iteration comes when the IvP solver reconciles the output of multiple b ehaviors. The indep endence of b ehaviors not only helps a single develop er manage the gro wth of complexity, but it also limits the dep endency b etween develop ers. A b ehavior author need n ot worry that a change in the implementation of another b ehavior by another author requi res subsequent reco ding of one’s own b ehavior(s).

Certain asp ects of b ehaviors in the IvP Helm may also b e a depa rture from some notions traditionally asso ciated (fairly or not) with b ehavior-ba sed architectures:

• Behaviors have state. IvP b ehaviors are instances of a class with a fairly simple interface to the helm. Inside they may b e arbitrarily complex, keep histo ries of observed sensor data, and may contain algorithms that could b e considered “reactive” or “plan-based”.

• Behaviors influence each other b etween iterations. The prim ary output of b ehaviors is their ob jective function, ranking the utility of candidate actio ns. IvP b ehaviors may also generate variable-value p osts to the MOOSDBobservable by b ehaviors on next helm iteration. In this way they can explicitly influence other b ehaviors by trigger ing or suppressing their activation or even affecting the parameter configuration of other b ehavi ors.

• Behaviors may accept externally generated plans. The input to a b ehavior can b e anything represented by a MOOS variable, and p erhaps generated by oth er MOOS pro cesses outside the helm. It is allowable to have one or more planning engines run ning on the vehicle generating output consumed by one or more b ehaviors.

• Several instances of the same b ehavior. Behaviors generall y accept a set of configuration parameters that allow them to b e configured for quite differen t tasks or roles in the same helm and mission. Different wayp oint b ehaviors, for example , can b e configured for different comp onents of a transit mission. Or different collision avoi dance b ehaviors can b e instantiated for different contacts.

• Behaviors can b e run in a configurable sequence. Due to the condition and endflag parameters defined for all b ehaviors, a sequence of b ehaviors can b e readily configured into a larger mission plan.

• Behaviors rate actions over a coupled decision space. IvP fu nctions generated by b ehaviors are defined over the Cartesian pro duct of the set of vehicle de cision variables. This is distinct from the de-coupled decision making style prop osed in [16] a nd [18] - early advo cates of multi-ob jective optimization in b ehavior-based action se lection.

6.1.3 Two Layers of Building Autonomy in the IvP Helm

The autonomy in play on a vehicle during a particular mission is the pro duct of two distinct efforts - (1) the development of vehicle b ehaviors and their algorit hms, and (2) mission planning via the configuration of b ehaviors and mo de declarations. The forme r involves the writing of new source co de, and the latter involves the editing of mission b ehavio r files, such as the simple example for the Alpha example mission in Listing 5 on page 33.

6 IVP HELM AUTONOMY

6.2 Inside the IvP Helm - A Look at the Helm Iterate Loop

Like other MOOS applications, the IvP Helm implements an Iterate() lo op within which the basic function of the helm is executed. Comp onents of the Iterate() lo op, with resp ect to the b ehaviorbased architecture, are describ ed in this section. The basi c flow, in five steps, is depicted in Figure 11. Description of the five comp onents follow.

Figu re 11: T he pHe l m Iv P Ite rate Lo op : ( 1) Mail is read from t h e MO O S D B. I t is p arsed an d st ored in a l o cal b u ff er t o b e availab le t o t h e b eh av iors, ( 2) I f t h ere were any m o d e d eclarat ion s in t h e mission b eh av ior fi le t h ey are evalu at ed at t h is st ep . ( 3) Each b eh av ior is q u eried for it s c ont rib u t ion an d may p ro d u ce an I v P fu n ct ion an d a list of variab le- valu e p airs t o b e p ost ed t o t h e MO O S D B at t h e en d of t h e it erat ion , ( 4) t h e ob ject ive fu n ct ion s are resolved t o p ro d u ce an act ion , ex p ressib le as a set of variab le- valu e p airs, ( 5) all variab le- valu e p airs are p u b lish ed t o t h e MO O S D B for ot h er MO O S p ro cesses t o con su me.

6.2.1 Step 1 - Reading Mail and Populating the Info Buffer

The first step of a helm iteration o ccurs outside the Iterate() lo op. As depicted in Figure 5 on page 21, a MOOS application will read its mail by executing it s OnNewMail() function just prior to executing its Iterate() lo op if there is any mail in its in-b ox. The helm parses mail to maintain its own information buffer which is also a mapping of variable s to values. This is done primarily for simplicity - to ensure that each b ehavior is acting on the same world state as represented by the info buffer. Each b ehavior has a p ointer to the buffer and is able to query the current value of any variable in the buffer, or get a list of variable-value cha nges since the previous iteration.

6 IVP HELM AUTONOMY

6.2.2 Step 2 - Evaluation of Mo de Declarations

Once the information buffer is up dated with all incoming mail , the helm evaluates any mo de declarations sp ecified in the b ehavior file. Mo de declaratio ns are discussed in Section 6.4. In short, a mo de is represented by a string variable that is reset on eac h iteration based on the evaluation of a set of logic expressions involving other variables in th e buffer. The variable representing the mo de declaration is then available to the b ehavior on the cur rent iteration when it, for example, evaluates its condition parameters. A condition for b ehavior participating in the c urrent iteration could therefore read something like condition = (MODE==SURVEYING). The exact value of the variable MODEis set during this step of the Iterate() lo op.

6.2.3 Step 3 - Behavior Participation

In the third step much of the work of the helm is realized by giv ing each b ehavior a chance to participate. Each b ehavior is queried sequentially - the he lm contains no separate threads in this regard. The order in which b ehaviors is queried do es not affec t the output. This step contains two distinct parts for each b ehavior - (1) Determination of w hether the b ehavior will participate, and (2) pro duction of output if it is indeed participating on this iteration. Each b ehavior may pro duce two typ es of information as the Figure 11 indicates. The first is an ob jective function (or “utility” function) in the form of an IvP function. The secon d kind of b ehavior output is a list of variable-value pairs to b e p osted by the helm to the MOOSDB at the end of the Iterate() lo op. A b ehavior may pro duce b oth kinds of information, neither, o r one or the other, on any given iteration.

6.2.4 Step 4 - Behavior Reconciliation

In the fourth step depicted in Figure 11, the IvP functions ar e collected by the IvP solver to pro duce a single decision over the helm’s decision space. Each funct ion is an IvP function - an ob jective function that maps each element of the helm’s decision space to a utility value. In this case the functions are of a particular form - piecewise linearly defin ed. That is, each piece is an interval of the decision space with an asso ciated linear function. Ea ch function also has an asso ciated weight and the solver p erforms multi-ob jective optimizati on over the weighted sum of functions (in effect a single ob jective optimization at that p oint). The ou tput is a single optimal p oint in the decision space. For each decision variable the helm pro duce s another variable-value pair, such as DESIREDSPEED = 2.4 for publication to the MOOSDB.

6.2.5 Step 5 - Publishing the Results to the MOOSDB

In the last step, the helm simply publishes all variable-val ue pairs to the MOOSDB, some of which were pro duced directly by the b ehaviors, and some of which we re generated as output from the IvP Solver. The helm employs the duplication filter describ ed in Section 5.6, only on the variable-value pairs generated directly from the b ehaviors, and not the var iable-value pairs generated by the IvP solver that represent a decision in the helm’s domain. For ex ample, even if the decision ab out a vehicle’s depth, represented by the variable DESIREDDEPTHpro duced by the helm were unchanged for 5 minutes of op eration, it would b e published on each iter ation of the helm. To do otherwise could give the impression to consumers of the variable that t he variable is “stale”, which could trigger an unwanted override of the helm out of concern for sa fety.

6 IVP HELM AUTONOMY

6.3 Mission Behavior Files

The helm is configured for a particular mission primarily thr ough one or more mission b ehavior files, typically with a *.bhv suffix. Behavior files have three typ es of entries, usually but not necessarily kept in three distinct parts - (1) variable init ializations, (2) b ehavior configurations, and (3) hierarchical mo de declarations. These three parts a re discussed b elow. The example alpha.bhv file in Listing 5 on page 33 did not contain hierarchical mo de d eclarations, but do es contain examples of variable initializations and b ehavior configurations.

6.3.1 Variable Initialization Syntax

The syntax for variable initialization is fairly straight- forward:

initialize <variable> = <value> ... initialize <variable> = <value>

One initialization p er line. The keyword initialize is case insensitive. The <variable> is indeed case sensitive since it will b e published to the MOOSDBand MOOS variables are case sensitive when registered for by a client. The variable <value> may or may not b e case sensitive dep ending on whether or not a client registering for the variable regards the case. Considering again the helm Iterate() lo op depicted in Figure 11 on page 52, variable initializati ons are applied to the helm’s information buffer prior to the very first helm iteration, but are p osted to the MOOSDBat the end of the first helm iteration.

6.3.2 Behavior Configuration Syntax

The bulk of the helm configuration is done with individual b eh avior parameter blo cks which have the following form:

Behavior = <behavior-type> { <parameter> = <value> ... <parameter> = <value> } The first line is a declaration of the b ehavior typ e. The keywo rd Behavior is not case sensitive, but the <behavior-type> is. This is followed by an op en brace on a separate line. Each s ubsequent line sets a particular parameter of the b ehavior to a given value. The b ehavior configuration concludes with a close brace on a separate line. The issue of case sensit ivity for the <parameter> and <value> entries is a matter determined by the individual b ehavior im plementation.

As a convention (not enforced in any way) general b ehavior pa rameters, defined at the IvP Behavior sup erclass level, are group ed together and listed b efore parameters that apply to a sp ecific b ehavior. For example, in the Alpha example in Listing 5 on page 33, the general b ehavior parameters are listed on lines 8-12 and 22-25, but the parame ters sp ecific to the wayp oint b ehavior, speed , radius , and points , follow in a separate blo ck. Generally it is not mandatory to provide

6 IVP HELM AUTONOMY

a parameter-value pair for each parameter defined for a b ehav ior, given that meaningful defaults are in place within the b ehavior implementation. Some param eters are indeed mandatory however. Do cumentation for the individual b ehavior should b e consul ted. Multiple instances of a b ehavior typ e are allowed, as in the Alpha example where there are two w ayp oint b ehaviors - one for traversing a set of p oints, and one for returning to a vehicle recover y p oint. Each b ehavior should have its own unique value provided in the name parameter.

6.3.3 Hierarchical Mo de Declaration Syntax

Hierarchical Mo de Declarations are covered in depth in Sect ion 6.4, but the syntax is briefly discussed here. A b ehavior file contains a set of declaration blo cks of the form:

Set <mode-variable-name> = <mode-value> { <mode-variable-name> = <parent-value> <condition> . . . <condition> } <else-value>

A tree will b e formed where each no de in the tree is describ ed f rom the ab ove typ e of declaration. The keyword Set is case insensitive. The <mode-variable-name> , <parent-value> and <else-value> are case sensitive. The <condition> entries are treated exactly as with the CONDITIONparameter for b ehaviors, see Section 6.5.1.

As indicated in Figure 11, the value of each mo de variable is r eset at the outset of the Iterate() lo op, after the information buffer is up dated with incoming m ail. A mo de variable is set by progressing through each declaration blo ck, and determini ng whether the conditions are met. Thus the ordering of the declaration blo cks is significant - the sp ecification of parent should b e made prior to that of a child. Examples are further discussion can b e found b elow in Section 6.4.

6.4 Hierarchical Mode Declarations

Hierarchical mo de declarations (HMDs) are an optional feat ure of the IvP Helm for organizing the b ehavior activations according to declared mission mo des. Mo des and sub-mo des can b e declared, in line with a mission planner’s own concept of mission evolu tion, and b ehaviors can b e asso ciated with the declared mo des. In more complex missions, it can fac ilitate mission planning (in terms of less time and b etter detection of human errors), and it can fa cilitate the understanding of exactly what is happ ening in the helm - during the mission execution a nd in p ost-analysis.

6.4.1 Background

A trend of unmanned vehicle usage can b e characterized as b ei ng increasingly less of the shorter, scripted variety to b e increasingly more of the longer, adap tive mission variety. A typical mission in our own lab five years ago would contain a certain set of tasks, typically wayp oints and ultimately a rendezvous p oint for recovering the vehicle. Data acquire d during deployment was off-loaded and analyzed later in the lab oratory. What has changed? The s imultaneous maturation of acoustic communications, on-b oard sensor pro cessing, and longe r vehicle battery life has dramatically

6 IVP HELM AUTONOMY

changed the nature of mission configurations. The vehicle is exp ected to adapt to b oth the phenomena it senses and pro cesses on b oard, as well as adapt its op er ation given field-control commands received via acoustic, radio or satellite communications. Multi-vehicle collab orative missions are also increasingly viable due to lower vehicle costs and matu re acomms capabilities. In such cases a vehicle is not only adapting to sensed phenomena and field co mmands, but also to information from collab orating vehicles.

Our missions have evolved from having a finite set of fixed task s to b e comp osed instead of a set of mo des, an initial mo de when launched, an understandin g of what brings us from one mo de to another, and what b ehaviors are in play in each mo de. Mo des may b e entered and exited any numb er of times, in exact sequences unknown at launch time, d ep ending on what they sense and how they are commanded in the field.

6.4.2 Behavior Configuration Without Hierarchical Mo de Declarations

Behaviors can b e configured for a mission without the use of hi erarchical mo de declarations - supp ort for HMDs is a relatively recent addition to the helm. HMDs are a to ol for organizing which b ehaviors are idle or participating in which circumst ances. Consider the alpha example mission in Section 4, and the b ehavior file in Listing 5. By exa mination of the b ehavior file, and exp erimenting a bit with the viewer during simulation, the v ehicle apparently is always in one of three mo des - (a) idle, (b) surveying the wayp oints, or (c) re turning to the launch p oint. This is achieved by the condition parameters for the two b ehaviors. There are only two variabl es involved in the b ehavior conditions, DEPLOYand RETURN. If restricted to Bo olean values, the b elow table confirms the observation that there are only three p ossible m o des.

DEPLOY RETURN Mo d e

true true R et u rn in g true false S u rvey in g false true I d le false false I d le

Tab le 5: Possib le mo d es imp lied by t h e con d it ion p aramet ers in t h e alp h a mission in List in g 5.

There are a couple drawbacks with this however. First, the mo des are to b e inferred from the b ehavior conditions and this is not trivial in missions w ith larger b ehavior files. Mapping the b ehavior conditions to a mo de is useful b oth in mission plann ing and mission monitoring. In the alpha mission, in order to understand at any given moment wha t mo de the vehicle is in, the two variables need to b e monitored, and the ab ove table internal ized. The second drawback is the increased likeliho o d of error, in the form of unintentional ly b eing in two mo des at the same time, or b eing in an undefined mo de. For example, line 11 in Listing 5 re ally should read RETURN != true, and not RETURN = false. Since there is no Bo olean typ e for MOOS variables, this vari able could b e set to "False" and the condition as it reads on line 11 in Listing 5 would not b e satisfied, and the vehicle would b e in the idle state, despite the fact that DEPLOYmay b e set to true . These problems are alleviated by the use of hierarchical mo de declarations .

6 IVP HELM AUTONOMY

6.4.3 Syntax of Hierarchical Mo de Declarations - The Charli e Mission

We provide an example of the use of hierarchical mo de declara tions by extending the Alpha mission describ ed in Section 4. This example mission is dubb ed the “C harlie” mission. The charlie.bhv file can b e found alongside the alpha mission in the MOOS-IvP d istribution (Section 4.1). It is also given fully in Listing 9 on the next page. The implicit mo des of the Alpha mission, describ ed in Table 5, are explicitly declared in the Charlie b ehavior file to form the following hierarchy:

Figu re 12: Hi e rarchi cal m o de s for the C harl i e m i s s i on : Th e veh icle will alway s b e in on e of t h e mo d es rep resent ed by a leaf n o d e. A b eh av ior may b e asso ciat ed wit h any n o d e in t h e t ree. I f a b eh av ior is asso ciat ed wit h an int ern al n o d e, it is also asso ciat ed wit h all it s ch ild ren .

The hierarchy in Figure 12 is formed by the mo de declaration c onstructs on the left-hand side, taken as an excerpt from the charlie.bhv file. After the mo de declarations are read when the helm is initially launched, the hierarchy remains static therea fter. The hierarchy is asso ciated with a particular MOOS variable, in this case the variable MODE. Although the hierarchy remains static, the mo de is re-evaluated at the outset of each helm iteration based on the conditions asso ciated with no des in the hierarchy. The mo de evaluation is represen ted as a string in the variable MODE. As shown in Figure 12 the variable is the concatenation of the names of all the no des. The mo de evaluation b egins sequentially through each of the blo cks. At the outset the value of the variable MODEis reset to the empty string. After the first blo ck in Figure 12 MODEwill b e set to either "Active" or "Inactive" . When the second blo ck is evaluated, the condition "MODE=Active" is evaluate base on how MODEwas set in the first blo ck. For this reason, mo de declarations of children need to b e listed after the declarations of parents in the b ehavior file .

Once the mo de is evaluated, at the outset of the helm iteratio n, it is available for use in the conditions of the b ehaviors, as in lines 20 and 23 in Listing 9 . Note the "==" relation in lines 20 and 23. This is a string-matching relation that matches when one side matches exactly one of the comp onents in the other side’s colon-separated list of strings . Thus "Active" == "Active:Returning" , and "Returning" == "Active:Returning" . This is to allow a b ehavior to b e easily asso ciated with an internal no de regardless of its children. For example if a collision-avoidance b ehavior were to b e added to this mission, it could b e asso ciated with the "Active" mo de rather than explicitly naming all the sub-mo des of the "Active" mo de.

6 IVP HELM AUTONOMY

Listing 9: The Charlie Mission - Use of Hierarchical Mode Dec larations.

0 / / - - - - - - - - F I L E : c h a r l i e . b h v - - - - - - - - - - - - - 1 2 i n i t i a l i z e D E P L O Y = f a l s e 3 i n i t i a l i z e R E T U R N = f a l s e 4 5 / / - - - - - - - - - - - - - - - - - - - D e c l a r a t i o n o f H i e r a r c h i c a l M o d e s 6 s e t M O D E = A C T I V E { 7 D E P L O Y = t r u e 8 } I N A C T I V E 9 1 0 s e t M O D E = S U R V E Y I N G { 1 1 M O D E = A C T I V E 1 2 R E T U R N ! = t r u e 1 3 } R E T U R N I N G 1 4 1 5 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 6 B e h a v i o r = B H V _ W a y p o i n t 1 7 { 1 8 n a m e = w a y p t _ s u r v e y 2 9 p w t = 1 0 0 2 0 c o n d i t i o n = M O D E = = S U R V E Y I N G 2 1 e n d f l a g = R E T U R N = t r u e 2 2 2 3 s p e e d = 2 . 0 / / m e t e r s p e r s e c o n d 2 4 r a d i u s = 8 . 0 2 5 p o i n t s = 6 0 , - 4 0 : 6 0 , - 1 6 0 : 1 5 0 , - 1 6 0 : 1 8 0 , - 1 0 0 : 1 5 0 , - 4 0 2 6 } 2 7 2 8 / / - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 3 9 B e h a v i o r = B H V _ W a y p o i n t 3 0 3 1 n a m e = w a y p t _ r e t u r n 3 2 p w t = 1 0 0 3 3 c o n d i t i o n = M O D E = = R E T U R N I N G 3 4 u p d a t e s = U P D A T E S _ R E T U R N 3 5 3 6 s p e e d = 2 . 0 3 7 r a d i u s = 8 . 0 3 8 p o i n t s = 0 , 0 3 9 }

6.4.4 A More Complex Example of Hierarchical Mo de Declarati ons

The Charlie example given ab ove, while having the b enefit of b eing a working example distributed with the co debase, is not complex. In this section a mo destly complex, although fictional, hierarchy is provided to highlight some issues with the syntax. The hie rarchy with the corresp onding mo de declarations are shown in Figure 13. The declarations are gi ven in the order of layers of the tree ensuring that parents are declared prior to children. As wit h the Charlie example in Figure 12, the no des that represent realizable mo des are depicted in the da rker (green) color.

6 IVP HELM AUTONOMY

Figu re 13: Ex am pl e Hi e rarchi cal M o de D e cl arati on : Th e h ierarchy on t h e right is con st ru ct ed from t h e set of mo d e d eclarat ion s on t h e t h e left ( wit h fi ct ion al con d it io n s) . D arker n o d es rep resent mo d es t h at are realizab le t h rou gh some comb in at ion of con d it ion s.

The "Alpha" mo de for example is not realizable since it has the children "Delta" and "Echo" , with the latter b eing set as the <else-value> if the conditions of the former at not met. The "Bravo" mo de is realizable since it has no children. The "Echo" mo de is realizable despite having children b ecause the "Tango" mo de is not the <else-value> of the "Sierra" mo de declaration. For example, if the following three conditions hold, (a) "MISSION=SURVEYING", (b) "SITE!=Archipelagos" , and (c) "WATERDEPTH=Medium", then the value of the variable MODEwould b e set to "Alpha:Echo" . Finally, note that the condition in the "Sierra" declaration, "MODE=Alpha:Echo", is sp ecified fully, i.e., "MODE=Echo"would not achieve the desired result.

6.4.5 Monitoring the Mission Mo de at Run Time

The mission mo de can b e monitored at run time in a couple ways. First, since the mo de variable is p osted as a MOOS variable, any MOOS scop e to ol will work, e. g., uXMS, uMS, uHelmScope Using uHelmScope , the mission variable can b e monitored as part of the basic MOOSDBscoping capability (see Section 8.2.2), but it is also displayed on it’s own, in t he fourth line of the main output. For example, see line 4 in Listing 14 on page 83. Unlike the other g eneral MOOS scop e to ols, the uHelmScope allows for stepping backwards through helm iterations to se e when the mission mo de changed and p erhaps what precipitated the change. See the se ction on stepping through saved scop e history in Section 8.3.

The uHelmScope to ol also has a mo de in which the entire mo de hierarchy may b e r endered - solely to provide a visual confirmation that the hierarchy sp ecified with the mo de declarations in the b ehavior file do es in fact corresp ond to what the user inte nded. Currently there are no to ols to automatically render the mo de hierarchy in a manner like t he right hand side of Figure 13. The

6 IVP HELM AUTONOMY

uHelmScope output for the example in Figure 13 is shown in listing 10 b elo w.

Listing 10: The mode hierarchy output from uHelmScope for the example in Figure 13.

0 M o d e S e t H i e r a r c h y : 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 A l p h a 3 D e l t a 4 E c h o 5 S i e r r a 6 T a n g o 7 B r a v o 8 C h a r l i e 9 F o x t r o t 1 0 G o l f 1 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 2 C U R E N T M O D E ( S ) : C h a r l i e : F o x t r o t 1 3 1 4 H i t ’ r ’ t o r e s u m e o u t p u t s , o r S P A C E B A R f o r a s i n g l e u p d a t e

More on this feature of the uHelmScope can b e found in Section 8. It’s worth noting that p oking the value of a mo de variable will have no effect on the helm op er ation. The mission mo de cannot b e commanded directly. The mo de variable is reset at the outs et of the helm iteration, and the helm do esn’t even register for mail on mo de variables.

6.5 Behavior Participation in the IvP Helm

The primary work of the helm comes when the b ehaviors partici pate and do their thing, at each round of the helm Iterate() lo op. As depicted in Figure 11 on page 52, once the mo de has b ee n re-evaluated taking into consideration newly received mai l, it is time for the b ehaviors (well, some at least) to step up and do their thing.

6.5.1 Behavior Run Conditions

On any single iteration a b ehavior may participate by genera ting an ob jective function to influence the helm’s output over its decision space. Not all b ehaviors participate in this regard, and the primary criteria for participation is whether or not it has m et each of its “run conditions”. These are the conditions laid out in the b ehavior file of the form:

condition = <logic-expression>

Each logic expression is comprised of either Bo olean op erat ors (and, or, not) or relation op erators ( ≤ , <, ≥ , >, = , ! =). All expressions have at least one relational expressio n, where the left-hand side of the expression is treated as a variable, and the right -hand side is a literal (either a string or numerical value). The literals are treated as a string value if quoted, or if the value is non-numerical. Some examples:

DEPLOY = true // Example 1 QUALITY >= 75 // Example 2

Variable names are case sensitive since MOOS variables in ge neral are case sensitive. In matching string values of MOOS variables in Bo olean conditions, the m atching is case insensitive . If for

6 IVP HELM AUTONOMY

example the MOOS variable DEPLOYhad the value "TRUE", this would satisfy the condition in Example 1 ab ove. But if the MOOS variable deploy had the value "true" , this would not satisfy Example 1. Individual relational expressions can b e combin ed with Bo olean connectors into more complex expressions. Each comp onent of a Bo olean expressio n must b e surrounded by a pair of parentheses. Some examples:

(DEPLOY = true) or (QUALITY >= 75) // Example 3

(MSG != error) and !((K <= 10) or (w != 0)) // Example 4

A relational expression such as (w != 0) ab ove is false if the variable w is undefined. In MOOS, this o ccurs if variable has yet to b e published with a value by any MOOS client connected to the MOOSDB. A relational expression is also false if the variable in the expression is the wrong typ e, compared to the literal. For example (w != 0) in Example 3 would evaluate to false even if the variable w had the string value "alpha" which is clearly not equal to zero.

A relational expression generally involves a variable and a literal, and the form is simplified by insisting the variable is on the left and the literal on the ri ght. A relational expression can also involve the comparison of two variables by surrounding the r ight-hand side with $() . For example:

REQUESTED_STATE != $(RUN_STATE) // Example 5

The variable typ es need to match or the expression will evalu ate to false regardless of the relation. The expression in Example 5 will evaluate to false if, for exa mple, REQUESTEDSTATE="run" and RUNSTATE=7, simply b ecause they are of different typ e, and regardless of the relation b eing the inequality relation.

6.5.2 Behavior Run Conditions and Mo de Declarations

The use of hierarchical mo de declarations p otentially simp lify the expressions used as run conditions. The conditions in practice could b e limited to:

condition = <mode-variable> = <mode-value>, or condition = <mode-variable> == <mode-value>.

Conditions were used in this way with the Charlie mission in L isting 9 on page 58, as an alternative to their usage in the Alpha mission example in Listing 5 on pag e 33.

Note the use of the double-equals relation ab ove. This relat ion is used for matching against the strings used to represent the hierarchical mo de. The two str ings match if the ordered comp onents of one side are a subset of the ordered comp onents of the other . Comp onents are colon-separated. For example, using the illustrative hierarchy from Figure 1 3:

"Alpha:Echo:Sierra" == "Sierra" "Alpha:Echo:Sierra" == "Echo:Sierra" "Alpha:Echo:Sierra" == "Alpha" "Sierra" == "Alpha:Echo:Sierra" "Charlie:Foxtrot" == "Charlie:Foxtrot"

"Alpha:Echo:Sierra" != "Alpha:Sierra"

6 IVP HELM AUTONOMY

6.5.3 Behavior Run States

On any given helm iteration a b ehavior may b e in one of four sta tes depicted in Figure 14:

Figu re 14: B e hav i or State s : A b eh av ior may b e in on e of t h ese fou r st at es at any given it era t ion of h elm Iterate() lo op . Th e st at e is d et ermin ed by ex amin at ion of MO O S variab l es st ored lo cally in t h e h elm’s in format ion b u ff er.

• Idle: A b ehavior is idle if it is not complete and it has not met its run conditions as describ ed ab ove in Section 6.5.1. The helm will invoke an idle b ehavior ’s onIdleState() function.

• Running: A b ehavior is running if it has met its run conditions and it is not complete . The helm will invoke a running b ehavior’s onRunState() function thereby giving the b ehavior an opp ortunity to contribute an ob jective function.

• Active: A b ehavior is active if it is running and it did indeed pro duce an ob jective functi on when prompted. There are a numb er of reasons why a running b eh avior may not b e active. For example, a collision avoidance b ehavior where the ob jec t of the b ehavior is sufficiently far away.

• Complete: A b ehavior is complete when the b ehavior itself determines it to b e complete. It is up to the b ehavior author to implement this, and some b ehavio rs may never complete. The function setComplete() is defined generally at the b ehavior sup erclass level, for ca lling by a b ehavior author. This provides some some standard steps to b e taken up on completion, such as p osting of endflags , describ ed b elow in Section 6.5.4. Once a b ehavior is in the complete state, it remains in that state p ermanently. All b ehaviors h ave a DURATIONparameter defined to allow it to b e configured to time-out if desired. When a time -out o ccurs the b ehavior state will b e set to complete .

6.5.4 Behavior Flags and Behavior Messages

Behaviors may p ost some numb er of messages, i.e., variable- value pairs, on any given iteration (see Figure 11, p. 52). These message can b e critical for co ordina ting b ehaviors with each other and to other MOOS pro cesses. The can also b e invaluable for monit oring and debugging b ehaviors configured for particular missions. To b e more accurate, b eh aviors don’t p ost messages to the MOOSDB, they request the helm to p ost messages on its b ehalf. The hel m collects these requests and publishes them to the MOOSDBat the end of the Iterate() lo op. It also filters them for successive duplicates as discussed in Section 5.6.

There is a standard metho d, configurable in the b ehavior file, for p osting messages based on the run state of the b ehavior. These are referred to as b ehavi or flags, and there are five typ es, (1) endflag , (2) idleflag , (3) runflag , (4) activeflag , (5) inactiveflag . The variable-value pairs

6 IVP HELM AUTONOMY

representing each flag are set in the b ehavior file for the corr esp onding b ehavior. See line 12 in 5 on page 33 for example.

• endflag : An endflag is p osted once when or if the b ehavior enters the complete state. The variable-value pair representing the endflag is given in the endflag parameter in the b ehavior file. Multiple endflags may b e configured for a b ehavior.

• idleflag : An idleflag is p osted on each iteration of the helm when the b ehavior is de termined to b e in the idle state. The variable-value pair representing the idleflag is given in the idleflag parameter in the b ehavior file. Multiple idleflags may b e confi gured for a b ehavior.

• runflag : An runflag is p osted on each iteration of the helm when the b ehavior is de termined to b e in the running state, regardless of whether it is further determined to b e a ctive or not. A runflag is p osted exactly when an idleflag is not. The variable-value pair representing the runflag is given in the runflag parameter in the b ehavior file. Multiple runflags may b e configured for a b ehavior.

• activeflag : An activeflag is p osted on each iteration of the helm when the b ehavior is determined to b e in the active state. The variable-value pair representing the activeflag is given in the activeflag parameter in the b ehavior file. Multiple activeflags may b e co nfigured for a b ehavior.

• inactiveflag : An inactiveflag is p osted on each iteration of the helm when the b ehavior is determined to b e not in the active state. The variable-value pair representing the inactivefl ag is given in the inactiveflag parameter in the b ehavior file. Multiple inactiveflags may b e configured for a b ehavior.

A runflag is meant to “complement” an idleflag , by p osting exactly when the other one do es not. Similarly with the inactiveflag and activeflag . The situation is shown in Figure 15:

Figu re 15: B e hav i or F l ags : Th e fou r b eh av ior fl ags idleflag , runflag , activeflag , an d inactiveflag are p ost ed d ep en d in g on t h e b eh av ior st at e an d can b e con sid ered comp le ment ary in t h e man n er in d icat ed .

Behavior authors may implement their b ehaviors to p ost othe r messages as they see fit. For example the wayp oint b ehavior used in the Alpha example in Section 4 a lso published the variable WPTSTAT with a status message similar to "vname=alpha,index=0,dist=124,eta=62" indicating the name of the vehicle, the index of the next p oint in the list of wayp oin ts, the distance to that wayp oint, and

6 IVP HELM AUTONOMY

the estimated time of arrival, in seconds. (You might want to re-run the Alpha mission with uXMS scoping on this variable to watch it change as the mission unf olds.)

6.5.5 Monitoring Behavior Run States and Messages During Mi ssion Execution

The run states for each b ehavior, are wrapp ed up on each itera tion by the helm into a single string and published in the variable IVPHELMSUMMARY. This variable is subscrib ed for by the uHelmScope to ol and b ehavior states are parsed from this variable and su mmarized in the main output, as in lines 12-17 in Listing 14 on page 83. These lines are provided in the b elow excerpt:

12 Behaviors Active: ---------- (1) 13 waypt_survey (13.0) (pwt=100.00) (pcs=1227) (cpu=0.01 ) (upd=0/0) 14 Behaviors Running: --------- (0) 15 Behaviors Idle: ------------ (1) 16 waypt_return (22.8) 17 Behaviors Completed: ------- (0)

Behaviors are group ed into the four p ossible states, with a s ummary line for each state, e.g., lines 12, 14, 15, 17, containing the numb er of b ehaviors in that sta te in parentheses at the end of the line. Each b ehavior configured for the helm shows up on a dedic ated line in the appropriate group, e.g., lines 13 16. In these lines immediately following the b ehavior name, the numb er of seconds is displayed in parentheses indicating how long the b ehavior h as b een in that state.

The uHelmScope to ol can also b e used to monitor the messages generated by eac h b ehavior on each iteration. The helm, in addition to p osting all the vari able-value pairs to the MOOSDBat the end of the Iterate() lo op, also builds a summary of all such p osts into a single str ing and publishes it as IVPHELMPOSTINGS. This variable is subscrib ed for and parsed by uHelmScope to generate the “Behavior-Posts” section of the uHelmScope output. An example can b e seen in lines 28-39 in Listing 14, and this part of the uHelmScope output is describ ed in Section 8.2.3.

6.6 Behavior Reconciliation in the IvP Helm - Multi-Ob jecti ve Optimization

6.6.1 IvP Functions

IvP functions are pro duced by b ehaviors to influence the deci sion pro duced by the helm on the current iteration (see Figure 11, p. 52). The decision is typ ically comprised of the desired heading , speed , and depth but the helm decision space could b e comprised of any arbitra ry configuration (see section 5.3.2, p. 41). Some p oints ab out IvP functions:

• IvP functions are piecewise linearly defined. Each piece is d efined by an interval over some subset of the decision space, and there is a linear function a sso ciated with each piece (see Figure 17).

• IvP functions are an approximation of an underlying function. The linear function for a single piece is the b est linear approximation of the underlying fun ction for the p ortion of the domain covered by that piece.

6 IVP HELM AUTONOMY

• IvP domains are discrete with an upp er and lower b ound for eac h variable, so an IvP function may achieve zero-error in approximating an underlying functio n by asso ciating a piece with each p oint in the domain. Behaviors seldom need to do so in pra ctice however.

• The Ivp function construct and IvP solver are generalizable to N dimensions.

• The pieces in IvP functions need not b e uniform size or shap e. More pieces can b e dedicated to parts of the domain that are harder to approximate with lin ear functions.

• IvP functions need only b e defined over a subset of the domain. Behaviors are not affected if the helm is configured for additional variables that a b ehavi or may not care ab out. Behaviors that pro duce functions solely over vehicle depth are p erfectly ok.

How are IvP functions built? The IvP Build To olb ox is a set of t o ols for creating IvP functions based on any underlying function defined over an IvP Domain. M any, if not all of the b ehaviors in this do cument make use of this to olb ox, and authors of new b eh aviors have this at their disp osal. A primary comp onent of writing a new b ehavior is the developme nt of the “underlying function”, the function approximated by an IvP function with the help of the to olb ox. The underlying function represents the relationship b etween a candidate helm decis ion and the exp ected utility with resp ect to the b ehavior’s ob jectives. The IvP To olb ox is not covered in detail in this do cument, but an overview is given b elow.

6.6.2 The IvP Build To olb ox

The IvP To olb ox is a set of to ols (a C++ library) for building I vP functions. It is typically utilized by b ehavior authors in a sequence of library calls within a b e havior’s (C++) implementation. There are two sets of to ols - the Reflector to ols for building IvP functions in N dimensions, and the ZAIC to ols for building IvP functions in one dimension as a sp ecia l case. The Reflector to ols work by making available a function to b e approximated by an IvP func tion. The to ols simply need this function for sampling. Consider the Gaussian function rend ered b elow in Figure 16:

6 IVP HELM AUTONOMY

y c e n t  =  - 1 5 0
s i g m a  =  3 2 . 4
r a n g e  =  1 5 0

x - 2 5 0 - 2 5 0

2 5 0 2 5 0 y

0 x c e n t  =  5 0

1 5 0

Figu re 16: A ren d erin g of t h e fu n ct ion f ( x , y ) = A e^{− ( ( x = x 0 )}

2 + ( y = y 0 ) 2 2 σ 2

) wh ere A = range = 150, σ = sigma = 32 . 4, x 0 = xcent = 50, y 0 = ycent = − 150. Th e d omain h ere for x an d y ran ges from − 250 t o 250.

The ’x’ and ’y’ variables, each with a range of [ − 250, 250], are discrete, taking on integer values. The domain therefore contains 501^2 = 251 , 001 p oints, or p ossible decisions. The IvP Build To olb ox can generate an IvP function approximating this function ov er this domain by using a uniform piece size, as rendered in Figure 17(a) and 17(b). The difference in these two figures is only the size of the piece. More pieces (Figure 17(a)) results in a more accur ate approximation of the underlying function, but takes longer to generate and creates further w ork for the IvP solver when the functions are combined. IvP functions need not use uniformly sized pie ces.

By using the directed refinement option in the IvP Build To olb ox, an initially uniform IvP fun ction can b e further refined with more pieces over a sub-domain dire cted by the caller, with smaller uniform pieces of the caller’s cho osing. This is rendered in Figure 17(c). Using this to ol requires the caller to have some idea where, in the sub-domain, furthe r refinement is needed or desired. Often a b ehavior author indeed has this insight. For example , if one of the domain variables is vehicle heading, it may b e go o d to have a fine refinement in the n eighb orho o d of heading values close to the vehicle’s current heading.

In other situations, insight into where further refinement i s needed may not b e available to the caller. In these cases, using the smart refinement option of the IvP Build To olb ox, an initially uniform IvP function may b e further refined by asking the to ol b ox to automatically “grade” the pieces as they are b eing created. The grading is in terms of ho w accurate the linear fit is b etween the piece’s linear function and the underlying function over th e sub-domain for that piece. A priority queue is maintained based on the grades, and pieces where p o o r fits are noted, are automatically refined further, up to a maximum piece limit chosen by the call er. This is rendered in Figure 17(d).

The Reflector to ols work similarly in N dimensions and on mult i-mo dal functions. The only requirement for using the Reflector to ol is to provide it with access to the underlying function. Since the to ol rep etitively samples this function, a centra l challenge to the user of the to olb ox is

6 IVP HELM AUTONOMY

( a) 7056 ( 101x 101) u n iform p ieces ( b ) 289 ( 17x 17) u n iform p ieces

( c) D irect ed R efi n ement - 732 p ieces ( d ) S mart R efi n ement - 225 p ieces

Figu re 17: A re nde ri ng of four di ff e re nt Iv P functi ons approx i m ati ng th e s am e unde rl y i ng functi on : Th e fu n ct ion in ( a) u ses a u n iform d ist rib u t ion of 7056 p iece s. Th e fu n ct ion in ( b ) u ses a u n iform d ist rib u t ion of 1024 p ieces. Th e fu n ct ion in ( c) was creat ed by fi rst b u ild in g a u n iform d ist rib u t ion of 49 p ieces an d t h en fo cu sin g t h e refi n ement on a su b - d omain of t h e fu n ct ion . Th is is called d irect ed - refi n ement in t h e I v P Bu ild t o olb ox . Th e fu n ct ion in ( d ) was creat ed by fi rst b u ild in g a u n iform fu n ct i on of 25 p ieces an d rep eat ed ly refi n in g t h e fu n ct ion b ased on wh ich p ieces were n ot ed t o h ave a p o or fi t t o t h e u n d erl y in g fu n ct ion . Th is is t ermed smart - refi n ement in t h e I v P Bu ild t o olb ox .

to develop a fast implementation of the function. In terms of the time consumed in generating IvP functions with the Reflector to ol, the sampling of the underl ying function is typically the long p ole in the tent.

6.6.3 The IvP Solver and Behavior Priority Weights

The IvP Solver collects a set of weighted IvP functions pro du ced by each of the b ehaviors and finds a p oint in the decision space that optimizes the weighte d combination. If each IvP ob jective function is represented by f_i ( −→ x ), and the weight of each function is given by w_i , the solution to a problem with k functions is given by: The algorithm is describ ed in detail in [3], but is summarize d in the following few p oints.

• The search tree : The structure of the search algorithm is branch-and-b ound . The search tree is comprised of an IvP function at each layer, and the no des at each layer are comprised of the

6 IVP HELM AUTONOMY

individual pieces from the function at that layer. A leaf no d e represents a single piece from each function. A no de in the tree is realizable if the piece fr om that no de and its ancestors intersect, i.e., share common p oints in the decision space.

• Global optimality : Each p oint in the decision space is in exactly one piece in ea ch IvP function and is thus in exactly one leaf no de of the search tree. If the search tree is expanded fully, or pruned prop erly (only when the pruned out sub-tree do es not contain the optimal solution), then the search is guaranteed to pro duce the glob ally optimal solution. The search algorithm employed by the IvP solver do es indeed start with f ully expanded tree, and utilizes prop er pruning to guarantee global optimality. The algorit hm do es allow for a parameter for guaranteed limited back-off from global optimality - a quick er solution with a guarantee of b eing within a fixed p ercent of global optima. This option is n ot exp osed to the IvP Helm which always finds the global optimum.

• Initial solution : A key factor of an effective branch-and-b ound algorithm is s eeding the search with a decent initial solution. In the IvP Helm, the initial s olution used is the solution (typically heading , speed , depth ) generated on the previous helm iteration. Up on casual observation this app ears to provide a sp eed-up by ab out a fac tor of two.

In cases where there is a “tie” b etween optimal decisions, th e solution generated by the solver is non-deterministic. This is mitigated somewhat by the fact t hat the solution is seeded with the output of the previous iteration as discussed ab ove.

6.6.4 Monitoring the IvP Solver During Mission Execution

The p erformance of the solver can b e monitored with the uHelmScope to ol describ ed in Section 8. The output shown b elow in Listing 11 is an excerpt of the full o utput shown in Listing 14 on page 83. On line 5, the total time needed to solve the multi-ob ject ive optimization problem is given in seconds, and the max time need for all recorded lo ops is given in parentheses. It is zero here since there is only one ob jective function in this example. On line 6 is the total time for creating the IvP functions in all b ehaviors, with the max across all itera tions in parentheses. On line 7 is the total lo op time - the sum of the previous two lines. Active b eh aviors display useful information regarding the IvP solver. For example, on line 13, the Survey wayp oint b ehavior had a priority weight of 100 and generated 1,227 pieces, taking 0.01 second s of CPU time to create.

Listing 11 - Example uHelmScope output containing information about the IvP solver.

1 = = = = = = = = = = = = = = u H e l m S c o p e R e p o r t = = = = = = = = = = = = = = E N G A G ED ( 1 7 ) 2 H e l m I t e r a t i o n : 6 6 ( h z = 0 . 3 8 ) ( 5 ) ( h z = 0 . 3 5 ) ( 6 6 ) ( h z = 0 . 5 6 ) ( m a x ) 3 I v P f u n c t i o n s : 1 4 M o d e ( s ) : S u r v e y i n g 5 S o l v e T i m e : 0 . 0 0 ( m a x = 0 . 0 0 ) 6 C r e a t e T i m e : 0 . 0 2 ( m a x = 0 . 0 2 ) 7 L o o p T i m e : 0 . 0 2 ( m a x = 0 . 0 2 )

6 IVP HELM AUTONOMY

8 H a l t e d : f a l s e ( 0 w a r n i n g s ) 9 H e l m D e c i s i o n : [ s p e e d , 0 , 4 , 2 1 ] [ c o u r s e , 0 , 3 5 9 , 3 6 0 ] 1 0 s p e e d = 3 . 0 0 1 1 c o u r s e = 1 7 7 . 0 0 1 2 B e h a v i o r s A c t i v e : - - - - - - - - - - ( 1 ) 1 3 w a y p t _ s u r v e y ( 1 3 . 0 ) ( p w t = 1 0 0 . 0 0 ) ( p c s = 1 2 2 7 ) ( c p u = 0 . 0 1 ) ( u p d = 0 / 0 ) 1 4 B e h a v i o r s R u n n i n g : - - - - - - - - - ( 0 ) 1 5 B e h a v i o r s I d l e : - - - - - - - - - - - - ( 1 ) 1 6 w a y p t _ r e t u r n ( 2 2 . 8 ) 1 7 B e h a v i o r s C o m p l e t e d : - - - - - - - ( 0 ) 1 8 The solver can b e additionally monitored and analyzed throu gh the two MOOS variables LOOPCPU and CREATECPU published on each helm iteration. The former indicates the s ystem wall time for building each IvP function and solving the multi-ob jective optimization problem, and the latter indicates just the time to create the IvP functions.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

7 Standard and Overloadable Properties of Helm Behaviors

The ob jective of this section is to describ e prop erties comm on to all IvP Helm b ehaviors, describ e how to overload standard functions for 3rd party b ehaviors, and to provide a detailed simple example of a b ehavior. It builds on the discussion from Chapt er 6. The fo cus in this section is an expansion of detail of Step 3 in Figure 11 on page 52.

7.1 Brief Overview

Behaviors are implemented as C++ classes with the helm havin g one or more instances at runtime, each with a unique descriptor. The prop erties and implement ed functions of a particular b ehavior are partly derived from the IvPBehavior sup erclass, shown in Figure 18. The is-a relationship of a derived class provides a form of co de re-use as well as a commo n interface for constructing mission files with b ehaviors.

Figu re 18: B e hav i or i nhe ri tance : Beh av iors are d erived from t h e IvPBehavior su p erclass. Th e n at ive b eh av iors are t h e b eh av iors d ist rib u t ed wit h t h e h elm. N ew b eh av iors a lso n eed t o b e su b class of t h e I v PBeh av ior class t o work wit h t h e h elm. Cert ain v irt u al fu n ct ion s invoked by t h e h elm may b e op t ion ally b u t ty p ically overload ed in all n ew b eh av iors. O t h er p rivat e fu n ct ion s may b e invoked wit h in a b eh av ior fu n ct ion as a way of facilit at in g common t ask s involved in imp lement in g a b eh av ior.

The IvPBehavior class provides three virtual functions which are typically overloaded in a particular b ehavior implementation:

• The setParam() function: parameter-value pairs are handled to configure a b ehavior’s unique prop erties distinct from its sup erclass.

• The onRunState() function: the meat of a b ehavior implementation, p erformed when the b ehavior has met its conditions for running, with the output b eing an ob jective function and a p ossibly empty set of variable-value pairs for p osting to t he MOOSDB.

• The onIdleState() function: what the b ehavior do es when it has not met its run co nditions.

It may involve up dating internal state history, generation of variable-value pairs for p osting to the MOOSDB, or absolutely nothing at all.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

This section discusses the prop erties of the IvPBehavior sup erclass that an author of a thirdparty b ehavior needs to b e aware of in implementing new b ehav iors. It is also relevant material for users of the native b ehaviors as it details general prop erti es.

7.2 Parameters Common to All IvP Behaviors

A b ehavior has a standard set of parameters defined at the IvPBehavior level as well as unique parameters defined at the sub class level. By configuring a b eh avior during mission planning, the setting of parameters is the primary venue for affecting the o verall autonomy b ehavior in a vehicle. Parameters are set in the b ehavior file, but can also b e dynami cally altered once the mission has commenced. A parameter is set with a single line of the form:

parameter = value

The left-hand side, the parameter comp onent, is case insens itive, while the value comp onent is typically case sensitive. This was discussed in depth in Sec tion 6.3. In this section, the parameters defined at the sup erclass level and available to all b ehavior s are exhaustively listed and discussed. Each b ehavior typically augments these parameters with new ones unique to the b ehavior, and in the next section the issue of implementing new parameters by overloading the setParam() function is addressed.

7.2.1 A Summary of the Full Set of General Behavior Parameter s

The following parameters are defined for all b ehaviors at the sup erclass level. They are listed here for reference - certain related asp ects are discussed in fur ther detail in other sections.

NAME: The name of the b ehavior - should b e unique b etween all b ehavi ors. Duplicates may b e confusing, but should not cause helm errors. Logging and out put sent to the helm console during op eration will organize information by the b ehavior name.

PRIORITY: The priority weight of the pro duced ob jective function. The default value is 100. A b ehavior may also b e implemented to determine its own priori ty weight dep ending on information ab out the world.

DURATION: The time in seconds that the b ehavior will remain running b ef ore declaring completion.

If no duration value is provided, the b ehavior will never tim e-out. The clo ck starts ticking once the b ehavior satisfies its run conditions (b ecoming non-idl e) the first time. Should the behavior switch between running and id le states, the clock keeps tick ing even during the id le periods. See Section 7.2.3 for more detail.

DURATIONSTATUS: If the DURATIONparameter is set, the remaining duration time, in seconds, c an b e p osted by naming a DURATIONSTATUSvariable. This variable will b e up date/p osted only when the b ehavior is in the running state. See Section 7.2.3 for mo re detail.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

DURATIONRESET: This parameter takes a variable-pair such as MYRESET=true . If the DURATION parameter is set, the duration clo ck is reset when the variab le is p osted to the MOOSDB with the sp ecified value. Each time such a p ost is noted, the durati on clo ck is reset. See Section 7.2.3 for more detail.

DURATIONIDLEDECAY: If this parameter is false the duration clo ck is paused when the vehicle is in the “idle” state. The default value is true . See Section 7.2.3 for more detail.

CONDITION: This parameter sp ecifies a condition that must b e met for the b ehavior to b e active.

Conditions are checked for each b ehavior at the b eginning of each control lo op iteration. Conditions are based on current MOOS variables, such as STATE = normal or (( K ≤ 4) . More than one condition may b e provided, as a convenience, treated col lectively as a single conjunctive condition. The helm automatically subscrib es for any condi tion variables. See Section 6.5.1 for more detail on run conditions.

RUNFLAG:This parameter sp ecifies a variable and a value to b e p osted wh en the b ehavior has met all its conditions for b eing in the running state. It is a equal-separated pair such as TRANSITING=true. More then one flag may b e provided. These can b e used to satisfy or blo ck the conditions of other b ehaviors. See Section 6.5.4 on page 62 for more detail on p osting flags to the MOOSDB from the helm.

IDLEFLAG: This parameter sp ecifies a variable and a value to b e p osted wh en the b ehavior is in the id le state. See the Section 6.5.3 for more on run states. It is an eq ual-separated pair such as WAITING=true. More then one flag may b e provided. These can b e used to s atisfy or blo ck the conditions of other b ehaviors. See Section 6.5.4 on page 62 for more detail on p osting flags to the MOOSDB from the helm.

ACTIVEFlAG: This parameter sp ecifies a variable and a value to b e p osted wh en the b ehavior is in the active state. See the Section 6.5.3 for more on run states. It is an eq ual-separated pair such as TRANSITING=true. More then one flag may b e provided. These can b e used to s atisfy or blo ck the conditions of other b ehaviors. See Section 6.5.4 on page 62 for more detail on p osting flags to the MOOSDB from the helm.

INACTIVEFlAG: This parameter sp ecifies a variable and a value to b e p osted wh en the b ehavior is not in the active state. See the Section 6.5.3 for more on run states. It is a equ al-separated pair such as OUTOFRANGE=true. More then one flag may b e provided. These can b e used to satisfy or blo ck the conditions of other b ehaviors. See Sect ion 6.5.4 on page 62 for more detail on p osting flags to the MOOSDB from the helm.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

ENDFLAG: This parameter sp ecifies a variable and a value to b e p osted wh en the b ehavior has set the completed state variable to b e true. The circumstances causing comple tion are unique to the individual b ehavior. However, if the b ehavior has a DURATIONsp ecified, the completed flag is set to true when the duration is exceeded. The value of this parameter is a equal-separated pair such as ARRIVEDHOME=true. Once the completed flag is set to true for a b ehavior, it remains inactive thereafter, regardless of future events, barring a complete helm restart. See Section 6.5.4 on page 62 for more detail on p osting flags to the MOOSDB f rom the helm.

UPDATES: This parameter sp ecifies a variable from which up dates to b eh avior configuration parameters are read from after the b ehavior has b een initially instantiated and configured at the helm startup time. Any parameter and value pair that would ha ve b een legal at startup time is legal at runtime. The syntax for this string is a #-separat ed list of parameter-value pairs: "param=value # param=value # ... # param=value" . This is one of the primary ho oks to the helm for mission control - the other b eing the b ehavior condi tions describ ed ab ove. See Section 7.2.2 for more detail.

NOSTARVE: The NOSTARVEparameter allows a b ehavior to assert a maximum staleness fo r one or more MOOS variables, i.e., the time since the variable was la st up dated. The syntax for this parameter is a comma-separated pair "variable, ..., variable, value" , where last comp onent in the list is the time value given in seconds. See Section 7.2 .5 on page 75 for more detail.

PERPETUAL: Setting the perpetual parameter to true allows the b ehavior to continue to run even after it has completed and p osted its end flags. The parameter value is not case sensitive and the only two legal values are true and false . See Section 7.2.4 for more detail.

7.2.2 Altering Behavior Parameters Dynamically with the UPDATESParameter

The parameters of a b ehavior can b e made to allow dynamic mo di fications - after the helm has b een launched and executing the initial mission in the b ehavior fi le. The mo difications come in a single MOOS variable sp ecified by the parameter UPDATES. For example, consider the simple wayp oint b ehavior configuration b elow in Listing 12. The return p oint is the (0,0) p oint in lo cal co ordinates, and return sp eed is 2.0 meters/second. When the conditions a re met, this is what will b e executed.

Listing 12 - An example behavior configuration using the UPDATESparameter.

0 B e h a v i o r = B H V _ W a y p o i n t 1 { 2 n a m e = W A Y P T _ R E T U R N 3 p r i o r i t y = 1 0 0 4 s p e e d = 2 . 0 5 r a d i u s = 8 . 0 6 p o i n t s = 0 , 0 7 U P D A T E S = R E T U R N _ U P D A T E S 8 c o n d i t i o n = R E T U R N = t r u e 9 c o n d i t i o n = D E P L O Y = t r u e 1 0 }

If, during the course of events, a different return p oint or sp eed is desired, this b ehavior can b e altered dynamically by writing to the variable sp ecified by t he UPDATESparameter, in this case the variable RETURNUPDATES(line 7 in Listing 12). The syntax for this variable is of the f orm:

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

parameter = value # parameter = value # ... # parameter = value

White space is ignored. The ’#’ character is treated as sp eci al for parsing the line into separate parameter-value pairs. It cannot b e part of a parameter comp onent or value comp onent. For example, the return p oint and sp eed for this b ehavior could b e altered by any other MOOS pro cess that writes to the MOOS variable:

RETURN_UPDATES = ‘‘points = (50,50) # speed = 1.5’’

Each parameter-value pair is passed to the same parameter se tting routines used by the b ehavior on initialization. The only difference is that an erroneous p arameter-value pair will simply b e ignored as opp osed to halting the helm as done on startup. If a faulty parameter-value pair is encountered, a warning will b e written to the variable BHVWARNING. For example:

BHV_WARNING = "Faulty update for behavior: WAYPT_RETURN. Bad parameter(s): speed."

Note that a check for parameter up dates is made at the outset o f helm iteration lo op for a b ehavior with the call checkUpdates() . Any up dates received by the helm on the current iteration wi ll b e applied prior to b ehavior execution and in effect for the curr ent iteration.

7.2.3 Limiting Behavior Duration with the DURATIONParameter

The duration parameter sp ecifies a time p erio d in seconds b efore a b ehavio r times out and p ermanently enters the completed state. If left unsp ecified, ther e is no time limit to the b ehavior. By default, the duration clo ck b egins ticking as so on as the hel m engages. The duration clo ck remains ticking when or if the b ehavior subsequently enters the idle state. It even remains ticking if the helm temp orarily disengages. When a timeout o ccurs, end flag s are p osted. The b ehavior can b e configured to p ost the time remaining b efore a timeout with th e duration status parameter. The forms for each are:

duration = value (positive numerical) duration_status = value (variable name)

Note that the duration status variable will only b e publishe d/up dated when the b ehavior is in the running state. The duration status is rounded to the nearest integer until less than ten seconds remain, after which the time is p osted out to two decimal plac es. The b ehavior can b e configured to have the duration clo ck pause when it is in the idle state wi th the following:

duration_idle_decay = false // The default is true

Configured in the ab ove manner, a b ehavior’s duration clo ck w ill remain paused until it’s condtions are met. The b ehavior may also b e configured to allow for the du ration clo ck to b e reset up on the writing of a MOOS variable with a particular value. For examp le:

duration_reset = BRAVO_TIMER_RESET=true

The b ehavior checks for and notes that the variable-value pa ir holds true and the duration clo ck is then reset to the original duration value. The b ehavior also marks the time at which the variablevalue pair was noted to have held true. Thus there is no need to “un-set” the variable-value pair, e.g., setting BRAVOTIMERRESET=false , to allow the duration clo ck to resume its count-down.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

7.2.4 The PERPETUALParameter

When a b ehavior enters the completed state, it by default remains in that state with no chance to change. When the perpetual parameter is set to true , a b ehavior that is declared to b e complete do es not actually enter the complete state but p erforms all t he other activity normally asso ciated with completion, such as the p osting of end flags. See Section 6.5.4 for more detail on p osting flags to the MOOSDB from the helm. The default value for perpetual is false . The form for this parameter is:

perpetual = value

The value comp onent is case insensitive, and the only legal v alues are either true or false . A b ehavior using the duration parameter with perpetual set to true will p ost its end flags up on time out, but will reset its clo ck and b egin the count-down once mo re the next time its run conditions are met, i.e., enters the running state. Typically when a b eh avior is used in this way, it also p osts an endflag that would put itself in the idle state, waiting for an external event.

7.2.5 Detection of Stale Variables with the NOSTARVEParameter

A b ehavior utilizing a variable generated by a MOOS pro cess o utside the helm, may require the variable to b e sufficiently up-to-date. The staleness of a var iable is the time since it was last written to by any pro cess. The NOSTARVEparameter allows the mission writer to set a staleness thres hold. The form for this parameters is:

nostarve = variable_1, ..., variable_n, duration

The value of this parameter is a comma-separated list such as "NAVX, NAVY, 5.0" . The variable comp onents name MOOS variables and the duration comp onent, the last entry in the list, represents the tolerated staleness in seconds. If staleness is detecte d, a b ehavior failure condition is triggered which will trigger the helm to p ost all-stop values and relin quish to manual control.

7.3 Overloading the setParam() Function in New Behaviors

The setParam() function is a virtual function defined in the IvPBehavior class, with parameters implemented in the sup erclass (Section 7.2) handled in the s up erclass version of this function:

bool IvPBehavior::setParam(string parameter, string val ue);

The setParam() function should return true if the parameter is recognized and the value is in an acceptable form. In the rare case that a new b ehavior has no ad ditional parameters, leaving this function undefined in the sub class is appropriate. An implem entation of the setParam() function for a new b ehavior should attempt to first handle a parameter- value pair at the IvPBehavior level, and only handle it lo cally if it is not recognized at the sup er class level. The example b elow in Listing 13 gives an example for a fictional b ehavior BHVYourBehavior having a single parameter period .

Listing 13 - An example setParam() implementation for fictional BHVYourBehavior .

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

0 b o o l B H V _ Y o u r B e h a v i o r : : s e t P a r a m ( s t r i n g p a r a m , s t r i n g v a l u e ) 1 { 2 i f ( p a r a m = = " p e r i o d " ) { 3 d o u b l e t i m e _ v a l u e = a t o f ( v a l u e . c _ s t r ( ) ) ; 4 i f ( ( t i m e _ v a l u e < 0 ) | | ( ! i s N u m b e r ( v a l u e ) ) ) 5 r e t u r n ( f a l s e ) ; 6 m _ p e r i o d = t i m e _ v a l u e ; 7 r e t u r n ( t r u e ) ; 8 } 9 r e t u r n ( f a l s e ) ; 1 0 }

Since the period parameter refers to a time p erio d, a check is made on line 4 tha t the value comp onent indeed is a p ositive numb er. (The atof() function on line 6, which converts an ASCI I string to a floating p oint value, returns zero when passed a no n-numerical string, therefore the isNumber() function is also used to ensure the string represented by value represents a numerical value.) A b ehavior implementation of this function without sufficient syntax or semantic checking simply runs the risk that faulty parameters are not detected at the time of helm launch, or during dynamic up dates. Solid checking in this function will reduc e debugging headaches down the road.

7.4 Behavior Functions Invoked by the Helm

The IvPBehavior sup erclass implements a numb er of functions invoked by the h elm on each iteration. Two of these functions are overloadable as describ ed previously - the onRunState() and onIdleState() functions. The basic flow of calls to a b ehavior from the helm a re shown in Figure 19. These are discussed in more detail later in the sectio n, but the idea is to execute certain b ehavior functions based on the activity state , which may b e one of the four states depicted. An id le b ehavior is one that has not mets its conditions for running. A completed b ehavior is one that has reached its ob jectives or exceeded its duration. A running b ehavior is one that has not yet completed, has met its run conditions, but may still opt not t o pro duce any output. An active b ehavior is one that is running and is pro ducing output in the form of an ob jective function.

The typ es of functions defined at the sup erclass level fall in to one of the three categories b elow, only the first two of which are shown in Figure 19:

• Helm-invoked immutable functions - functions invoked by th e helm on each iteration that the author of a new b ehavior may not re-implement.

• Helm-invoked overloadable functions - functions invoked b y the helm that an author of a new b ehavior typically re-implements of overloads.

• User-invoked functions - functions invoked within a b ehavi or implementation.

The user-invoked functions are utilities for common op erat ions typically invoked within the implementation of the onRunState() and onIdleState() functions written by the b ehavior author.

7.4.1 Helm-Invoked Immutable Functions

These functions, implemented in the IvPBehavior sup erclass, are called by the helm but are not defined as virtual functions which means that attempts to ove rload them in a new b ehavior implementation will b e ignored. See Figure 19 regarding the seque nce of these function calls.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

Figu re 19: B e hav i or functi on-cal l s by the he l m : Th e h elm invokes a seq u en ce of fu n ct ion s on each b eh av ior on each it erat ion of t h e h elm. Th e seq u en ce of calls is d ep en d ent on wh at t h e b eh av ior ret u rn s, an d refl ect s t h e b eh av iors act iv ity st at e. Cert ain fu n ct ion s are immu t ab le an d can n ot b e overload ed by a b eh av ior au t h or. Two key fu n ct ion s, onRunState() an d onIdleState() can b e in d eed overload ed as t h e u su al h o ok for an au t h or t o p rov id e t h e imp lement at ion of a b eh av ior. Th e postFlags fu n ct ion is also immu t ab le, b u t t h e p aramet ers ( fl ags) are p rov id ed in t h e h elm con fi gu rat ion ( *.bhv ) fi le.

void checkUpdates(): This function is called first on each iteration to handle requ ested dynamic changes in the b ehavior configuration. This needs to b e the ve ry first function applied to a b ehavior on the helm iteration so any requested changes to th e b ehavior parameters may b e applied on the present iteration. See Section 7.2.2 for more on dynamic b ehavior configuration with the UPDATESparameter.

bool isComplete(): This function simply returns a Bo olean indicating whether t he b ehavior was put into the complete state during a prior iteration.

bool isRunnable(): Determines if a b ehavior is in the running state or not. Within this function call four things are checked: (a) if the duration is set, the duration time remaining is checked for timeout, (b) variables that are monitored for staleness are checked against (Section 7.2.5). (c) the run conditions must b e met. (d) the b ehavior’s decision d omain (IvP domain) is a prop er subset of the helm’s configured IvP domain. See Section 6.5.1 for more detail on run conditions.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

void postFlags(string flag type): This function will p ost flags dep ending on whether the value of flag type is set to "idleflags" , "runflags" , "activeflags" , "inactiveflags" , or "endflags" . Although this function is immutable, not overloadable by su b class implementations, its effect is indeed mutable since the flags are sp ecified in the mission con figuration *.bhv file. See Section 6.5.4 for more detail on p osting flags to the MOOSDB from the he lm.

7.4.2 Helm-Invoked Overloaded Functions

These are functions called by the helm. They are defined as vir tual functions so that a b ehavior author may overload them. Typically the bulk of writing a new b ehavior resides in implementing these three functions.

IvPFunction* onRunState(): The onRunState() function is called by the helm when deemed to b e in the running state (Figure 19). The bulk of the work in implementing a new b ehavior is in this function implementation, and is the sub ject of Section 7.6.

void onIdleState(): This function is called by the helm when deemed to b e in the id le state (Figure 19). Many b ehaviors are implemented with this funct ion left undefined, but it is a useful ho ok to have in many cases.

bool setParam(string, string): This function is called by the helm when the b ehavior is first i nstantiated with the set of parameter and parameter values pr ovided in the b ehavior file. It is also called by the helm within the checkUpdates() function to apply parameter up dates dynamically.

7.5 Local Behavior Utility Functions

The bulk of the work done in implementing a new b ehavior is in t he implemenation of the onIdleState() and onRunState() functions. The utility functions describ ed b elow are desig ned to aid in that implementation and are generally “protected” functions, that is callable only from within the co de of another function in the b ehavior, such as t he onRunState() and onIdleState() functions, and not invoked by the helm.

7.5.1 Summary of Implementor-Invoked Utility Functions

The following is summary of utility functions implemented a t the IvPBehavior sup erclass level.

void setComplete(): The notion of what it means for a b ehavior to b e “complete” is l argely an issue sp ecific to an individual b ehavior. When or if this stat e is reached, a call to setComplete() can b e made and end flags will b e p osted, and the b ehavior will b e p ermanently put into the completed state unless the perpetual parameter is set to true .

void addInfoVars(string var names): The helm will register for variables from the MOOSDB on a need-only basis, and a b ehavior is obligated to inform the he lm that certain variables are needed on its b ehalf. A call to the addInfoVars() function can b e made from anywhere with a b ehavior implementation to declare needed variables. This can b e one call p er variable, or the string argument can b e a comma-separated list of variables. The mos t common p oint of invoking this function is within a b ehavior’s constructor since needed va riables are typically known at the p oint of instantiation. More on this issue in Section 7.5.3.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

double getBufferDoubleVal(string varname, bool& result) : Query the info buffer for the latest (double) value for a given variable named by the string argum ent. The b o ol argument indicates whether the queried variable was found in the buffer. More on t his in Section 7.5.2.

double getBufferStringVal(string varname, bool& result) : Query the info buffer for the latest (string) value for a given variable named by the string argum ent. The b o ol argument indicates whether the queried variable was found in the buffer. More on t his in Section 7.5.2.

double getBufferCurrTime(): Query the info buffer for the current buffer lo cal time, equivalent to the duration in seconds since the helm was launched. More o n this in Section 7.5.2.

vector<double> getBufferDoubleVector(string var, bool& result): Query the info buffer for all changes to the variable (of typ e double) named by the stri ng argument, since the last iteration. The b o ol argument indicates whether the queried variable wa s found in the buffer. More on this in Section 7.5.2.

vector<string> getBufferStringVector(string var, bool& result): Query the info buffer for all changes to the variable (of typ e string) named by the stri ng argument, since the last iteration. The b o ol argument indicates whether the queried variable wa s found in the buffer. More on this in Section 7.5.2.

void postMessage(string varname, string value, string key ): The helm can p ost messages (variablevalue pairs) to the MOOSDB at the end of the helm iteration. Be haviors can request such p ostings via a call to the postMessage() function where the first argument is the variable name, and the second is the variable value. The optional key parameter is used in conjunction with the duplication filter and by default is the empty string. See Sec tion 5.6 for more on the duplication filter.

void postMessage(string varname, double value, string key ): Same as ab ove except used when the p osted variable is of typ e double rather than string . The optional key parameter is used in conjunction with the duplication filter and by default is the empty string. See Section 5.6 for more on the duplication filter.

void postBoolMessage(string varname, bool value, string k ey): Same as ab ove, except used when the p osted variable is a bool rather than string . The optional key parameter is used in conjunction with the duplication filter and by default is t he empty string. See Section 5.6 for more on the duplication filter.

void postIntMessage(string varname, double value, string key): Same as postMessage(string, double) ab ove except the numerical output is rounded to the nearest i nteger. This, combined with the helm’s use of the duplication filter , can reduce the numb er of p osts to the MOOSDB. The optional key parameter is used in conjunction with the duplication filter and by default is the empty string. See Section 5.6 for more on the duplication filter.

void postWMessage(string warning msg): Identical to the postMessage() function except the variable name is automatically set to BHVWARNING. Provided as a matter of convenience to the caller and for uniformity in monitoring warnings.

void postEMessage(string error msg): Similar to the postWMessage() function except the variable name is BHVERROR. This call is for more serious problems noted by the b ehavior . It also results in an internal state ok bit b eing flipp ed which results in the helm p osting all-stop v alues to the actuators.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

7.5.2 The Information Buffer

Behaviors do not have direct access to the MOOSDB - they don’t read mail, and they don’t p ost changes directly, but rather through the helm as an intermed iary. The information buffer, or info buffer , is a data structure maintained by the helm to reflect a subset of the information in the MOOSDB and made available to each b ehavior. This topic is hidden from a user configuring existing b ehaviors and can b e safely skipp ed, but is an imp or tant issue for a b ehavior author implementing a new b ehavior. The info buffer is a data structure shared by all b ehaviors, each b ehavior having an p ointer to a single instance of the InfoBuffer class. This data structure is maintained by the helm, primarily by reading mail from the MO OSDB and reflecting the change onto the buffer on each helm iteration, b efore the helm reques ts input from each b ehavior. Each b ehavior therefore has the exact same snapshot of a subset of the MOOSDB. A b ehavior author needs to know two things - how to ensure that certain variable s show up in the buffer, and how to access that information from within the b ehavior. These two issues are discussed next.

7.5.3 Requesting the Inclusion of a Variable in the Informat ion Buffer

A variable can b e sp ecifically requested for inclusion in the info buffer by invoking the following function:

void IvPBehavior::addInfoVars(string varnames)

The string argument is either a single MOOS variable or a comm a-separated list of variables. Duplicate requests are simply ignored. Typically such call s are invoked in a b ehavior’s constructor, but may b e done dynamically at any p oint after the helm is runn ing. The helm will simply register with the MOOSDB for the requested variable at the en d of the current iteration. Certain variables are registered for automatically on b ehalf of the b ehavior. All variables referenced in run conditions will b e registered and accessible in the buffe r. Variables named in the updates and nostarve parameters will also b e automatically registered.

7.5.4 Accessing Variable Information from the Information Buffer

A variable value can b e queried from the buffer with one of the f ollowing two function calls, dep ending on whether the variable is of typ e double or string .

string IvPBehavior::getBufferStringVal(string varname , bool& result) double IvPBehavior::getBufferDoubleVal(string varname , bool& result)

The first string argument is the variable name, and the second argument is a reference to a Bo olean variable which, up on the function return, will indicate whe ther the queried variable was found in the buffer. A timestamp indicating the last time the variable was changed in the buffer can b e obtained from the following function call:

double IvPBehavior::getBufferTimeVal(string varname);

The string argument is the variable name, and the return valu e is cumulative time in seconds since the helm was launched. If the variable name is not found in the buffer, the return value is -1. The “current” buffer time, equivalent to the cumulative time in s econds since the helm was launched, can b e retrieved with the following function call:

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

string IvPBehavior::getBufferCurrTime()

The buffer time is a lo cal variable of the info buffer data structure. It is up dated once at the b eginning of the helm Iterate() lo op prior to pro cessing all new up dates to the buffer from the MOOS mail stack. Thus the timestamp returned by the ab ove call sho uld b e exactly the same for successive calls by all b ehaviors within a helm iteration, and the times tamps returned by getBufferTimeVal() and getBufferCurrTime() should b e exactly the same if the variable was up dated by new m ail received by the helm at the b eginning of the current iteratio n.

The values returned by getBufferStringVal() and getBufferDoubleVal() represent the latest value of the variable in the MOOSDB at the p oint in time when th e helm b egan its iteration and pro cessed its mail stack. The value may have changed several times in the MOOSDB b etween iterations, and this information may b e of use to a b ehavior. This is particularly true when a variable is b eing p osted in pieces, or a sequence of delta cha nges to a data structure. In any event, this information can b e recovered with the following two fun ction calls:

vector<string> IvPBehavior::getBufferStringVector(st ring varname, bool& result) vector<double> IvPBehavior::getBufferDoubleVector(st ring varname, bool& result)

They return all values up dated to the buffer for a given variab le since the last iteration in a vector of strings or doubles resp ectively. The latest change is lo c ated at the highest index of the vector. An empty vector is returned if no changes were received at the outset of the current iteration.

7.6 Overloading the onRunState() and onIdleState() Functions

The onRunState() function is declared as a virtual function in the IvPBehavior sup erclass intended to b e overloaded by the b ehavior author to accomplish the pri mary work of the b ehavior. The primary b ehavior output is the ob jective function. This is w hat drives the vehicle. The ob jective function is an instance of the class IvPFunction , and a b ehavior generates an instance and returns a p ointer to the ob ject in the following function:

IvPFunction* onRunState()

This function is called automatically by the helm on the curr ent iteration if the b ehavior is deemed to b e in the running state, as depicted in Figure 19 on page 77. The invo cation of onRunState() do es not necessarily mean an ob jective function is returned . The b ehavior may opt not to for whatever reason, in which case it returns a null p ointer. How ever, if it do es generate a function, the b ehavior is said to b e in the active state. The steps comprising the typical implementation of the onRunState() implementation can b e summarized as follows:

• Get information from the info buffer , and up date any internal b ehavior state.

• Generate any messages to b e p osted to the MOOSDB.

• Pro duce an ob jective function if warranted.

• Return.

7 STANDARD AND OVERLOADABLE PROPERTIES OF HELM BEHAVIORS

The same steps hold for the onIdleState() function except for pro ducing an ob jective function. The first two steps have b een discussed in detail. Accessing t he info buffer was describ ed in Sections 7.5.2 - 7.5.4. The functions for p osting messages t o the MOOSDB from within a b ehavior were discussed in Section 7.5.1. Further issues regarding t he p osting of messages were covered in Section 6.5.4 The remaining issue to discuss is how ob jectiv e functions are generated. This is covered in the IvPBuild To olb ox in a separate do cument.

8 UHELMSCOPE

8 uHelmScope

8.1 Brief Overview

The uHelmScope application is a console based to ol for monitoring output of the IvP helm, i.e., the pHelmIvP pro cess. The helm pro duces a few key MOOS variables on each it eration that pack in a substantial amount of information ab out what happ ened duri ng a particular iteration. The helm scop e subscrib es for and parses this information, and write s it to standard output in a console window for the user to monitor. The user can dynamically paus e or alter the output format to suit one’s needs, and multiple scop es can b e run simultaneously. The helm scop e in no way influences the p erformance of the helm - it is strictly a passive observe r.

8.2 Console Output of uHelmScope

The example console output shown in Listing 14 is used for exp laining the uHelmScope fields.

Listing 14 - Example uHelmScope output.

1 = = = = = = = = = = = = = = u H e l m S c o p e R e p o r t = = = = = = = = = = = = = = E N G A G ED ( 1 7 ) 2 H e l m I t e r a t i o n : 6 6 ( h z = 0 . 3 8 ) ( 5 ) ( h z = 0 . 3 5 ) ( 6 6 ) ( h z = 0 . 5 6 ) ( m a x ) 3 I v P f u n c t i o n s : 1 4 M o d e ( s ) : S u r v e y i n g 5 S o l v e T i m e : 0 . 0 0 ( m a x = 0 . 0 0 ) 6 C r e a t e T i m e : 0 . 0 2 ( m a x = 0 . 0 2 ) 7 L o o p T i m e : 0 . 0 2 ( m a x = 0 . 0 2 ) 8 H a l t e d : f a l s e ( 0 w a r n i n g s ) 9 H e l m D e c i s i o n : [ s p e e d , 0 , 4 , 2 1 ] [ c o u r s e , 0 , 3 5 9 , 3 6 0 ] 1 0 s p e e d = 3 . 0 0 1 1 c o u r s e = 1 7 7 . 0 0 1 2 B e h a v i o r s A c t i v e : - - - - - - - - - - ( 1 ) 1 3 w a y p t _ s u r v e y ( 1 3 . 0 ) ( p w t = 1 0 0 . 0 0 ) ( p c s = 1 2 2 7 ) ( c p u = 0 . 0 1 ) ( u p d = 0 / 0 ) 1 4 B e h a v i o r s R u n n i n g : - - - - - - - - - ( 0 ) 1 5 B e h a v i o r s I d l e : - - - - - - - - - - - - ( 1 ) 1 6 w a y p t _ r e t u r n ( 2 2 . 8 ) 1 7 B e h a v i o r s C o m p l e t e d : - - - - - - - ( 0 ) 1 8 1 9 # M O O S D B - S C O P E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ( H i t ’ # ’ t o e n / d i s a b l e ) 2 0 # 2 1 # V a r N a m e S o u r c e T i m e C o m m u n i t y V a r V a l u e 2 2 # - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 2 3 # B H V _ W A R N I N G n / a n / a n / a n / a 2 4 # A I S _ R E P O R T _ L O C A L p T r a n s . . r A I S 2 4 . 3 2 a l p h a " N A M E = a l p h a , T Y P E = K A Y A K , M O O S D B " + 2 5 # D E P L O Y * i R e m o t e 1 1 . 2 5 a l p h a " t r u e " 2 6 # R E T U R N * p H e l m I v P 5 . 2 1 a l p h a " f a l s e " 2 7 2 8 @ B E H A V I O R - P O S T S T O M O O S D B - - - - - - - - - - - - - - - - - - - - - - - ( H i t ’ @ ’ t o e n / d i s a b l e ) 2 9 @ 3 0 @ M O O S V a r i a b l e V a l u e 3 1 @ - - - - - - - - - - - - - - - - - - - - ( B E H A V I O R = w a y p t _ s u r v e y ) 3 2 @ P C _ w a y p t _ s u r v e y - - o k - - 3 3 @ W P T _ S T A T _ L O C A L v n a m e = a l p h a , i n d e x = 1 , d i s t = 8 0 . 4 7 6 9 8 , e t a = 2 6 . 8 3 8 7 0 3 4 @ W P T _ I N D E X 1 3 5 @ V I E W _ S E G L I S T l a b e l , a l p h a _ w a y p t _ s u r v e y : 3 0 , - 2 0 : 3 0 , - 1 0 0 : 9 0 , - 1 0 0 : + 3 6 @ - - - - - - - - - - - - - - - - - - - - ( B E H A V I O R = w a y p t _ r e t u r n ) 3 7 @ P C _ w a y p t _ r e t u r n R E T U R N = t r u e 3 8 @ V I E W _ S E G L I S T l a b e l , a l p h a _ w a y p t _ r e t u r n : 0 , 0 3 9 @ V I E W _ P O I N T 0 , 0 , 0 , w a y p t _ r e t u r n

There are three groups of information in the uHelmScope output on each rep ort to the console - the general helm overview (lines 1-17), a MOOSDBscop e for a select subset of MOOS variables (lines

8 UHELMSCOPE

19-26), and a rep ort on the MOOS variables published by the he lm on the current iteration (lines 28-39). The output of each group is explained in the next thre e subsections.

8.2.1 The General Helm Overview Section of the uHelmScope Output

The first blo ck of output pro duced by uHelmScope provides an overview of the helm. This is lines 1-17 in Listing 14, but the numb er of lines may vary with the mi ssion and state of mission execution. The integer value at the end of line 1 indicates the numb er of uHelmScope rep orts written to the console. This can confirm to the user that an action that shoul d result in a new rep ort generation has indeed worked prop erly. The integer on line 2 is the count er kept by the helm, incremented on each helm iteration. The three sets of numb ers that follow indicate the observed time b etween helm iterations. These numb ers are rep orted by the helm and a re not inferred by the scop e. The first numb er is the average over the most recent five iteration s. The second is the average over the most recent 58 iterations. The last is the maximum helm-rep o rted interval observed by the scop e. The numb er of iterations used to generate the first two numb er s can b e set by the user in the uHelmScope configuration blo ck. The default is 5 and 100 resp ectively. T he numb er 58 is shown in the second group simply b ecause 100 iterations hadn’t b een o bserved yet. The helm is apparently only on iteration 66 in this example and uHelmScope apparently didn’t start and connect to the MOOSDBuntil the helm was on iteration 8.

The value on Line 3 represents the the numb er of IvP functions pro duced by the active helm b ehaviors, one p er active b ehavior. The solve-time on line 5 represents the time, in seconds, needed to solve the IvP problem comprised the n IvP functions. The numb er that follows in parentheses is the maximum solve-time observed by the scop e. The create-ti me on line 6 is the total time needed by all active b ehaviors to pro duce their IvP function output . The lo op time on line 7 is simply the sum of lines 5 and 6. The Bo olean on line 8 is true only if the hel m is halted on an emergency or critical error condition. Also on line 8 is the numb er of wa rnings generated by the helm. This numb er is rep orted by the helm and not simply the numb er of warnings observed by the scop e. This numb er coincides with the numb er of times the helm write s a new message to the variable BHVWARNING.

The helm decision space (i.e., IvP domain) is displayed on li ne 9, with the following lines used to display the actual helm decision. Following this is a list of all the active, running, idle and completed b ehaviors. At any p oint in time, each instantiated IvP b ehav ior is in one of these four states and each b ehavior sp ecified in the b ehavior file should app ear in o ne of these groups. Technically all active b ehaviors are also running b ehaviors but not vice versa. So only the running b ehaviors that are not active (i.e., the b ehaviors that could have, but chose not to pro duce an ob jective function), are listed in the “ Behaviors Running: ” group. Immediately following each b ehavior the time, in seconds, that the b ehavior has b een in the current st ate is shown in parentheses. For the active b ehaviors (see line 13) this information is followed by the priority weight of the b ehavior, the numb er of pieces in the pro duced IvP function, and the amount of CPU time required to build the function. If the b ehavior also is accepting dynamic paramet er up dates the last piece of information on line 13 shows how many successful up dates where made again st how many attempts. A failed up date attempt also generates a helm warning, counted on lin e 8. The idle and completed b ehaviors are listed by default one p er line. This can b e changed to list them on one long line by hitting the ’b’ key interactively. Insight into why an idle b ehavior is n ot in the running state can b e found in the another part of the rep ort (e.g., line 37) describ ed b elo w in Section 8.2.3.

8 UHELMSCOPE

8.2.2 The MOOSDB-Scop e Section of the uHelmScope Output

Part of understanding what is happ ening in the helm involves the monitoring of variables in the MOOSDBthat can either affect the helm or reveal what is b eing pro duce d by the helm. Although there are other MOOS scop e to ols available (e.g., uXMS or uMS ), this feature do es two things the other scop es do not. First, it is simply a convenience for the user to monitor a few key variables in the same screen space. Second, uHelmScope automatically registers for the variables that the helm reasons over to determine the b ehavior activity states. It w ill register for all variables app earing in b ehavior conditions, runflags, activeflags, inactiveflags, endflags and idleflags. Variables that are registered for by this criteria are indicated by an asterisk at the end of the variable name. If the output resulting from these automatic registrations b ecom es unwanted, it can b e toggled off by typing ’s’.

The lines comprising the MOOSDB-Scop e section of the uHelmScope output are all preceded by the ’#’ character. This is to help discern this blo ck from t he others, and as a reminder that the whole blo ck can b e toggled off and on by typing the ’#’ chara cter. The columns in Listing 14 are truncated to a set maximum width for readability. The def ault is to have truncation turned off. The mo de can b e toggled by the console user with the ’t’ cha racter, or set in the MOOS configuration blo ck or with a command line switch. A truncate d entry in the VarValue column has a ’+’ at the end of the line. Truncated entries in other column s will have “..” emb edded in the entry. Line 24 shows an example of b oth kinds of truncation.

The variables included in the scop e list can b e sp ecified in th e uHelmScope configuration blo ck of a MOOS file. In the MOOS file, the lines have the form:

VAR = VARIABLE_1, VARIABLE_2, VARIABLE_3, ...

An example configuration is given in Listing 17. Variables ca n also b e given on the command line. Duplicates requests, should they o ccur, are simply ignored . Occasionally a console user may want to suppress the scoping of variables listed in the MOOS file an d instead only scop e on a couple variables given on the command line. The command line switch -c will suppress the variables listed in the MOOS file - unless a variable is also given on the command line. In line 23 of Listing 14, the variable BHVWARNINGis a virgin variable, i.e., it has yet to b e written to by any MOOS pro cess and shows n/a in the four output columns. By default, virgin variables are displayed, but their display can b e toggled by the console user by typing ’-v’.

8.2.3 The Behavior-Posts Section of the uHelmScope Output

The Behavior-Posts section is the third group of output in uHelmScope lists MOOS variables and values p osted by the helm on the current iteration. Each vari able was p osted by a particular helm b ehavior and the grouping in the output is accordingly by b eh avior. Unlike the variables in the MOOSDB-Scop e section, entries in this section only app ear i f they were written to on the current iteration. The lines comprising the Behavior-Posts sectio n of the uHelmScope output are all preceded by the ’@’ character. This is to help discern this blo ck from t he others, and as a reminder that the whole blo ck can b e toggled off and on by typing the ’@’ chara cter. As with the output in the MOOSDB-Scop e output section, the output may b e truncated. A trailing ’+’ at the end of the line indicates the variable value has b een truncated.

8 UHELMSCOPE

There are a few switches for keeping the output in this sectio n concise. A b ehavior p osts a few standard MOOS variables on every iteration that may b e essen tially clutter for users in most cases. A b ehavior FOOfor example pro duces the variables PWTFOO, STATEFOO, and UHFOOwhich indicate the priority weight, run-state, and tally of successful up d ates resp ectively. Since this information is present in other parts of the uHelmScope output, these variables are by default suppressed in the Behavior-Posts output. Two other standard variables are PC FOO and VIEW* which indicate the precondition keeping a b ehavior in an idle state, and standa rd viewing hints to a rendering engine. Since this information is not present elsewhere in the uHelmScope output, it is not masked out by default. A console user can mask out the PWT, STATE* and UH* variables by typing ’m’. The PC* and VIEW* variables can b e masked out by typing ’M’. All masked variabl es can b e unmasked by typing ’u’.

8.3 Stepping Forward and Backward Through Saved Scope Histo ry

The user has the option of pausing and stepping forward or bac kward through helm iterations to analyse how a set of events may have unfolded. Stepping one ev ent forward or backward can b e done with the ’[’ and ’]’ keys resp ectively. Stepping 10 or 100 eve nts can b e done with the ’ { ’ and ’ }, and ’(’ and ’)’ keys resp ectively. The current helm iteration b eing displayed is always shown on the second line of the output. For each helm iteration, the uHelmScope pro cess stores the information published by the helm (Section 8.5), and thus the memory usage of uHelmScope would grow unb ounded if left unchecked. Therefore information is kept for a maximum of 20 00 helm iterations. This numb er is not a configuration parameter - to preclude a user from inadverte ntly setting this to o high and inducing the system maladies of a single pro cess with run away memory usage. To change this numb er, a user must change the source co de (in particula r the variable mhistory size max in the file HelmScop e.cpp). The uHelmScope history is therefore a moving window of fixed size that continues to shift right as new helm information is rece ived. Stepping forward or backwards therefore is sub ject to the constraints of this window. Any s teps backward or forward will in effect generate a new requested helm index for viewing. The requested index, if older than th e oldest stored index, will b e set exactly to the oldest stored index. Similarly in the other direction. It’s quite p ossible then to hit the ’[’ key to step left by one index , and have the result b e a rep ort that is not one index older, but rather some numb er of indexes newe r. Hitting the space bar or ’r’ key always generates a rep ort for the very latest helm informati on, with the ’r’ putting the scop e into streaming, i.e., continuous up date, mo de.

8.4 Console Key Mapping and Command Line Usage Summaries

The uHelmScope has a separate thread to accept user input from the console to adjust the content and format of the console output. It op erates in either the streaming mode , where new helm summaries are displayed as so on as they are received, or the paused mode where no further output is generated until the user requests it. The key mappings can b e summarized in the console output by typing the ’h’ key, which also sets the mo de to paused . The key mappings shown to the user are shown in Listing 15. Listing 15 - Key mapping summary shown after hitting ’h’ in a c onsole.

1 KeyStroke Function 2 --------- ---------------------------

8 UHELMSCOPE

3 Spc Pause and Update latest information once - now 4 r/R Resume information refresh 5 h/H Show this Help msg - ’r’ to resume 6 b/B Toggle Show Idle/Completed Behavior Details 7 t/T Toggle truncation of column output 8 m/M Toggle display of Hiearchical Mode Declarations 9 f Filter PWT_* UH_* STATE_* in Behavior-Posts Report 10 F Filter PC_* VIEW_* in Behavior-Posts Report 11 s/S Toggle Behavior State Vars in MOOSDB-Scope Report 12 u/U Unmask all variables in Behavior-Posts Report 13 v/V Toggle display of virgins in MOOSDB-Scope output 14 [/] Display Iteration 1 step prev/forward 15 {/} Display Iteration 10 steps prev/forward 16 (/) Display Iteration 100 steps prev/forward 17 # Toggle Show the MOOSDB-Scope Report 18 @ Toggle Show the Behavior-Posts Report 19 20 Hit ’r’ to resume outputs, or SPACEBAR for a single update

Several of the same preferences for adjusting the content an d format of the uHelmScope output can b e expressed on the command line, with a command line swit ch. The switches available are shown to the user by typing uHelmScope -h . The output shown to the user is shown in Listing 16. Listing 16 - Command line usage of the uHelmScope application.

1 > uHelmScope -h 2 Usage: uHelmScope moosfile.moos [switches] [MOOSVARS] 3 -t: Column truncation is on (off by default) 4 -c: Exclude MOOS Vars in MOOS file from MOOSDB-Scope 5 -x: Suppress MOOSDB-Scope output block 6 -p: Suppress Behavior-Posts output block 7 -v: Suppress display of virgins in MOOSDB-Scope block 8 -r: Streaming (unpaused) output of helm iterations 9 MOOSVAR_1 MOOSVAR_2 .... MOOSVAR_N

The command line invo cation also accepts any numb er of MOOS v ariables to b e included in the MOOSDB-Scop e p ortion of the uHelmScope output. Any argument on the command line that do es not end in .moos , and is not one of the switches listed ab ove, is interpreted t o b e a requested MOOS variable for inclusion in the scop e list. Thus the order of the switches and MOOS variables do not matter. These variables are added to the list of variab les that may have b een sp ecified in the uHelmScope configuration blo ck of the MOOS file. Scoping on only the variables given on the command line can b e accomplished using the -c switch. To supp ort the simultaneous running of more than one uHelmScope connected to the same MOOSDB, uHelmScope generates a random numb er N b etween 0 and 10,000 and registers with the MOOSDBas uHelmScope N.

8.5 IvPHelm MOOS Variable Output Supporting uHelmScope Reports

There are six variables published by the pHelmIvP MOOS pro cess, and registered for by the uHelmScope pro cess, that provide critical information for generating uHelmScope rep orts. They are: IVPHELMSUMMARY, IVPHELMPOSTINGS, IVPHELMENGAGED, IVPHELMSTATEVARS, IVPHELMDOMAIN, and IVPHELMMODESET. The first three are pro duced on each iteration of the helm, an d the last three are typically only pro duced once when the helm is launched.

8 UHELMSCOPE

IVPHELM_SUMMARY = "iter=66,ofnum=1,warnings=0,ut c_ti m e=12 0975 5370. 74,s olve _time =0.0 0, create_time=0.02,loop_time=0.02 ,var =spee d:3. 0,va r=c ou rse: 108.0 ,hal ted= false , running_bhvs=none,active_bhvs=w aypt _surv ey$6 .8$1 00. 00 $123 6$0.0 1$0/ 0, modes=MODE@ACTIVE:SURVEYING,idl e_bh vs=wa ypt_ retu rn$55 .3$n /a,co mple ted_ bhvs= none "

IVPHELM_POSTINGS = "waypt_return$@!$66$@!$PC_way pt_r eturn =RET URN = true$@!$VIEW_SEGLIST=label, alpha_waypt_return : 0,0$@!$VIEW_POINT=0,0,0,way pt_re turn $@!$P WT_B HV_W AYPT_ RETU RN=0 $@!$STATE_BHV_WAYPT_RETURN=0"

IVPHELM_POSTINGS = waypt_survey$@!$66$@!$PC_wayp t_su rvey= -- ok --$@!$WPT_STAT_LOCAL=vname=al pha, index=1,dist=80.47698,eta=26.83 870$ @!$WP T_IN DEX= 1$@ !$ VIEW _SEGL IST= labe l, alpha_waypt_survey:30,-20:30,-1 00:9 0,-10 0:11 0,-6 0:9 0, -20$ @!$PW T_BH V_WA YPT_S URVE Y=100 $@!$ STATE_BHV_WAYPT_SURVEY=2

IVPHELM_DOMAIN = "speed,0,4,21:course,0,359,3 60"

IVPHELM_STATEVARS = "RETURN,DEPLOY"

IVPHELM_MODESET = "---,ACTIVE#---,INACTIVE#ACTI VE,S URVEY ING# ACTIV E,RE TURN ING"

IVPHELM_ENGAGED = "ENGAGED"

The IVPHELMSUMMARYvariable contains all the dynamic information included in t he general helm overview (top) section of the uHelmScop e output. It is a comm a-separated list of var=val pairs. The IVP DOMAINvariable also contributes to this section of output by provi ding the IvP domain used by the helm. The IVPHELMPOSTINGSvariable includes a list of MOOS variables and values p osted by the helm for a given b ehavior. The helm writes to this varia ble once p er iteration for each behavior . The IVPHELMSTATEVARSvariable affects the MOOSDB-Scop e section of the uHelmScope output by identifying which MOOS variables are used by b ehav iors in conditions, runflags, endflags and idleflags.

8.6 Configuration Parameters for uHelmScope

Configuration for uHelmScope amounts to sp ecifying a set of parameters affecting the termi nal output format. An example configuration is shown in Listing 1 7, with all values set to the defaults. Launching uHelmScope with a MOOS file that do es not contain a uHelmScope configuration blo ck is p erfectly reasonable. Listing 17 - An example uHelmScope configuration block.

1 //--------------------------- ----- ---- ----- ---- --- - ----- ---- -- 2 // uHelmScope configuration block 4 5 ProcessConfig = uHelmScope 6 { 7 AppTick = 1 8 CommsTick = 1 9 10 PAUSED = true // All Parameters and Parameter-Values 11 HZ_MEMORY = 5, 100 // are __NOT__ Case Sensitive 12 DISPLAY_MOOS_SCOPE = true 13 DISPLAY_BHV_POSTS = true 14 DISPLAY_VIRGINS = true

8 UHELMSCOPE

15 DISPLAY_STATEVARS = true 16 TRUNCATED_OUTPUT = false 17 BEHAVIORS_CONCISE = false 18 19 VAR = BHV_WARNING, AIS_REPORT_LOCAL // MOOS Variable nam es 20 } // __ARE__ Case Sensitive

Each of the parameters, with the exception of HZMEMORYcan also b e set on the command line, or interactively at the console, with one of the switches or key b oard mappings listed in Section 8.4. A parameter setting in the MOOS configuration blo ck will take precedence over a command line switch. The HZMEMORYparameter takes two integer values, the second of which must b e larger than the first. This is the numb er of samples used to form the averag e time b etween helm intervals, displayed on line 2 of the uHelmScope output.

8.7 Publications and Subscriptions for uHelmScope

Variables published by the uHelmScope application

• NONE

Variables subscrib ed for by the uHelmScope application

• <USER-DEFINED>: Variables identified for scoping by the user in the uHelmScope will b e subscrib ed for. See Section 8.2.2.

• <HELM-DEFINED>: As describ ed in Section 8.2.2, the variables scop ed by uHelmScope include any variables involved in the preconditions, runflags, idle flags, activeflags, inactiveflags, and endflags for any of the b ehaviors involved in the current helm configuration.

• IVPHELMSUMMARY: See Section 8.5.

• IVPHELMPOSTINGS: See Section 8.5.

• IVPHELMSTATEVARS: See Section 8.5.

• IVPHELMIVP DOMAIN: See Section 8.5.

• IVPHELMIVP MODESET: See Section 8.5.

• IVPHELMIVP ENGAGED: See Section 8.5.

9 GEOMETRY UTILITIES

9 Geometry Utilities

9.1 Brief Overview

This section discusses a few geometry data structures often used by the helm and the pMarineViewer application - convex p olygons, lists of line segments, and p oints. These data structures are implemented by the classes XYPolygon, XYSegList , XYPoint resp ectively in the lib geometry mo dule distributed with the MOOS-IvP software bundle. The impleme ntation of these class definitions is somewhat shielded from the helm user’s p ersp ective, but the y are often involved in parameter settings of for b ehaviors. So the issue of how to sp ecify a given g eometric structure with a formatted string is discussed here.

Furthermore, the pMarineViewer application accepts these data structures for rendering by subscribing to three MOOS variables VIEWPOLYGON, VIEWSEGLIST, and VIEWPOINT. These variables contain a string format representation of the structure, of ten with further visual hints on the color or size of the edges and vertices for rendering. These variab les may originate from any MOOS application, but are also often p osted by helm b ehaviors to p rovide visual clues ab out what is going on in the vehicle. In the Alpha mission describ ed in Sec tion 4 for example, the wayp oint b ehavior p osted a seglist representing the set of wayp oints for which it was configured, as well as p osting a p oint indicating the next p oint on the b ehavior’s l ist to traverse.

9.2 Points

Points are implemented in the XYPoint class, and minimally represent a p oint in the x-y plane. These ob jects are used internally for applications and b eha viors, and may also b e involved in rendering in a GUI and therefore may have additional fields to supp ort this.

9.2.1 String Representations for Points

The only required information for a p oint sp ecification is it s p osition in the x-y plane. A third value may optionally b e sp ecified in the z-plane. All four of the b el ow string representations corresp ond to the very same data structure:

point = 60,-40 point = 60, -40, 0 point = x=60, y=-40 point = x=60, y=-40, z=0

9.2.2 Optional Point Parameters

Points also may have several optional fields asso ciated with them. The label field is string that is often rendered with a p oint in MOOS GUI applications such as the pMarineViewer. The label color field represents a color preference for the lab el rendering. The type and source fields are additional string fields for further distinguishing a p oint in applicat ions that handle them. The active field is a Bo olean that is used in the pMarineViewer application to in dicate whether the the p oint should b e rendered. The time field is a double that may optionally b e set to indicate when th e p oint was generated, or how long it should exist b efore “expiring”, or however an application may wish to

9 GEOMETRY UTILITIES

interpret it. The vertex color and vertex size field represent further rendering preferences. The following are two equivalent further string representatio ns:

point = x=60, y=-40, label=home, label_color=red, source= henry, type=waypoint, time=30, active=true, vertex_color=white, vertex_size= 5 point = 60,-40:label,home:label_color,red:source,henr y:type,waypoint time,30:active,true:vertex_color,white:vertex_size, 5

The former is a more user-friendly format for sp ecifying a p o int, p erhaps found in a configuration file for example. The latter is the string representation pas sed around internally when XYPoint ob jects are automatically converted to strings and back aga in in the co de. This format is more likely to b e found in log files or seen when scoping on variable s with one of the MOOS scoping to ols.

9.3 Polygons

Polygons are implemented in the XYPolygon class. This implementation accepts as a valid construction only sp ecifications that build a convex p olygon. C ommon op erations used internally by b ehaviors and other applications, such as intersection tes ts, distance calculations etc, are greatly simplified and more efficient when dealing with convex p olygon s.

9.3.1 String Representations for Polygons

Polygons are defined by a set of vertices and the simplest way t o sp ecify the p oints is with a line comprised of a sequence of colon-separated pairs of comma-s eparated x-y p oints in lo cal co ordinates such as:

polygon = 60,-40:60,-160:150,-160:180,-100:150,-40:la bel,foxtrot

If one of the pairs, such as the last one ab ove, contains the ke yword label on the left, then the value on the right, e.g., foxtrot as ab ove, is the lab el asso ciated with the p olygon. An altern ative notation for the same p olygon is given by the following:

polygon = label=foxtrot, pts="60,-40:60,-160:150,-160: 180,-100:150,-40"

This is an comma-separated list of equals-separated pairs. The ordering of the comma-separated comp onents is insignificant. The p oints describing the p oly gon are provided in quotes to signify to the parser that everything in quotes is the right-hand side o f the pts= comp onent. Both formats are acceptable sp ecifications of a p olygon in a b ehavior for w hich there is a polygon parameter.

9.3.2 A Polygon String Representation using the Radial Form at

Polygons may also b e sp ecified by their shap e and the shap e par ameters. For example, a commonly used p olygon is formed by p oints of an equal radial distance a round a center p oint. The following is an example:

polygon = format=radial, label=foxtrot, x=0, y=40, radius =60, pts=6, snap=1

9 GEOMETRY UTILITIES

The snap comp onent in the ab ove example signifies that the vertices sh ould b e rounded to the nearest 1-meter value. The x , y parameters sp ecify the middle of the p olygon, and radius parameters sp ecify the distance from the center for each vertex. The pts parameters sp ecifies the numb er of vertices used, as shown in Figure 20.

Figu re 20: Pol y gons bui l t w i th the radial form at: R ad ial p oly gon s are sp ecifi ed by ( a) t h e lo cat ion of t h eir cent er, ( b ) t h e nu mb er of vert ices, an d ( c) t h e rad ial d ist an ce from t h e cent er t o each vert ex . Th e light er vert ex in each p oly gon in d icat es t h e fi rst vert ex if t raversin g in seq u en ce, p ro ceed in g clo ck wise.

9.3.3 A Polygon String Representation using the Ellipse For mat

Polygons may also b e built using the ellipse format. The following is an example:

polygon = label=golf, format=ellipse, x=0, y=40, degs=45, pts=14, snap=1, major=100, minor=70

The x , y parameters sp ecify the middle of the p olygon, the major and minor parameters sp ecify the radial distance of the ma jor and minor axes. The pts parameters sp ecifies the numb er of vertices used, as shown in Figure 21.

Figu re 21: Pol y gons bui l t w i th the ellipse form at: Ellip se p oly gon s are sp ecifi ed by ( a) t h e lo cat ion of t h eir cent er, ( b ) t h e nu mb er of vert ices, ( c) t h e len gt h of t h eir ma jor ax is, ( d ) t h e len gt h of t h eir min or ax is, an d ( e) t h e rot at ion of t h e ellip se.Th e light er vert ex in each p oly gon i n d icat es t h e fi rst vert ex if t raversin g in seq u en ce, p ro ceed in g clo ck wise.

9 GEOMETRY UTILITIES

The rotation of the ellipse can optionally b e sp ecified in rad ians. For example, degs=45 is equivalent to rads=0.785398 . If, for some reason, b oth are sp ecified, the p olygon will b e b uilt using the rads parameter. When using the ellipse format, a minimum pts=4 must b e sp ecified.

9.3.4 Optional Polygon Parameters

Polygons also may have several optional fields asso ciated wi th them. The label field is string that is often rendered with a p olygon in MOOS GUI application s such as the pMarineViewer. The label color field represents a color preference for the lab el rendering. The type and source fields are additional string fields for further distinguishing a p olyg on in applications that handle them. The active field is a Bo olean that is used in the pMarineViewer applicati on to indicate whether the the p olygon should b e rendered. The time field is a double that may optionally b e set to indicate when the p olygon was generated, or how long it should exist b efore “expiring”, or however an application may wish to interpret it. The vertex color , edge color , and vertex size fields represent further rendering preferences. The following are two equivalent fu rther string representations:

polygon = format=radial, x=60, y=-40, radius=60, pts=8, sn ap=1, label=home, label_color=red, source=henry, type=survey, time=30, ac tive=true, vertex_color=white, vertex_size=5, edge_size=2 polygon = format,radial:60,-40:radius,60:pts,8:snap,1 :label,home: label_color,red:source,henry:type,survey:time,30:ac tive,true: vertex_color,white:vertex_size,5:edge_size,2

The former is a more user-friendly format for sp ecifying a p o lygon, p erhaps found in a configuration file for example. The latter is the string representation pas sed around internally when XYPolygon ob jects are automatically converted to strings and back aga in in the co de. This format is more likely to b e found in log files or seen when scoping on variable s with one of the MOOS scoping to ols.

9.4 SegLists and their String Representations

9.4.1 Metho ds for Sp ecifying Seglists

A seglist is a sequence of line segments given by a list of p oints. Segli sts are sp ecified with the points parameter, and the simplest way to sp ecify the p oints is with a line comprised of a sequence of colon-separated pairs of comma-separated x-y p oints in l o cal co ordinates such as:

points = 60,-40:60,-160:150,-160:180,-100:150,-40:lab el,foxtrot

If one of the pairs, such as the last one ab ove, contains the ke yword label on the left, then the value on the right, e.g., foxtrot as ab ove, is the lab el asso ciated with the seglist.

9.4.2 A SegList String Representation using the Lawnmower F ormat

SegLists may also b e built using the lawnmower format. The following is an example:

points = format=lawnmower, label=foxtrot, x=0, y=40, heig ht=60, width=180, lane_width=15, rows=north-south, degs=45

9 GEOMETRY UTILITIES

The rotation of the pattern can optionally b e sp ecified in rad ians. For example, degs=45 is equivalent to rads=0.785398 . If, for some reason, b oth are sp ecified, the seglist will b e b uilt using the rads parameter.

Figu re 22: Se gLi s ts bui l t w i th the lawnmower form at: Th e p at t ern is sp ecifi ed by ( a) t h e lo cat ion of t h e cent er of t h e p at t ern , ( b ) t h e h eight an d wid t h of t h e p at t ern , ( c) t h e lan e wid t h wh ich d et ermin es t h e nu mb er of rows, ( d ) wh et h er t h e p at t ern rows p ro ceed n ort h - sou t h or east - west , an d ( e) an op t ion al rot at ion of t h e p at t ern .

10 PMARINEVIEWER

10 pMarineViewer

10.1 Brief Overview

The pMarineViewer application is a MOOS application written with FLTK and Op en GL for rendering vehicles and asso ciated information and history dur ing op eration or simulation. The typical layout shown in Figure 23 is that pMarineViewer is running in its own dedicated lo cal MOOS community while simulated or real vehicles on the water transmi t information in the form of a stream of node reports to the lo cal community.

Figu re 23: A common u sage of t h e pMarineViewer is t o h ave it ru n n in g in a lo cal MOOSDBcommu n ity wh ile receiv in g n o d e rep ort s on veh icle p oise from ot h er MO O S commu n it ies ru n n in g on eit h er real or simu lat ed veh icles. Th e veh icles can also sen d messages wit h cert ain geomet ric in format ion s u ch as p oly gon s an d p oint s t h at t h e v iew will accep t an d ren d er.

The user is able manipulate a geo display to see multiple vehi cle tracks and monitor key information ab out individual vehicles. In the primary interface mo de the user is a passive observer, only able to manipulate what it sees and not able to initiate commu nications to the vehicles. However there are ho oks available and describ ed later in this sectio n to allow the interface to accept field control commands.

A key variable subscrib ed to by pMarineViewer is the variable NODEREPORT, which has the following structure given by an example:

NODE_REPORT = "NAME=nyak201,TYPE=kayak,MOO SDB_T IME= 53

.0 49,UT C_TI ME=11 9584 4687 .236, X=37 .49, Y=-47.36, SPD=2.40,HDG=11.17,DEPTH=0"

Rep orts from different vehicles are sorted by their vehicle n ame and stored in histories lo cally in the pMarineViewer application. The NODEREPORTis generated by the vehicles based on either sensor information, e.g., GPS or compass, or based on a lo cal vehicle simulator.

10 PMARINEVIEWER

10.2 Description of the pMarineViewer GUI Interface

The viewable area of the GUI has two parts - a geo display area w here vehicles and p erhaps other ob jects are rendered, and a lower area with certain data field s asso ciated with an active vehicle are up dated. A typical screen shot is shown in Figure 24 with t wo vehicles rendered - one AUV and one kayak. Vehicle lab els and history are rendered. Prop erties of the vehicle rendering such as the trail length, size, and color, and vehicle size and col or, and pan and zo om can b e adjusted dynamically in the GUI. They can also b e set in the pMarineViewer MOOS configuration blo ck. Both metho ds of tuning the rendering parameters are describ ed later in this section.

Figu re 24: A screen sh ot of t h e pMarineViewer ap p licat ion ru n n in g wit h two veh icles - on e kayak p lat form, an d on e AU V p lat form. Th e ch arlie kayak p lat form is t h e acti ve p lat form mean in g t h e d at a fi eld s on t h e b ot t om refl ect t h e d at a for t h is p lat form.

The lower part of the display is dedicated to displaying deta iled p osition information on a single active vehicle. Changing the designation of which vehicle is activ e can b e accomplished by rep eatedly hitting the ’v’ key. The active vehicle is always rendered as red, while the non-active vehicles have a default color of yellow. Individual vehicle colors can b e given different default values (even red, which could b e confusing) by the user. The individ ual fields are describ ed b elow:

• VName: The name of the active vehicle asso ciated with the data in the other GUI data fields. The active vehicle is typically indicated also by changing to th e color red on the geo display.

• VType: The platform typ e, e.g., AUV, Glider, Kayak, Ship or Unknown .

• X(m): The x (horizontal) p osition of the active vehicle given in me ters in the lo cal co ordinate system.

• Y(m): The y (vertical) p osition of the active vehicle given in mete rs in the lo cal co ordinate system.

10 PMARINEVIEWER

• Lat : The latitude (vertical) p osition of the active vehicle give n in decimal latitude co ordinates.

• Lon: The longitude (horizontal) p osition of the active vehicle g iven in decimal longitude co ordinates.

• Speed : The sp eed of the active vehicle given in meters p er second.

• Heading : The heading of the active vehicle given in degrees (0 − 359.99).

• Depth : The depth of the active vehicle given in meters.

• Report-AGE : The elapsed time in seconds since the last received no de rep o rt for the active vehicle.

• Time: Time in seconds since the pMarineViewer pro cess launched.

• Warp: The MOOS Time-Warp value. Simulations may run faster than re al-time by this warp factor.

MOOSTimeWarp is set as a global configuration parameter in th e .moos file.

• Range : The range (in meters) of the active vehicle to a reference p oi nt. By default, this p oint is the datum, or the (0,0) p oint in lo cal co ordinates. The refer ence p oint may also b e set to another particular vehicle. See Section 10.3.7 on the ReferencePoint pull-down menu.

• Bearing : The b earing (in degrees) of the active vehicle to a reference p oint. By default, this p oint is the datum, or the (0,0) p oint in lo cal co ordinates. The ref erence p oint may also b e set to another particular vehicle. See Section 10.3.7 on the ReferencePoint pull-down menu.

In simulation, the age of the no de rep ort is likely to remain z ero as shown in the figure, but when op erating on the water, monitoring the no de rep ort age fi eld can b e the first indicator when a vehicle has failed or lost communications. Or it can act as a n indicator of comms quality.

The lower three fields of the window are used for scoping on a si ngle MOOS variable. See Section 10.3.4 for information on how to configure the pMarineViewer to scop e on any numb er of MOOS variables and select a single variable via an optional p ull-down menu. The scop e fields are:

• Variable : The variable name of the MOOS variable currently b eing scop e d, or "n/a" if no scop e variables are configured.

• Time: The variable name of the MOOS variable currently b eing scop e d, or "n/a" if no scop e variables are configured.

10.3 Pull-Down Menu Options

Prop erties of the geo display rendering can b e tuned to b ette r suit a user or circumstance or for situations where screen shots are intended for use in other m edia such as pap ers or PowerPoint. There are two pull-down menus - the first deals with backgroun d prop erties, and the second deals with prop erties of the ob jects rendered on the foreground. M any of the adjustable prop erties can b e adjusted by two other means b esides the pull-down menus - by t he hot keys defined for a particular pull-down menu item, or by configuring the parameter in the MO OS file configuration blo ck.

10.3.1 The “BackView” Pull-Down Menu

Most pull-down menu items have hot keys defined (on the right i n the menu). For certain actions like pan and zo om, in practice the typical user quickly adopt s the hot-key interface. But the pull-down menu is one way to have a form of hot-key do cumentat ion always handy. The zo oming commands affect the viewable area and apparent size of the ob j ects. Zo om in with the ’i’ or ’I’ key, and zo om out with the ’o’ or ’O’ key. Return to the original zo o m with ctrl+’z’.

10 PMARINEVIEWER

Figu re 25: T he B ack V i e w m e nu: Th is p u ll- d own menu list s t h e op t ion s, wit h h ot - key s, for aff ect in g ren d erin g asp ect s of t h e geo- d isp lay b ack grou n d .

Panning is done with the keyb oard arrow keys. Three rates of p anning are supp orted. To pan in 20 meter increments, just use the arrow keys. To pan “slowl y” in one meter increments, use the Alt + arrow keys. And to pan “very slowly”, in increments of a t enth of a meter, use the Ctrl + arrow keys. The viewer supp orts two typ es of “convenience” p anning. It will pan put the active vehicle in the center of the screen with the ’C’ key, and will p an to put the average of all vehicle p ositions at the center of the screen with the ’c’ key. These a re part of the ’Vehicles’ pull-down menu discussed in Section 10.3.3.

The background can b e in one of two mo des; either displaying a gray-scale background, or displaying a geo image read in as a texture into Op enGL from an image file. The default is the geo display mo de if provided on start up, or the grey-scale mo de i f no image is provided. The mo de can b e toggled by typing the ’b’ or ’B’ key. The geo-display mo de can have two sub-mo des if two image files are provided on start-up. More on this in Section 1 0.7. This is useful if the user has access to a satellite image and a map image for the same op eration area. The two can b e toggled by hitting the back tick key. When in the grey-scale mo de, the background can b e made lighter by hitting the ctrl+’b’ key, and darker by hitting the alt+’b’ k ey.

Hash marks can b e overlaid onto the background. By default th is mo de is off, but can b e toggled with the ’h’ or ’H’ key. The hash marks are drawn in a grey-scal e which can b e made lighter by typing the ctrl+’h’ key, and darker by typing the alt+’h’ key . Certain hash parameters can also b e set in the pMarineViewer configuration blo ck of the MOOS file. The hash view parameter can

10 PMARINEVIEWER

b e set to either true or false . The default is false . The hash delta parameter can b e set to any integer in the range [10 , 1000]. The default is 100.

10.3.2 The “GeoAttributes” Pull-Down Menu

The GeoAttributes pull-down menu allows the user to edit the prop erties of geometric ob jects capable of b eing rendered by the pMarineViewer . In general the Polygon, SegList, Point, and XYGrid ob jects are received by the viewer at run time to reflec t artifacts generated by the IvP Helm indicating asp ects of progress during their mission. T he p olygons in Figure 26 for example represents the set of wayp oints b eing used by the vehicles sh own.

Figu re 26: T he Ge oAttri bute s m e nu: Th is p u ll- d own menu list s t h e op t ion s an d h ot key s for aff ect i n g t h e ren d erin g of geomet ric ob ject s.

The Datum, Marker and OpArea ob jects are typically read in on ce at start-up and reflect p ersistent info ab out the op eration area. The datum is a sing le p oint that represents (0,0) in lo cal co ordinates. Marker ob jects typically represent physical ob jects in the environment such as a buoy, or a fixed sensor. The OpArea ob jects are typically a combinat ion of p oints and lines that reflect a region of earth where a set of vehicles are b eing op erated. Ea ch category has a hot key that toggles the rendering of all ob jects of the same typ e, and a secondary drop-down menu as shown in the figure that allows the adjustment of certain rendering prop e rties of ob jects. Many of the items in the menu have form parameter = value , and these settings can also b e achieved by including this line in the pMarineViewer configuration blo ck in the MOOS file.

10 PMARINEVIEWER

10.3.3 The “Vehicles” Pull-Down Menu

The Vehicles pull-down menu deals with prop erties of the ob jects display ed in the geo display foreground. The Vehicles-Toggle menu item will toggle the rendering of all vehicles and all tr ails. The Cycle Focus menu item will set the index of the active vehicle, i.e., the vehicle who’s attributes are b eing displayed in the lower output b oxes. The assignmen t of an index to a vehicle dep ends on the arrival of no de rep orts. If an no de rep ort arrives for a previously unknown vehicle, it is assigned a new index.

Figu re 27: T he Fore V i e w m e nu: t h is p u ll- d own menu of t h e pMarineViewer list s t h e op t ion s, wit h h ot - key s, for aff ect in g ren d erin g asp ect s of t h e ob ject s on t h e geo- d isp la y foregrou n d , su ch as veh icles an d veh icle t rack h ist ory.

The center view menu items alters the center of the view screen to b e panned to either the p osition of the active vehicle, or the p osition representin g the average of all vehicle p ositions. Once the user has selected this, this mo de remains sticky , that is the viewer will automatically pan as new vehicle information arrives such that the view center re mains with the active vehicle or the vehicle average p osition. As so on as the user pans manually ( with the arrow keys), the viewer breaks from trying to up date the view p osition in relation to received vehicle p osition information. The rendering of the vehicles can made larger with the ’+’ key , and smaller with the ’-’ key, as part of the VehicleSize pull-down menu as shown. The size change is applied to all veh icles equally as a scalar multiplier. Currently there is no capability to set the vehicle size individually, or to set the size automatically to scale.

10 PMARINEVIEWER

Vehicle trail (track history) rendering can b e toggled off an d on with the ’t’ or ’T’ key. The default is on. A set of predefined trail colors can b e toggled t hrough with the CTRL+’t’ key. The individual trail p oints can b e rendered with a line connecti ng each p oint, or by just showing the p oints. When the no de rep ort stream is flowing quickly, typic ally the user do esn’t need or want to connect the p oints. When the viewer is accepting input fro m an AUV with p erhaps a minute or longer delay in b etween rep orts, the connecting of p oints is helpful. This setting can b e toggled with the ’y’ or ’Y’ key, with the default b eing off. The size of e ach individual trail p oint rendering can b e made smaller with the ’[’ key, and larger with the ’]’ ke y.

The color of the active vehicle is by default red and can b e alt ered to a handful of other colors in the ActiveColor sub-menu of the Vehicles pull-down menu. Likewise the inactive color, which is by default yellow, can b e altered in the InactiveColor sub-m enu. These colors can also b e altered by setting the active vcolor and inactive vcolor parameters in the pMarineViewer configuration blo ck of the MOOS file. They can b e set to any color as describ ed in the Colors App endix.

10.3.4 The “MOOS-Scop e” Pull-Down Menu

The “MOOS-Scop e” pull-down menu allows the user to configure the pMarineViewer to scop e on one or more variables in the MOOSDB. The viewer allows visual scoping on only a single variable at a time, but the user can select different variables via the p ull-down menu, or toggle b etween the current and previous variable with the ’/’ key, or cycle b etween all registered variables with the CTRL+’/’ key. The scop e fields are on the b ottom of the viewer as shown in Figures 24 - 27. The three fields show (a) the variable name, (b) the last time is wa s up dated, and (c) the current value of the variable. Configuration of the menu is done in the MOOS c onfiguration blo ck with entries of the following form:

SCOPE = <variable>, <variable>, ...

The keyword SCOPEis not case sensitive, but the MOOS variables are. If no entri es are provided in the MOOS configuration blo ck, the pull-down menu contains a single item, the "Add Variable" item. By selecting this, the user will b e prompted to add a new MOOS variable to the scop e list. This variable will then immediately b ecome the active ly scop ed variable, and is added to the pull-down menu.

10.3.5 The Optional “Action” Pull-Down Menu

The “Action” pull-down menu allows the user to invoke pre-de fine p okes to the MOOSDB (the MOOSDB to which the pMarineViewer is connected). While ho ok s for a limited numb er of p okes are available by configuring on-screen buttons (Section 10. 5.2), the numb er of buttons is limited to four. The “Action” pull-down menu allows for as many entri es as will reasonably b e shown on the screen. Each action, or p oke, is given by a variable-valu e pair, and an optional grouping key. Configuration is done in the MOOS configuration blo ck with ent ries of the following form:

ACTION = MENU_KEY=<key> # <variable>=<value> # <variable> =<value> # ...

If no such entries are provided, this pull-down menu will not app ear. The fields to the right of the ACTION=are separated by the ’#’ character for convenience to allow several entries on one li ne. If one wants to use the ’#’ character in one of the variable values, putting double-quo tes around the

10 PMARINEVIEWER

value will suffice to treat the ’#’ character as part of the value and not the separator. If the pa ir has the key word MENUKEYon the left, the value on the right is a key asso ciated with all variable-value pairs on the line. When a menu selection is chosen that contai ns a key, then all variable-value pairs with that key are p osted to the MOOSDB. If the ACTIONkey word has a trailing ’+’ character as b elow, the pull-down menu will render a line separator after the men u item. The following configuration will result in the pull-down menu depicted in Figure 28.

ACTION = MENU_KEY=deploy # DEPLOY = true # RETURN = false ACTION+ = MENU_KEY=deploy # MOOS_MANUAL_OVERIDE=false ACTION = RETURN=true

Figu re 28: T he A cti on m e nu: Th e variab le valu e p airs on each menu it em may b e select ed for p ok in g or writ in g t h e MO O S D B. Th e t h ree variab le- valu e p airs ab ove t h e menu d i v id er will b e p oked in u n ison wh en any of t h e t h ree are ch osen , b ecau se t h ey were con fi gu red wit h t h e same key, <deploy> , sh own t o t h e right on each it em.

The variable-value pair b eing p oked on an action selection w ill determine the variable typ e by the following rule of thumb. If the value is non-numerical, e.g. , true , one , it is p oked as a string. If it is numerical it is p oked as a double value. If one really wan ts to p oke a string of a numerical nature, the addition of quotes around the value will suffice to ensure it will b e p oked as a string. For example:

ACTION = Vehicle=Nomar # ID="7"

As with any other write to the MOOSDB, if a variable has b een pr eviously p osted with one typ e, subsequent p osts of a different typ e will b e ignored.

10.3.6 The Optional “Mouse-Context” Pull-Down Menu

When the user clicks the left or right mouse in the geo p ortion of the pMarineViewer window, the variables MVIEWERLCLICKand MVIEWERRCLICKare published resp ectively with the geo lo cation of the mouse click, and the name of the active vehicle. This is de scrib ed in more detail in Section 10.5.1. In short a publication of the following is typical:

10 PMARINEVIEWER

MVIEWER_LCLICK = "x=958.0,y=113.0,vname=Unicorn"

What happ ens after this is largely an issue for MOOS pro cesse s separate from the pMarineViewer application. It is imp ossible to determine how a user may mak e use of this. However, the user can configure pMarineViewer to augment this published string with additional context th at may enable other pro cesses to make b etter use of this publicatio n. Configuration is done in the MOOS configuration blo ck with entries of the following form:

left_context = <context-string> right_context = <context-string>

The left context and right context keywords are case insensitive. If no such entries are provid ed, this pull-down menu will not app ear. The following configura tion will result in the pull-down menu depicted in Figure 29.

left_context = surface_point left_context = station_point left_context = return_point right_context = loiter_point

By selecting station point , for example, the string published to the variable MVIEWERLCLICKwould b e augmented to lo ok like:

MVIEWER_LCLICK = "x=958.0,y=113.0,vname=alpha,co ntex t =sta tion _poin t"

Other MOOS applications could subscrib e to this variable an d use the information to b oth alter the state of the helm running on the named vehicle, but also pr ovide the vehicle with a p osition at which to station-keep.

Figu re 29: T he M ous e -C onte x t m e nu: A st rin g select ed from t h is menu will b e ap p en d ed t o t h e st rin g asso ciat ed wit h any mou se click , giv in g t h e u ser a ch an ce t o ch an ge t h e co nt ex t of t h e click .

10 PMARINEVIEWER

10.3.7 The Optional “Reference-Point” Pull-Down Menu

The “Reference-Point” pull-down menu allows the user to sel ect a reference p oint other than the datum, the (0,0) p oint in lo cal co ordinates. The reference p oint will affect t he data displayed in the Range and Bearing fields in the viewer window. This feature was originally desi gned for field exp eriments when vehicles are b eing op erated from a ship. An op erator on the ship running the pMarineViewer would receive p osition rep orts from the unmanned vehicles a s well as the present p osition of the ship. In these cases, the ship is the most usef ul p oint of reference. Prior versions of this co de would allow for a single declaration of the ship nam e, but the the current version allows for any numb er of ship names as a p ossible reference p oint. Th is allows the viewer to b e used to display the b earing and range b etween two deployed unmanned vehicles for example. Configuration is done in the MOOS configuration blo ck with entries of the fol lowing form:

reference_vehicle = vehicle

If no such entries are provided, this pull-down menu will not app ear. When the menu is present, it lo oks like that shown in Figure 30. When the reference p oint i s a vehicle with a known heading, the user is able to alter the Bearing field from rep orting either the relative b earing or absolute b earing. Hot keys are defined for each.

Figu re 30: T he Re fe re nce -Poi nt m e nu: Th is p u ll- d own menu of t h e pMarineViewer list s t h e op t ion s for select in g a referen ce p oint . Th e referen ce p oint d et ermin es t h e valu e s for t h e Range an d Bearing fi eld s in t h e v iewer for t h e act ive veh icle. W h en t h e referen ce p oint is a veh icle wit h k n own h ead in g, t h e u ser also may select wh et h er t h e Bearin g is t h e relat ive b earin g or ab solu t e b earin g.

10.4 Displayable Vehicle Shapes, Markers, Drop Points, and other Geometric Ob jects

The pMarineViewer window displays ob jects in three general categories, (1) th e vehicles based on their p osition rep orts, (2) markers, which are generally st atic and things like triangles and squares

10 PMARINEVIEWER

with lab els, and (3) geometric ob jects such as p olygons or li sts of line segments that may indicate a vehicle’s intended path or other such artifact of it’s auto nomy situation.

10.4.1 Displayable Vehicle Shap es

The shap e rendered for a particular vehicle dep ends on the type of vehicle indicated in the no de rep ort received in pMarineViewer . There are four typ es that are currently handled, an AUV shap e, a glider shap e, a kayak shap e, and a ship shap e, shown in Figur e 31.

K a y a k

A U V S h i p

G l i d e r

Figu re 31: Ve hi cl e s : Ty p es of veh icle sh ap es k n own t o t h e pMarineViewer .

The default shap e for an unknown vehicle typ e is currently se t to b e the shap e “ship”. The default color for a vehicle is set to b e yellow, but can b e indi vidually set within the pMarineViewer MOOS configuration blo ck with entries like the following:

vehicolor = alpha, turquoise vehicolor = charlie, navy, vehicolor = philly, 0.5, 0.9, 1.0

The parameter vehicolor is case insensitive, as is the color name. The vehicle name ho wever is case sensitive. All colors of the form describ ed in the Color s App endix are acceptable.

10.4.2 Displayable Marker Shap es

A set of simple static markers can b e placed on the geo display for rendering characteristics of an op eration area such as buoys, fixed sensors, hazards, or othe r things meaningful to a user. The six typ es of markers are shown in Figure 32. They are configured in the pMarineViewer configuration blo ck of the MOOS file with the following format:

// Example marker entries in a pMarineViewer config block of a .moos file // Parameters are case insensitive. Parameter values (exce pt type and color) // are case sensitive. marker = type=efield,x=100,y=20,label=a lpha, COLO R=re d ,wid th=4 .5 marker = type=square,lat=42.358,lon=-71 .0874 ,col or=b l ue,w idth =8

Each entry is a string of comma-separated pairs. The order is not significant. The only mandatory fields are for the marker typ e and p osition. The p osition can b e given in lo cal x-y co ordinates or in earth co ordinates. If b oth are given for some reason, th e earth co ordinates will take precedent. The width parameter is given in meters drawn to scale on the geo display . Shap es are roughly 10x10

10 PMARINEVIEWER

meters by default. The GUI provides a ho ok to scale all marker s globally with the ’ALT-M’ and ’CTRL-M’ hot keys and in the GeoAttributes pull-down menu.

Figu re 32: M arke rs : Ty p es of markers k n own t o t h e pMarineViewer .

The color parameter is optional and markers have the default colors shown in Figure 32. Any of the colors describ ed in the Colors App endix are fair game. The black part of the Gateway and Efield markers is immutable. The lab el field is optional and is by default the empty string. Note that if two markers of the same typ e have the same non-empty la b el, only the first marker will b e acknowledged and rendered. Two markers of different typ es ca n have the same lab el.

In addition to declaring markers in the pMarineViewer configuration blo ck, markers can b e received dynamically by pMarineViewer through the VIEWMARKERMOOS variable, and thus can originate from any other pro cess connected to the MOOSDB. The syntax is exactly the same, thus the ab ove two markers could b e dynamically received as:

VIEW_MARKER = "type=efield,x=100,y=20,SCALE= 4.3, labe l =alp ha,C OLOR= red, widt h=4.5 " VIEW_MARKER = "type=square,lat=42.358,lon=-7 1.08 74,s c ale= 2,co lor=b lue, widt h=8"

The effect of a “moving” marker, or a marker that changes color , can b e achieved by rep eatedly publishing to the VIEWMARKERvariable with only the p osition or color changing while leav ing the lab el and typ e the same.

10.4.3 Displayable Drop Points

A user may b e interested in determining the co ordinates of a p oint in the geo p ortion of the pMarineViewer window. The mouse may b e moved over the window and when holdin g the SHIFT key, the p oint under the mouse will indicate the co ordinates in the lo cal grid. When holding the CTRLkey, the p oint under the co ordinates are shown in lat/lon co o rdinates. The co ordinates are up dated as the mouse moves and disapp ear thereafter or when t he SHIFT or CTRLkeys are release. Drop p oints may b e left on the screen by hitting the left mouse button at any time. The p oint with co ordinates will remain rendered until cleared or togg led off. Each click leaves a new p oint, as shown in Figure 33.

10 PMARINEVIEWER

Figu re 33: D rop p oi nts : A u ser may leave d rop p oint s wit h co ord in at es on t h e geo p ort i on of t h e p Marin eV iewer win d ow. Th e p oint s may b e ren d ered in lo cal co ord in at es or in lat /lon co ord in at es. Th e p oint s are ad d ed by click in g t h e left mou se b u t t on wh ile h old in g t h e SHIFT key or CTRLkey. Th e ren d erin g of p oint s may b e t oggled on /off , cleared in t h eir ent irety, or red u ced by p op p in g t h e last d ro p p ed p oint .

Parameters regarding drop p oints are accessible from the GeoAttr pull-down menu. The rendering of drop p oints may b e toggled on/off by hitting the ’r’ key. The set of drop p oints may b e cleared in its entirety. Or the most recently dropp ed p oint may b e rem oved by typing the CTRL-r key. The pull-down menu may also b e used to change the rendering of co o rdinates from "as-dropped" where some p oints are in lo cal co ordinates and others in lat/lon co ordinates, to "local-grid" where all co ordinates are rendered in the lo cal grid, or "lat-lon" where all co ordinates are rendered in the lat/lon format.

10.4.4 Displayable Geometric Ob jects

Some additional ob jects can b e rendered in the viewer such as convex p olygons, p oints, and a set of line segments. In Figures 24 and 25, each vehicle has trave rsed to and is pro ceeding around a hexagon pattern. This is apparent from b oth the rendered hex agon, and confirmed by the trail p oints. Displaying certain markers in the display can b e inv aluable in practice to debugging and confirming the autonomy results of vehicles in op eration. Th e intention is to allow for only a few key additional ob jects to b e drawable to avoid letting the vi ewer b ecome overly sp ecialized and bloated.

In addition to the NODEREPORTvariable indicating vehicle p ose, pMarineViewer registers for the following additional MOOS variables - VIEWPOLYGON, VIEWSEGLIST, VIEWPOINT. Example values of these variables:

VIEW_POLYGON = "label,nyak201-LOITER:85,-9:10 0,-3 5:85 ,-61: 55,- 61:40 ,-35 :55, -9" VIEW_POINT = 10.00,-80.00,5,nyak200 VIEW_SEGLIST = "label,nyak201-WAYPOINT:0,100: 50,- 35:2 5,-63 "

10 PMARINEVIEWER

Each variable describ es a data structure implemented in the geometry library linked to by pMarineViewer . Instances of these ob jects are initialized directly by the strings shown ab ove. A key memb er variable of each geometric ob ject is the label since pMarineViewer maintains a (C++, STL) map for each ob ject typ e, keyed on the lab el. Thus a newly rece ived p olygon replaces an existing p olygon with the same lab el. This allows one source to p ost it s own geometric cues without clashing with another source. By p osting empty ob jects, i.e., a p olyg on or seglist with zero p oints, or a p oint with zero radius, the ob ject is effectively erased from the ge o display. The typical intended use is to let a b ehavior within the helm to p ost its own cues by settin g the lab el to something unique to the b ehavior. The VIEWPOLYGONlisted ab ove for example was pro duced by a loiter b ehavior an d describ es a hexagon with the six p oints that follow.

10.5 Support for Command-and-Control Usage

For the most part pMarineViewer is intended to b e only a receiver of information from the vehi cles and the environment. Adding command and control capability , e.g., widgets to re-deploy or manipulate vehicle missions, can b e readily done, but make the to ol more sp ecialized, bloated and less relevant to a general set of users. A certain degree of comman d and control can b e accomplished by p oking key variables and values into the lo cal MOOSDB, and this section describ es three metho ds supp orted by pMarineViewer for doing just that.

10.5.1 Poking the MOOSDB with Geo Positions

The graphic interface of pMarineViewer provides an opp ortunity to p oke information to the MOOSDB based on visual feedback of the op eration area shown in the ge o display. To exploit this, two command and control ho oks were implemented with a small fo ot print. When the user clicks on the geo display, the lo cation in lo cal co ordinates is noted a nd written out to one of two variables - MVIEWERLCLICKfor left mouse clicks, and MVIEWERRCLICKfor right mouse clicks, with the following syntax:

MVIEWER_LCLICK = "x=958.0,y=113.0,vname=nyak200", and MVIEWER_RCLICK = "x=740.0,y=-643.0,vname=nyak200".

One can then write another sp ecialized pro cess, e.g., pView erRelay, that subscrib es to these two variables and takes whatever command and control actions de sired for the user’s needs. One such incarnation of pViewerRelay was written (but not distribut ed or addressed here) that interpreted the left mouse click to have the vehicle station-keep at the c licked lo cation.

10.5.2 Configuring GUI Buttons for Command and Control

The pMarineViewer GUI can b e optionally configured to allow for four push-butto ns to b e enabled and rendered in the lower-right corner. Each button can b e as so ciated with a button lab el, and a list of variable-value pairs that will b e p oked to the MOOSDBto which the pMarineViewer pro cess is connected. The basic syntax is as follows:

10 PMARINEVIEWER

BUTTON_ONE = <label> # <variable>=VALUE # <variable>=<val ue> ... BUTTON_TWO = <label> # <variable>=VALUE # <variable>=<val ue> ... BUTTON_THREE = <label> # <variable>=VALUE # <variable>=<v alue> ... BUTTON_FOUR = <label> # <variable>=VALUE # <variable>=<va lue> ...

The left-hand side contains one of the four button keywords, e.g., BUTTONONE. The right-hand side consists of a ’#’ -separated list. Each comp onent in this list is either a ’=’ -separated variablevalue pair, or otherwise it is interpreted as the button’s la b el. The ordering do es not matter and the ’#’ -separated list can b e continued over multiple lines as in li nes 59-60 in Listing 18 on page 111.

The variable-value pair b eing p oked on a button call will det ermine the variable typ e by the following rule of thumb. If the value is non-numerical, e.g. , true , one , it is p oked as a string. If it is numerical it is p oked as a double value. If one really wan ts to p oke a string of a numerical nature, the addition of quotes around the value will suffice to ensure it will b e p oked as a string. For example:

BUTTON_ONE = Start # Vehicle=Nomar # ID="7"

In this case, clicking the button lab eled "Start" will result in two p okes, the second of which will have a string value of "7" , not a numerical value. As with any p oke to the MOOSDBof a given variable-value pair, if the value is of a typ e inconsistent w ith the first write to the DB under that variable name, it will simply by ignored.

As describ ed in Section 10.3.5, additional variable-value pairs for p oking the MOOSDB can b e configured in the “Action” pull-down menu. Unlike the use of b uttons, which is limited to four, the numb er of actions in the pull-down menu is limited only by what can reasonably b e rendered on the user’s screen.

10.6 Configuration Parameters for pMarineViewer

Many of the display settings available in the pull-down menu s describ ed in Sections 10.3 can also b e set in the pMarineViewer blo ck of the MOOS configuration file. Mostly this redundancy i s for convenience for a user to have the desired settings without f urther keystrokes after start-up. An example configuration blo ck is shown in Listing 18.

Param e te r D e s cri pti on A l l owe d Val ue s D e faul t hash view Tu rn in g off or on t h e h ash mark s. true, false true hash delta D ist an ce b etween h ash mark s [10, 1000] 50 hash shade S h ad e of h ash mark s - 0 is b lack t o 1 is wh it e [0, 1.0] 0.65 back shade S h ad e of h ash mark s - 0 is b lack t o 1 is wh it e [0, 1.0] 0.55 tiff view Back grou n d image u sed if set t o t ru e true, false true tiff type U ses t h e fi rst ( A ) image if set t o true true, false true tiff file Filen ame of a t iff fi le b ack grou n d image any t iff fi le Default.tif tiff file b Filen ame of a t iff fi le b ack grou n d image any t iff fi le DefaultB.tif view center Th e cent er of t h e v iewin g image ( t h e zo om- t o p oint ) (x, y) (0, 0)

Tab le 6: B ack ground param e te rs : Paramet ers aff ect in g t h e ren d erin g of t h e pMarineViewer b ack grou n d .

10 PMARINEVIEWER

Param e te r D e s cri pti on A l l owe d Val ue s D e faul t trails color Color of p oint s ren d ered in a t rail h ist ory any color white trails connect viewable R en d er lin es b etween d ot s if t ru e true, false false trails history size N u mb er of p oint s st ored in a t rail h ist ory [0, 10,000] 1,000 trails length N u mb er of p oint s ren d ered in a t rail h ist ory [0, 10,000] 100 trails point size S ize of d ot s ren d ered in a t rail h ist ory [0, 100] 1 trails viewable Trail h ist ories n ot e ren d ered if false true, false true vehicles active color Color of t h e on e act ive veh icle any color red vehicles inactive color Color of ot h er in act ive veh icles any color yellow vehicles name active A ct ive veh icle set t o t h e n amed veh icle known name 1st vehicles name center Cent er veh icle set t o t h e n amed veh icle known name n/a vehicles name color Color of t h e font for all veh icle lab els any color white vehicles name viewable Veh icle lab els n ot ren d ered if set t o off off, names, names+mode, names+depth names

vehicles shape scale Ch an ge size ren d erin g - 1.0 is act u al size [0.1, 100] 1 vehicles viewable Veh icles n ot ren d ered is set t o false true, false false vehicolor O verrid e in act ive veh icle color in d iv id u ally See p.x n/a

Tab le 7: Ve hi cl e param e te rs : Paramet ers aff ect in g h ow veh icles are ren d ered in pMarineViewer .

10 PMARINEVIEWER

Param e te r D e s cri pti on A l l owe d Val ue s D e faul t circle edge color Color ren d ered circle lin es any color yellow circle edge width Lin e wid t h of ren d ered circle lin es [0, 10] 2 grid edge color Color of ren d ered grid lin es any color white grid edge width Lin e wid t h of ren d ered grid lin es [0, 10] 2 grid viewable all I f true grid s will b e ren d ered true, false true grid viewable labels I f true grid lab els will b e ren d ered true, false true point viewable all I f true p oint s will b e ren d ered true, false true point viewable labels I f true p oint lab els will b e ren d ered true, false true point vertex color Color of ren d ered p oint s any color yellow point vertex size S ize of ren d ered p oint s [0, 10] 4 polygon edge color Color of ren d ered p oly gon lin es any color yellow polygon edge width Lin e wid t h of ren d ered p oly gon ed ges [0, 10] 1 polygon label color Color ren d ered p oly gon lab els any color khaki polygon viewable all I f true all p oly gon s are ren d ered true, false true polygon viewable labels I f true p oly gon lab els are ren d ered true, false true polygon vertex color Color of ren d ered p oly gon vert ices any color red polygon vertex size S ize of ren d ered p oly gon vert ices [0, 10] 3 seglist edge color Color or ren d ered seglist lin es any color white seglist edge width Lin e wid t h of ren d ered seglist ed ges [0,10 1 seglist label color Color of ren d ered seglist lab els any color orange seglist viewable all I f true all seglist s are ren d ered true, false true seglist viewable labels I f true seglist lab els are ren d ered true, false true seglist vertex color Color of ren d ered seglist vert ices any color blue seglist vertex size S ize of ren d ered seglist vert ices [0, 10] 3

Tab le 8: Ge om e tri c param e te rs : Paramet ers aff ect in g t h e ren d erin g of t h e pMarineViewer geomet ric ob ject s.

Param e te r D e s cri pti on A l l owe d Val ue s D e faul t marker A d d an d n ewly d efi n ed marker S ee p . 105 n /a markers viewable I f true all markers are ren d ered true, false true markers labels viewable I f true marker lab els are ren d ered true, false true markers scale global Marker wid t h s are mu lt ip lied by t h is fact or [0.1, 100 1 markers label color Color of ren d ered marker lab els any color wh it e

Tab le 9: M arke r param e te rs : Paramet ers aff ect in g t h e ren d erin g of t h e pMarineViewer markers.

Listing 18 - An example pMarineViewer configuration block.

1 LatOrigin = 47.7319 2 LongOrigin = -122.8500 3 4 //--------------------------- ----- ---- ----- ---- - 5 // pMarineViewer configuration block 6 7 ProcessConfig = pMarineViewer 8 { 9 // Standard MOOS parameters affecting comms and execution

10 PMARINEVIEWER

10 AppTick = 4 11 CommsTick = 4 12 13 // Set the background images 14 TIFF_FILE = long_beach_sat.tif 14 TIFF_FILE_B = long_beach_map.tif 15 16 17 // Parameters and their default values 18 hash_view = false 19 hash_delta = 50 20 hash_shade = 0.65 21 back_shade = 0.70 22 trail_view = true 23 trail_size = 0.1 24 tiff_view = true 25 tiff_type = true 26 zoom = 1.0 27 vehicles_name_viewable = false 28 29 // Setting the vehicle colors - default is yellow 30 vehicolor = henry,dark_blue 31 vehicolor = ike,0.0,0.0,0.545 32 vehicolor = jane,hex:00,00,8b 33 34 // All polygon parameters are optional - defaults are show n 35 // They can also be set dynamically in the GUI in the GeoAttr s pull-down menu 36 polygon_edge_color = yellow 37 polygon_vertex_color = red 38 polygon_label_color = khaki 39 polygon_edge_width = 1.0 40 polygon_vertex_size = 3.0 41 polygon_viewable_all = true; 42 polygon_viewable_labels = true; 43 44 // All seglist parameters are optional - defaults are show n 45 // They can also be set dynamically in the GUI in the GeoAttr s pull-down menu 46 seglist_edge_color = white 47 seglist_vertex_color = dark_blue 48 seglist_label_color = orange 49 seglist_edge_width = 1.0 50 seglist_vertex_size = 3.0 51 seglist_viewable_all = true; 52 seglist_viewable_labels = true; 53 54 // All point parameters are optional - defaults are shown 55 // They can also be set dynamically in the GUI in the GeoAttr s pull-down menu 56 point_vertex_size = 4.0; 57 point_vertex_color = yellow 58 point_viewable_all = true; 59 point_viewable_labels = true; 60 61 // Define two on-screen buttons with poke values 62 button_one = DEPLOY # DEPLOY=true 63 button_two = MOOS_MANUAL_OVERIDE=false # RETURN=false

10 PMARINEVIEWER

64 button_two = RETURN # RETURN=true 65 button_three = DEPTH-10 # OPERATION_DEPTH=10 66 button_four = DEPTH-30 # OPERATION_DEPTH=30 67 68 // Declare variable for scoping. Variable names case sens itive 69 scope = PROC_WATCH_SUMMARY 70 scope = BHV_WARNING 71 scope = BHV_ERROR 72 73 // Declare Variable-Value pairs for convenient poking of the MOOSDB 74 action = OPERATION_DEPTH=50 75 action = OPERATION_DEPTH=0 # STATUS="Coming To the Surface" 76 }

Color references as in lines 27-29 can b e made by name or by hex adecimal or decimal notation. (All three colors in lines 27-29 are the same but just sp ecifie d differently.) See the Colors App endix for a list of available color names and their hexadecimal equ ivalent.

The VERBOSEparameter on line 24 controls the output to the console. The c onsole output lists the typ es of mail received on each iteration of pMarineViewer . In the non-verb ose mo de, a single character is output for each received mail message, w ith a ’*’ for NODEREPORT, a ’P’ for a VIEWPOLYGON, a ’.’ for a VIEWPOINT, and a ’S’ for a VIEWSEGLIST. In the verb ose mo de, each received piece of mail is listed on a separate line and the source of the mail is also indicated. An example of b oth mo des is shown in Listing 19.

Listing 19 - An example pMarineViewer console output.

1 // Example pMarineViewer console output NOT in verbose mod e 2 3 13.56 > ****.. 4 13.82 > **.. 5 14.08 > **.. 6 14.35 > **.. 7 14.61 > ****.P.P 8 14.88 > **.. 9 15.14 > **.. 10 11 // Example pMarineViewer console output in verbose mode 12 13 15.42 > 14 NODE-REPORT(nyak201) 15 NODE-REPORT(nyak200) 16 Point(nyak201_wpt) 17 Point(nyak200_wpt) 18 19 15.59 > 20 Point(nyak201) 21 Poly(nyak201-LOITER) 22 NODE-REPORT(nyak201) 23 NODE-REPORT(nyak200) 24 Point(nyak200) 25 Poly(nyak200-LOITER)

10 PMARINEVIEWER

10.7 More about Geo Display Background Images

The geo display p ortion of the viewer can op erate in one of two mo des, a grey-scale background, or an image background. Section 10.3.1 addressed how to switch b etween mo des in the GUI interface. To use an image in the geo display, the input to pMarineViewer comes in two files, an image file in TIFF format, and an information text file correlating the ima ge to the lo cal co ordinate system. The file names should b e identical except for the suffix. For exampl e dabob bay.tif and dabob bay.info . Only the .tif file is sp ecified in the pMarineViewer configuration blo ck of the MOOS file, and the application then lo oks for the corresp onding .info file. The info file contains six lines - an example is given in Listing 20. Listing 20 - An example .info file for the pMarineViewer

1 // Lines may be in any order, blank lines are ok 2 // Comments begin with double slashes 3 4 datum_lat = 47.731900 5 datum_lon = -122.85000 6 lat_north = 47.768868 7 lat_south = 47.709761 8 lon_west = -122.882080 9 lon_east = -122.794189

All six parameters are mandatory. The two datum lines indica te where (0 , 0) in lo cal co ordinates is in earth co ordinates. The lat north parameters correlates the upp er edge of the image with its latitude p osition. Likewise for the other three parameters and b oundaries. Two image files may b e sp ecified in the pMarineViewer configuration blo ck. This allows a map-like image and a satel litelike image to b e used interchangeably during use. (Recall th e ToggleBackGroundTyp e entry in the BackView pull-down menu discussed earlier.) An example of this is shown in Figure 34 with two images of Dab ob Bay in Washington State. Both image files w here created from resources at www.maps.go ogle.com.

Figu re 34: D ual back ground ge o i m age s : Two images load ed for u se in t h e geo d isp lay mo d e of pMarineViewer . Th e u ser can t oggle b etween b ot h as d esired d u rin g op erat ion .

10 PMARINEVIEWER

In the configuration blo ck, the images can b e sp ecified by:

TIFF_FILE = dabob_bay_map.tif TIFF_FILE_B = dabob_bay_sat.tif

By default pMarineViewer will lo ok for the files Default.tif and DefaultB.tif in the lo cal directory unless alternatives are provided in the configuration blo ck .

10.8 Publications and Subscriptions for pMarineViewer

10.8.1 Variables published by the pMarineViewer applicati on

Variables published by pMarineViewer are summarized in Table 10 b elow. A more detail description of each variable follows the table.

# Variable Description

1 MVIEWERLCLICK The p osition in lo cal co ordinates of a user left mouse button click

2 MVIEWERCLICK The p osition in lo cal co ordinates of a user right mouse butto n click

3 HELMMAPCLEAR .

Tab le 10: Vari abl e s publ i s he d by the pMarineViewer appl i cati on.

• MVIEWERLCLICK: When the user clicks the left mouse button, the p osition in l o cal co ordinates, along with the name of the active vehicle is rep orted. This ca n b e used as a command and control ho ok as describ ed in Section 10.5. As an example:

MVIEWER_LCLICK = ‘‘x=-56.0,y=-110.0,vname=alpha ’’

• MVIEWERRCLICK: This variable is published when the user clicks with the rig ht mouse button.

The same information is published as with the left click.

• HELMMAPCLEAR: This variable is published once when the viewer connects to the MOOSDB. It is used in the pHelmIvP application to clear a lo cal buffer used to prevent successiv e identical publications to its variables.

10.8.2 Variables subscrib ed for by pMarineViewer applicat ion

• NODEREPORT: This is the primary variable consumed by pMarineViewer for collecting vehicle p osition information. An example:

NODE_REPORT = "NAME=nyak201,TYPE=kayak,MO OSDB _TIME =53

. 049,U TC_T IME= 11958 4468 7.236 ,X=3 7.49 , Y=-47.36, SPD=2.40,HDG=11.17,DEPTH=0"

• NODEREPORTLOCAL: This serves the same purp ose as the ab ove variable. In some s imulation cases this variable is used.

10 PMARINEVIEWER

• VIEWPOLYGON: A string representation of a p olygon. • VIEWPOINT: A string representation of a p oint. • VIEWSEGLIST: A string representation of a segment list. • TRAILRESET: When the viewer receives this variable it will clear the his tory of trail p oints asso ciated with each vehicle. This is used when the viewer is run with a simulator and the vehicle p osition is reset and the trails b ecome discontinuo us.

• GRIDCONFIG: A string representation of a grid. This initializes and reg isters a new grid with the viewer.

• GRIDDELTA: A string representation of a change in values for a given gri d and sp ecific grid cells with new value for each given cell.

11 BEHAVIORS OF THE IVP HELM

11 Behaviors of the IvP Helm

The following is a description of some single-vehicle b ehav iors currently written for the IvP Helm. The division of single-vehicle b ehaviors and multi-vehicl e b ehaviors (next section) is somewhat arbitrary. Other b ehavior mo dules exist that may b e either i n a testing state or to o sp ecific to a pro ject for discussion here. The b elow description is for t he p erson who wants to use current b ehaviors in the to olb ox. The topic of how to add a new b ehavio r is not covered here.

A b ehavior has a standard parameters defined at the IvPBehavior level as well as unique parameters defined at the sub class level. Parameters are set in the b ehavior file. For a b ehavior user, the setting of parameters is the primary venue for affecting the o verall autonomy b ehavior in a vehicle. Parameters may also b e dynamically altered once the mission has commenced. A parameter is set with a single line of the form:

parameter = value

The left-hand side, the parameter comp onent, is case insens itive, while the value comp onent is typically case sensitive. When the helm is launched, each b e havior is created and the parameters are set. If a parameter setting in the b ehavior file reference s an unknown parameter, or if the value comp onent fails a syntactic or semantic test, the line is not ed and the helm ceases to launch.

11.1 BHV Waypoint

11.1.1 Overview of the BHV Wayp oint Behavior

The BHVWaypoint b ehavior is used for transiting to a set of sp ecified wayp oint in the x-y plane. The primary parameter is the set of wayp oints. Other key paramet ers are the inner and outer radius around each wayp oint that determine what it means to have met the conditions for moving on to the next wayp oint. The basic idea is shown in Figure 35.

Figu re 35: T he BHVWaypoint b e hav i or: Th e way p oint b eh av ior b asic p u rp ose is t o t raverse a set of wa y p oint s. A cap t u re rad iu s is sp ecifi ed t o d efi n e wh at it mean s t o h ave ach ieved a way p oint , an d a n on - mon ot on ic rad iu s is sp ecifi ed t o d efi n e wh at it mean s t o b e ”close en ou gh ” sh ou ld p r ogress t oward t h e way p oint b e n ot ed t o d egrad e.

The b ehavior may also b e configured to p erform a degree of trac k-line following, that is, steering the vehicle not necessarily toward the next wayp oint, but to a p o int on the line b etween the previous

11 BEHAVIORS OF THE IVP HELM

and next wayp oint. This is to ensure the vehicle stays closer to this line in the face of external forces such as wind or current. The b ehavior may also b e set to “rep eat” the set of wayp oints indefinitely, or a fixed numb er of times. The wayp oints may b e s p ecified either directly at startup, or supplied dynamically during op eration of the vehicle . There are also a numb er of accepted geometry patterns that may b e given in lieu of sp ecific wayp oi nts, such as p olygons, lawnmower pattern and so on.

11.1.2 Brief Summary of the BHV Wayp oint Behavior Parameters The following parameters are defined for this b ehavior. A mor e detailed description is provided other parts of this section, and in Table 11 on page 147.

POINTS: A colon separated list of x,y pairs given as p oints in 2D space , in meters. POLYGON: An alias for POINTS.

SPEED: The desired sp eed (m/s) at which the vehicle travels through the p oints. CAPTURERADIUS: The radius tolerance, in meters, for satisfying the arrival at a wayp oint.

RADIUS: An alias for CAPTURERADIUS. NMRADIUS: An “outer” capture radius. Arrival declared when the vehicl e is in this range and the distance to the next wayp oint b egins to increas e.

ORDER: The order in which wayp oints are traversed - "normal" , or "reverse" . LEAD: If this parameter is set, track-line following b etween wayp oints is enabled.

LEADDAMPER: Distance from trackline within which the lead distance is stretched out.

REPEAT: The numb er of extra times traversed through the wayp oints. WPTSTATUSVAR: The MOOS variable p osting a status rep ort. The default is WPTSTAT. WPTINDEXVAR: The MOOS variable p osting the index of the b ehavior’s next wa yp oint.

CYCLEFLAGS: MOOS variable-value pairs p osted at end of each cycle throug h wayp oints. CYCLEINDEXVAR: The MOOS variable p osting # of times cycled through the wayp o ints.

POSTSUFFIX: A suffix tagged onto the WPTSTATUS, WPTINDEXand CYCLEINDEXvariables.

11.1.3 Sp ecifying Wayp oints - the points , order , and repeat Parameters The wayp oints may b e sp ecified explicitly as a colon-separat ed list of comma-separate pairs, or implicitly using a geometric description. The order of the p arameters may also b e reversed with the order parameter. An example sp ecification:

points = 60,-40:60,-160:150,-160:180,-100:150,-40 order = reverse // default is "normal" repeat = 3 // default is 0

A wayp oint b ehavior with this sp ecification will traverse th e five p oints in reverse order (150, − 40 first) four times (one initial cycle and then rep eated three t imes) b efore completing. If there is a syntactic error in this sp ecification at helm start-up, an o utput error will b e generated and the helm will not continue to launch. If the syntactic error is pa ssed as part of a dynamic up date (see

11 BEHAVIORS OF THE IVP HELM

Section 7.2.2), the change in wayp oints will b e ignored and t he a warning p osted to the BHVWARNING variable. See Section 9 for more metho ds for sp ecifying sets of wayp oints.

11.1.4 The capture radius and nonmonotonic radius Parameters

The capture radius parameter sp ecifies the distance to a given wayp oint the vehi cle must b e b efore it is considered to have arrived at or achieved that wayp oint . It is the inner radius around the p oints in Figure 35. The non-monotonic radius or nmradius parameter sp ecifies an alternative criteria for achieving a wayp oint.

Figu re 36: T he capture radi us and non-m onotoni c radi us : ( a) a su ccessfu l way p oint arrival by ach iev in g p rox imity less t h an t h e cap t u re rad iu s. ( b ) a missed way p oin t likely resu lt in g in t h e veh icle lo op in g b ack t o t ry again . ( c) a missed way p oint b u t arrival d eclared any way wh en t h e d i st an ce t o t h e way p oint b egin s t o in crease an d t h e veh icle is wit h in t h e n on - mon ot on ic rad iu s.

As the vehicle progresses toward a wayp oint, the sequence of measured distances to the wayp oint decreases monotonically. The sequence b ecomes non-monoto nic when it hits its wayp oint or when there is a near-miss of the wayp oint capture radius. The nmradius , is a capture radius distance within which a detection of increasing distances to the wayp oint is interpreted as a wayp oint arrival. This distance would have to b e larger than the captu re radius to have any effect. As a rule of thumb, a distance of twice the capture radius is practical . The idea is shown in Figure 36. The b ehavior keeps a running tally of hits achieved with the capt ure radius and those achieved with the non-monotonic radius. These tallies are rep orted in a statu s message describ ed in Section 11.1.6 b elow.

11.1.5 Track-line Following using the lead Parameter

By default the wayp oint b ehavior will output a preference fo r the heading that is directly toward the next wayp oint. By setting the lead parameter, the b ehavior will instead output a preference for the heading that keeps the vehicle closer to the track-li ne, or the line b etween the previous wayp oint and the wayp oint currently b eing driven to.

The distance sp ecified by the lead parameter is based on the p erp endicular intersection p oint on the track-line. This is the p oint that would make a p erp endic ular line to the track-line if the other p oint determining the p erp endicular line were the current p osition of the vehicle. The distance sp ecified by the lead parameter is the distance from the p erp endicular intersect ion p oint toward

11 BEHAVIORS OF THE IVP HELM

Figu re 37: T he track -l i ne m o de : W h en in t rack lin e mo d e, t h e veh icle st eers t oward a p oint o t h e t rack lin e rat h er t h an simp ly t oward t h e n ex t way p oint . Th e st eerin g- p oint is d et ermin ed by t h e lead p aramet er. Th is is t h e d ist an ce from t h e p erp en d icu lar int ersect ion p oint t oward t h e n ex t w ay p oint .

the next wayp oint, and defines an imaginary p oint on the track -line. The b ehavior outputs a heading preference based on this imaginary steering p oint. If the lead distance is greater than the distance to the next wayp oint along the track-line, the imag inary steering p oint is simply the next wayp oint.

If the lead parameter is enabled, it may b e optionally used in conjuctio n with the lead damper parameter. This parameter expresses a distance from the tra ckline in meters. When the vehicle is within this distance, the value of the lead parameter is stretched out toward the next wayp oint to soften, or damp en, the approach to the trackline and reduce o versho oting the trackline.

11.1.6 Variables Published by the BHV Wayp oint Behavior

The wayp oint b ehavior publishes five variables for monitori ng the p erformance of the b ehavior as it progresses: WPTSTATUS, WPTINDEX, CYCLEINDEX, VIEWPOINT, VIEWSEGLIST. The WPTSTATUScontains information identifying the vehicle, the index of the curre nt wayp oint, the distance to the current wayp oint, and the estimated time of arrival to the current wa yp oint. Example output:

WPT_STAT = "vname=alpha,behavior=traverse1,index=0,di st=43,eta=23"

The WPTINDEXvariable simply publishes the index of the current wayp oint . This is a bit redundant, but this variable is logged as a numerical variable, not a str ing, and facilitates the plotting of the index value as a step function in p ost mission analysis to ols . The CYCLEINDEXvariable publishes the numb er of times the b ehavior has traversed the entire set of wayp oints. The b ehavior may b e configured to p ost the information in these three variables u sing alternative variables of the user’s liking, or suppress it completely:

wpt_status_var = MY_WPT_STATUS_VAR // The default is "WPT_ STAT" wpt_index_var = MY_WPT_INDEX_VAR // The default is "WPT_IN DEX" cycle_index_var = MY_CYCLE_INDEX_VAR // The default is "CY CLE_INDEX"

or, to suppress the rep orts:

11 BEHAVIORS OF THE IVP HELM

wpt_status_var = silent // both case insensitive wpt_index_var = silent cycle_index_var = silent

Further p osts to the MOOSDB can b e configured to b e made at the e nd of each cycle, that is, after reaching the last wayp oint. Normally, if the repeat parameter remains at its default value of zero, then the end of a cycle and completing are identical and endfla gs can b e used to p ost the desired information. However, when the b ehavior is configured to rep eat the set of wayp oints one or more times b efore completed, the cycleflags parameter may b e used to p ost one or more variable-value pairs at the end of each cycle. Likewise, if the repeat parameter is zero, but the b ehavior is set with perpetual=true , the cycle flags will p osted each new time that the b ehavior co mpletes.

The VIEWPOINT and VIEWSEGLIST variables provide information consumable by a GUI application such as pMarineViewer for rendering the set of wayp oints traversed by the b ehavior ( VIEWSEGLIST) and the b ehavior’s next wayp oint ( VIEWPOINT). These two variables are resp onsible for the visual output in the Alpha Example Mission in Se ction 4 in Figure 6 on page 32.

11.1.7 The Ob jective Function Pro duced by the BHV Wayp oint Behavior

The wayp oint b ehavior pro duces a new ob jective function, at each iteration, over the variables speed and course/heading . The b ehavior can b e configured to generate this ob jective fu nction in one of two forms, either by coupling two indep endent one-var iable functions, or by generating a single coupled function directly.

2 7 0

2 7 0 9 0

0

1 8 0

0

9 0

1 8 0

Figu re 38: A way p oi nt ob je cti ve functi on: Th e ob ject ive fu n ct ion p ro d u ced by t h e way p oint b eh av ior is d efi n ed over p ossib le h ead in g an d sp eed valu es. D ep ict ed h ere is an o b ject ive fu n ct ion favorin g man eu vers t o a way p oint 270 d egrees from t h e cu rrent veh icle p osit ion an d favorin g s p eed s closer t o t h e mid - ran ge of cap ab le veh icle sp eed s. H igh er sp eed s are rep resent ed fart h er rad ially ou t from t h e cent er.

11 BEHAVIORS OF THE IVP HELM

11.2 BHV OpRegion

11.2.1 Overview of the BHV OpRegion Behavior

This b ehavior provides four different typ es of safety functi onality, (a) a b oundary b ox given by a convex p olygon in the x-y or lat-lon plane, (b) an overall tim eout, (c) a depth limit, (d) an altitude limit.

11.2.2 Brief Summary of the BHV OpRegion Parameters

The following parameters are defined for this b ehavior. A mor e detailed description is provided other parts of this section, and in Table 12 on page 148.

POLYGON: The lat-lon area the vehicle is restricted to stay within. Se ction 11.2.3. TRIGGERENTRYTIME: The time required for the vehicle to have b een within the p oly gon region b efore triggering the p olygon requirement. Section 11.2.3 .

TRIGGEREXITTIME: The time required to have b een outside the p olygon b efore dec laring a p olygon containment failure. Section 11.2.3.

MAXTIME: The max allowable time in seconds. Section 11.2.4. MAXDEPTH: The max allowable depth in meters. Section 11.2.5.

MINALTITUDE: The min allowable altitude in meters. Section 11.2.6.

11.2.3 Safety Checking Applied to an Op eration Region

One safety check p erformed by the OpRegion b ehavior is to ens ure that the vehicle remains in an op eration region defined by a convex p olygon in the x-y plane.

POLYGON: A colon separated list of x,y pairs given as p oints in space, t ypically meters. A pair given by “lab el,string” can asso ciate an optional lab el wit h the p oint list. The col lection of points must be a convex polygon. A check for convexity is done up on helm/b ehavior start-up. Behavior initialization will fail if it is not convex. If no p olygon is provided, no X,Y checks are made.

TRIGGERENTRYTIME: The amount of time required for the vehicle to have b een withi n the p olygon containment region b efore triggering the p olygon containm ent requirement. This is useful when launching vehicles from a do ck structure such as the MIT Sail ing Pavilion. The default setting is zero meaning the p olygon containment requirement is acti ve immediately.

TRIGGEREXITTIME: The amount of time required to have b een outside the p olygon c ontainment region b efore declaring a p olygon containment failure. Thi s is useful if the vehicle NAVX and NAVY p osition is based on a sensor without outlier detection. The kayaks, for example, are often relying solely on GPS which o ccasionally emits an outlier we ll out of the containment region. By setting this value high enough, outliers are ignored. Each t ime a recorded p osition is contained within the p olygon region, the clo ck is set to zero. The defau lt setting is zero, meaning the very first detection outside the p olygon will result in a p olygon c ontainment error.

11 BEHAVIORS OF THE IVP HELM

11.2.4 Safety Checking Applied to a Maximum Mission Op erati on Time

MAXTIME: The maximum allowable time (in seconds) that the helm is allo wed run. The clo ck starts when the pHelmIvP pro cess first takes control.

11.2.5 Safety Checking Applied to a Maximum Vehicle Depth

MAXDEPTH: The maximum allowable depth of the vehicle (in meters). If no depth is provided, no depth checks are made.

11.2.6 Safety Checking Applied to a Minimum Vehicle Altitud e

MINALTITUDE: The minimum allowable altitude of the vehicle (in meters). I f no depth is provided, no depth checks are made.

11.2.7 Variables Published by the BHV OpRegion Behavior

The b ehavior also pro duces a set of status variables regardi ng the vehicle p osition with resp ect to the containment region. Since a violation of this constra int results in a vehicle full-stop and the helm relinquishing control, other b ehaviors or MOOS pro cesses may want to take measures to avoid it. These status variables provide information on the p osition and estimated time b etween the vehicle and the p erimeter, based b oth on the absolute p os ition as well as the current vehicle tra jectory. See Figure 39.

Figu re 39: T he OpRe gi on p ol y gon and s tatus vari abl e s : Th e O p R egion b eh av ior p u b lish es in format ion regard - in g it s est imat ed d ist an ce an d t ime of arrival ( ETA ) t o t h e p e rimet er of t h e p oly gon cont ain ment region . I t p u b lish es two set s of in format ion ; on e b ased on t h e cu rrent t ra ject ory an d t h e ot h er b ased on t h e ab solu t e d ist an ce t o t h e p erimet er at t op veh icle sp eed .

The four variables pro duced by the b ehavior (and p osted to th e MOOSDB by the Helm) are:

OPREGTRAJECTORYPERIMDIST: The distance (in meters) b etween the current vehicle p ositi on to

11 BEHAVIORS OF THE IVP HELM

the p erimeter of the p olygon containment region (given by th e POLYGONparameter), based on the vehicle remaining on the current tra jectory.

OPREGTRAJECTORYPERIMETA: The amount of time (in seconds) needed for the vehicle to reac h the p erimeter of the p olygon containment region (given by the POLYGONparameter), based on the vehicle remaining on the current tra jectory.

OPREGABSOLUTEPERIMDIST: The distance (in meters) b etween the current vehicle p ositi on to the p erimeter of the p olygon containment region (given by the POLYGONparameter), regardless of the current vehicle tra jectory.

OPREGABSOLUTEPERIMETA: The amount of time (in seconds) needed for the vehicle to reac h the p erimeter of the p olygon containment region (given by the POLYGONparameter), regardless of the current vehicle tra jectory. Calculated on the maximum v ehicle sp eed.

11 BEHAVIORS OF THE IVP HELM

11.3 BHV Loiter

A b ehavior for transiting to and rep eatedly traversing a set of wayp oints. A similar effect can b e achieved with the BHV Wayp oint b ehavior but this b ehavior assumes a set of wayp oin ts forming a convex p olygon to exploit certain useful algorithms discus sed b elow. This b ehavior is comparable to the “Obit Task” of the older helm but is more general in that general convex p olygons, not just those approximating circles, are allowed. It also util izes the non-monotonic arrival criteria use in the BHV Wayp oint b ehavior to avoid lo op-backs up on wayp oint near-m isses. It also robustly handles dynamic exit and re-entry mo des when or if the vehicl e diverges from the loiter region due to external events. And it is dynamically reconfigurable to allow a mission control mo dule to rep eatedly reassign the vehicle to different loiter regions by using a single p ersistent instance of the b ehavior. The following parameters are defined for this b eha vior:

POLYGON:A colon separated list of comma-separated x,y pairs indicat ing p oints in 2D space. Units are in in meters. Unlike the wayp oint b ehavior, these p oints must describ e a convex p olygon; if the convexity condition fails the b ehavior will not insta ntiate. As an alternative to listing a sequence of p oints, a orbit-style p olygon can b e given by fou r values (1),(2) the x and y p osition, (3) the radius in meters, and (4) the numb er of p oints on the ci rcle. This sp ecification is denoted with the “radial” tag as follows “radial:50,50,200,16”.

SPEED: The desired sp eed, in meters/second, at which the vehicle tr avels through the p oints.

RADIUS: The radius tolerance, in meters, for satisfying the arrival at a wayp oint. As so on as the vehicle is within this distance to the wayp oint the wayp o int b ehavior b egins op erating on the next wayp oint in the sequence, or completes and p osts its endflags if there are no more wayp oints.

NMRADIUS: As the vehicle progresses toward a wayp oint, the sequence of measured distances to the wayp oint decreases monotonically. The sequence b ecome s non-monotonic when it hits its wayp oint or when there is a near-miss of the wayp oint arrival radius. The NMRADIUS, short for non-monotonic radius is an arrival radius distance within which a detection of inc reasing distances to the wayp oint is interpreted as a wayp oint arriv al. This distance would have to b e larger than the arrival radius to have any effect (see Figure 3 6). As a rule of thumb, a distance of twice the arrival radius is practical.

CLOCKWISE: If “true”, the b ehavior will influence the vehicle in a clo ckw ise direction around the p olygon. Values are case insensitive, but must sp ell either true or false. The default is true.

ACQUIREDIST: The distance in meters b etween the vehicle and the p olygon th at will trigger the vehicle to return to acquire mo de. This notion applies to the case where the vehicle is b ot h inside and outside the p olygon. (The re-acquire algorithms are different however.)

POSTSUFFIX: This string will b e added as a suffix to each of the status variab les p osted by the b ehavior ( LOITERREPORT, LOITERINDEX, LOITERACQUIRE, LOITERDIST2POLY). By default, the suffix is the empty string and the variables will b e p osted as ab ove. When multiple Loiter b ehaviors are configured in the helm it may help to distinguish the p osted va riab es by a suffix. A given suffix of "FOO" would result in the p osting of LOITERINDEXFOOfor example. The extra ’ ’ character is inserted automatically.

11 BEHAVIORS OF THE IVP HELM

When the b ehavior is active, it is in either one of two mo des; t he acquire mo de or normal mo de. In the normal mo de it is merely pro ceeding to the next wa yp oint on the p olygon. In the acquire mo de, each iteration b egins by first determining the next p olygon p oint to treat as the next wayp oint. This is useful for ensuring the entry wayp oint isn ’t followed by a need for a sharp vehicle turn. The acquire p oint dep ends on the chosen direction of p o lygon traversal, as shown in Figure 40.

C L O C K W I S E = T R U E

C L O C K W I S E = F A L S E

Figu re 40: I n t h e acqui re mo d e, t h e p oly gon p oint s are evalu at ed for su it ab ility in t e rms of a smo ot h ent ry t ra ject ory. O n ly t h e “v iewab le” p oint s, t h ose v iewab le if t h e p oly gon we re an op aq u e ob ject an d t h e v iewer were at t h e cu rrent veh icle lo cat ion , are cont en d ers. Th e cont en d ers are rat ed on t h e follow- on an gle given t h e d esired clo ck wise or cou nt er- clo ck wise loit er d irect ion . Larger follow- on an g les are p referred as sh own .

When the b ehavior is in the acquire mo de and outside the p olygon, the chosen vertex is the one most tangential in either the clo ckwise or counter-clo ckwi se direction as shown in the figure. When the vehicle is inside the p olygon, the chosen vertex is the one which forms the most obtuse angle b etween the current vehicle p osition, the vertex, and the fo llow-on vertex. Unlike the case when outside the p olygon, the chosen vertex changes as the vehicl e makes progress back to the p olygon p erimeter. The effect is for the vehicle to “spiral” out to the p erimeter for the smo othest re-entry in to a normal loitering path.

The circumstance most common for triggering the acquire mo d e is the initial assignment to the vehicle to loiter at a new given region in the X,Y plane. Th is assignment could o ccur while the vehicle happ ens to already b e within the p olygon for a num b er of reasons. Furthermore, the vehicle could b e driven off the p olygon loiter tra jectory due to environmental (wind or current) forces or the temp orary dominance of other vehicle b ehavior s such as collision avoidance or tracking of another vehicle.

Once the b ehavior enters the acquire mo de, it remains in this mo de until arriving at the first wayp oint (defined by the arrival and non-monotonic radii set tings), after which it switches to normal mo de until the acquire mo de is re-triggered or the b eh avior run conditions are no longer met. There is currently no “complete” condition for this b eh avior other than a time-out which is defined for all b ehaviors.

11 BEHAVIORS OF THE IVP HELM

11.4 BHV PeriodicSpeed

This b ehavior will p erio dically influence the sp eed of the ve hicle while remaining neutral at other times. The timing is sp ecified by a given p erio d length in whic h the influence is on, and a gap length sp ecifying the time b etween p erio ds. It was conceive d for use on an AUV equipp ed with an acoustic mo dem to p erio dically slow the vehicle to reduce self-noise and reduce communication difficulty. One can also sp ecify a flag (a MOOS variable and valu e) to b e p osted at the start of the p erio d to prompt an outside action such as the start of commun ication attempts. The following parameters are defined for this b ehavior:

PERIODLENGTH: The duration of the p erio d, in seconds, during which the b eha vior will pro duce an ob jective function over the desired sp eed.

PERIODGAP: The duration of time in seconds b etween p erio ds.

PERIODFLAG: A flag (MOOS variable) to b e p osted at the b eginning of each act ive p erio d. The argument is of the form VAR=VAL. If if no value is sp ecified, the value will b e the p erio d index , incremented on each new p erio d commencement.

s e c o n d s

P E R I O D _ L E N G T H s e c o n d s

A c t i v e

N o t - A c t i v e

P E R I O D _ G A P

Figu re 41: I n act ive mo d e t h e b eh av ior will p ro d u ce an ob ject ive fu n ct ion d efi n ed over sp eed t h at will p ot ent ially in fl u en ce t h e sp eed of t h e veh icle. I n t h e in act ive mo d e, it si mp ly will n ot p ro d u ce an ob ject ive fu n ct ion .

STATPENDINGACTIVE: The numb er of seconds remaining until the b ehavior reaches t he active state.

By default this is empty and no status is p osted by the b ehavio r. To reduce p osting volume, the value p osted will b e rounded to the nearest second until less than one second remains in which case fractions are p osted.

STATPENDINGINACTIVE: The numb er of seconds remaining until the b ehavior reaches t he inactive state. By default this is empty and no status is p osted by the b ehavior. To reduce p osting volume, the value p osted will b e rounded to the nearest secon d until less than one second remains in which case fractions are p osted.

PERIODSPEED: The desired sp eed in meters p er second.

PERIODPEAKWIDTH:The width of the p eak in meters p er second in the sp eed ob jecti ve function.

PERIODBASEWIDTH:The width of the base, in meters p er second in the sp eed ob ject ive function.

11 BEHAVIORS OF THE IVP HELM

s e c o n d s

P E R I O D _ L E N G T H s e c o n d s

A c t i v e

N o t - A c t i v e

P E R I O D _ G A P

Figu re 42: I n ( a) t h e p referen ce is a for a p art icu lar sp eed an d a slight t oleran ce in eit h er d irect ion . I n ( b ) t h e p referen ce is for a p art icu lar ran ge of sp eed s wit h a slight t oleran ce eit h er way. I n ( c) t h e p referen ce is for any t h in g less t h an a given sp eed wit h some t oleran ce for h igh er sp eed s . I n ( d ) t h e p referen ce is for any t h in g great er t h an a given sp eed wit h a n o t oleran ce for lower sp eed s.

11.5 BHV PeriodicSurface

This b ehavior will p erio dically influence the depth and sp ee d of the vehicle while remaining neutral at other times. The purp ose is to bring the vehicle to the surf ace p erio dically to achieve some sp ecified event sp ecified by the user, typically the receipt o f a GPS fix. Once this event is achieved, the b ehavior resets its internal clo ck to a given p erio d leng th and will remain idle until a clo ck time-out o ccurs. The b ehavior can b e in one of four states as d escrib ed in Figure 43 b elow.

C o n d i t i o n s F a i l e d

S u r f a c e R e a c h e d

M a r k R e c e i v e d

T i m e d - o u t

T i m e d - o u t

IDLE

WAITING

SURFACE AT ASCENDING

IDLE BLOCKED

M a x - t i m e - a t - s u r f a c e

C o n d i t i o n s

E x c e e d e d

F a i l e d

C o n d i t i o n s P a s s e d

Figu re 43: Possib le mo d es of t h e Perio d icS u rface b eh av ior.

In the IDLEWAITINGstate the b ehavior is simply waiting for its clo ck to wind dow n to zero. The duration is given by the PERIODparameter listed b elow. The clo ck is active despite any othe r run conditions that may apply to the b ehavior. It is started w hen the b ehavior is first instantiated and also when the desired event o ccurs at the surface. The IDLEBLOCKEDstate indicates that the b ehavior timer has reached zero, but another run condition h as not b een met. This is to prevent the b ehavior from trying to surface the vehicle when other ci rcumstances override the need to surface. In the ASCENDINGstate, the b ehavior will pro duce an ob jective function over depth and sp eed to bring the vehicle to the surface. A couple parameter s describ ed b elow can determine the tra jectory of the vehicle during ascent. This state can t ransition back to the IDLEBLOCKED state if run conditions b ecome no longer satisfied prior to th e vehicle reaching the surface. In the ATSURFACEstate the vehicle is at the surface waiting for a sp ecified eve nt.

11 BEHAVIORS OF THE IVP HELM

PERIOD: The duration of the p erio d, in seconds, during which the b eha vior will remain in the IDLEWAITINGstate.

MARKVARIABLE: The name of a variable used for indicating when the b ehavior w itnesses the event that would reset the p erio d clo ck. On each iteration, t he variable is checked against its last known value and if different, the clo ck is reset. The d efault value for this parameter is GPSUPDATERECEIVED. If this variable is p opulated by another pro cess with a valu e indicating the time a GPS fix is obtained, then the mark will o ccur on each GPS fi x. Since the value of this argument names a MOOS variable, it is case sensitive.

PENDINGSTATUSVAR: This variable will b e written to with the value of the remaini ng time on the idle clo ck, rounded to integer seconds. The default value is PENDINGSURFACE. Since the value of this argument names a MOOS variable, it is case sensitive.

ATSURFACESTATUSVAR: This variable will b e written to with the numb er of seconds th at the vehicle has b een waiting at the surface (for the event indicated by th e MARKVARIABLE). The numb er of seconds is rounded to the nearest integer and will b e zero whe n the vehicle is not at the surface. The default value is TIMEATSURFACE. Since the value of this argument names a MOOS variable, it is case sensitive.

ASCENTSPEED: This parameter indicates the desired sp eed (m/s) of the vehi cle during the ascent state. If left unsp ecified, the ascent sp eed will b e equal to t he current noted sp eed at moment it transitions into the ascent state.

ASCENTGRADE: This parameter indicates the manner in which the ascent sp ee d approaches zero as the vehicle progresses toward the ZEROSPEEDDEPTH. It has four legal values: ful lspeed , linear , quadratic , and quasi . In all four cases, the initial sp eed is determined by the par ameter ASCENTSPEED, and the desired sp eed will b e zero once the ZEROSPEEDDEPTHhas b een achieved. The four settings determine the manner of slowing to zero sp e ed during the ascent. The ful lspeed setting indicates that desired sp eed should remain constan t through the ascent right up to the instant the vehicle achieves ZEROSPEEDDEPTH. For the other three settings the sp eed reduction is relative to the starting depth (the depth noted at the outs et of the ascent state) and the ZEROSPEEDDEPTH. With the linear setting, the sp eed reduction is linear. With the quadratic setting, the sp eed reduction is quadratic (quicker initial sp e ed reduction). With the quasi setting the sp eed reduction is b etween linear and quadratic. The val ue passed to this parameter is not case sensitive.

ZEROSPEEDDEPTH: The depth (in meters) during the ascent state at which the des ired sp eed b ecomes zero, and presumably further ascent is achieved thr ough p ositive buoyancy.

MAXTIMEATSURFACE: The maximum time (in seconds) sp ent in the ATSURFACEstate, waiting for the event indicated by the MARKVARIABLE, b efore the b ehavior transitions into the IDLE state.

11 BEHAVIORS OF THE IVP HELM

11.6 BHV ConstantDepth

This b ehavior will drive the vehicle at a sp ecified depth. Ana logous to the ConstantDepthTask in the pHelm task library, but somewhat different. This b ehavio r merely expresses a preference for a particular depth. If other b ehaviors also have a depth pref erence, co ordination/compromise will take place through the multi-ob jective optimization pro ce ss. The following parameters are defined for this b ehavior:

DEPTH: The desired depth in meters.

PEAKWIDTH:The width of the p eak in meters in the pro duced ob jective func tion.

BASEWIDTH:The width of the base, in meters in the pro duced ob jective fun ction.

DURATION: This is a parameter defined for all general b ehaviors, but for this b ehavior, sp ecification is mandatory for safety reasons. The default if not sp ecified is 0 seconds which will result in the b ehavior completing immediately. If no duration limit is de sired, e.g., if the b ehavior is tied to another b ehavior or event via condition variables, then set ting “duration = no-time-limit” will result in no time duration checks for this b ehavior.

11.7 BHV ConstantHeading

This b ehavior will drive the vehicle at a sp ecified depth. Ana logous to the ConstantHeadingTask in the pHelm task library, but somewhat different. This b ehav ior merely expresses a preference for a particular heading. If other b ehaviors also have a heading preference, co ordination/compromise will take place through the multi-ob jective optimization p ro cess. The following parameters are defined for this b ehavior:

HEADING: The desired heading in degrees (-180, +180].

PEAKWIDTH:The width of the p eak in degrees in the pro duced ob jective fun ction.

BASEWIDTH:The width of the base, in degrees in the pro duced ob jective fu nction.

DURATION: This is a parameter defined for all general b ehaviors, but for this b ehavior, sp ecification is mandatory for safety reasons. The default if not sp ecified is 0 seconds which will result in the b ehavior completing immediately. If no duration limit is de sired, e.g., if the b ehavior is tied to another b ehavior or event via condition variables, then set ting “duration = no-time-limit” will result in no time duration checks for this b ehavior.

11.8 BHV ConstantSpeed

This b ehavior will drive the vehicle at a sp ecified sp eed. Ana logous to the ConstantSp eedTask in the pHelm task library, but somewhat different. This b ehavio r merely expresses a preference for a particular sp eed. If other b ehaviors also have a sp eed pref erence, co ordination/compromise will take place through the multi-ob jective optimization pro ce ss. The following parameters are defined for this b ehavior:

11 BEHAVIORS OF THE IVP HELM

SPEED: The desired sp eed in meters/second.

PEAKWIDTH:The width of the p eak in meters/second in the pro duced ob ject ive function.

BASEWIDTH:The width of the base, in meters/second in the pro duced ob jec tive function.

DURATION: This is a parameter defined for all general b ehaviors, but for this b ehavior, sp ecification is mandatory for safety reasons. The default if not sp ecified is 0 seconds which will result in the b ehavior completing immediately. If no duration limit is de sired, e.g., if the b ehavior is tied to another b ehavior or event via condition variables, then set ting “duration = no-time-limit” will result in no time duration checks for this b ehavior.

11 BEHAVIORS OF THE IVP HELM

11.9 BHV GoToDepth

This b ehavior will drive the vehicle to a sequence of sp ecifie d depths and duration at each depth. The duration is sp ecified in seconds and reflects the time at de pth after the vehicle has first achieved that depth, where achieving depth is defined by the CAPTUREDELTAparameter. The b ehavior subscrib es for NAVDEPTHto examine the current vehicle depth against the target dept h. If the current depth is within the delta given by CAPTUREDELTA, that depth is considered to have b een achieved. The b ehavior also stores the previous depth from the prior b e havior iteration, and if the target depth is b etween the prior depth and current depth, the depth is considered to b e achieved regardless of whether the prior or current depth is actually wi thin the CAPTUREDELTA. This b ehavior merely expresses a preference for a particular depth. If oth er b ehaviors also have a depth preference, co ordination/compromise will take place through the multi-ob jective optimization pro cess. The following parameters are defined for this b ehavior:

D e p t h ( m e t e r s )

T i m e ( s e c s )

4 5 3 0 1 5 0 5 7 0 5 3 2 3 2 4 7

2 1 7 2 6 6

1 7 9

1 1 9

1 0 0

Figu re 44: D ep t h log from simu lat ion wit h t h e d ep t h p aramet e rs sh own in List in g 8. Th e light er, st ep - like lin e in d icat es t h e valu es of DESIREDDEPTHgen erat ed by t h e h elm, an d t h e d arker lin e in d icat es t h e reco rd ed d ep t h valu e of t h e veh icle. Th e d ep t h p lat eau s st art from t h e momen t t h e veh icle ach ieves d ep t h . For ex amp le, t h e veh icle ach ieved a d ep t h of 45 met ers at 119 secon d s an d ret ain ed t h at d esired d ep t h for an ot h er 60 secon d s as req u est ed in t h e con fi gu rat ion sh own in List in g 8.

DEPTH: A colon-separated list of comma-separated pairs. Each pair contains a desired depth and a duration at that depth. The duration applies from the p oint in time that the depth is first achieved. If a time duration is not provided for any pair, it d efaults to zero. Thus “depth = 20” is a valid parameter setting.

REPEAT: The numb er of times the vehicle will traverse through the evo lution of depths, pro ceeding to the 1st depth after the nth depth has b een hit. The default v alue is zero.

PERPETUAL: If equal to true , when the vehicle completes its evolution of depths (p erhap s several evolutions if REPEATis non-zero), the endflags will b e p osted. But rather than set ting the complete variable to true and thus never receiving any furth er run consideration, the b ehavior is reset to its initial state. Presumably the user sets endflags that will cause the condition flags to b e not immediately satisfied, thus putting the b ehavior in a s tate waiting again for an external event flag to b e p osted. The default value of this parameter is false .

CAPTUREDELTA: The delta depth, in meters, b etween the current observed dep th and the current target depth, b elow which the b ehavior will declare the dept h to have b een achieved.

CAPTUREFLAG: The name of a MOOS variable incremented each time a target dep th level has b een achieved. Useful for logfile debugging/analyzing and a lso allows other b ehaviors to b e

11 BEHAVIORS OF THE IVP HELM

conditioned on a depth event. If this b ehavior is completed i n perpetual mo de, the counter is reset to zero. If the b ehavior is rep eating a set of depths by s etting REPEATgreater than zero, the counter will continue to increment through evolutions.

11 BEHAVIORS OF THE IVP HELM

11.10 BHV MemoryTurnLimit

The ob jective of the Memory-Turn-Limit b ehavior is to avoid vehicle turns that may cross back on its own path and risk damage to the towed equipment. Its con figuration is determined by the two parameters describ ed b elow which combine to set a vehicl e turn radius limit. However, it is not strictly describ ed by a limited turn radius; it stores a t ime-stamp ed history of recent recorded headings and maintains a heading average , and forms its ob jective function on a range deviation from that average. This b ehavior merely expresses a prefere nce for a particular heading. If other b ehaviors also have a heading preference, co ordination/co mpromise will take place through the multi-ob jective optimization pro cess. The following para meters are defined for this b ehavior:

MEMORYTIME: The duration of time for which the heading history is maintai ned and heading average calculated.

TURNRANGE:The range of heading values deviating from the current headi ng average outside of which the b ehavior reflects sharp p enalty in its ob jective fu nction.

The heading history is maintained lo cally in the b ehavior by storing the currently observed heading and keeping a queue of n recent headings within the MEMORYTIME threshold. The heading average calculation b elow handles the issue of angle wrap in a set of n headings h_0 . . . h_{n − 1} where each heading is in the range [0 , 359].

heading avg = atan2( s, c ) ·180/π ,

where s and c are given by: s = n − 1�

k = 0

sin ( h_k π /180)) , c =

n − 1�

k = 0

cos ( h_k π /180)) .

The vehicle turn radius r is not explicitly a parameter of the b ehavior, but is given by :

r = v /(( u/180) π ) ,

where v is the vehicle sp eed and u is the turn rate given by:

u = TURNRANGE/MEMORYTIME.

The same turn radius is p ossible with different pairs of value s for TURNRANGEand MEMORYTIME. However,m larger values of TURNRANGEallow sharp er initial turns but temp er the turn rate after the initial sharp er turn has b een achieved.

11 BEHAVIORS OF THE IVP HELM

A Rendering of the MemoryTurnLimit Ob jective Function

2 7 0 2 7 0 9 0

1 8 0

9 0

1 8 0

0

0

Figu re 45: T he M e m ory TurnLi m i t ob je cti ve functi on : Th e ob ject ive fu n ct ion p ro d u ced by t h e Memory Tu rn - Limit b eh av ior is d efi n ed over p ossib le h ead in g valu es. D ep i ct ed h ere is an ob ject ive fu n ct ion formed wh en t h e recent h ead in g h ist ory is 225 d egrees an d t h e turn range p aramet er is set t o 30 d egrees. Th e resu lt in g ob ject ive fu n c t ion h igh ly favors h ead in gs in t h e ran ge of 190- 240 d egrees. O n e t h e right is a “b ird s- eye” v iew of t h e fu n ct ion , an d on t h e right t h e fu n ct ion is v iewed at an an gle t o ap p reciat e t h e 3D q u ality of t h e fu n ct ion . H igh er ( red ) valu es corresp on d t o h igh er u t ility.

11 BEHAVIORS OF THE IVP HELM

11.11 BHV StationKeep

11.11.1 Overview of the BHV StationKeep Behavior

This b ehavior is designed to keep the vehicle at a given lat/l on or x,y station-keep p osition by varying the sp eed to the station p oint as a linear function of its distance to the p oint. The parameters allow one to cho ose the two distances b etween whi ch the sp eed varies linearly, the range of linear sp eeds, and a default transit sp eed if the veh icle is outside the outer radius.

Figu re 46: T he s tati on-ke e p b e hav i or param e te rs : Th e st at ion - keep b eh av ior can b e con fi gu red t o ap p roach t h e ou t er st at ion circle wit h a given t ran sit sp eed , an d will d ec rease it s p referen ce for sp eed lin early b etween t h e ou t er rad iu s an d in n er rad iu s. Th e p referred sp eed is zero wh en t h e veh icle is at or in sid e t h e in n er rad iu s.

An alternative to this station keeping b ehavior is an active loiter around a very tight p olygon with the BHVLOITERb ehavior. This station keeping b ehavior conserves energy a nd aims to minimize propulsor use. The b ehavior can b e configured to station-kee p at a pre-set p oint, or wherever the vehicle happ ens to b e when the b ehavior transitions into an a ctive state.

The station-keep b ehavior was initially develop ed for use o n an autonomous kayak. It’s worth p ointing out that a vehicle’s control system, i.e., the fron t-seat driver describ ed in Section 2.3, may have a native station-keeping mo de, in which case the activa tion of this b ehavior would b e replaced by a message from the backseat autonomy system to invoke the s tation-keeping mo de. It’s also worth p ointing out that most UUVs are p ositively buoyant and will simply come to the surface if commanded with a zero-sp eed.

11.11.2 Brief Summary of the BHV StationKeep Behavior Parameters

The following parameters are defined for this b ehavior. A mor e detailed description is provided other parts of this section, and in Table 21 on page 157.

11 BEHAVIORS OF THE IVP HELM

STATIONPT: An x,y pair given as a p oint in lo cal co ordinates.

POINT: A supp orted alias for STATIONPOINT. CENTERACTIVE: If true , station-keep at p osition up on activation. INNERRADIUS: Distance to station-p oint within which the preferred sp eed is zero. OUTERRADIUS: Distance within which the preferred sp eed b egins to decreas e. OUTERSPEED: Preferred sp eed at outer radius, decreasing toward inner ra dius. SWINGTIME: Duration of drift of station circle with vehicle up on activa tion.

TRANSITSPEED: Preferred sp eed b eyond the outer radius.

EXTRASPEED: A deprecated alias for TRANSITSPEED. PASSIVESTATIONRADIUS: A radius used for low-p ower, passive station-keeping.

PASSIVESTATIONVARIABLE: Name of MOOS variable used for conveying passive-station mo de.

11.11.3 Setting the Station-Keep Point and Radial-Sp eed Re lationships The station-keep p oint is set in one of two ways: either with a pre-sp ecified fixed p osition, or with the vehicle’s current p osition when the vehicle transition s into the running state. To set a fixed station-keep p osition:

station_pt = 100,250

To configure the b ehavior to station-keep at the vehicle’s cu rrent p osition when it enters the running state:

center_active = true // "true" is case insensitive

At the outset of station-keeping via center activate , the vehicle typically is moving at some sp eed. Despite the fact that station-keeping is immediately activ e and typically results in a desired sp eed of zero if no other b ehaviors are active, the vehicle will con tinue some distance b efore coming to a near or complete stop in the water, thus “over-sho oting” th e station-keep p oint. This often means that the station-keep b ehavior will immediately turn the vehicle around to come back to the station-keep p oint. This can b e countered by setting the b eh avior’s “swing time” parameter, the amount of time after initial center-activation that the sta tion-keep p oint is allowed to drift with the current p osition of the vehicle b efore b ecoming fixed. Th e format is:

swing_time = <time-duration> // default is 0

The <time-duration> is given in seconds and the duration is clipp ed by the range [0 , 60].

If the b ehavior enters the running state, but center-activa tion is not set to true, and no presp ecified fixed p osition is given, the b ehavior will not pro du ce an ob jective function. It will remain in the running state, but not the active state. (See Section 6 .5.3 for more detail on b ehavior run states.) In this situation, a warning will b e p osted: BHVWARNING="STATIONPOINTNOTSET".

The INNERRADIUSand OUTERRADIUSparameters affect the preferred sp eed of the b ehavior as it relates to the vehicle’s current range to the station p oin t. The preferred sp eed at the outer radius is given by the parameter OUTERSPEED. The preferred sp eed decreases linearly to zero as the

11 BEHAVIORS OF THE IVP HELM

vehicle approaches the inner radius. The default values for the inner and outer radii are 4 and 15 resp ectively. If configured with values such that the inner i s greater then the outer, this will not trigger an error, but the two radii parameters will b e collap sed to the value of the inner radius on the first iteration of the b ehavior.

11.11.4 Passive Low-Energy Station Keeping Mo de

The station-keep b ehavior can b e configured to op erate in a “p assive” mo de. This mo de differs from the default mo de primarily in the way it acts after it rea ches the inner-radius, i.e., the p oint at which the b ehavior regards the vehicle to b e on-station an d outputs a preferred sp eed of zero. In the normal mo de, the b ehavior will b egin to output a prefer red heading and non-zero sp eed as so on as the vehicle slips b eyond the inner-radius. In the p assive mo de, the b ehavior will let the vehicle drift or otherwise move to a distance sp ecified by the PASSIVESTATIONRADIUSb efore it resumes outputting a preferred heading and non-zero sp eed. The idea is shown in Figure 47.

Figu re 47: Pas s i ve s tati on-ke e pi ng: Th e st at ion - keep b eh av ior can b e con fi gu red in t h e “p assive” mo d e. Th e veh icle will move t oward t h e st at ion p oint u nt il it reach es t h e in n er rad iu s or u nt il p rogress ceases. I t will t h en d rift u nt il it s d ist an ce t o t h e st at ion p oint is b eyon d t h e p assive st at ion rad iu s. At t h is p oint it will re- en gage t o reach t h e st at ion - p oint an d may t rigger an ot h er b eh av ior t o d ive.

This mo de was built with UUVs in mind. Most UUVs are deployed h aving a p ositive buoyancy (battery dies - vehicle floats to the surface). They need to b e moving at some sp eed to maintain a depth. Furthermore, it may not b e safe to assume that a UUV ca n effectively execute a desired heading when it is op erating on the surface. For these reason s, when op erating in the passive mo de, this b ehavior will publish a variable indicating whether it is in the mo de of drifting or attempting

11 BEHAVIORS OF THE IVP HELM

to make progress toward the station p oint. The status is publ ished in the variable PSKEEPMODE, short for “passive station-keeping mo de”. This variable wi ll b e set to "SEEKINGSTATION"when outputting a non-zero sp eed preference, and presumably mov ing toward the station-p oint. The variable will b e set to "HIBERNATING"otherwise. This op ens the option of configuring the helm with the ConstantDepth b ehavior to work in conjunction with the S tationKeep b ehavior by conditioning the ConstantDepth b ehavior to b e running only when PSKEEPMODE="SEEKINGSTATION". The idea is shown in Figure 48.

Figu re 48: Pas s i ve s tati on-ke e pi ng w i th de pth co ordi nati on: Th e p assive mo d e can b e co ord in at ed wit h t h e Con st ant D ep t h b eh av ior t o d ive each t ime t h e S t at ion K eep b e h av ior ent ers t h e "SEEKINGSTATION"mo d e. Th is en su res t h at a U U V n eed in g t o b e at d ep t h t o h ave reliab le h ead in g cont rol will in d eed b e at d ep t h wh en it n eed s t o b e.

This b ehavior mo de is regarded as ”low-p ower” due to the pres umably long p erio ds of drifting b efore resuming actively seeking the station p oint. A coupl e of safeguards are designed to ensure that when the b ehavior is in the "STATIONSEEKING"mo de, that it do es not get hung or stuck in this mo de for much longer than intended or needed. How could o ne b ecome stuck in this mo de? Two ways - by either reaching an equilibrium at-sp eed, (and p erhaps at-depth) state where the vehicle is neither progressing toward or way from the inner radius , or by rep eatedly “missing” the inner radius by heading right past it.

Both cases can b e guarded against and detected by monitoring the history of vehicle sp eed in the direction of the station-p oint. If this sp eed b ecomes ze ro, an equilibrium state is assumed, and if it b ecomes negative, it is assumed that the vehicle missed the inner radius circle entirely. In short, the StationKeep b ehavior exits the "STATIONSEEKING"mo de and enters the "HIBERNATING"mo de when it detects the vehicle sp eed toward the station-p oint r each zero. To calculate this vehicle sp eed, a ten-second history of range to the station-p oint is kept by the b ehavior. A zero sp eed, or “stale-progress” criteria is declared simply if the rang e to the station-p oint for the most recent measure in the history is not less than the range of ten second s ago in the history list. The b ehavior will transition into the "HIBERNATING"mo de if either the inner-radius or stale-progress criteria are met.

It is also p ossible that when the StationKeep b ehavior enter s the "SEEKINGSTATION"mo de from the "HIBERNATING"mo de, that the vehicle initially b egins to op en its range to t he station-p oint b efore it b egins to close range. This would b e exp ected, for e xample, if the vehicle were p ointed away from the station-p oint when the b ehavior first entered t he "SEEKINGSTATION"mo de. In this case it’s quite p ossible that the b ehavior would correctly, but unwantingly, infer that the stale-

11 BEHAVIORS OF THE IVP HELM

progress criteria has b een met. For this reason, the stale-p rogress criteria is not applied until an “initial-progress” criteria is met after entering the "SEEKINGSTATION"mo de. The same ten second history is used to detect when the vehicle b egins to make init ial progress, i.e., closing range, toward the station-p oint.

11.11.5 Station Keeping On Demand

A common, and p erhaps recommended configuration, is to have o ne station-keep b ehavior defined for a given helm configuration and have it set to b e usable in on e of three ways: (a) station-keep at a default pre-sp ecified p osition, (b) station-keep at a sp ecified p osition dynamically provided, or (c) station-keep at the vehicle’s present p osition when act ivated. The b ehavior would b e configured as follows:

STATION_PT = 100,200 // The default station-keep point CENTER_ACTIVE = false UPDATES = STATION_UPDATES CONDITION = STATION_REQUEST = true

Then, to use the station-keep b ehavior in the ab ove three way s, the following three pairs of p ostings, i.e., p okes, to the MOOSDB would b e used. See Section 7.2.2 fo r more on the UPDATESparameter defined for all b ehaviors - by utilizing this dynamic configur ation ho ok, the one b ehavior configuration ab ove can b e used in these different manners. The first p air would result in the b ehavior keeping station at its pre-arranged p oint of 100,200 :

STATION_REQUEST = true STATION_UPDATES = CENTER_ACTIVATE=false"

The second line ab ove dynamically configures the b ehavior pa rameter CENTERACTIVATEto b e false to ensure that the p oint given by the original STATIONPT parameter is used. Even though the CENTERACTIVATEparameter is initially set to false , the ab ove usage sets it to false anyway, to b e safe, and in case it has b een dynamically set to true in a prior usage.

In the second case b elow, again the CENTERACTIVATEparameter is dynamically set to false for the same reasons. In this case the STATIONPOINT parameter is also dynamically configured with a given p oint:

STATION_REQUEST = true STATION_UPDATES = "STATION_PT=45,-150 # CENTER_ACTIVATE

=false"

In the last case, b elow, the b ehavior is activated and configu red to station-keep at the vehicle’s present p osition when activated. There is no need to tinker w ith the STATIONPT parameter since this parameter is ignored when CENTERACTIVATEis true :

STATION_REQUEST = true STATION_UPDATES = "CENTER_ACTIVATE=true"

It’s worth noting that ab ove variable-value pairs that trig ger the station-keep b ehavior could have come from a variety of sources. They could b e endflags from ano ther b ehavior. They could have come from a p oke using uPokeDB, uTermCommand, pMarineViewer or any third party command and control interface.

11 BEHAVIORS OF THE IVP HELM

11.12 BHV Timer

This b ehavior can nearly b e considered a no-op b ehavior; it h as no functionality b eyond what is derived from the parent IvPBehavior class. It can b e used to s et a timer b etween the observation of one or more events (with condition flags) and the p osting of one or more events (with end flags). The DURATION, DURATIONSTATUS, CONDITION, RUNFLAGand ENDFLAGparameters are all defined generally for b ehaviors. There are no additional parameter s defined for this b ehavior.

12 MULTI-VEHICLE BEHAVIORS OF THE IVP HELM

12 Multi-Vehicle Behaviors of the IvP Helm

The following is a description of some b ehaviors currently w ritten for the IvP Helm that reason ab out relative p osition to another vehicle. Each such b ehav ior needs to know ab out the p osition of a given contact. Currently we simply assume that a contact’s ID or vehicle name is known a priori and its p osition information arrives in the MOOSDB in the for m of an AIS rep ort (discussed earlier, and again in the section on example scenarios). Currently wo rk is addressing the development of a separate MOOS pro cess acting as a contact manager and p erhap s spawning b ehaviors dynamically. At this p oint however, b ehaviors relating to the relative p o sition of another vehicle are configured statically.

12.1 Parameters Common All Multi-Vehicle Behaviors

The following set of parameters are common to all the multi-v ehicle b ehaviors describ ed in later sections.

CONTACT: The name of the contact.

ONNOCONTACTOK: The name of the contact.

EXTRAPOLATE:Bo olean controlling whether the contact p osition is extrap olated from the last known p osition using the asso ciated sp eed and heading. This featu re is particularly imp ortant when p osition up dates are sparse, e.g. for underwater vehicles u sing acoustic communication. The time delays for which extrap olation will b e applied are cont rolled by the DECAYparameters.

DECAY: This parameter takes two arguments separated by a comma. The first argument is the decay start time (in seconds), and the second is the decay end time (also in seconds). The b ehavior extrap olates the contact p osition based on the las t known p osition, heading and sp eed. The sp eed of the contact b egins to decay based on the time since the last contact up date. This is a safeguard against p erp etually trailing a vehicle the ce ases to provide a contact rep ort. The default is 5 and 10 seconds resp ectively.

12.2 BHV AvoidCollision

This b ehavior will drive the vehicle to avoid collisions wit h another sp ecified vehicle. It reasons over the “closest p oint of approach” (CPA) of candidate ownship a ctions. The following parameters are defined for this b ehavior:

ACTIVEOUTERDISTANCE: The distance (meters) to the sp ecified other vehicle, b elow w hich the b ehavior will b egin to b e relevant (have a non-zero priority weight). At higher distances, the b ehavior will not contribute an ob jective function.

ACTIVEINNERDISTANCE: The distance (meters) to the sp ecified other vehicle, at whic h the b ehavior will apply 100% of its assigned priority weight. Ranges smal ler than this distance will also have full priority weight.

12 MULTI-VEHICLE BEHAVIORS OF THE IVP HELM

0 % a c t i v e _ o u t e r _ d i s t a n c e

1 0 0 %

a c t i v e _ i n n e r _ d i s t a n c e a c t i v e _ o u t e r _ d i s t a n c e

r a n g e ( m e t e r s )

P r i o r i t y r a n g e ( m e t e r s ) o w n s h i p

a c t i v e _ i n n e r _ d i s t a n c e

Figu re 49: Param e te rs for the B HV A voi dC ol l i s i on b e hav i or: Th e ow nshi p veh icle is t h e p lat form ru n n in g t h e h elm. Th e ran ge b etween t h e two veh icles aff ect s wh et h er t h e b eh av ior is act ive an d wit h wh at p riority weight . Beyon d t h e active outer distance , t h e b eh av ior is n ot act ive. W it h in t h e active inner distance , t h e b eh av ior is act ive wit h 100% of it s p riority weight .

COLLISIONDISTANCE: The distance (in meters) b etween ownship and the contact at t he closest p oint of approach (CPA) for a candidate maneuver, b elow which the b ehavior treats the distance as it would an actual collision b etween the two vehicles.

ALLCLEARDISTANCE: The distance (in meters) b etween ownship and the contact at t he closest p oint of approach (CPA) for a candidate maneuver, ab ove which the b ehavior treats the distance as having the maximum utility.

U t i l i t y

1 0 0

0 c o l l i s i o n _ d i s t a n c e a l l _ c l e a r _ d i s t a n c e

c o l l i s i o n _ d i s t a n c e o w n s h i p

a l l _ c l e a r _ d i s t a n c e

O w n s h i p p o s i t i o n a t C l o s e s t P o i n t o f A p p r o a c h

C P A ( m e t e r s )

c o n t a c t

C P A r a n g e ( m e t e r s )

Figu re 50: Paramet ers for t h e BH V A void Collision b eh av ior. Th e ow nshi p veh icle is t h e p lat form ru n n in g t h e h elm. Th e collision distance is u sed wh en ap p ly in g a u t ility met ric t o a calcu lat ed closes t p oint of ap p roach ( CPA ) for a can d id at e man eu ver. A CPA less t h an or eq u al t o t h e collision distance is t reat ed as an act u al collision wit h t h e lowest u t ility rat in g.

12 MULTI-VEHICLE BEHAVIORS OF THE IVP HELM

1 8 0

0

9 0

1 8 0

2 7 0

2 7 0 9 0

0

Figu re 51: Th e ob ject ive fu n ct ion p ro d u ced by t h e collision avoid an ce b eh av ior is d efi n ed over p ossib le h ead in g an d sp eed valu es. H igh er sp eed s are rep resent ed fart h er rad ial ly ou t from t h e cent er.

A Rendering of the Collision Avoidance Function

12.3 BHV CutRange

This b ehavior will drive the vehicle to reduce the range b etw een itself and another sp ecified vehicle (nearly the opp osite of the BHV AvoidCollision b ehavior). The following parameters are de fined for this b ehavior:

DIST PRIORITYINTERVAL: Two distance values given by a comma-separated pair min,max where the min value is the range at or b elow which the b ehavior will have a zero priority. The min value is the range at or ab ove which the b ehavior will have 100% of its s tatically assigned priority. The p ercentage b etween the two values scales linearly.

TIMEONLEG: The b ehavior uses a closest-p oint-of-approach (CPA) calcu lation to evaluate candidate heading-sp eed maneuvers. The CPA calculation is bas ed on a 60 second maneuver by default, but this time duration can b e altered with this para meter.

GIVEUPRANGE: The range b etween ownship and the contact at or ab ove which th e b ehavior will cease to provide output (the ob jective function) to influenc e the vehicle heading and sp eed. By default this value is zero which is interpreted as infinity - i t will never give up.

PATIENCE: The PATIENCEparameter ranges b etween 0 and 100 and is clipp ed automatically if out of range. A value of 0 will result in the b ehavior attempting to steer the vehicle d irectly toward the current p osition of the contact. A value of 100 will resul t in an attempt to steer toward the closest p oint of approach given the current linear track of t he contact, and the prevailing setting of the TIMEONLEGparameter.

12 MULTI-VEHICLE BEHAVIORS OF THE IVP HELM

12.4 BHV Shadow

This b ehavior will drive the vehicle to match the tra jectory of another sp ecified vehicle. This b ehavior in conjunction with the BHV CutRange b ehavior can pro duce a “track and trail” capabilit y. The following parameters are defined for this b ehavior:

MAXRANGE: The distance (in meters) that the contact must b e within for t he b ehavior to b e active and pro duce an ob jective function. The default is max range value is zero meaning it will b e active regardless of the distance to the contact.

HEADINGPEAKWIDTH:This b ehavior uses the ZAICPEAKto ol from the IvP To olb ox for generating an ob jective function over heading and sp eed. This parameter s ets the p eakwidth parameter of the heading comp onent.

HEADINGBASEWIDTH:This b ehavior uses the ZAICPEAKto ol from the IvP To olb ox for generating an ob jective function over heading and sp eed. This parameter s ets the basewidth parameter of the heading comp onent.

SPEEDPEAKWIDTH:This b ehavior uses the ZAICPEAKto ol from the IvP To olb ox for generating an ob jective function over heading and sp eed. This parameter s ets the p eakwidth parameter of the sp eed comp onent.

SPEEDBASEWIDTH:This b ehavior uses the ZAICPEAKto ol from the IvP To olb ox for generating an ob jective function over heading and sp eed. This parameter s ets the basewidth parameter of the sp eed comp onent.

12.5 BHV Trail

This b ehavior will drive the vehicle to trail or follow anoth er sp ecified vehicle at a given relative p osition. A to ol for “formation flying”. The following param eters are defined for this b ehavior:

TRAILRANGE: The range comp onent of the relative p osition to the contact t o trail.

TRAILANGLE: The relative angle of the relative p osition to the contact to trail. (180 is directly b ehind, 90 is a parallel track to the contacts starb oard side , -90 is on the p ort side of the contact.)

TRAILANGLETYPE: The trail angle may b e set to either relative (the default), or absolute .

RADIUS: The distance (in meters) from the trail p osition that will re sult in the b ehavior “cutting range” to the trail p osition, and inside of which will result in the b ehavior “shadowing” the contact. The default is 5 meters.

12 MULTI-VEHICLE BEHAVIORS OF THE IVP HELM

t r a i l _ a n g l e ( r e l a t i v e )

o w n s h i p t r a i l _ a n g l e ( a b s o l u t e )

t r a i l - p o i n t r a d i u s

n m _ r a d i u s t r a i l _ r a n g e c o n t a c t

Figu re 52: I nt erp olat ion of veh icle sp eed in sid e t h e rad iu s set by NMRADIUSrelat ive t o t h e ex t rap olat ed t rail p osit ion . . NMRADIUS: The distance in meters from the trail p oint within which the s p eed will b e gradually change from the outer chase sp eed (max sp eed) and the sp eed of the contact, as illustrated in Fig. 52. This parameter should typically b e set to several ti mes the value of RADIUSto achieve smo oth formation flying. Default is 20 meters.

MAXRANGE: The distance (in meters) that the contact must b e within for t he b ehavior to b e active and pro duce an ob jective function. The default is max range value is zero meaning it will b e active regardless of the distance to the contact.

13 APPENDIX - BEHAVIOR SUMMARIES

13 Appendix - Behavior Summaries

Parameter Summary for BHV Waypoint

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 p oi nts , p ol y gon st rin g 0,0:45,0:45,80:0,0 yes - 118 cap t u re rad iu s d ou b le 7 - 0 119 lead d ou b le 10 n o -1 119 n m rad iu s d ou b le 18 n o 0 119 ord er st rin g reverse n o normal 118 p ost su ffix st rin g IKE yes "" 118 rep eat int 3 n o 0 118 sp eed d ou b le 1.2 - 0 118 wp t st at u s var MOOSVAR WPTREPORT yes WPTSTAT 121 wp t in d ex var MOOSVAR WPTIX yes WPTINDEX 121 cy cle in d ex var MOOSVAR CYCLEIX yes CYCLEINDEX 121 cy clefl ag MOOSVAR=value CYCLED=true yes - 121

Tab le 11: Paramet ers for t h e BH V Way p oint b eh av ior.

Example Behavior File Configuration for BHV Waypoint

Listing 13.1 - An example BHV Waypoint configuration.

0 B e h a v i o r = B H V _ W a y p o i n t 1 { 2 n a m e = w a y p t _ s u r v e y 3 p r i o r i t y = 1 0 0 4 u p d a t e s = W P T _ S U R V E Y _ U P D A T E S 5 c o n d i t i o n = ( D E P L O Y = = t r u e ) o r ( S U R V E Y = = o n ) ) 6 e n d f l a g = S U R V E Y = C O M P L E T E 7 8 p o i n t s = l a b e l , s u r v e y _ p o i n t s : - 5 7 , - 6 0 : - 7 0 , - 1 0 9 : - 7 7 , - 1 4 4 : - 5 1 9 1 0 s p e e d = 3 . 0 / / m e t e r s p e r s e c o n d 1 1 c a p t u r e _ r a d i u s = 8 . 0 / / m e t e r s 1 2 n m _ r a d i u s = 1 6 . 5 / / m e t e r s 1 3 r e p e a t = 0 / / n u m b e r o f i t e r a t i o n s 1 4 l e a d = 1 0 / / m e t e r s 1 5 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV OpRegion

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 p oly gon st rin g 0,0:45,0:45,80:0,80:0,0 - - 122 max d ep t h d ou b le 200 - 0 123 min alt it u d e d ou b le 25 - 0 123 max t ime d ou b le 3600 - 0 123 t rigger ent ry t ime d ou b le 1.5 - 0 122 t rigger ex it t ime d ou b le 2.4 - 0 122

Tab le 12: Paramet ers for t h e BH V O p R egion b eh av ior.

Example Behavior File Configuration for BHV OpRegion

Listing 13.2 - An example BHV OpRegion configuration.

0 B e h a v i o r = B H V _ O p R e g i o n 1 { 2 n a m e = b h v _ o p r e g i o n 3 p o l y g o n = l a b e l , o p r e g i o n : - 5 7 , - 6 0 : - 7 0 , - 1 0 9 : - 7 7 , - 1 4 4 4 5 m a x _ d e p t h = 5 0 / / m e t e r s 6 m i n _ a l t i t u d e = 1 0 / / m e t e r s 7 m a x _ t i m e = 3 6 0 0 / / s e c o n d s 8 t r i g g e r _ e n t r y _ t i m e = 0 . 5 / / s e c o n d s 9 t r i g g e r _ e x i t _ t i m e = 1 . 0 / / s e c o n d s 1 0 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV Loiter

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 p oly gon st rin g 0,0:45,0:45,80:0,80:0,0 yes - 125 sp eed d ou b le 1.5 - 0 125 rad iu s d ou b le 10 - 0 125 n m rad iu s d ou b le 25 - 0 125 clo ck wise st rin g FALSE n o true 125 acq u ire d ist d ou b le 15 - 10 125 p ost su ffix st rin g REGION-1 yes "" 125

Tab le 13: Paramet ers for t h e BH V Loit er b eh av ior.

Example Behavior File Configuration for BHV Loiter

Listing 13.3 - An example BHV Loiter configuration.

0 B e h a v i o r = B H V _ L o i t e r 1 { 2 n a m e = l o i t e r _ a l p h a 3 p w t = 1 0 0 4 d u r a t i o n = 3 6 0 0 / / O n e h o u r 5 u p d a t e s = L O I T E R _ A L P H A _ U P D A T E S 7 8 p o l y g o n = r a d i a l : 1 0 0 , - 1 0 0 , 8 0 , 1 2 9 s p e e d = 3 . 0 1 0 r a d i u s = 8 . 0 1 1 n m _ r a d i u s = 1 6 . 0 1 2 c l o c k w i s e = t r u e 1 3 a q u i r e _ d i s t = 2 5 1 4 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV PeriodicSpeed

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 p erio d len gt h d ou b le 60 - 0 127 p erio d gap d ou b le 600 - 0 127 p erio d sp eed d ou b le 0.8 - 0 127 p erio d p eak wid t h d ou b le 0.2 - 0 127 p erio d b asewid t h d ou b le 0.5 - 0 127 st at p en d in g in act ive MO O S VA R PS PENDINGINACTIVE yes - 127 st at p en d in g act ive MO O S VA R PS PENDINGACTIVE yes - 127

Tab le 14: Paramet ers for t h e BH V Perio d icS p eed b eh av ior.

Example Behavior File Configuration for BHV PeriodicSpeed Listing 13.3 - An example BHV PeriodicSpeed configuration.

0 B e h a v i o r = B H V _ P e r i o d i c S p e e d 1 { 2 n a m e = p e r i o d i c _ s p e e d 3 p r i o r i t y = 5 0 0 4 5 p e r i o d _ l e n g t h = 3 0 / / s e c o n d s 6 p e r i o d _ g a p = 1 2 0 / / s e c o n d s 7 p e r i o d _ s p e e d = 0 . 5 / / m e t e r s / s e c 8 p e r i o d _ p e a k w i d t h = 0 . 1 9 p e r i o d _ b a s e w i d t h = 0 . 5 1 0 s t a t _ p e n d i n g _ a c t i v e = P S _ P E N D I N G _ A C T I V E 1 1 s t a t _ p e n d i n g _ i n a c t i v e = P S _ P E N D I N G _ I N A C T I V E 1 2 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV PeriodicSurface

Paramet er A rgu ment Ty p e Ex amp le Case- S en se D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 p erio d d ou b le 60 - 300 128 mark variab le MO O S VA R GPSRECEIVED yes GPSUPDATERECEIVED 129 at su rface st at u s variab le MO O S VA R TIMEATSURFACE yes TIMEATSURFACE 129 p en d in g st at u s variab le MO O S VA R PENDINGSURFACE yes PENDINGSURFACE 129 ascent sp eed d ou b le 1.0 - * 129 ascent grad e st rin g quasi n o linear 129 zero sp eed d ep t h d ou b le 2.5 - 0 129 max t ime at su rface MO O S VA R 60 yes 300 129

Tab le 15: Paramet ers for t h e BH V Perio d icS u rface b eh av ior.

Example Behavior File Configuration for BHV PeriodicSurface

Listing 13.4 - An example BHV PeriodicSurface configuration.

0 B e h a v i o r = B H V _ P e r i o d i c S u r f a c e 1 { 2 n a m e = b h v _ p e r i o d i c _ s u r f a c e 3 p r i o r i t y = 5 0 0 4 a c t i v e _ f l a g = S U R F A C I N G , I N _ P R O G R E S S 5 i n a c t i v e _ f l a g = S U R F A C I N G , N O 6 7 p e r i o d = 3 6 0 0 / / s e c o n d s 8 a s c e n t _ s p e e d = 1 . 0 / / m e t e r s p e r s e c o n d 9 z e r o _ s p e e d _ d e p t h = 2 . 5 / / m e t e r s 1 0 m a x _ t i m e _ a t _ s u r f a c e = 1 2 0 / / s e c o n d s 1 1 a s c e n t _ g r a d e = l i n e a r 1 2 m a r k _ v a r i a b l e = G P S _ U P D A T E _ R E C E I V E D 1 3 s t a t u s _ v a r i a b l e = P E R I O D I C _ P E N D I N G _ S U R F A C E 1 4 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV ConstantDepth

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 d ep t h d ou b le 35 - 0 130 p eak wid t h d ou b le 5 - 0 130 b asewid t h d ou b le 15 - 2 130

Tab le 16: Paramet ers for t h e BH V Con st ant D ep t h b eh av ior.

Example Behavior File Configuration for BHV ConstantDepth

Listing 13.5 - An example BHV ConstantDepth configuration.

0 B e h a v i o r = B H V _ C o n s t a n t D e p t h 1 { 2 / / G e n e r a l B e h a v i o r P a r a m e t e r s 3 n a m e = c o n s t a n t _ d e p t h _ s u r v e y 4 p r i o r i t y = 1 0 0 5 c o n d i t i o n = A U T O N O M Y _ M O D E = S U R V E Y 6 d u r a t i o n = n o - t i m e - l i m i t 7 u p d a t e s = N E W _ S U R V E Y _ D E P T H 8 n o s t a r v e = N A V _ D E P T H , 3 . 0 9 1 0 / / B H V _ C o n s t a n t D e p t h B e h a v i o r P a r a m e t e r s 1 1 d e p t h = 5 0 / / m e t e r s 1 2 p e a k w i d t h = 5 1 3 b a s e w i d t h = 1 0 1 4 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV ConstantHeading

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 h ead in g d ou b le 35 - 0 130 p eak wid t h d ou b le 5 - 10 130 b asewid t h d ou b le 175 - 170 130

Tab le 17: Paramet ers for t h e BH V Con st ant H ead in g b eh av ior.

Example Behavior File Configuration for BHV ConstantHeading

Listing 13.6 - An example BHV ConstantHeading configuration.

0 B e h a v i o r = B H V _ C o n s t a n t H e a d i n g 1 { 2 n a m e = b h v _ c o n s t a n t _ h e a d i n g 3 p r i o r i t y = 1 0 0 4 d u r a t i o n = 6 0 5 c o n d i t i o n = A U T O N O M Y _ M O D E = P I D _ T E S T 6 u p d a t e s = N E W _ T E S T _ H E A D I N G 7 n o s t a r v e = N A V _ H E A D I N G , 3 . 0 8 9 h e a d i n g = 4 5 / / d e g r e e s 1 0 p e a k w i d t h = 0 1 1 b a s e w i d t h = 5 1 2 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV ConstantSpeed

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 sp eed d ou b le 1.2 - 0.0 131 p eak wid t h d ou b le 0.1 - 0.0 131 b asewid t h d ou b le 0.6 - 2.0 131

Tab le 18: Paramet ers for t h e BH V Con st ant S p eed b eh av ior.

Example Behavior File Configuration for BHV ConstantSpeed

Listing 13.7 - An example BHV ConstantSpeed configuration.

0 B e h a v i o r = B H V _ C o n s t a n t S p e e d 1 { 2 n a m e = c o n s t _ s p e e d _ b r a v o 3 p r i o r i t y = 1 0 0 4 d u r a t i o n = 6 0 5 a c t i v e _ f l a g = B R A V O _ S P E E D _ T E S T = i n - p r o g r e s s 6 n o s t a r v e = N A V _ S P E E D , 2 . 0 7 8 s p e e d = 1 . 8 / / m e t e r s p e r s e c o n d 9 p e a k w i d t h = 0 . 3 1 0 b a s e w i d t h = 1 . 0 1 1 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV GoToDepth

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 d ep t h , d ep t h s st rin g 50,10:40,60 yes - 132 rep eat int 5 - 0 132 cap t u re d elt a d ou b le 2 - 2.5 132 cap t u re fl ag MO O S VA R DEPTHHIT yes - 132

Tab le 19: Paramet ers for t h e BH V GoToD ep t h b eh av ior.

Example Behavior File Configuration for BHV GoToDepth

Listing 13.8 - An example BHV GoToDepth configuration.

0 B e h a v i o r = B H V _ G o T o D e p t h 1 { 2 n a m e = g o t o _ d e p t h _ s e t _ a l p h a 3 p r i o r i t y = 1 0 0 4 c o n d i t i o n = D E P L O Y = = t r u e 9 e n d f l a g = G O T O _ D E P T H _ A L P H A = D O N E 5 6 d e p t h s = 1 5 , 3 0 : 3 0 , 3 0 : 4 5 , 6 0 : 1 5 , 3 0 7 c a p t u r e _ d e l t a = 1 / / m e t e r s 8 c a p t u r e _ f l a g = D E P T H _ L E V E L S _ A C H I E V E D 1 0 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV MemoryTurnLimit

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 memory t ime d ou b le 60 - -1 134 t u rn ran ge d ou b le 45 - -1 134

Tab le 20: Paramet ers for t h e BH V Memory Tu rn Limit b eh av ior.

Example Behavior File Configuration for BHV MemoryTurnLimit

Listing 13.9 - An example BHV MemoryTurnLimit configuration. z v 0 B e h a v i o r = B H V _ M e m o r y T u r n L i m i t 1 { 2 n a m e = m e m t u r n l i m i t 3 p r i o r i t y = 1 0 0 0 4 5 m e m o r y _ t i m e = 6 0 / / s e c o n d s 6 t u r n _ r a n g e = 3 5 / / d e g r e e s 7 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV StationKeep

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 st at ion p t , p oint st rin g 50,75 yes 0,0 137 cent er act ivat e st rin g TRUE n o false 137 in n er rad iu s d ou b le 10 - 4 137 ou t er rad iu s d ou b le 25 - 15 137 ou t er sp eed d ou b le 1.8 - 1.2 137 t ran sit sp eed d ou b le 1.9 - 2.5 137 p assive st at ion rad iu s d ou b le 200 - 0 138 p assive st at ion variab le MO O S VA R PSKMODECHARLIE - PSKEEPMODE 138

Tab le 21: Paramet ers for t h e BH V S t at ion K eep b eh av ior.

Example Behavior File Configuration for BHV StationKeep

Listing 13.10 - An example BHV StationKeep configuration.

0 B e h a v i o r = B H V _ S t a t i o n K e e p 1 { 2 n a m e = b h v _ s t a t i o n _ k e e p 3 p r i o r i t y = 1 0 0 4 c o n d i t i o n = ( O N _ S T A T I O N = t r u e ) a n d ( R E T U R N = f a l s e ) 5 u p d a t e s = S T A T I O N _ U P D A T E S 6 7 s t a t i o n _ p t = 2 0 0 , - 1 5 0 8 c e n t e r _ a c t i v a t e = t r u e 9 i n n e r _ r a d i u s = 1 0 1 0 o u t e r _ r a d i u s = 4 0 1 1 o u t e r _ s p e e d = 0 . 8 1 2 t r a n s i t _ s p e e d = 1 . 8 1 3 p a s s i v e _ s t a t i o n _ r a d i u s = 4 0 0 / / m e t e r s 1 4 p a s s i v e _ s t a t i o n _ v a r i a b l e = P S K E E P _ M O D E / / t h e d e f a u l t 1 5 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV Timer

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 N o ad d it ion al p aramet ers for t h is b eh av ior

Tab le 22: Paramet ers for t h e BH V Timer b eh av ior.

Example Behavior File Configuration for BHV Timer

Listing 13.11 - An example BHV Timer configuration.

0 B e h a v i o r = B H V _ T i m e r 1 { 2 n a m e = b h v _ t i m e r _ a 3 d u r a t i o n = 6 0 / / s e c o n d s 4 c o n d i t i o n = l o i t e r = a l p h a 5 e n d _ f l a g = l o i t e r = b e t a 6 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV AvoidCollision

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 cont act st rin g A llian ce yes - 142 on n o cont act ok b o olean t ru e n o true 142 ex t rap olat e b o olean t ru e n o false 142 d ecay d ou b le,d ou b le 10, 30 - 0,0 142 act ive in n er d ist an ce d ou b le 50 - 50 142 act ive ou t er d ist an ce d ou b le 200 - 200 142 all clear d ist an ce d ou b le 100 - 75 143 collision d ist an ce d ou b le 10 - 10 143

Tab le 23: Paramet ers for t h e BH V A void Collision b eh av ior.

Example Behavior File Configuration for BHV AvoidCollision

Listing 13.12 - An example BHV AvoidCol lision configuration.

0 B e h a v i o r = B H V _ A v o i d C o l l i s i o n 1 { 2 n a m e = a v o i d _ c o l l i s i o n _ a l p h a 3 p w t = 1 0 0 4 c o n d i t i o n = A V O I D A N C E _ M O D E ! = I N A C T I V E 4 5 c o n t a c t = a l p h a 6 a c t i v e _ o u t e r _ d i s t a n c e = 1 5 0 7 a c t i v e _ i n n e r _ d i s t a n c e = 7 5 8 c o l l i s i o n _ d i s t a n c e = 1 5 9 a l l _ c l e a r _ d i s t a n c e = 8 0 1 0 a c t i v e _ g r a d e = l i n e a r 1 1 o n _ n o _ c o n t a c t _ o k = t r u e 1 2 e x t r a p o l a t e = t r u e 1 3 d e c a y = 3 0 , 6 0 1 4 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV CutRange

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 cont act st rin g A llian ce yes - 142 on n o cont act ok b o olean t ru e n o true 142 ex t rap olat e b o olean t ru e n o false 142 d ecay d ou b le,d ou b le 10, 30 - 0,0 142 d ist p riority int erval d ou b le,d ou b le 40,100 - 0,0 144 t ime on leg d ou b le 60 - 15 144 give u p ran ge d ou b le 500 - 0 144 p at ien ce d ou b le 50 - 0 144

Tab le 24: Paramet ers for t h e BH V Cu t R an ge b eh av ior.

Example Behavior File Configuration for BHV CutRange

Listing 13.13 - An example BHV CutRange configuration.

0 B e h a v i o r = B H V _ C u t R a n g e 1 { 2 n a m e = b h v _ c u t r a n g e 3 p w t = 1 0 0 4 c o n t a c t = z u l u 5 5 d i s t _ p r i o r i t y _ i n t e r v a l = 2 5 , 1 0 0 6 t i m e _ o n _ l e g = 6 0 7 g i v e _ u p _ r a n g e = 4 0 0 8 p a t i e n c e = 7 5 9 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV Shadow

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 cont act st rin g A llian ce yes - 142 on n o cont act ok b o olean t ru e n o true 142 ex t rap olat e b o olean t ru e n o false 142 d ecay d ou b le,d ou b le 10, 30 - 0,0 142 max ran ge d ou b le 100 - 0 144 h ead in g p eak wid t h d ou b le 10 - 20 144 h ead in g b asewid t h d ou b le 170 - 160 144 sp eed p eak wid t h d ou b le 0.3 - 0.1 144 sp eed b asewid t h d ou b le 0.5 - 2.0 144

Tab le 25: Paramet ers for t h e BH V S h ad ow b eh av ior.

Example Behavior File Configuration for BHV Shadow

Listing 13.14 - An example BHV Shadow configuration.

0 B e h a v i o r = B H V _ S h a d o w 1 { 2 n a m e = b h v _ s h a d o w 3 p w t = 1 0 0 4 c o n t a c t = d e l t a 5 6 m a x _ r a n g e = 2 0 0 7 h e a d i n g _ p e a k w i d t h = 1 0 8 h e a d i n g _ b a s e w i d t h = 1 7 0 9 s p e e d _ p e a k w i d t h = 1 0 1 0 s p e e d _ b a s e w i d t h = 1 7 0 1 1 }

13 APPENDIX - BEHAVIOR SUMMARIES

Parameter Summary for BHV Trail

Paramet er A rgu ment Ty p e Ex amp le Case- S en sit ive D efau lt Page nam e st rin g loiter-west-zone yes m andatory 71 d u rat ion d ou b le 600 - -1 74 d u rat ion st at u s MO O S VA R loiter remaining yes - 74 p riority, pwt d ou b le 100 - 100 71 ru n fl ag MO O S VA R = valu e LOITERING = maybe yes - 62 en d fl ag MO O S VA R = valu e LOITERING = done yes - 62 act ivefl ag MO O S VA R = valu e LOITERING = yes yes - 62 in act ivefl ag MO O S VA R = valu e LOITERING = off yes - 62 id lefl ag MO O S VA R = valu e LOITERING = no yes - 62 n ost arve MO O S VA R ,d ou b le INFO,60 yes - 75 p erp et u al st rin g false n o false 75 u p d at es MO O S VA R LOITERINFO yes - 73 con d it ion Logic Ex p ression QUALITY <= 7 yes - 61 cont act st rin g A llian ce yes - 142 on n o cont act ok b o olean t ru e n o true 142 ex t rap olat e b o olean t ru e n o false 142 d ecay d ou b le,d ou b le 10, 30 - 0,0 142 t rail ran ge d ou b le 20 - 50 144 t rail an gle d ou b le 270 - 180 144 t rail an gle ty p e st rin g absolute n o relative 144 rad iu s d ou b le 8 - 5 144 n m rad iu s d ou b le 20 - 20 144 max ran ge d ou b le 50 - 0 144

Tab le 26: Paramet ers for t h e BH V Trail b eh av ior.

Example Behavior File Configuration for BHV Trail

Listing 13.15 - An example BHV Trail configuration.

0 B e h a v i o r = B H V _ T r a i l 1 { 2 n a m e = b h v _ t r a i l 3 p r i o r i t y = 1 0 0 5 5 c o n t a c t = d e l t a 6 e x t r a p o l a t e = t r u e 7 o n _ n o _ c o n t a c t _ o k = t r u e 8 d e c a y = 2 0 , 6 0 / / s e c o n d s 9 1 0 t r a i l _ r a n g e = 5 0 / / m e t e r s 1 1 t r a i l _ a n g l e = 1 8 5 / / d e g r e e s 1 2 t r a i l _ a n g l e _ t y p e = r e l a t i v e 1 3 r a d i u s = 1 0 / / m e t e r s 1 4 n m _ r a d i u s = 3 0 / / m e t e r s 1 5 m a x _ r a n g e = 3 0 0 / / m e t e r s 1 6 }

13 APPENDIX - BEHAVIOR SUMMARIES

14 Appendix - Colors

Below are the colors used by IvP utilities that use colors. Co lors are case insensitive. A color may b e sp ecified by the string as shown, or with the ’ ’ character as a separator. Or the color may b e sp ecified with its hexadecimal or floating p oint form. For exa mple the following are equivalent: “darkblue”, “DarkBlue”, “dark blue”, “hex:00,00,8b”, and “0,0,0.545”.

antiquewhite, (fa,eb,d7) aqua (00,ff,ff ) aquamarine (7f,ff,d4) azure (f0,ff,ff ) b eige (f5,f5,dc) bisque (ff,e4,c4) black (00,00,00) blanchedalmond(ff,eb,cd) blue (00,00,ff ) blueviolet (8a,2b,e2) brown (a5,2a,2a) burlywo o d (de,b8,87) cadetblue (5f,9e,a0) chartreuse (7f,ff,00) cho colate (d2,69,1e) coral (ff,7f,50) cornsilk (ff,f8,dc) cornflowerblue(64,95,ed) crimson (de,14,3c) cyan (00,ff,ff ) darkblue (00,00,8b) darkcyan (00,8b,8b) darkgoldenro d (b8,86,0b) darkgray (a9,a9,a9) darkgreen (00,64,00) darkkhaki (b d,b7,6b) darkmagenta (8b,00,8b) darkolivegreen(55,6b,2f ) darkorange (ff,8c,00) darkorchid (99,32,cc) darkred (8b,00,00) darksalmon (e9,96,7a) darkseagreen (8f,b c,8f ) darkslateblue (48,3d,8b) darkslategray (2f,4f,4f ) darkturquoise (00,ce,d1) darkviolet (94,00,d3) deeppink (ff,14,93) deepskyblue (00,bf,ff ) dimgray (69,69,69) do dgerblue (1e,90,ff ) firenrick (b2,22,22) floralwhite (ff,fa,f0) forestgreen (22,8b,22) fuchsia (ff,00,ff ) gainsb oro (dc,dc,dc) ghostwhite (f8,f8,ff ) gold (ff,d7,00) goldenro d (da,a5,20) gray (80,80,80) green (00,80,00) greenyellow (ad,ff,2f ) honeydew (f0,ff,f0) hotpink (ff,69,b4) indianred (cd,5c,5c) indigo (4b,00,82) ivory (ff,ff,f0) khaki (f0,e6,8c) lavender (e6,e6,fa) lavenderblush (ff,f0,f5) lawngreen (7c,fc,00) lemonchiffon (ff,fa,cd) lightblue (ad,d8,e6) lightcoral (f0,80,80) lightcyan (e0,ff,ff ) lightgoldenro d(fa,fa,d2) lightgray (d3,d3,d3) lightgreen (90,ee,90) lightpink (ff,b6,c1) lightsalmon (ff,a0,7a) lightseagreen (20,b2,aa) lightskyblue (87,ce,fa) lightslategray(77,88,99) lightsteelblue(b0,c4,de)

13 APPENDIX - BEHAVIOR SUMMARIES

lightyellow (ff,ff,e0) lime (00,ff,00) limegreen (32,cd,32) linen (fa,f0,e6) magenta (ff,00,ff ) maro on (80,00,00) mediumblue (00,00,cd) mediumorchid (ba,55,d3) mediumseagreen(3c,b3,71) mediumslateblue(7b,68,ee) mediumspringgreen(00,fa,9a) mediumturquoise(48,d1,cc) mediumvioletred(c7,15,85) midnightblue (19,19,70) mintcream (f5,ff,fa) mistyrose (ff,e4,e1) mo ccasin (ff,e4,b5) nava jowhite (ff,de,ad) navy (00,00,80) oldlace (fd,f5,e6) olive (80,80,00) olivedrab (6b,8e,23) orange (ff,a5,00) orangered (ff,45,00) orchid (da,70,d6) palegreen (98,fb,98) paleturquoise (af,ee,ee) palevioletred (db,70,93) papayawhip (ff,ef,d5) p eachpuff (ff,da,b9) p elegoldenro d (ee,e8,aa) p eru (cd,85,3f ) pink (ff,c0,cb) plum (dd,a0,dd) p owderblue (b0,e0,e6) purple (80,00,80) red (ff,00,00) rosybrown (b c,8f,8f ) royalblue (41,69,e1) saddlebrowm (8b,45,13) salmon (fa,80,72) sandybrown (f4,a4,60) seagreen (2e,8b,57) seashell (ff,f5,ee) sienna (a0,52,2d) silver (c0,c0,c0) skyblue (87,ce,eb) slateblue (6a,5a,cd) slategray (70,80,90) snow (ff,fa,fa) springgreen (00,ff,7f ) steelblue (46,82,b4) tan (d2,b4,8c) teal (00,80,80) thistle (d8,bf,d8) tomatao (ff,63,47) turquoise (40,e0,d0) violet (ee,82,ee) wheat (f5,de,b3) white (ff,ff,ff ) whitesmoke (f5,f5,f5) yellow (ff,ff,00) yellowgreen (9a,cd,32)

REFERENCES

References

[1] R on ald C. A rk in . Mot or S ch ema Based N av igat ion for a Mob i le R ob ot : A n A p p roach t o Programmin g by Beh av ior. I n Proceedi ngs of the I EEE C onf erence on Roboti cs and Autom ati on , p ages 264–271, R aleigh , N C, 1987.

[2] R on ald C. A rk in , W illiam M. Cart er, an d D ou glas C. Macken zie. A ct ive A void an ce: Escap e an d D o d gin g Beh av iors for R eact ive Cont rol. I nternati onal Journal of Pattern Recogni ti on and Arti fici a l I ntel l i gence , 5( 1) :175– 192, 1993.

[3] Mich ael R . Ben jamin . Th e I nt erval Programmin g Mo d el for Mu lt i- O b ject ive D ecision Mak in g. Tech n ical R ep ort A I M- 2004- 021, Comp u t er S cien ce an d A rt ifi cial I nt elligen c e Lab orat ory, MI T, Camb rid ge, MA , S ep t emb er 2004.

[4] Mich ael R . Ben jamin . MO O S - I v P A u t on omy To ols U sers Manu al. Tech n ical R ep ort MI T- CS A I L- TR - 2008- 065, MI T Comp u t er S cien ce an d A rt ifi cial I nt elligen ce Lab , N ovem b er 2008.

[5] Mich ael R . Ben jamin an d Jo e Cu rcio. CO LR EGS - Based N av ig at ion in U n man n ed Marin e Veh icles. I n AUV- 2004 , S eb asco H arb or, Main e, Ju n e 2004.

[6] Mich ael R . Ben jamin , Pau l M. N ewman , H en rik S ch mid t , an d Joh n J. Leon ard . A Tou r of MO O S - I v P A u - t on omy S oftware Mo d u les. Tech n ical R ep ort MI T- CS A I L- TR - 2 009- 006, MI T Comp u t er S cien ce an d A rt ifi cial I nt elligen ce Lab , Janu ary 2009.

[7] Mike Ben jamin , H en rik S ch mid t , an d Joh n J. Leon ard . http://www.moos-ivp.org .

[8] A n d rew A . Ben n et an d Joh n J. Leon ard . A Beh av ior- Based A p p roach t o A d ap t ive Feat u re D et ect ion an d Followin g wit h A u t on omou s U n d erwat er Veh icles. I EEE Journal of O ceani c Engi neeri ng , 25( 2) :213–226, A p ril 2000.

[9] R o d n ey A . Bro ok s. A R ob u st Layered Cont rol S y st em for a Mo b ile R ob ot . I EEE Journal of Roboti cs and Autom ati on , R A - 2( 1) :14–23, A p ril 1986.

[10] Marc Carreras, J. Bat lle, an d Pere R id ao. R eact ive Cont rol of an AU V U sin g Mot or S ch emas. I n I nternati onal C onf erence on Q ual i ty C ontrol , Autom ati on and Roboti cs , Clu j N ap o ca, R u man ia, May 2000.

[11] George B. D ant zig. Programmin g in a Lin ear S t ru ct u re. C omp t roller, U n it ed S t at es A ir Force, Feb ru ary 1948. [12] O u ssama K h at ib . R eal- Time O b st acle A void an ce for Man i p u lat ors an d Mob ile R ob ot s. I n Proceedi ngs of the I EEE I nternati onal C onf erence on Roboti cs and Autom ati on , p ages 500–505, S t . Lou is, MO , 1985.

[13] R at n esh K u mar an d James A . S t over. A Beh av ior- Based I nt elligent Cont rol A rch it ect u re wit h A p p licat ion t o Co ord in at ion of Mu lt ip le U n d erwat er Veh icles. I EEE Transacti ons on System s, M an, and C yberneti cs - Part A: C yberneti cs , 30( 6) :767–784, N ovemb er 2001.

[14] Pau l N ewman . http://www.robots.ox.ac.uk/~pne wman /The MOOS/ .

[15] Pau l M. N ewman . MO O S - A Mission O rient ed O p erat in g S u it e. Tech n ical R ep ort O E2003- 07, MI T D ep art ment of O cean En gin eerin g, 2003.

[16] Paolo Pirjan ian . M ul ti pl e O bj ecti ve Acti on Sel ecti on and Behavi or Fusi on . Ph D t h esis, A alb org U n iversity, 1998. [17] Ju k ka R iek k i. Reacti ve Task Executi on of a M obi l e Robot . Ph D t h esis, O u lu U n iversity, 1999.

[18] Ju lio K . R osenb lat t . DAM N: A D i stri buted Archi tecture f or M obi l e Navi gati on . Ph D t h esis, Carn egie Mellon U n iversity, Pit t sb u rgh , PA , 1997.

[19] Ju lio K . R osenb lat t , S t efan B. W illiams, an d H u gh D u rra nt - W hy t e. Beh av ior- Based Cont rol for A u t on omou s U n d erwat er Ex p lorat ion . I nternati onal Journal of I nf orm ati on Sci ences , 145( 1- 2) :69–87, 2002.

[20] S t efan B. W illiams, Pau l N ewman , Gamin i D issan ayake, J u lio K . R osenb lat t , an d H u gh D u rrant - W hy t e. A d ecou p led , d ist rib u t ed AUVcont rol arch it ect u re. I n Proceedi ngs of 31st I nternati onal Sym posi um on Roboti cs , p ages 246–251, Mont real, Can ad a, 2000.

Index

Action Selection, 51

Backseat Driver, 15 Behavior Files, 54

Loading, 41 Syntax checking, 44 Variable Initialization, 54 Behavior-Posts, 48, 85

Command and Control

pMarineViewer, 108 Configuration Parameters

pMarineViewer, 109 uHelmScop e, 88

Duplication Filter, 47, 53

Engagement State, 39

STARTENGAGED, 40, 42 On Helm Start-Up, 40 Transitions, 39

Geometry Utilities, 90

Points, 90

Hierarchical Mo de Declarations, 55, 61 Example Mission, 57 Realizable Mo des, 59 Run Time Monitoring, 59 Syntax, 58

IvP Behavior Functions

Helm-Invoked Functions, 76 Helm-Invoked Immutable Functions, 76 Helm-Invoked Overloadable Functions, 78 Implementor-Invoked Functions, 78 The addInfoVars() Function, 78, 80 The checkUpdates() Function, 76 The getBuffer*() Functions, 79, 80 The getBufferCurrTime() Function, 79 The isComplete() Function, 77 The isRunnable() Function, 77 The onIdleState() Function, 70, 78, 81 The onRunState() Function, 70, 78, 81

The post*Message() Functions, 79 The postFlags() Function, 78 The setComplete() Function, 78 The setParam() Function, 70, 75, 78 IvP Behavior Parameters, 71 activeflag , 63, 72 condition , 33, 51, 72 duration idle decay , 72 duration reset , 71 duration status , 71 duration , 62, 71, 74 endflag , 33, 51, 63, 72 idleflag , 63, 72 inactiveflag , 63 name, 33, 71 nostarve , 73, 75 perpetual , 73, 75 priority , 33, 71 runflag , 63, 72 updates , 73, 84, 118 IvP Behaviors, 53, 60

Conditions, see Run Conditions Duration, 62 Dynamic Configuration, 73, 84, 118 Flags, 62 Indep endence, 50 Messages, 62 Priority Weights, 67 Run Conditions, 60, 61 Run States, 62, 64 Sequences, 51 State, 51 The Information Buffer, 80 IvP Behaviors Implemented BHVAvoidCollision , 142 BHVConstantDepth , 130 BHVConstantHeading , 130 BHVConstantSpeed , 130 BHVCutRange , 144 BHVGoToDepth, 132, 134 BHVLoiter , 125 BHVOpRegion , 122

INDEX

BHVPeriodicSpeed , 127 BHVPeriodicSurface , 128 BHVShadow, 145 BHVStationKeep , 136 BHVTimer , 141 BHVTrail , 145 BHVWaypoint , 117 IvP Build To olb ox, 65 IvP Domain, 39, 41, 51 IvP Function, 50, 51, 53, 64, 65 IvP Helm

Iterate() Lo op, 52 Behavior Files, 54 Behaviors, 50 Console Output, 42, 43 Decision Space, 53 Design Philosophy, 16 Duplication Filter, 47, 53 Engagement State, 39 Hierarchical Mo de Declarations, 55 Initial Engagement State, 40 Publications, 45 Solver, 64 Subscriptions, 47 IvP Helm Parameters, 41 IvP Solver, 67

Key MOOS Variables

HELMENGAGEMENT, 40 HELMMAPCLEAR, 47, 49 IVPHELMDOMAIN, 87 IVPHELMENGAGED, 87 IVPHELMMODESET, 87 IVPHELMPOSTINGS, 87 IVPHELMSTATEVARS, 87 IVPHELMSUMMARY, 87 MOOSMANUALOVERIDE, 39, 40, 47 MOOSMANUALOVERRIDE, 39, 47 MVIEWERLCLICK, 102, 108 MVIEWERRCLICK, 102, 108 VIEWSEGLIST, 49

Mission Behavior Files, see Behavior Files MOOS, 18

Acronymn, 8 Architecture, 16, 18

Background, 8 Co de Re-use, 13 Community, 18, 22, 23, 25, 27, 41 Design Philosophy, 12 Do cumentation, 10 Messages, 18 Op erating Systems, 10 Publish and Subscrib e, 18 Source Co de, 9 Sp onsors, 8 MOOS Messages, 18

Skew, 42 MOOSDB

Community, 22 ServerHost, 22 ServerPort, 22

pMarineViewer, 95

Actions, 101 Command and Control, 108 Configuration Parameters, 109 Drop Points, 106 Geometric Ob jects, 107 GUI Buttons, 108 Markers, 105 Poking the MOOSDB, 101, 108 Pull-Down Menu (Action), 101 Pull-Down Menu (BackView), 97 Pull-Down Menu (GeoAttributes), 99 Pull-Down Menu (MouseContext), 102 Pull-Down Menu (ReferencePoint), 104 Pull-Down Menu (Scop e), 101 Pull-Down Menu (Vehicles), 100 Vehicle Shap es, 105 Points, 90 Priority Weights, see IvP Behaviors, Priority Weights Publications and Subscriptions

pHelmIvP, 45 uHelmScop e, 89

ServerHost, see MOOSDB, ServerHost ServerPort, see MOOSDB, ServerPort Skew, see MOOS Messages, Skew Source Co de

Building, 9 Example Missions, 31

INDEX

Obtaining, 9 Running, 25, 31

uHelmScop e, 59, 64, 83 Configuration Parameters, 88 Console output, 83 Engagement State, 40 Mission Mo des, 59 Publications and Subscriptions, 89 Scoping the MOOSDB, 85 Stepping through time, 86 User Input, 86 uXMS, 85

Virgin Variables, 85