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-2009-006 February 13, 2009

A Tour of MOOS-IvP Autonomy Software Modules

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

A Tour of MOOS-IvP Autonomy Software Modules

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

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

2 Center for Advanced System Technologies NUWC Division Newport, Newport RI

3 Department of Engineering Science University of Oxford, Oxford England

January 6th, 2009 - Release 3.1 (SVN Revision 1668)

Abstract This pap er provides an overview of the MOOS-IvP autonomy sof tware mo dules. The MOOS- IvP collection of software, i.e., co debase, describ ed here has b een develop ed and is currently maintained by three organizations - Oxford University, Mas sachusetts Institute of Technology (MIT), and the Naval Undersea Warfare Center (NUWC) Divisio n Newp ort Rho de Island. The ob jective of this pap er is to provide a comprehensive list of mo dules and provide for each (a) a general description of functionality, (b) dep endency relationships to other mo dules, (c) rough order of magnitude in complexity or size, (d) authorsh ip, and (e) current and planned distribution access.

MOOS Applications: 23 IvP Helm Behaviors: 17 Non-MOOS Utility Applications: 7 Unique lines of code: 101,154 Aggregate lines of code: 569,340

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

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

1 Overview 4 1.1 Purp ose and Scop e of this Do cument . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.2 Brief Background of MOOS-IvP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.3 Sp onsors of MOOS-IvP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.4 The Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.4.1 Building and Running the Software . . . . . . . . . . . . . . . . . . . . . . . . 5 1.4.2 Op erating Systems Supp orted by MOOS and IvP . . . . . . . . . . . . . . . . 6 1.5 Where to Get Further Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.5.1 Websites and Email Lists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.5.2 Do cumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Design Considerations of MOOS-IvP 9 2.1 Public Infrastructure - Layered Capabilities . . . . . . . . . . . . . . . . . . . . . . . 9 2.2 Co de Re-Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.3 The Backseat Driver Design Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.4 The Publish-Subscrib e Middleware Design Philosophy an d MOOS . . . . . . . . . . 13 2.5 The Behavior-Based Control Design Philosophy and IvP He lm . . . . . . . . . . . . 13

3 Mo dule Management 16 3.1 Library Mo dules Versus Application Mo dules . . . . . . . . . . . . . . . . . . . . . . 16 3.2 Mo dule Dep endencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 3.3 Systems Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.4 Branching the Development of a Mo dule . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.5 Assessing Mo dule Size and Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 The MOOS-IvP Software Mo dules 20 4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 4.2 The Oxford Software Rep ository . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 4.2.1 MOOS Core - Basic Middleware . . . . . . . . . . . . . . . . . . . . . . . . . 21 4.2.2 Commonly Used MOOS Utility Applications . . . . . . . . . . . . . . . . . . 22 4.3 The MIT/NUWC Software Rep ository . . . . . . . . . . . . . . . . . . . . . . . . . . 25 4.3.1 IvP Core - Basic Autonomy Decision-Making . . . . . . . . . . . . . . . . . . 25 4.3.2 Commonly Used MOOS Utility Applications . . . . . . . . . . . . . . . . . . 27 4.3.3 Commonly Used Off-Line Applications . . . . . . . . . . . . . . . . . . . . . . 30 4.3.4 IvP Helm Behaviors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1 Overview

1.1 Purpose and Scope of this Document

The purp ose of this do cument is to provide a catalog style ove rview of mo dules written under the umbrella term MOOS-IvP. The scop e of discussion includes, f or each mo dule, a brief description of the mo dule function, authorship, source for download, roug h measure of complexity, and mo dule dep endencies. By the term module we mean a group of C++ co de that compiles into either an actual runnable application, or compiles into a library for linking into one or more applications. The term MOOS-IvP refers to two distinct architectures, discus sed further in the next section. Each architectures supp orts a plug-and-play style of developme nt through the incremental development of mo dules, each adding a distinct function. With MOOS, the m o dules are distinct applications each running with its own pro cess ID on b oard the vehicle’s co mputer. With IvP, the mo dules are distinct b ehaviors of the IvP Helm, which is a single MOOS pro cess. The IvP Helm is an implementation of a b ehavior-based architecture for auton omous decision making.

A primary goal of a mo dular architecture is co de re-use. At th e risk of stating the obvious, p eople can’t re-use co de if they don’t know ab out its existen ce, know what it do es, or know where to find it. The purp ose of this do cument is to address this issu e. Many of the mo dules and topics discussed only briefly in this do cument are discussed in deta il in other do cuments and we try to provide p ointers to those resources as well.

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.

1.4 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

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 utilities (seven of which are the topic of this do cument) and the IvP Helm and related b ehav iors. These mo dules are supp ort on Linux and Mac OS X.

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

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 is the primary do cument describing the IvP Helm regardi ng how it works, the motivation for its design, how it is used and configured, and example confi gurations 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.

• Autonomy Behaviors of the IvP Helm Users Guide - This do cument is a catalog and users manual for existing IvP Helm b ehaviors available on the mo os -ivp.org website. It provides a detailed description of capabilities and interface sp ecifi cation for each b ehavior.

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 Build Toolbox and General Guide for Writing New Behav iors for the IvP Helm - This do cument is a users manual for those wishing to write the ir own IvP Helm b ehaviors. It describ es the IvPBehavior sup erclass in detail. It also d escrib es the IvPBuild To olb ox containing a numb er of to ols for building IvP Functions whic h is the primary output of b ehaviors.

• The IvP Solver - A Look at Interval Programming as a Mathemati cal Programming Model - This do cument describ es b oth the mathematical structure of IvP functions and problems as well as the algorithms used for solving an IvP problem.

• MOOS-IvP Extensions - Extending a MOOS-IvP Autonomy System with New MOOS Applications and IvP Behaviors - This do cument

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 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 issues 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 needs 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 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 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.

2.4 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 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 [6]. 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 [6]. Another approach is referred to as the p otential fields, or vector summation approach (See [2], [8]) which considers the average action b etween mu ltiple 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., [2], [ 3], [10], [11], land vehicles, e.g., [12], and marine vehicles, e.g., [5], [7], [9], [13], [14]. However, a ction-selection via the identification of a single highest priority b ehavior and via vector summation have wel l known shortcomings later describ ed in [10], [11] and [12] in which the authors advo cated for the u se of multi-ob jective optimization as a more suitable, although more computationally exp ensiv e, metho d for action selection. The

IvP mo del is a metho d for implementing multi-ob jective func tion based action-selection that is computationally viable in the IvP Helm implementation.

3 Module Management

The overall scop e of this do cument is to provide, in a catalog style, an overview of software mo dules written under the umbrella term MOOS-IvP. By the term module we mean a group of C++ co de that compiles into either an actual runnable application, o r compiles into a library for linking into one or more applications. In this section a few issues re garding mo dules are addressed: (a) the difference b etween a library and application mo dule, (b) mo dule dep endencies (c) systems integration and software acceptance, (d) rough assessment s of mo dule complexity, and (e) issues regarding branching the development of a mo dule.

3.1 Library Modules Versus Application Modules

There are two typ es of rep ository mo dules discussed in this d o cument, libraries and applications . When the source co de of an application mo dule is compiled it p ro duces an application - an executable program that can b e run by the user to p erform a certai n function. In this do cument most applications are MOOS applications, but some are not. When t he source co de of a library mo dule is compiled it pro duces an archive - a piece of co de capable of b eing used as a building blo ck in one or more applications. The situation is depicted in Figure 5.

Library B Code

Application X Application Y

App-Y Specific Code

Library A Code

Library C Code

App-X Specific Code

Library A Code

Figu re 5: A ppl i cati ons bui l t w i th l i brari e s : A n ap p licat ion mo d u le may cont ain sou rce co d e sp ecifi c t o t h e ap p licat ion an d sou rce co d e from lib rary arch ives. A lib rar y, like Lib rary A in t h is ex amp le, may cont rib u t e t o on e or more ap p licat ion s realizin g a common met h o d of ach iev in g “co d e re- u se”.

Of course the develop er of the library may b e different than th e develop er of an application. Often they are the same however, and co de is partitioned this way to improve co de re-use and reduce the complexity of maintenance. In addition to librar ies released under MOOS-IvP, the applications in this do cument utilize widely available lib raries outside the scop e of this do cument such as Op enGL, FLTK, and libtiff for many GUI applications, a s well as many standard libraries of C++ and the STL (Standard Template Library).

3.2 Module Dependencies

Referring to the example of Figure 5, when an Application X us es a Library A we say that there exists a dependency b etween the mo dules. In this case this is a one-way dep endenc y since the application dep ends on the library but not vice-versa. From a systems maintenance p ersp ective this means that the develop ers of Application X need not co or dinate with the develop ers of Library A when they make changes to their own co de. On the other hand, t he develop ers of Library A may need to carefully consider how co de changes will affect appli cations that dep end on it. There is a greater need to do cument the interface for Library A and to co nsider backward compatibility if the interface changes. This dep endency may seem cumb ersome, bu t the efficiency achieved through co de re-use in this manner is absolutely enormous. Furtherm ore, if the develop ers of Application X decide not to b e dep endent on what is effectively third party co de from their p ersp ective, they have the option under the Op en Source license to adopt Librar y A as their own and disregard any future changes the develop ers of Library A may release. I n the case where Application X is released , this approach of course must follow the terms of the Op en Sou rce license. Alternatively, a develop er of an application may simply seek a different vend or who can provide a new library that matches the interface of Library A. The overview in this do cument covers b oth application and library mo dule from the p ersp ective of facilitating the configuration of and maintenance of a system comprised of mo dules from different sources. For this reason, the tables in later sections list applications, authors and library dep endencies.

3.3 Systems Integration

An autonomy system comprised of mo dules with different capab ilities from different vendors requires attention to the issue of software acceptance and sof tware integration. The idea is sketched out in Figure 6.

Figu re 6: M o dul e D e ve l opm e nt, A cce ptance , Inte grati on : Th e d evelop ment cy cle of a mo d u le in clu d es software d evelop ment an d maint en an ce. A ccep t an ce of a mo d u le by a t h i rd p arty may in clu d e t h e ap p licat ion of software t est h arn esses, hu man co d e rev iew, or wh at ever t h e sy st ems i nt egrat or may req u ire. Th e accep t ed mo d u le may or may n ot ad op t a u n iq u e n ame for int egrat ion p u rp oses. S y st em s int egrat ion b rin gs t h e accep t ed mo d u le int o a larger grou p of mo d u les p erh ap s from ot h er sou rces or ven d ors d ed ic at ed t o t h e read in ess of a p art icu lar sy st em, p erh ap s for a p art icu lar ex p eriment or en d - p ro d u ct release.

The roles of the software development, acceptance and integ ration are largely decoupled from one another b eyond the idea that one serves as input to the oth er. Communication could b e tightly coupled with feedback propagated back to the software devel op er, or completely decoupled, in the case of publicly released Op en Source software anonymously accessed for a particular system and use.

3.4 Branching the Development of a Module

Software branching (see [1]) is “the duplication of an ob jec t under revision control (such as a source co de file, or a directory tree) so that mo difications ca n happ en in parallel”. Collab orating develop ers often branch to work separately on features b efo re later merging their changes back into one work. But here we refer to the kind of branching that resul ts in two distinct mo dules never to b e merged again. There are a few reasons develop ers may cho os e to do this. Perhaps the original develop er(s) no longer supp ort further development at all, or the kinds of development of greatest interest to some set of users. Another reason may b e that a set of users may wish to develop new features of the software that they are not interested in m aking available in a public release. Whatever the reason, the option of branching is a very p owerf ul to ol available to users that want to ensure that software continues to meet their evolving nee ds.

Each of the mo dules describ ed in this do cument under an Op en S ource license are fair game for branching. This includes the mo dules later describ ed as MOO S Core and IvP Core. The ob jective of course is to not branch on these core mo dules but to instead branch when necessary on the mo dules that plug into these cores - MOOS applications and Iv P b ehaviors. Like most things, branching with mo deration and delib eration is probably the b est course. Here are a few things to consider in branching:

• If a branch is made, follow the terms of any applicable licens e.

• If a branch is made, call it something different. Some license s mandate this, but it is a sensible practice appreciated by users who like to know what they’re u sing, and to avoid giving the impression that the authors of a branch are taking undue cred it.

• Only branch when necessary. A go o d rule of thumb is to engage t he develop ers of the original software and see if the features you’re interested in can b e w orked into a later release, or to offer help in adding the features by joining the development t eam. Although it’s nice to have alternatives, having lots of alternatives with only small d ifferences in capabilities is probably counter-pro ductive. . 3.5 Assessing Module Size and Complexity

In the tables in later sections, the size of a mo dule is listed in terms of the numb er of lines of co de. For library mo dules, this numb er is a direct line count appli ed to source co de files. For application mo dules, two numb ers are given. The first is the numb er of uniq ue lines of co de written sp ecifically for the application and not shared by other applications. Th e second numb er includes additionally the line count of source co de files from dep endent libraries m o dules. The second numb er is always larger and is listed in b old face in the tables. The idea is dep icted in Figure 7.

2 0 0 l i n e s

A p p - X S p e c i f i c C o d e

A p p l i c a t i o n X

A g g r e g a t e L i n e s o f C o d e : 1 5 0 0

U n i q u e L i n e s o f C o d e : 2 0 0

A p p l i c a t i o n X

L i b r a r y B C o d e - 4 0 0 l i n e s

L i b r a r y A C o d e - 9 0 0 l i n e s

Figu re 7: A ggre gate v s . uni q ue l i ne s of co de : Th e lin es of co d e asso ciat ed wit h an ap p licat ion in t h is d o c u ment are list ed in two grou p s. Th e uni que lin es of co d e are t h ose writ t en on ly for t h e ap p licat ion , an d t h e aggregate lin es are co d e in clu d e t h e u n iq u e lin e cou nt p lu s t h e lin e cou nt s fr om t h e lib raries t h at cont rib u t e t o t h e ap p licat ion .

In gauging the rough size and complexity of an application, w hich numb er should b e used? There are pitfalls in using line counts of any typ e in gauging complexity or work effort. Some smaller pieces of co de can certainly b e more complex than som e larger sets of co de, and the same is true with gauging effort. Indeed often the pro duct of a long concentrated co ding effort can b e smal ler and cleaner co de. Nevertheless, flawed as it may b e, line coun ts do give some rough insight into the complexity and effort b ehind a mo dule. As for the ques tion of which line count is the more appropriate measure, the answer is sub jective and prob ably some numb er b etween the two is b est. The aggregate line count reflects the b o dy of co de invol ved overall in the compilation of the given application, regardless of how many other applicatio ns also make use of certain contributing libraries. However, the application may only b e using a p ort ion of the capabilities of a contributing library - in the extreme case just to bring in a single functio n available in a library with dozens of functions. On the other hand, using the unique line count a s a reference, every line is likely to b e directly involved in realizing the capability of the appl ication. The unique line-count measure can b e equally misleading in underestimating complexity as the aggregate line-count measure is in overestimating complexity. It is really case dep endent, bu t some numb er in b etween is probably the b est gauge.

4 The MOOS-IvP Software Modules

4.1 Overview

The MOOS-IvP software is comprised of mo dules served from b o th Oxford University and MIT/NUWC rep ositories. The Oxford pro ject distributes the core MOOS implementation and several optional but widely used MOOS applications. The MIT MOOS-IvP pro ject re-distributes certain MOOS mo dules from Oxford, augmented by several autonomy related MOOS applications and the core IvP Helm implementation develop ed at MIT and NUWC. This rela tionship is shown in Figure 8.

Figu re 8: T he M OOS-Iv P Re p os i tory : Th e MO O S - I v P p u b lic co d eb ase con sist s of software from b ot h t h e O x ford U n iversity an d MI T/N U WC rep osit ories. Th e O x ford rep osit o ry con sist s of t h e M O O S C ore mo d u les, an d several fu rt h er MO O S ap p licat ion mo d u les. Th e MI T/N U WC rep osit ory con sist s of fu rt h er MO O S mo d u les d evelop ed by MI T/N U WC, t h e I vPHel m C ore mo d u les, an d st an d ard veh icle au t on omy b eh av ior mo d u les. T h e mo d u les lab eled App are MO O S ap p licat ion s, an d t h ose lab eled BHVare I v P H elm b eh av ior mo d u les.

The Oxford MOOS applications excluded from the MOOS-IvP ser ver may have b een excluded either b ecause they are not publicly available from the Oxfo rd Mobile Rob otics Group, or they are not related to marine vehicles. The URL for the Oxford server is:

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

The URL for the MIT server is:

http://oceanai.mit.edu/moosivp

In the next few sections, sp ecific mo dules making up p ortions of the diagram in Figure 3 are listed and briefly describ ed.

4.2 The Oxford Software Repository

The Oxford rep ository contains two groups of software mo dul es, (1) MOOS Core, and (2) other essential and common mo dules. The MOOS Core mo dules are list ed in Table 1. The MOOS Essential mo dules are listed in Table 2.

4.2.1 MOOS Core - Basic Middleware

The MOOS Core mo dules consist of MOOSDB, MOOSLIB, MOOSGenLi b. These are considered “core” b ecause they are the least common denominator b etwee n user communities wishing to use each other’s mo dules interchangeably.

# Mo d u le N ame Mo d u le D escrip t ion A u t h or S ize

1 M OOSLIB A lib rary of core MO O S d at a st ru ct u res an d ap p licat ion int er faces N ewman 7,783

2 M OOSGe nLi b A lib rary of t o ols for MO O S u sers N ewman 6,596

3 M OOSD B Th e MO O S d at ab ase ap p licat ion for h an d lin g t h e p u b lish - su b scrib e arch it ect u re Li brari es: M O O SLI B, M O O SGenLi b

N ewman 2,351 16, 730

Tot al u n iq u e lin es of co d e 16,730

Tot al aggregat e lin es of co d e 16, 730

Tab le 1: O x ford MO O S Core Lib raries

MOOSDB: The MOOSDB application is the single pro cess at the heart of a running MOOS community (Figure 3). It is a single pro cess that continuous ly communicates with connected MOOS applications accepting messages from applications as publ ished data and distributing messages back to applications as subscrib ed data.

MOOSLIB, MOOSGenLib: The two libraries, MOOSLIB and MOOSGenLib, are linked again st for virtually all known MOOS applications authored either a t Oxford, MIT, NUWC or elsewhere. All MOOS applications define and implement a C++ class that is a sub class of a general MOOS application class. This sup erclass defines basic functiona lity for publishing and subscribing for information from a running MOOSDB pro cess. These libraries de fine this sup erclass and other core functionality for inter-pro cess communication over So cke ts and TCP/IP as well as MOOS pro cess scheduling, and mission file parsing.

4.2.2 Commonly Used MOOS Utility Applications

The to ols describ ed in this section are essential and common to ols used by many MOOS users. They can however b e regarded as options for a user and indeed o ther develop ers have created alternative MOOS applications with similar function to sui t their purp oses.

# Mo d u le N ame Mo d u le D escrip t ion A u t h or S ize

1 M OOSU ti l i ty A lib rary of Marin e- Veh icle d at a st ru ct u res an d u t ilit ies N ewman 3,134

2 pA ntl e r A scrip t u t ility for lau n ch in g a MO O S commu n ity of ap p licat i on s in con cert Li brari es: M O O SLI B, M O O SGenLi b

N ewman 1,796 16, 175

3 pLogge r A MO O S ap p licat ion for loggin g t h e MO O S D B t ran sact ion s for lat er mission an aly sis Li brari es: M O O SLI B, M O O SGenLi b

N ewman 1,425 15, 804

4 pM OOSB ri dge A MO O S ap p licat ion for commu n icat ion b etween MO O S commu - n it ies Li brari es: M O O SLI B, M O O SGenLi b

N ewman 703 15, 082

5 pSche dul e r A MO O S ap p licat ion for sch ed u lin g variab le- valu e p ost in gs t o a MO O S D B Li brari es: M O O SLI B, M O O SGenLi b

N ewman 869 15, 248

6 uM S A GU I - b ased MO O S S cop e for mon it orin g a ru n n in g MO O S D B Li brari es: M O O SLI B, M O O SGenLi b

N ewman 902 17, 808

7 uPl ay back A GU I - b ased t o ol for rep lay in g logged d at a int o a ru n n in g MO O S D B Li brari es: M O O SLI B, M O O SGenLi b

N ewman 1,869 16, 248

8 i M atl ab A MO O S ap p licat ion for lin k in g live t o ru n n in g Mat lab ap p lic at ion s Li brari es: M O O SLI B, M O O SGenLi b

N ewman 1,403 15, 782

9 i Re m ote A p lat form remot e- cont rol int erface t o ru n n in g MO O S D B Li brari es: M O O SLI B, M O O SGenLi b

N ewman 1,929 1, 929

10 uM V S A MO O S mu lt i- veh icle simu lat or for marin e veh icles Li brari es: M O O SLI B, M O O SGenLi b

N ewman 4,145 18, 524

Tot al u n iq u e lin es of co d e 19,102

Tot al aggregat e lin es of co d e 145, 379

Tab le 2: A d d it ion al O x ford MO O S Mo d u les

MOOSUtilityLib: A library of utilities used by many applications. It include s the very handy MOOSGeo desy algorithms for converting b etween Lat/Lon ear th co ordinates and lo cal X/Y co ordinates.

pAntler: The pro cess pAntler is used to launch a MOOS community. One of the ideas underlying MOOS is the one mission file, one mission paradigm. A sin gle mission file contains all the information required to configure all the pro cesses needed t o undertake the task (mission) in hand. Note a collection of MOOS pro cesses is commonly referred to a s a community. Antler provides a simple and compact way to start a MOOS mission, for example by typing pAntler Mission.moos on the command line.

pLogger: The pLogger pro cess is intended to record the activities of a MOOS sessio n. It can b e configured to record a fraction of, or all publications of a ny numb er of MOOS variables. It is an essential MOOS to ol and is worth its weight in gold in ter ms of p ost-mission analysis, data gathering and p ost-mission replay.

pMOOSBridge: The pMOOSBridgepro cess is a p owerful to ol in building MOOS derived systems. It allows messages to pass b etween communities and is able to rename the messages as they are shuffled b etween communities. One instance of pMOOSBridge can “talk” to a limitless numb er of communities. The configuration blo ck sp ecifies what shoul d b e mapp ed or “shared” b etween communities and how it should b e done. The SHAREcommand sp ecifies precisely what variables should b e shared b etween which communities.

pScheduler: The pScheduler pro cess is a simple to ol for generating and resp onding to mes sages sent to the MOOSDB by pro cesses in a MOOS community. It supp or ts three comp etencies - sequences, timers, and resp onses. A Sequence will publish given variable-value pair a given numb er of times with a given time interval. A Timer allows a variable to b e written to the data base rep etitively. A timer can b e started and stopp ed by publicat ion (by some other application) of user sp ecified variables. The scheduler can also b e told to derive the value of the p erio dic variable from another MOOS variable. A Response is used by the scheduler to resp ond to the publication of one variable with the publication of another.

uMS: The uMSapplication allows a user to place a stethoscop e on the MOOS n etwork and watch what variables are b eing written, which pro cesses are writi ng them and how often this is happ ening. After starting up the scop e and sp ecifying the host name and p ort numb er of the MOOSDB the user is presented with a list of all MOOS variable in the serve r and their current state. Several times a second uMScalls into the DB and uses a sp ecial/unusual (and intentiona lly undo cumented) message that requests that the server inform the client ab ou t all variables currently stored along with their up date statistics. uMS is a central to ol in the MOOS suite. It is cross platform and should b e used to spy on and present visual feedback on any MOO S community.

uPlayback: The uPlayback application is a FLTK-based, cross platform GUI applicatio n that can load in alog files and replay them into a MOOS community as t hough the originators of the data were really running and issuing notifications. A typical use of this application is to fake the presence of sensor pro cesses when repro cessing sensor data and tunin g navigation filters. Alternatively it can b e used in pure replay mo de p erhaps to render a movie of the recorded mission. The GUI allows the selection of which pro cesses are faked. Only data recorded from those applications will b e replayed from the log files.

iMatlab: The iMatlab application allows matlab to join a MOOS community - even if o nly for listening in and rendering sensor data. It allows connectio n to the MOOSDB and access to lo cal serial p orts.

iRemote: The iRemote pro cess was designed to b e a control terminal for a deployed v ehicle. It is really nothing more than a long switch statement based on c haracters input from the keyb oard. One of its many functions is to allow remote control of the act uators of the vehicle. This is an invaluable asset for land and sub-sea vehicles alike. The ap plication is multi-threaded. The primary thread blo cks on a read of keyb oard input. When a character is pressed some action is taken - for example publishing a new value for DESIREDTHRUST. The fact that iRemote can take control of a real vehicle presents a safety problem. What if the human con troller walks away or even worse the vehicle moves out of communication range (eg a submarine div es) and the console is not available? To prevent the last issued actuator command b eing carried ou t ad-infinitum a secondary thread in iRemote prompts the user to hit an acknowledge key at least ev ery 15 seconds. If the human driver do es not resp ond the all actuators are set to the zero p ositio n.

uMVS: The uMVSpro cess is a multi-vehicle AUV simulator. It is capable of si mulating any numb er of vehicles and acoustic ranging b etween them and acoustic t ransp onders. The vehicle simulation incorp orates a full 6 D.O.F vehicle mo del replete with vehic le dynamics, center of buoyancy / center of gravity geometry, and velo city dep endent drag. The acous tic simulation is also fairly smart. It simulates acoustic packets propagating as spherical she lls through the water column. When they intersect with acoustic devices (either on b eacons or v ehicles) the true time of intersection is calculated by a refinement pro cess. This design allows the re al round trip to b e calculated when the vehicle undertakes a tra jectory that was not known at the time the initial ping was launched.

4.3 The MIT/NUWC Software Repository

The MIT/NUWC software rep ository contains the IvP Helm and s tandard set of b ehaviors and utilities (Table 3), a set of MOOS utility applications (Tab le 4), and set of non-MOOS off-line utility applications (Table 5).

4.3.1 IvP Core - Basic Autonomy Decision-Making

# Mo d u le N ame Mo d u le D escrip t ion A u t h or S ize

1 l i b i v p core A lib rary of core I v P d at a st ru ct u res an d solu t ion algorit h ms

Ben jamin 4,505

2 l i b i v pbui l d A lib rary of t o ols for b u ild in g I v P fu n ct ion s an d evalu at in g t h eir accu racy

Ben jamin 8,534

3 l i b bhv uti l A lib rary of marin e au t on omy b eh av ior u t ilit ies Ben jamin 2,146

4 l i b mbuti l A lib rary of gen eral p u rp ose u t ility t o ols Ben jamin 2,527

5 l i b l ogi c A lib rary t o ols for imp lement in g gen eral p u rp ose logic en - gin es

Ben jamin 684

6 l i b b e hav i ors A lib rary d efi n in g gen eral I v P b eh av ior p rop ert ies Ben jamin 1,985

7 l i b ge om e try A lib rary of geomet ry d at a st ru ct u res an d algorit h ms u sed by b eh av iors an d GU I ap p s

Ben jamin 8,348

8 l i b b e hav i ors -m ari ne A lib rary of marin e au t on omy b eh av iors Ben jamin 7,558

9 l i b he l m i v p A lib rary of t h e n on - MO O S comp on ent s of t h e I v P H elm Ben jamin 1,429

10 pHe l m Iv P A n au t on omou s h elm for marin e rob ot ics Li brari es: hel m i vp, behavi ors-m ari ne, bhvuti l , behavi or s, m buti l , i vpbui l d, i vpcore, geom etry, l ogi c, M O O SLI B, M O O SGenLi b

Ben jamin 842 51, 508

Tot al u n iq u e lin es of co d e 38,558

Tot al aggregat e lin es of co d e 51, 508

Tab le 3: I v P core mo d u les for imp lement in g t h e I v P H elm an d u t ilit ies u sed by t h e h elm, an d several ot h er sep arat e ap p licat ion s.

lib ivp core: The data structures defining the interval programming mo del , and the solutions algorithms are implemented in this mo dule. This mo dule is co mpletely stand-alone with no use of co de from other mo dules. If there is a true core to the IvP Helm software it would b e this mo dule.

lib ivpbuild: Algorithms for the efficient creation of piecewise linearly d efined (IvP) ob jective functions. This mo dule is sometimes referred to as the IvPBu ild To olb ox. It is an essential comp onent to virtually any implemented IvP b ehavior for the purp ose of creating the b ehavior ob jective function output.

lib mbutil: This library is a mixed bag of utility functions of general us e to many or nearly all applications and b ehaviors describ ed in this section.

lib b ehaviors: This library contains the IvP Behavior sup erclass defining t he general syntactic structure inherited by all b ehaviors. It also defines core da ta structures used by the helm for p osting information from b ehaviors to the MOOSDB.

lib bvhutil: This library contains the software and algorithms shared b e tween multiple b ehaviors and application mo dules that are used for debugging b ehavio rs. For example, the Wayp ointEngine is defined here used by the Wayp oint b ehavior, the Loiter b eha vior, and 3rd-party b ehaviors by other authors.

lib geometry: The geometry library defines several geometric data structu res and related algorithms for use in b oth autonomy b ehaviors as well as GUI-base d to ols that render geometric ob jects. Structures for segment lists, p olygons, grids, p oints, lin es, linear extrap olation are defined as well as algorithms for intersection tests, inter-ob ject containm ent and sorting are defined here. For many b ehaviors, a substantial comp onent of a b ehavior’s complex ity is derived from the algorithms in this library.

lib b ehaviors-marine: All publicly available IvP Helm b ehaviors (Table 6) are impl emented in this mo dule. The full capabilities of these b ehaviors also d raw part of their functionality from lib geometry, lib mbutil, lib logic, and lib ivpbuild.

lib helmivp: This library contains the high-level IvP Helm implementati on in the HelmEngine class. It also contains the mechanism for converting string configuration requests (from a b ehavior file) into actual b ehavior instantiations during helm initi alization.

pHelmIvP: This is the actual IvP Helm application, but is basically a MO OS wrapp er around the HelmEngine defined in lib helmivp. It is kept relatively thin so the IvP Helm could easi ly b e moved to some other publish-subscrib e middleware without m uch effort.

4.3.2 Commonly Used MOOS Utility Applications

iMarineSim: The iMarineSim application is a very simplified vehicle simulator that up da tes vehicle state based on present actuator values. It runs lo ca lly in the MOOS community asso ciated with the simulated vehicle, so there is one iMarineSim pro ce ss running p er each vehicle. Each iteration, after noting the changes in the navigation and ac tuator values, it p osts a new set of navigation state variables

pEchoVar: The pEchoVar application is a lightweight pro cess that runs without any u ser interaction for “echoing” the p osting of sp ecified variable-valu e pairs with a follow-on p osting having different variable name. For example the p osting of FOO = 5.5 could b e echo ed such that BAR = 5.5 immediately follows the first p osting.

pMarinePID: The pMarinePID application provides simple PID control relating DESIREDSPEED to DESIREDTHRUST, DESIREDHEADINGto DESIREDRUDDER, and DESIREDDEPTHto DESIREDPITCH. The first value in each pair is pro duced typically by the helm, and the second value is subscrib ed to by various actuator drivers. This mo dule is typically not pa rt of set of autonomy mo dules when running in a “backseat” mo de, since PID control is a “front se at” function. But it is used on some test vehicles such as the autonomous kayaks.

pMarineViewer: The pMarineViewer application is written with FLTK and Op enGL for rendering vehicles and asso ciated op-area information and his tory during op eration or simulation. In typical use, pMarineViewer is running in its own dedicated lo cal MOOS community while si mulated or real vehicles on the water transmit information in the for m of a stream of AIS rep orts to the lo cal community. The user is able to manipulate a geo display to see multiple vehicle tracks and monitor key information ab out individual vehicles. In the p rimary interface mo de the user is a passive observer, only able to manipulate what it sees and no t able to initiate communications to the vehicles. However there are ho oks available to allow t he interface to accept field control commands.

pShipsideViewer: The pShipsideViewer application is similar to the pMarineViewer application but assumes the user is op erating a set of vehicles from a ship whose p osition information is also tracked and rendered on the geo display. The data fields on the viewer also give information relative to the deploying ship for each unmanned marine vehicle.

uFunctionVis: The uFunctionVis application renders ob jective functions pro duced by the Iv P Helm b ehaviors. The display is up dated automatically as b eh aviors p ost new functions. It only displays functions defined over heading , speed , or b oth. The display can b e paused to temp orarily not accept function up dates, and the user can also cho ose to r ender the collective ob jective function - the weighted linear combination of functions pro duced by a ll b ehaviors for a given iteration. The function is rendered in 3D and the user can pan, rotate and zo o m to facilitate analysis.

uHelmScop e: The uHelmScope application is a console based to ol for monitoring output of the IvPHelm, i.e., the pHelmIvP pro cess. The helm pro duces a few key MOOS variables on each iteration that pack in a substantial amount of information a b out what happ ened during a particular

# Mo d u le N ame Mo d u le D escrip t ion A u t h or S ize

1 l i b m ari ne v i e w A lib rary of t o ols sh ared b etween GU I ap p licat ion s Ben jamin 5,545

2 l i b nav pl ot A lib rary of t o ols for rep resent in g veh icle n av igat ion p lot s Ben jamin 1,471

3 l i b i pfv i e w A lib rary of grap h ics fu n ct ion s for ren d erin g 3D ob ject ive fu n ct ion s

Ben jamin 1,066

4 i M ari ne Si m A very simp le marin e veh icle simu lat or Li brari es: m buti l , geom etry, M O O SLI B, M O O SGenLi b, M O O SUti l i ty

Ben jamin 1,039 29, 427

5 pEchoVar A t o ol for re- p u b lisin g MO O S variab les u n d er a d iff erent n ame Li brari es: m buti l , M O O SLI B, M O O SGenLi b

Ben jamin 329 17, 235

6 pM ari ne PID A PI D cont roller for marin e an d lan d rob ot s Li brari es: m buti l , geom etry, M O O SLI B, M O O SGenLi b

Ben jamin , N ewman

1,387 26, 641

7 pM ari ne V i e we r A mo d est real- t ime 2D mu lt i- veh icle ren d erer Li brari es: m ari nevi ew , m buti l , geom etry, M O O SLI B, M O O SGenLi b, M O O SUti l i ty

Ben jamin 1,547 35, 480

8 pShi ps i de V i e we r A sh ip - cent ric version of p Marin eV iewer wit h comman d an d cont rol Li brari es: m ari nevi ew , m buti l , geom etry, M O O SLI B, M O O SGenLi b, M O O SUti l i ty

Ben jamin 2,553 36, 486

9 pTrans p onde rA IS A n A I S - like rep ort gen erat or an d receiver Li brari es: m buti l , M O O SLI B, M O O SGenLi b, M O O SUti l - i ty

Ben jamin 901 20, 941

10 uFuncti onV i s A GU I for live ren d erin g of I v P fu n ct ion s p u b lish ed by an I v P H elm Li brari es: i pf vi ew , geom etry, i vpbui l d, m buti l , i vpcore, M O O SLI B, M O O SGenLi b

Ben jamin 1,225 40, 584

11 uHe l m Scop e A t ermin al- b ased scop e on a ru n n in g I v P H elm p ro cess Li brari es: m buti l , M O O SLI B, M O O SGenLi b

Ben jamin 1,993 18, 899

12 uPoke D B A t ermin al b ased t o ol for p ok in g t h e MO O S D B Li brari es: m buti l , M O O SLI B, M O O SGenLi b, M O O SUti l - i ty

Ben jamin 340 17, 246

13 uPro ce s s Watch A wat ch - d og p ro cess for mon it orin g a set of ot h er MO O S p ro cesses Li brari es: m buti l , M O O SLI B, M O O SGenLi b

Ben jamin 272 17, 178

14 uTe rm C om m and A t ermin al b ased t o ol for p re- d efi n ed p okes of t h e MO O S D B Li brari es: m buti l , M O O SLI B, M O O SGenLi b, M O O SUti l - i ty

Ben jamin 590 17, 496

15 uX M S A t ermin al b ased MO O S scop e Li brari es: m buti l , M O O SLI B, M O O SGenLi b

Ben jamin 902 17, 808

Tot al u n iq u e lin es of co d e 21,844

Tot al aggregat e lin es of co d e 295, 421

Tab le 4: Common MO O S ap p licat ion s from MI T/N U WC.

iteration. The helm scop e subscrib es for and parses this inf ormation, and writes it to standard output in a console window for the user to monitor. The user ca n dynamically pause 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 strictl y a passive observer.

uPokeDB: The uPokeDB application is a lightweight pro cess that runs without any u ser interaction for writing to (p oking) a running MOOSDBwith one or more variable-value pairs. It is run from a console window with no GUI. It accepts the variable-va lue pairs from the command line, connects to the MOOSDB, displays the variable values prior to p oking, p erforms the p oke, displays the variable values after p oking, and then disconnects from the MOOSDBand terminates. It also accepts a .mo os file as a command line argument to grab the IP and p ort in formation to find the MOOSDB for connecting. Other than that, it do es not read a uPokeDB configuration blo ck from the .moos file.

uPro cessWatch: The uProcessWatch application is a pro cess for monitoring the presence of other MOOS pro cesses, identified through the uPro cessWatch configuration, to b e present and connected to the MOOSDB under normal healthy op eration. It d o es output a health rep ort to the terminal, but typically is running without any terminal or G UI b eing display. The health rep ort is summarized in two MOOS variables - PROCWATCHSUMMARYand PROCWATCHEVENT. The former is either set to “All Present”, or is comp osed of a comma-separa ted list of missing pro cesses identified as b eing AWOL (absent without leave). The PROCWATCHEVENTvariable lists the last event affecting the summary, such as the re-emergence of an AWOL pro cess or th e disconnection of a pro cess and thus new memb er on the AWOL list.

uTermCommand: The uTermCommandapplication is a terminal based to ol for p oking the MOOS database with pre-defined variable-value pairs. This can b e used for command and control for example by setting variables in the MOOSDB that affect the b eh avior conditions running in the helm. One other way to do this, p erhaps known to users of the iR emote pro cess distributed with MOOS, is to use the Custom Keys feature by binding variable-v alue pairs to the numeric keys [0-9]. The primary drawback is the limitation to ten mappings, but t he uTermCommand pro cess also allows more meaningful easy-to-rememb er cues than the nume ric keys.

uXMS: The uXMSapplication is a terminal based to ol for live scoping on a MOO SDB pro cess. Since it is not dep endent on any graphic libraries it is more l ikely to run out-of-the-b ox on machines that may not have prop er libraries like FLTK installed. It is easily configured from the command line or a MOOS configuration blo ck to scop e on as little as one v ariable. It can b e run in a mo de where screen up dates only o ccur at the user’s request. F or these reasons, it is a go o d choice when bandwidth is an issue. It is also p ossible to have multip le versions of uXMS connected to the same MOOSDB. The uXMS to ol was meant to b e an alternative t o the more feature-rich, high-bandwidth, GUI-based uMS pro cess written and distrib uted on the Oxford MOOS website.

4.3.3 Commonly Used Off-Line Applications

The following are MOOS utility applications develop ed by MI T/NUWC complementing the MOOS utility applications distributed from Oxford.

# Mo d u le N ame Mo d u le D escrip t ion A u t h or S ize

1 l i b l oguti l s A lib rary of u t ilit ies for an aly zin g MO O S log fi les Ben jamin 684

2 al ogcl i p A t o ol for p ru n in g MO O S alog fi les b ased on a given t ime win d ow Li brari es: m buti l

Ben jamin 396 2, 923

3 al ogs can A t o ol for scan n in g MO O S alog fi les an d p rov id in g variab le st a t ist ics Li brari es: m buti l , l oguti l s

Ben jamin 220 3, 431

4 al ogrm A t o ol for remov in g variab le ent ries from a MO O S alog fi le by sp ecify in g variab les or variab le p at t ern s t o b e removed . Li brari es: m buti l , l oguti l s

Ben jamin 258 258 5 al oggre p A t o ol for ret ain in g variab le ent ries from a MO O S alog fi le by sp ecify in g variab les or variab le p at t ern s t o b e ret ain ed . Li brari es: m buti l , l oguti l s

Ben jamin 223 223 6 ge o q ue ry A t o ol for correlat in g Lat /Lon co ord in at es wit h lo cal co ord in at es Li brari es: m buti l , M O O SUti l i ty

Ben jamin , N ewman 444 6, 105

7 ge ov i e w A t o ol for p lot t in g an d ren d erin g way p oint s on a 2D geo d isp la y Li brari es: m buti l , geom etry, M O O SUti l i ty

Ben jamin 1,043 15, 052

8 l ogv i e w A t o ol for ren d erin g logged veh icle d at a on a 2D geo d isp lay Li brari es: m buti l , navpl ot, m ari nevi ew , geom etry, M O O SUt i l i ty

Ben jamin 2,007 23, 032

9 s pl ug A t o ol for d efi n in g in p u t fi les wit h macros an d fi le in clu sion ca lls Li brari es: m buti l

Ben jamin 329 2, 856

Tot al u n iq u e lin es of co d e 4,920

Tot al aggregat e lin es of co d e 60, 302

Tab le 5: O ff - lin e ( n on - MO O S ) ap p licat ion s from MI T/N U WC

lib logutils The lib logutils library contains data structures and algorithms shared b et ween most of the alog utility applications listed b elow.

alogclip: The alogclip program will read in a given alog file (pro duced by the pLogger MOOS application) and clip the file based on a b egin time and stop ti me. All other log entries in b etween remain unchanged. This is a useful to ol when a logfile has a len gthy section when a vehicle was sitting idle either b efore or after a mission while generati ng plentiful but useless data.

aloggrep: The aloggrep program will take as input (a) a given alog file (pro duced by th e pLogger MOOS application) and (b) a list of MOOS variables, and (c) th e name of a new alog file. It will pro duce a new alog file by retaining all lines from the original alog file that match the list of variables given on the command line. General pattern matchi ng is not supp orted, but it will accept variable patterns of the form *FOOBARand FOOBAR*matching all variables that end and b egin with FOOBARresp ectively.

alogrm: The alogrm program will take as input (a) a given alog file (pro duced by th e pLogger MOOS application) and (b) a list of MOOS variables, and (c) th e name of a new alog file. It will pro duce a new alog file by removing all lines from the original alog file that match the list of variables given on the command line. General pattern matchi ng is not supp orted, but it will accept variable patterns of the form *FOOBARand FOOBAR*matching all variables that end and b egin with FOOBARresp ectively.

alogscan: The alogscan program will read in a given log file (pro duced by the pLogger M OOS application) and generate two sets of statistics on the data . First it will provide, for each variable logged, the numb er of lines, characters, first log entry, las t log entry, and which MOOS applications that published the variable. Second, it will provide, for ea ch MOOS application, the total numb er of logfile lines, characters and the p ercentage of lines and c haracters for all lines and characters in the file the application is resp onsible for. It is a useful to o l for a quick check that pro cesses were running and pro ducing what they were supp osed to, and for find ing ways to reduce log file bloat.

geo query: The geoquery program is a to ol for correlating lat/lon earth co ordinates with lo cal x/y co ordinates, given a datum (lat/lon p osition corresp on ding to 0,0). This program is just an interface wrapp er around Newman’s MOOSGeo desy to ols found in the MOOSUtility library in the Oxford MOOS distribution.

geoview: The geoview program is GUI based to ol written with FLTK and Op enGL for ren dering an op area image (e.g. images from Go ogle Maps), and creating and editing geometric ob jects such as wayp oint sequences, op limit b oxes, search grids and so on .

logview: The logview program is a GUI based to ol written with FLTK and Op enGL for re ndering an op area image (e.g. images from Go ogle Maps), and renderin g vehicle tra jectories read from the alog file of one or more vehicles. The user can step forward or backward through time to see how the multi-vehicle scenario played out. The user can also plot one or two (numerical) MOOS variables along the b ottom of the screen to, for example, see how the vehicle sp eed or depth changed as the scenario unfolded. The user may also play through time automatically with variable time steps and automatically record a screen capture at each step , for later compilation into a video.

splug: The splug utility is a program for reading an input file and pro ducing an output file while expanding certain macros and include-files in the input file t o pro duce the mo dified output file. Although it is a general-purp ose to ol, it was built to ease th e management of MOOS files and b ehavior files when the use of multiple vehicles, simulated o r real, require the maintenance of larger sets of files.

4.3.4 IvP Helm Behaviors The following are publicly available b ehaviors of the IvP He lm. Their implementation is in part found in the the lib b ehaviors-marine mo dule as well as the lib b ehaviors mo dule where the IvP- Behavior sup erclass is defined.

# Beh av ior N ame Beh av ior D escrip t ion A u t h or 1 Attractor Beh av ior for at t ract in g t h e veh icle t o a min imu m d ist an ce fr om a t arget .

S ch mid t

2 A voi dC ol l i s i on A void in g collision b etween own sh ip an d a given cont act Ben jamin 3 C ons tantD e pth Maint ain an u n d erwat er veh icle at con st ant d ep t h Ben jamin 4 C ons tantHe adi ng Maint ain an veh icle at con st ant h ead in g Ben jamin 5 C utRange R ed u ce t h e ran ge b etween own sh ip an d a given cont act Ben jamin 6 GoToD e pth Perio d ically go t o an d maint ain a given d ep t h Ben jamin 7 Loi te r R ep eat ed ly t raverse a set of p oint s comp risin g a convex p oly gon Ben jamin 8 M e m ory TurnLi m i t Con st rain t h e t u rn b ased on recent h ead in g h ist ory Ben jamin 9 OpRe gi on K eep t h e veh icle in sid e a geo op erat ion s area or else all st op Ben jamin 10 Pe ri o di cSp e e d Perio d ically ex ert a p referen ce for a given sp eed or sp eed ra n ge Ben jamin 11 Pe ri o di cSurface Perio d ically b rin g t h e veh icle t o t h e su rface for a p erio d of t ime of for a p aramet erized event

Ben jamin

12 Rubb e rB and A ct s like a ru b b er b an d for maint ain in g v icin ity t o a st at ion p oint S ch mid t 13 Shadow S h ad ow a given cont act in t erms of mat ch in g sp eed an d h ead in g Ben jamin 14 Stati onKe e p Maint ain a given veh icle p osit ion wit h in a cert ain t oleran c e Ben jamin 15 T i m e Out Post a h elm all- st op aft er a cert ain t ime h as b een ex ceed ed . Ben jamin 16 T i m e r Post on e or more MO O S p ost in gs aft er a cert ain t ime h as b een ex - ceed ed . Th is may b e d on e rep eat ed ly.

Ben jamin

17 Trai l K eep a relat ive p osit ion wit h resp ect t o a given cont act . Ben jamin 18 Way p oi nt Tran sit t h rou gh a seq u en ce of given way p oint s. Ben jamin Tab le 6: I v P H elm Basic Beh av iors

The Attractor Behavior: The Attractor b ehavior is intended for attracting the vehicle towards a contact, when the distance b etween the two are larger than a c ertain minimum distance. Inside this distance the vehicle will simply shadow the contact. Outsid e the shadow range, the b ehavior priority increases linearly up to a maximum range b eyond which it is co nstant. This b ehavior is particularly useful for developing a tracking solution for a moving targe t using b earing measurements, where you want the vehicle to get close to the target, while at the same t ime maintaining a small uncertainty of the b earing estimate, e.g. as determined from an acoustic array.

The AvoidCollision Behavior: The AvoidCollision b ehavior will influence the vehicle with its ob jective function to avoid a collision with another given c ontact of known p osition and tra jectory. The ob jective function is defined over the coupled, dep enden t variables heading and sp eed. It is based on a calculation of closest p oint of approach (CPA) for given candidate maneuvers with a utility function applied to the CPA values. It can b e configur ed to b e inactive outside a given range to the contact with a linearly growing priority as the range b etween vehicles narrows. The user can also configure the tolerance of candidate maneuvers with res p ect CPA thus allowing the vehicle to b e very conservative with resp ect to interpreting the notio n of a near collision.

The ConstantDepth Behavior: The ConstantDepth b ehavior pro duces a utility function over the vehicle depth parameter. The user can configure the utility f unction to have a preferred depth p eak, or plateau of equally acceptable depths. Depth values in the utility function different than the sp ecified preferred depth or range of depths can b e configu red to have a linearly decreasing utility. Thus if other b ehaviors also have a depth preferenc e, co ordination/compromise will take place through the multi-ob jective optimization pro cess.

The ConstantHeading Behavior: The ConstantHeading b ehavior pro duces a utility function over the vehicle heading parameter. The user can configure the uti lity function to have a preferred heading p eak, or plateau of equally acceptable headings. Headin g values in the utility function different than the sp ecified preferred heading or range of headings can b e configured to have a linearly decreasing utility. Thus if other b ehaviors also have a headin g preference, co ordination/compromise will take place through the multi-ob jective optimization p ro cess.

The ConstantSpeed Behavior: The ConstantSpeed b ehavior pro duces a utility function over the vehicle sp eed parameter. The user can configure the utility f unction to have a preferred sp eed p eak, or plateau of equally acceptable sp eeds. Sp eed values in the utility function different than the sp ecified preferred sp eed or range of sp eeds can b e configu red to have a linearly decreasing utility. Thus if other b ehaviors also have a sp eed preferenc e, co ordination/compromise will take place through the multi-ob jective optimization pro cess.

The CutRange Behavior: The CutRange b ehavior will drive the vehicle to reduce the range b etween itself and another sp ecified vehicle - nearly the opp os ite of the AvoidCollision b ehavior. It pro duces a utility function over the heading and sp eed dep en dent decision variables. It can op erate in two mo des (or a linear combination b etween the two), where in one mo de the utility function is based on the calculated closest p oint of approach (CPA) of a candidate ownship maneuver and given contact p osition and track. In the other mo de, the util ity function ranks heading and sp eed decisions that drive ownship toward the contact as if it were stationary at its known p osition.

The GoToDepth Behavior: The GoToDepth b ehavior will drive the vehicle to a sequence of sp ecified depths and duration at each depth. The duration is sp ecified i n seconds and reflects the time at depth after the vehicle has first achieved that depth, where achieving de pth is defined by the

CAPTUREDELTAparameter. The b ehavior subscrib es for NAVDEPTHto examine the current vehicle depth against the target depth. If the current depth is withi n 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 ehavior iteration, and if the target depth is b etw een the prior depth and current depth, the depth is considered to b e achieved regardless of whether the prior or current depth is actually within the CAPTUREDELTA. This b ehavior merely expresses a preference for a particul ar depth. If other b ehaviors also have a depth preference, co ordination /compromise will take place through the multi-ob jective optimization pro cess.

The Loiter Behavior: The Loiter b ehavior is used for transiting to and rep eatedly traversin g a set of wayp oints. A similar effect can b e achieved with the Wa yp oint b ehavior but this b ehavior requires set of wayp oints form a convex p olygon to exploit ce rtain useful algorithms. This b ehavior utilizes the non-monotonic arrival criteria use in the Wayp oint b ehavior to avoid lo op-backs up on wayp oint near-misses. It also robustly handles dynamic exi t and re-entry mo des when or if the vehicle diverges from the loiter region due to external even ts. As with all other b ehaviors, it can b e dynamically reconfigured to allow a mission control mo dul e to rep eatedly reassign the vehicle to different loiter regions by using a single p ersistent instan ce of the b ehavior. It can also b e configured to loiter at the vehicle’s present p osition when commanded t o go into loiter mo de.

The MemoryTurnLimit Behavior: The MemoryTurnLimit b ehavior influences the heading of the vehicle to discourage sharp turns that would allow it to come back around on its own track to o quickly. It lo cally stores a history of ownship headings and is typically configured to discourage new heading values that deviate greatly from the heading his tory. This b ehavior was motivated by UUVs towing a hydrophone array and the desire not to twist the array with rapid vehicle turns.

The OpRegion Behavior: The OpRegion b ehavior do es not pro duce an ob jective function but instead monitors certain safety conditions and sends a mess age to the helm to shut down (with a zero-sp eed command) if the conditions are violated. The pr imary condition is to ensure that ownship remains within a given op eration area given by a conv ex p olygon given by a set of vertices. Other conditions are a maximum overall mission time, a maxim um vehicle depth, and a minimum vehicle altitude. This b ehavior do es not influence the vehic le to avoid violating these limits but simply monitors the conditions, and raising a red flag if they are violated.

The PeriodicSpeed Behavior: The PeriodicSpeed b ehavior will p erio dically influence the sp eed of the vehicle while remaining neutral at other times. The ti ming is sp ecified by a given p erio d length in which the influence is on, and a gap length sp ecifyin g the time b etween p erio ds. It was conceived 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. On e can also sp ecify a flag (a MOOS variable and value) to b e p osted at the start of the p erio d to p rompt an outside action such as the start of communication attempts.

The PeriodicSurface The PeriodicSurface b ehavior will p erio dically influence the depth and sp eed of the vehicle while remaining neutral at other times. The purp ose is to bring the vehicle to the surface p erio dically to achieve some sp ecified event sp e cified by the user, typically the receipt of a GPS fix. Once this event is achieved, the b ehavior resets i ts internal clo ck to a given p erio d length and will remain idle until a clo ck time-out o ccurs.

The RubberBand Behavior: The RubberBand b ehavior is similar to the Attractor b ehavior, but with a different range-dep endence of the priority. Thus, ins ide a minimum range the priority is zero, similar to the b ehavior of a relaxed rubb er band. Once e xtended, the attraction force (i.e. the priority) increases linearly, as is the case for the Attractor b ehavior. Beyond the maximum range, the priority continues to grow linearly, but at a lowe r rate, similar to the elasto-plastic region for an extended rubb er band. This b ehavior is useful for main taining the vehicle within a certain op erational area around it’s station p oint, while still all owing it to b e attracted to a target for generating tracking solutions. This b ehavior is therefore often applied together with the Attractor b ehavior.

The Shadow Behavior: The Shadow b ehavior will influence the vehicle with its ob jective funct ion to mimic the observed heading and sp eed of a given known conta ct.

The StationKeep Behavior: The StationKeep b ehavior is designed to keep the vehicle at a given lat/lon or x,y p osition by varying the sp eed to the station p o int as a linear function of its distance to the p oint. The parameters allow one to cho ose the two dista nces b etween which the sp eed varies linearly, the range of linear sp eeds, and a default sp eed if t he vehicle is outside the outer radius. An alternative to this station keeping b ehavior is an active loiter around a very tight p olygon with the BHVLOITER b ehavior. This station keeping b ehavior conserves energy a nd aims to minimize propulsor use. The station p oint can b e set in a mission file, c ommunicated by mission control, or set to b e the current p osition when the b ehavior b ecomes acti ve.

The Timer Behavior: This b ehavior can b e considered a no-op b ehavior; it has no fu nctionality b eyond what is derived from the parent IvPBehavior class. It can b e used to set a timer b etween the observation of one or more events (with condition flags) and t he p osting of one or more event (with end flags). The DURATION, CONDITION, RUNFLAGand ENDFLAGparameters are all defined generally for b ehaviors. There are no additional parameters defined for th is b ehavior.

The Trail Behavior: The Trail b ehavior will influence the vehicle with its ob jective funct ion to trail or follow another sp ecified vehicle at a given relati ve p osition. It can b e used as a to ol for “formation flying”. It op erates in two mo des - one when the veh icle is outside a tolerance radius from the trail p oint, and one when the vehicle is inside. When inside the tolerance radius, the b ehavior acts like the Shadow b ehavior as describ ed ab ove. When outside the tolerance rad ius it acts like the CutRange b ehavior. The relative p osition to the contact is given by th e relative b earing and range to a contact, but can also b e set to work from the absolute b earing instead.

The Waypoint Behavior: The Waypoint b ehavior is used for transiting to a set of sp ecified wayp oints. The ob jective function pro duced by this b ehavior is defined over the 2D action space given by p ossible heading and sp eed choices. The b ehavior can b e op tionally configured to track-line follow the segment b etween any two wayp oints or simply steer toward the next wayp oint.

References

[1] http://en.wikip edia.org/wiki/Branching (software).

[2] Ronald C. Arkin. Motor Schema Based Navigation for a Mobi le Rob ot: An Approach to Programming by Behavior. In Proceedings of the IEEE Conference on Robotics and Automati on , pages 264–271, Raleigh, NC, 1987.

[3] Ronald C. Arkin, William M. Carter, and Douglas C. Macken zie. Active Avoidance: Escap e and Do dging Behaviors for Reactive Control. International Journal of Pattern Recognition and Artificia l Intel ligence , 5(1):175–192, 1993.

[4] Michael R. Benjamin. MOOS-IvP Autonomy To ols Users Manu al. Technical Rep ort MIT-CSAIL-TR- 2008-065, MIT Computer Science and Artificial Intelligence Lab, Novemb er 2008.

[5] Andrew A. Bennet and John J. Leonard. A Behavior-Based Ap proach to Adaptive Feature Detection and Following with Autonomous Underwater Vehicles. IEEE Journal of Oceanic Engineering , 25(2):213– 226, April 2000.

[6] Ro dney A. Bro oks. A Robust Layered Control System for a Mo bile Rob ot. IEEE Journal of Robotics and Automation , RA-2(1):14–23, April 1986.

[7] Marc Carreras, J. Batlle, and Pere Ridao. Reactive Contr ol of an AUV Using Motor Schemas. In International Conference on Quality Control, Automation a nd Robotics , Cluj Nap o ca, Rumania, May 2000.

[8] Oussama Khatib. Real-Time Obstacle Avoidance for Manip ulators and Mobile Rob ots. In Proceedings of the IEEE International Conference on Robotics and Automa tion , pages 500–505, St. Louis, MO, 1985.

[9] Ratnesh Kumar and James A. Stover. A Behavior-Based Inte lligent Control Architecture with Application to Co ordination of Multiple Underwater Vehicles. IEEE Transactions on Systems, Man, and Cybernetics - Part A: Cybernetics , 30(6):767–784, Novemb er 2001.

[10] Paolo Pirjanian. Multiple Objective Action Selection and Behavior Fusion . PhD thesis, Aalb org University, 1998.

[11] Jukka Riekki. Reactive Task Execution of a Mobile Robot . PhD thesis, Oulu University, 1999.

[12] Julio K. Rosenblatt. DAMN: A Distributed Architecture for Mobile Navigation . PhD thesis, Carnegie Mellon University, Pittsburgh, PA, 1997.

[13] Julio K. Rosenblatt, Stefan B. Williams, and Hugh Durra nt-Whyte. Behavior-Based Control for Autonomous Underwater Exploration. International Journal of Information Sciences , 145(1-2):69–87, 2002.

[14] Stefan B. Williams, Paul Newman, Gamini Dissanayake, J ulio K. Rosenblatt, and Hugh Durrant-Whyte.

A decoupled, distributed AUVcontrol architecture. In Proceedings of 31st International Symposium on Robotics , pages 246–251, Montreal, Canada, 2000.

Index

All Applications alogclip, 30 aloggrep, 30 alogrm, 31 alogscan, 31 geo query, 31 geoview, 31 iMarineSim, 27 iMatlab, 24 iRemote, 24 logview, 31 pAntler, 22 pEchoVar, 27 pHelmIvP, 26 pLogger, 23 pMarinePID, 27 pMarineViewer, 27 pMOOSBridge, 23 pScheduler, 23 pShipsideViewer, 27 splug, 31 uFunctionVis, 27 uHelmScop e, 27 uMS, 23 uMVS, 24 uPlayback, 23 uPokeDB, 29 uPro cessWatch, 29 uTermCommand, 29 uXMS, 29 All Helm Behaviors Attractor, 32 AvoidCollision, 33 ConstantDepth, 33 ConstantHeading, 33 ConstantSp eed, 33 CutRange, 33 GoToDepth, 33 Loiter, 34 MemoryTurnLimit, 34 OpRegion, 34 Perio dicSp eed, 34 Perio dicSurface, 34 Rubb erBand, 35 Shadow, 35 StationKeep, 35 Timer, 35 Trail, 35

Wayp oint, 35

MIT/NUWC Public Applications, 25, 27, 30 alogclip, 30 aloggrep, 30 alogrm, 31 alogscan, 31 geo query, 31 geoview, 31 iMarineSim, 27 logview, 31 pEchoVar, 27 pHelmIvP, 26 pMarinePID, 27 pMarineViewer, 27 pShipsideViewer, 27 splug, 31 uFunctionVis, 27 uHelmScop e, 27 uPokeDB, 29 uPro cessWatch, 29 uTermCommand, 29 uXMS, 29 MIT/NUWC Public Helm Behaviors Attractor, 32 AvoidCollision, 33 ConstantDepth, 33 ConstantHeading, 33 ConstantSp eed, 33 CutRange, 33 GoToDepth, 33 Loiter, 34 MemoryTurnLimit, 34 OpRegion, 34 Perio dicSp eed, 34 Perio dicSurface, 34 Rubb erBand, 35 Shadow, 35 StationKeep, 35 Timer, 35 Trail, 35 Wayp oint, 35

Oxford Applications, 21, 22

iMatlab, 24 iRemote, 24 pAntler, 22 pLogger, 23 pMOOSBridge, 23 pScheduler, 23 uMS, 23 uMVS, 24 uPlayback, 23

Source Co de Building, 5 Obtaining, 5