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Seabed	
  Imaging	
  with	
  the	
  Sidescan	
  
Sonar	
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Seabed	
  Imaging	
  Survey	
  with	
  Poor	
  
NavigaJon	
  

Actual	
  field	
  data	
  of	
  an	
  AUV	
  mapping	
  an	
  
area	
  of	
  seabed.	
  
•  Red	
  =	
  actual	
  locaJon	
  
•  Green	
  =	
  esJmated	
  locaJon	
  (fusing	
  

compass	
  and	
  DVL	
  data	
  with	
  an	
  EKF)	
  

Many	
  areas	
  are	
  missed!	
  

Desired Coverage
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Mine	
  Countermeasures	
  



Outline	
  

•  IntroducJon	
  
•  Robust	
  Area	
  Coverage	
  
•  Decentralized	
  CooperaJve	
  
Trajectory	
  EsJmaJon	
  

•  Online	
  AdapJve	
  Planning	
  
•  Experimental	
  Setup	
  
•  Preliminary	
  Results	
   Packet	
  generaJon	
  and	
  planning	
  

are	
  “in	
  the	
  loop”	
  –	
  everything	
  
runs	
  in	
  real-­‐Jme	
  on	
  the	
  vehicle	
  



Robust	
  Area	
  Coverage	
  

•  Area	
  to	
  be	
  covered	
  is	
  discreJzed	
  into	
  cells	
  
•  Each	
  cell	
  has	
  an	
  associated	
  random	
  variable	
  which	
  

represents	
  it’s	
  probability	
  of	
  being	
  covered	
  

Key	
  Idea:	
  As	
  long	
  as	
  the	
  vehicle	
  esJmate	
  is	
  
consistent,	
  then	
  probabilisJc	
  coverage	
  implies	
  

actual	
  coverage	
  



Robust	
  Area	
  Coverage	
  –	
  The	
  AUV	
  
Seabed	
  Imaging	
  Case	
  



Robust	
  Area	
  Coverage	
  –	
  Full	
  Trajectory	
  
EsJmaJon	
  

•  We	
  can	
  minimize	
  the	
  
discrepancy	
  between	
  
the	
  believed	
  
coverage	
  and	
  actual	
  
coverage	
  by	
  
esJmaJng	
  the	
  enJre	
  
vehicle	
  trajectory.	
  

(a)	
  Actual	
  and	
  esJmated	
  paths	
  
(b)	
  EsJmated	
  coverage	
  
(c)	
  Actual	
  coverage	
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Hi!	
   Hi?	
  What?	
  What?	
  

CooperaJve	
  Trajectory	
  EsJmaJon	
  
•  The	
  area	
  coverage	
  problem	
  is	
  inherently	
  
parJJonable	
  –	
  but	
  we	
  can	
  do	
  even	
  beder	
  if	
  the	
  
vehicles	
  can	
  communicate	
  and	
  make	
  relaJve	
  
measurements	
  

•  But	
  acousJc	
  communicaJons	
  is	
  very	
  challenging	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Underwater	
  CooperaJve	
  LocalizaJon	
  

Time	
  	
  



Centralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

…	
  

…	
  



Centralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

…	
  

…	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  GPS	
  measurements	
  



Centralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

…	
  

…	
  

Compass	
  measurements	
  



Centralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

…	
  

…	
  

DVL	
  derived	
  odometry	
  



Centralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

…	
  

…	
  

Inter-­‐vehicle	
  range	
  measurements	
  



Centralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

Problem:	
  Too	
  much	
  data	
  to	
  send	
  through	
  Acomms	
  

…	
  

…	
  



Decentralized	
  MulJ-­‐AUV	
  Pose	
  Graph	
  

New	
  factor	
  connects	
  other	
  vehicle	
  nodes	
  at	
  Jmes	
  of	
  
contact	
  

…	
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Online	
  AdapJve	
  Planning	
  

•  To	
  close	
  the	
  gap	
  between	
  desired	
  coverage	
  
and	
  actual	
  coverage	
  we	
  need	
  an	
  adapJve	
  
planner	
  

Key	
  Result:	
  If	
  the	
  path	
  tracking	
  error	
  is	
  bounded	
  
and	
  the	
  state	
  esJmates	
  are	
  consistent	
  –	
  then	
  we	
  
can	
  guarantee	
  that	
  coverage	
  will	
  be	
  achieved	
  if	
  
possible	
  no	
  ma7er	
  how	
  uncertain	
  the	
  state	
  

es9mates	
  are.	
  



AdapJve	
  Coverage	
  Path	
  Planning	
  

The	
  track	
  spacing	
  d	
  is	
  updated	
  
in	
  real-­‐Jme	
  based	
  on	
  most	
  up-­‐

to-­‐date	
  trajectory	
  and	
  
coverage	
  esJmate	
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LCM	
  

MOOS-­‐IvP	
  

Sofware	
  Setup	
  
pCoverage

Map	
  
pAdapJveSurvey

Planner	
   pSensorProc	
  

pAcomms
Manager	
  

HoverAcomms	
  

pAcomms
Scheduler	
  

DCCL/Goby	
  

CooperaJve	
  
Factor	
  Graph	
  

Packet	
  
Generator	
  iSAM	
  

LCM	
  3D	
  
viewer	
  

IvPHelm	
  

pMarineViewer	
  



(Aside)	
  You	
  Don’t	
  Have	
  to	
  Pick	
  One	
  
Middleware	
  	
  



Hardware	
  

IVER2	
  @	
  DRDC	
  AtlanJc	
   Hover	
  kayak	
  on	
  the	
  Charles	
  
River	
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Results	
  –	
  Single	
  Vehicle	
  

Green	
  AUV:	
  EsJmated	
  
Red	
  AUV:	
  Actual	
  
•  Coverage	
  map	
  shows	
  

actual	
  coverage	
  
•  GPS	
  updates	
  received	
  at	
  

end	
  of	
  track	
  
•  Tracks	
  are	
  regenerated	
  

afer	
  each	
  GPS	
  update	
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Results	
  –	
  Decentralized	
  Trajectory	
  
EsJmaJon	
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SimulaJon	
  Results	
  -­‐	
  CooperaJve	
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Come	
  and	
  see	
  
cooperaJve	
  trajectory	
  
esJmaJon	
  with	
  accoms	
  
on	
  the	
  kayaks	
  at	
  the	
  
demo	
  tomorrow	
  


