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                                       Summary

  A decentralized control  systern  is proposed  for the contrel  architecture  of  an  autenomous  
underwater
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1. Introductien

  Providing autenomy  for an  untetherered  underwater

vehicle  impltes in the implementation  of  a  variety  of

functions inside it for attending  its mission  goals. Such
functions can  be classifiecl relatively  to coneepts  like
environment  perception, analysis.  planning of  actions,

and  execution.  The software  architecture  responsible

for controlling  and  coordinating  these  functions in real
-time

 is the  robot's  control  architecture,

  In this paper.  a control  architecture  based on  dis-
tributed agents  is discussed, the 

`tcooperative

 control

system"(').  It differs from  other  related  schemes

proposed  for AUV  control  by the  computational  and

artificial intelligence frameworks it is based on,  and
their respective  relationship.  Moreover,  it is applied  to
a  real  problem  during an  AUV  mission,  the  eollision

avoidance  guidance,

  The  vehicle  considered  was  the Pteroa'150, for which
a  colrision  avoidance  algorithm  based on  sensory  data
from  a  sonar  system  had been proposed  before. Limita-
tions  on  such  algorithm  motivatecl  the  clevelopment  of  a

'
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new  one.

  Simulations were  usecl  for comparing  the perfor-
mance  ef  the  collision avoidance  algorithm  itself with
that ef  the cooperative  control  system.  In addition,

experirnental  tests of  the cooperative  centrol  system

that related  real  acoustic  perception with  maneuver

decisions in real'time  were  carriecl  out  using  a  new  test

bed proposed  for underwater  robotics,

2. Introduction  to a  Cooperatiye  Control System

  The  research  on  AUVs  has been influencecl by  the

recent  advances  achieved  in mebile  robotics,  The
progress in cornputer  technology (hardware and  soft-

ware),  together  with  new  approaches  proposed  for
robot  control  systems,  provided  siinpler and  more  fea-
sible  implementations than before. Particularly, since

the middle  of  the last decade, new  concepts  in the field
of  artificial  intelligence have  changed  the  design of

control  systems  for mobile  robots.  Discussions on

artificial  fntelligence paradigms  and  methoclologies

applied  to the design of  contrel  architectures  for mobile
robots  can  be found in a  number  of  references  1), 2),3),
4>.

  The  cooperative  control  system  tu be presented in
this section,  has been influenced by the "message

 pass-
ing paradigm"  in computer  science,  and  a  kind of  its
specializatien:  the 

"agent

 oriented  pregramming"  in AI.
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Orig{nally, desired features in three basic araas  of  an

AUV  control  system  : hardware, AI medel,  and  the

software  implementation, motivated  the propnsed  con-

tro] architecture.

  2.1.1 Hurdware  Performanee

  A  contreL  systern  based on  parailel distributed proces-
sing  implemented  on  a  transputcr  network  was  consid-

ered.  A  paralrel  (listributed  systern  can  provide

modularity  and  fast response  fvra  number  of  concur･

rent  tasks  that need  to be executed  in real-time.

Another  inherent characterisric  is the pessibility of

conferring  graceful  clegradation to the  control  systern,

taking into account  the  possibility of  occurrence  of

faults or  erratic  responses  {nside isolated control  units.

  2. 1.2 Control System Conception

  A  set  of  control  units  is modelecl  as  a  community  of

agents.  They are  autonomeus  entities  that  coordinate

their actions  through communication  protocols. The
"agenV'

 model,  that is introducecl in the section  5 can  be

viewed  as an  specialization  of  the  Actors model5),fi'.

Thus, a  more  complex  system  than  the hardwired
approach  of  the subsumptien  contro13)  is used  for the

implementation of  patterns of  relationship  among  con-

trol units.  However, communication  protocols  define

some  boundaries in the exchange  of  inforrnation and

commands  between the modules.

  The proposed  control  system  is supposed  to be cooper-

ative  in the  sense  that control  units  help each  other  in

some  degree for performing  their tasks better. Thus,

one  of  the desired characteristics  of  the control  archi-

tecture  is the  pessibility  ofjoint  solutions  to be achieved
for solving  global problems  that must  be faced during a
mission.  Cooperatien can  be achieved  in a  number  of

different ways,  such  as  exchanging  information,
negotiating  task  assignments,  and  deciding on  interac-
tions. For the cooperation  to be effective, control  units

should  be coordinated.  Inspired on  the  Actors model,

coordination  is achieved  through  predefined behavioral
scripts,  and  communication  protocols. Furthermore,
based  on  the  adopted  

"agent

 oriented'  model,  coopera-

tion is implemented  by explicit  rules  that are  expressed

through  commitments  between  one  control  unit  to
another,

  2. 1. 3 Software  Implementation  and  Computational
Modeling

  Actors are  related  to ebject-oriented  languages.

Particularry, they  can  be considered  as  basic types  of

objects  that  can  be analyzed  and  explored  theoretically.
The  advent  of  object-oriented  languages in the  begin-

ning  of  the  decade of  1970, was  one  of  the  factors that

motivated  the research  on  these  computational  entities.

Furthermore, Actors are  basic components  of  concur･

rent  systems.  Computations  are  executed  by  Actors
sending  messages  to one  another.  For receiving  commu-

nications,  each  Actor  has a reference  address  or mail

address.  Communications  are  asynchronous.  All infor-

mation,  or  knowledge  is local to an  Actor, and  invisible

to the others,

  The uctien  produced  by an  Actor is activated  by
incomingcommunications,  Foragivencommunication

the correspondent  action  is determined by the Actox
current  behavivr. Behaviors themselves  are  determined

by lnternat states  of  the Actors.

  In the  original  Actor formalism, messages  are  en-

queued  according  to the  order  ef  arrival.  An Actor can
only  aceept  messages  placed  at  the head  of  the queue.

Another  limitation is the  restriction  in the  messages

exchanging  mode.  After sending  a  message,  even  if an

Actor expects  an  answer,  it proceeds its computation.

Thus, the response  will  be one  of  the future incoming
messages,  and  some  way  for distinguish it should  im-

plemented  before sencling  the original  message.

  The  ABCM!1,  
"An

 object-Based  Concurrent Model
1"')･8) has evolved  from  the  Actors rnodeg,  and  copes  with

such  limitations in the eriginal  model,  Moreover,  an

implementation based on  the ABCMfl  was  developed,
the  ABCL!1  Iangttage. This is one  of  the few ebject-

oriented  languages for parallel processing. In the coop-

erative  control  system,  part  of  the message  passing
mechanisms  proposecl in ABCM/1  were  implemented

for exploring  a  more  flexible comrnunication  structure.

  The  Actors model,  anci the parallel object  orientation

can  be implementecl to seme  extent  using  transputers,

and  the  language  Occam'), Occarn is derived from  a

theory for concurrent  processes, the CSPg]:Cem-
municating  Sequential Processes. The  CSP  theory  can

be used  as  an  algebralc  tool for analyzing  a  discrete-

event  control  system.  The  former  application  is related

to the  collision  avoidance  guidance system  that  we  have

developed. Moreover,  we  believe that  many  other

aspects  of  a  concurrent  coeperative  control  system  can

be tested  ancl  developed using  CSP  and  Occarn,

3. Basic Features  of  the  Control Architecture

  3.1 Distributed Centrol

  Each control  unit  is implernented in one  or  more

processors. Communications between  any  two  proces-
sors  are  only  based on  message  passing. There  is no

shared  memory  Iike in Blackboard  based architectures.

There is no  fixed prierity for decisions of  one  control

unit  when  compared  to another  one.  The  system  is

heterarchical. Decisions are  taken  based on  $hared

perspectives,  and  coeperative  criteria,

  3.2 DecompositionCriterion
  The units  are  designecl for performing  general  inter-
nal  functions like in the classical  control  architectures.

Thus, for exampre,  there may  be units  in charge  of

functions like guidance,  navigation,  map-building,  etc.

(Fig. 1).
  3.3 Physical Grounding

  Actions are  specified  in terms  of  implemented  behav-

iors. However,  behaviors are  grouped  i"sicle functional

units,  as  defined above,  not  decomposed  in layers, like

the systern  proposed  by Brooks3). The activation  of  a
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Fig. 1 An  example  of  the  Cooperative Control System.

      The arrows  represent  communication  between

      control  units  through message  passing.

Ctoet on,

 and/er

Fig. 2 Block diagram  of  a  control  unit,

 particular  behavior is decided by a  control  module

 inside the  correspondent  unit.

  3.4 Use  of  Representations

  World  moclels  are  usually  taken  into account  by
employing  representations  close  to the raw  sensory

data. One example  used  in this thesis is the  occupancy

gridLmap. One  exception  concerns  the case  of  missions

in  engrneering  controlled  environments,  where  more

abstract  models  can  be considered.  Other eTaborated

forms  of  representation  would  be used  for modeling

parts of  the vehicle  itself, like dynarnic models  of

devices andlor  expert  systems.  They  are  implemented
following the object  oriented  modeling.  Internal repre-
sentations  of  other  units  can  be also  included insicle
control  units,  according  to the agent  based approach.

  3.5 Implementation

  The appllcation  runs  on  a transputer  network  using

the language Occam,  whose  characteristics  of  concur-

rence
 
and

 
communication

 between  processes are  explicit-

ly repre$ented.  Control units  are formed  by  at least two
objects  : the main  centrol  moduae,  ancl  the "mail box".
Other objects  may  be also  considered  depending  en  the
function of  the control  unit.  In order  to pennit asyn-

chronous  communication  using  Occam, control  units

need
 to be mapped  into more  than one  Occam  process.

Therefore, a  dedicated object  has been developed for
buffering and  sending  rnessages,  the '[rnail

 box" (Fig, 2) .

   4. A Case Study : The  Collision Avoidance

       Guidanee System  for an  AUV

  Concurrently to the investigation and  clevelopment of

 a  control  architecture,  the application  of  it to a  practi-
cal problem  during un  AUV  mission  was  conskiered:

 the sonar  based navigation  of  an  AUV,  which  has been
developed at  the University of  Tokyo,  the 4`PteroaJ

 150"LO). The mission  considered  is the  exploration  of  the
sea  bed by terrain foHowing  maneuvers  in the vertical
plane. A  simiTar  vehicle  has been  developed by the
cornpany  KDD  for the inspection of  underwater  commu-
nication  cablesii),

  The  perception of  the relative  position  between vehi-
cle  and  terrain occurs  through  the  use  of  range  data
from  a  sonar  system.  In simulation  tests, a  model  of the
vehicte  

`'Pteroa-150"

 that  includes 4 active  echo

sounders  was  used,  The  echo  sounders  are  arranged

around  the gravity  center  of  the vehicle  aiming  at

directions spaced  by  30 degrees from each  other,  from
the body  longitudinal axis,  

"x",

 to the transversal  axis,
"i",

 as  shown  in Fig.3.

  Guidance  laws  based  on  terrain  following, and  pursuit
guidance  are  used  together  with  the line of  sight  angle
as  basic tools for the local path planning  system.  They
are  based on  the local and  absolute  reference  systems
shown  in Fig. 4.

  4.1 Terrain Pollowing Algorithm: First Version
  A  collision  avoiclance  guidance  for '`Pteroa-l50"

 was

first proposed by Ishitani et al.i!', A  similar  algerithm

was  used  in the first simulationsi3),  and  in the experi-
ments  presented in this paper.

Fig.3 UItrasonic beams representation  and  the

      corresponcling  slant-ranges,

Z

Fig. 4

x

   

Coerdinate  Systems: absolute,  and  body-fixed.
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  The  algorithm  uses  a  piece  wise  appreximation  of  the

terrain profile obtained  thrc}ugh  the slant'ranges  values

that correspond  to the  acoustic  beams. Based  on  the

slant  rnnges  re[ated  to two  adiaeent  beams, locai esti-

mations  of  the terrain slope  relatively  to the  vehicle  cnn

be estimatecl,  as  follows :
    bi--=-tan 

i((a-N7,-i)1(x,-x,.L)),
 i=::2,3, (1)

,where

   zi=  Ri' cos  [(i-1>'ff/6]
                                         (2)
   xi=Ri*sin[(i-1)*ff!6]

During  terrain  foHowing, the  main  objective  ls to keep

a  minimum  altitude  
`"it)"

 from  the bottom, fotlowing its

profile, The  command  pitch angie  to be input into the

control  algerithm  is given by  :

    e..f ==  th+e+tie  (3)

,where/

eref is the  command  pitch angle,

a  is the trimming  angle,

dO  is the  pitch angle  variation,  whose  calculation  is

based  on  the  terrain  perception by  the  sonar  system.

  Naturally, the  main  reference  for the vehicle's  alti-

tude  from  the  bottom  ls the  distance "Ri"  obtained  from

the  echo  sounder  paralgel to the  
"a"

 axis,  i. e. directly

bel!ow the  vehicle.  Using just this information, the

pitch angle  variation  would  be calculated  as:

    bi=-tan-i((Ri-th)za)  (4)
,where A is the  reference  clistance in the "x"

 clirectien
within  which  the  error  in the altitude  should  vanish,

  A  more  explicit  collision  avoiclance  maneuver  occurs

in the  presence of  a  forward  obstacle  within  a  distance
bellow a  defined limit, i. e. '`R4<limit''.

 In such  case,

   Ae==tan-i(b4) (5)
where,  b4 :=i(Ri!R4),  using  the terrain slope  as  reference,

or  b4=(zblR4), as  in the algorithm  based on  pursuit

guiclance (section 4.2).

  In this guiclance algorithm,  it is imposed  a  restrictive

criterion  for using  the information given by  such

angles:  the  inforrnatien ahead  of  the vehicle  is consid-

ered  only  when  the referrecl  terrain altitucle  is bellow
the  minimum  required.  Thus, the corresponclent  projec-
tion  of  the  slant-ranges  

'onte
 the 

`[2''
 axis  rnust be less

than  the required  minimum  altitude  
`'a)".

 Onty the
maximum  value  between  

"b2"
 and  

'`b3"
 is used,  which  is

compared  to 
'`k'bi'i,

 At  the time  of  the first tests, a

large value  for "A

 
"

 was  aclopted,  Thus, the gain  
"k"

was  increasecl (or "A"
 clecreasecl) for altitudes  less than

'`zb".
 This can  be expressed  as  follows:

Let,

    b2:== e+max  {b2, dw}. <6)
If l2<a),  or  23< £ b, then

   Ae=rnax{fe*b,,b23}, {7)
else,  Ae =r-  bl {8)
where,  k>=1,  if bl>O,  or,  k==1, if bl<O,

  4.2 Terrain Following  Algorithm  Based  on  Pur-

      suit  Guidance

  An  improvement  in the former approach  was

achieved  after  adapting  guidance rnethods  commonly

used  in air  Tniss{[e  guidance  to eur  purpose.  [n this case,

terraln fo[lewing is viewed  as  the task  of  intercepting Ei

imaginary target  traveling  at  constunt  altitude  from the

terrain The  basic e]ement  in thc algorithm  is the line of

sight  angle,  relnting  the pursuer (the AUV  in our  case)

to the target. Cunsidering the absolute  referencc  fraTne,

the line of  sight  angle  can  be represcntcd  as/

   aabs =.- tan't ( Siiil::il 
Zx'-}'-)

 (9)

, where,  Xo  and  Zc are  the  vehicle  coordinates.

  The  pitch angle  varia[ion  calculated  using  altitude

range,  can  also  be interpreted in the  sense  of  the  line of

sight.  Considering the expression  ( 4 ), the  desired down-

ward  range  variation  can  be interpreted as  a  distance to

the  target  in the direction defined by the  local "z"

 axis.

Siniilarry, 
"a"

 is the distance difference between target
and  vehicle  in the longitudinal direction 

"x".

 Thus,

   ao=tan-L(-i;L,//r;gi"gt,-) (lo)

.where:

   :'terget=A (11)
   Ztarget=k:J-Ri･ (12)

  Irnposing the line of sight angle  as  an  ordered  pitch

variation  to the control  system  consists  in a  pure pursuit

guidance. The  idea is to keep the  vehicle  longitudinal

axis  always  aiming  to the  target  along  the  line of  sight.

Since the Iongitudinal axis  and  the  velocity  clirection

are  not  always  coincident,  i. e. the  angle  of  attack  is

different from zero,  guidance errors  arise.  Therefore,

better results  are  obtained  aiming  the  velocity  vector  to

the target. This  can  be achieved  by  adding  the  angle  of

attack  value  to the  Iine of  sight  angle.  In this case,  the

guidance  law changes  to the  so  called  velocity  pursuit  ;

   die=de+cr  (13)

  Assuming a Iinear model  related  to the  vehicle  for-
ward  velocity,  and  small  values  of  the  pitch angle,  the

angle  of attack  can  be approximated  by  :

   a=i+e  a4)

. where:

Z  is the vehicle  depth rate.
Li is the  constant  forward  velocity.

  A  rough  terrain corresponds  to a  maneuvering  target.

In such  case,  terrain following by pure altitude  control

may  not  provide respDnse  to the vehicle  as  fast as

required.  Besicles the  intrinsic limitation of  the  algor-

ithm. the vehicle  dynamics  impose  limitations to the

guidance perfermance. This is a  significant  difference
from  the  air  missile  case,  where  there  is a  high pursuer
velocity  related  to the  target,  and  fast control  rate  is

allowed.  Such  limitation restricts  the minimurn  value

of  A for assuring  the  stability  of  the  system  

"guidance+

control+vehicle",  as  analyzed  in 14),

  Guidance performance  can  be improved  by using

information on  the target  velocity  for anticipating  its

future position. In the terrain  following case,  the

analogous  information is the  terrain  slope.  For estimat-
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ing the Ioca[ terrain slope, the s]ant  
'rmnges

 relative  to
the beams  at  30 and  60 degrees are  used  in "bL",

 defined
by (1), and  

'`bE",
 defined as:

    b{=-tan'L((z#--R[)keH> (15>
The  slope  calculated  in this case  is re]ated  to the inter-
section  of  the beam  coincident  with  the 

'`z"
 axis,  ancl

the  terrain  profiIe.

  Ernploying again  the missile  guidance  analogy,  the
algorithm  prep()sed  is a  kind of  cleviated-pursuit  lead

guidance. The  lead angle  is proportional to the  tine of
sight  rate,  that is calculated  uslng  the expressions  for
"bu"

 andler  
"bg".

 If both values  are  considered,  the
average  value  between them  is adopted,  The  expres-

sion  for the  pitch variation  is calculatecl  as  follows :

   Ae=:ar+a  (16)
where:

   or=Kb'au+Kb"a  (17)

o==

b2. if R2(1hn  2, and

b'3, if R2>lim  2, and

 b2+b'3
       , if R2(lim  2
   2e,

 otherwise

Kb  are  contrel  gains.

R3>lim3

R3(lim3

, and  R341im  3(18)

 K},, and

   The  values  for and  the control  guins are

 function of the required  minimum  altitude  
"zb",

 and  the

 minimum  preview  distance that  assures  the system

 stability.  The  relation  with  
"zb"

 is due to the rule  that

 beth beams  should  be considered  only  when  the vehicle

 is near  to the  required  altitucle,  for avoiding  unnece$-

 sary  maneuvers.  This implies in projections of  the

 beams on  the L`z"

 axis  whose  values  are  not  clistant

 frorn the minimum  altitucle  
"k)"

 . On the other  hand, the
 ratio  between the  projections on  the  

"x"
 axis  and  the

 control  gains  can  not  bee too  small,  otherwise  the

 system  leoses its stability,  as  in the  case  of  too small

 vaiues  of  
"A".

In the case  of  R4<Iimit, Ae  is calculated  by (5).
  The  pitch angle  is controlled  through  defiections of

the vehicle's  elevators.  The  discrete centrol  law  adopt-

ed  is given  by

    ae(t)=ki'(eref(t)-e(t))-k2"w(t)+fe3*o"(t-1)

                                         (19)
,where;

ae is the elevator  angle

av is the  pitch ratie
ki, le2, and  k3 are  the controller  gains.

  In Ishitani et al.i2), the gains are  changed  in order  to
prevent  high attack  angles  when  following the terrain,

and  to provide  fast responses  for collision  avoidance.  In
our  simulations.  only  the "damping"

 le! is ehanged  (i, e.

increased) when  the absolute  value  of  a  negative  pitch
rate  

"w"

 is above  an  arbitrary  limit. The  other  gains
are  kept constant  

'

  
tl.3

 Cooperative  Guidance

  The performance  of  the  latter algorithm  in smooth

terrain  is satlsfactoryii.  Problems  appear  in the case  of

steep  terraiTi or  in the presence  of  abrupt  changes  in the

terrain profiIe (Fig.5). One  of  the  reasons  for such

drawback is the small  number  nf  lransdueers  that imply
in the non'detection  of obstacles  bctween  the narrow

ultrasonic  beams. Cvnsidering such  ]irnitation, a

significant  drawback is due to the guiclance atgor{thrn
itse]f: only  present detection of  obstacles  are  taken
into account  by the  guiclance  algorithm.  When  a  for-
ward  obstacle  is detected, the vehicle  nose  turns up  as

expected.  As  soon  as no  other  forward  obstac]e  detec-
tion uccurs,  the  vehicle  is curntnanded  to follew the
terrain bellow it, and  turns lts nose  down, neglecting  the

last command  for avoicling the obstacle.  Despite the
limitation on  the number  of  beams, probab]y  there  was

a  number  of  tiines that an  obstacle  was  detectecl.
IIowever, such  information is nottaken  intu accDunt  in
future occasions.  As  a result, the vehicle  may  approach

an  obstacle  too  closely  in a  kind of  fiuttering motion.

This can  be observed  in the graphs of  the  pitch angle  in
Fig.5.

  The  solution  for this preblem  was  considered  in the
framework  of  the cooperative  control  system,  Storing
the obstacle  detections is a  function ef  the  mapper

module.  It exchanges  infermation with  thePigot,  which

is responsible  for guiclance and  motion  control,

  The  representation  used  in the mcipPer  is a  bi-dimen-
sional  grid  map  which  is a simplification  of  the  

"occu-

pancy  grid  framework"iS), The  range  data received  at

each  sarnpling  time  is interpreted according  to a

probabilistic  sonar  model,  and  incorporated into the
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map.  Instead of  the  gaussian  model  adopted  by Elfesi5),
we  have  assumed  in our  first tests an  ideal sensur

conceming  the  radial  distances, Foreach measurement,
angular  sectors  are  defined by the senar  beam  width.

Each  cell  inside the sector  which  has a  probabllity

density function value  greater  than zero  is cunsidered
"occupied",

 otherwise  it is "non'occupied". Other cells

not  scanned  yet are  considered  to be in the 
'`unknown"

state.  Thus, the  probability density function is given
by:

    P( "'m, op)= o"(r7  m)(  2}. (z{(p+ ap)-u(q-  ffv)))

                                         (20)
where:r

 is the  random  variable  representing  the  real  range.

m  is the rneasured  range.

ep is the random  variable  representing  the  target angle
related  to the  transclucer  long{tudinal axis.

ap is half of  the  beam  width,

6 is the impulse functiun.

u  is the  unit'step  function

  It was  emphasized  the  dynamic interaction between
Pilot and  mopPer  rather  than  the  use  of  better medels  in
the process  of  map  building, Such interaction is
intended to cope  with  the  uncertainty  or  lack of  infor-
mation  that affect$  these  modules  during their corre-

spondent  tasks. The  Pilot consults  the information in
the map  through requests  to the mcmper  and  decide on
maneuvers.  On the other  hancl, the incomplete informa-
tion in the map  may  activate  survey  type maneuvers  by
the piiot that help the maPPer.

  A$ the vehicle  is moving  over  the sea  bed, new  range

and  position  data are  received,  and  usecl  in order  to

update  a  local map  of  the terrain. Concerning position,
the  vehic]e  coordinates  are  defined in relation  to an

earth  fixed reference  frame. It is adopted  a  fixed
orthogonal  system  with  relation  to the local area  con-

sidered.  As  new  local maps  are  built, the origin  of  the
reference  system  is displaced.

  A search  for the highest obstacle  representatien  in a
small  area,  and  free spaces  over  it is clone in the  mamper

module  when  requested  by  the Pilot. The  search  process
is performecl  over  a  srnall part of  the grid  map,  using  a

window  whose  origin  is at  the  reierence  coordinates

received  from  the  Pitot (Fig. 6). It is implic{t in such

procedure that  the  vehicle  n]eves  in a  fixed sense  in the
lengitudinal directie[]. Thus, only  ebstac[es  after  the

reference  point  are  takon into account.  The  window

s[ze  should  be large enough  for making  effective  the

map  utilizaLion. However, if the size  is too  large, the

search  becumes more  time  consuming,  and  obstacles

more  dangerous  due to their short  distance to the

vehicle  may  lose importance  in face of  higher obstacles
at  further positions. Another clrawback of  excessive

large windews  is the  possibility  uf  increasing the impor-
tance  of  isolated obstacle  detections that are  dtie te

Iarge beam  width  of  the sonar  system,  and  not  to the

rea:  existence  of  obstacles.  After finding the highest
obstacle  detection insicle the windew,  the  search  for free
spaces  over  the  correspondent  coordinate  starts,  A
fixed number  of  cells  at  the column  over  the obstacle

detection are  checked,  If the  number  of  free space  cells

exceeds  a  given lirnit, the obstacle  coerdinates  are

transmitted  to the  Pilot as  a  Iocal maximum.  Other-
wise,  the  same  coordinates  together with  an  informa-
tion on  the unknown  status  of  such  point  are  returnecl.

Using such  approach,  a  small  number  of  cells  with

obstacle  detections found inside free space  areas  is not
taken  into consideration.  Considering the terrain conti-
nuity,  isolated cells  corresponding  to obstacle  detec-
tions are  generally  due to the  beam  wiclth  of the sonar
system,  and  should  not  influence collision  avoidance

maneuvers.

  In the Pilot module,  different maneuver  states  can  be
activated  depending  on  the situation. This refers  basi-
cally  te a  ferward obstacle  detection and  the informa-

tion received  from  the  mcipPer.  Maneuver  states  and

the interaction with  the  mapper  can  be represented

through a  finite state  automaton  defined by the  5-tuple,

(Q,X, S, qo,F),  where  Q=:{qo,ai,q2, q3} is the  set  of

maneuver  states,  X={1, 2, 3, 4, 5} is the input alphabet,

ao =:  
"terrain

 following" in Q  is the inftial state,  and  F=:

{qo} is the set  of  final states,  and  6 is the transition

function represented  in Fig. 7 which  maps  e × X  to e.
It is assumed  that the terrain following is the  initial and

final state  in the transition  diagram. The  maneuver

states  ancl  the cerresponding  transitions  among  them

are  described as  follows :

qe:"Tlarmin  Jibllotving". In this state,  lf there  is no

forward obstacle  detection, the vehic!e  is exclusively

Fig. 6 Window  usecl  for the  search  process. The  origin

      
"O",

 at  the  corner  of the window,  has its coordi･

      nates  given  by the  pilot, when  it requests  the

      search.

-EEte[E"art.@-
4

- (ii)
3,5

 q2

Fig.7 Transitiondiagram.
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 guided  by  the terrain fe[lowing algorithrn,  and  no  com-

 rnunication  with  the  mmpPer  occurs.  In the  presence of

 a forward obstacle,  two  possible  transitions to other

 states  are  permitted, depending whether  or  not  the

 measured  range  is within  a  defined Iit"it. If the  forward

 obstacle  is far enough  {input `il")

 a  communication

 with  the mapper  is triggered.  The  rnapper  is asked

 whether  or  not  free spaee  is found over  the coordinates

 of  the forward obstacle.  The  obstacle  at  the highest
 altitude  near  the received  coordinates  is searched  bv the
 rnapper,  and  atso  the detected free spaces  uver  it. The

 new  coordinates  and  the information on  the presence  of

 clearance  or  not,  is returned  to the pilot. In the

 aMrmative  case,  the pilot centinues  to guide  the  vehicle

 to follow the terrain bellow it. Otherwise, the vehicle  is
 commanded  to turn up,  by the  maximum  value  between
 the terrain  followfng algorithm  and  the line of sight

 angle,"LOS"  ( i. e. tiabs, as  in (9)). ttsing  the coordi-

 nates  receivecl  from  the mapper  as  the target. In both

 cases.  the maneuver  state  used  at the next  sampling

 time is changed  to 
"survey",

 and  the coordinates

 receivecl  from  the mapper  are  stored  as  references

 values  for future decisions. If the forward range  is
 bellow a given Iimit (input 

'`5")

 the vehicle  is command-

 ed  to turn up  by the  
X`LOS"

 law, using  the 
`'X"

 coordi-
nate  of  the forward obstacle  and  its depth subtracted  by
 

''de"

 as the target coordinates.  No  communication  with

the rnapper  is triggered,  and  the next  maneuver  state

will  change  to "collision
 avoidance".

ql:  

"Sbe}"vay".
 At  this state, there isa process ef  investi-

gation  on  the obstacle  at the highest altitude  in a  small

area  that include$ the Feference  coordinates,  As  de-
scribed  in the  forrner paragraph, depending on  the infor-
mation  available  at the  moment  by the memper,  thePigot

decides to proceed fellowing the terrain, or  to search  for
free spaces  turning up  the vehicle's  nose.  While new

obstacles  are  detected by  the forwarcl beam  at  distances
greater than the limit, this maneuver  state  is
maintained.  The  original  reference  point coordinates

are  updated  when  either  free spaces  are  reported  by  the
mcmper  or  no  more  obstacles  are  detected by  the  for-
ward  beam  (input 

"2").

 In beth cases, the  maneuver

state  is changed  te 
"attention".

 Otherwise, the  control
system  continues  in the '`survey"

 state  until  a  limit
distance to a forward obstacle  (input "5")

 or to the
reference  point occurs  (input 

"3"),

 and  then it changes
to the  

"collision

 avoidance"  state.

q2:  
C`Attention".

 This  is the next  stage  following the
"survey"

 state. The  same  course  of  actions  followed at
the  survey  state  are  used.  The clifference in this ca$e  is
the knowledge already  acquired  on  the nearby  terrain
which  allows  the vehicle  to just follow the terrain

profile bellow it most  of  the time.
q3:  

"Collision

 AvoidZinee". At this state,  the vehicle  is
in  a  turning  Lip rnaneuver  that  can  be started  by inputs
"3"

 and  
"5".

 The  ordered  pitch angle  at  each  instant is
determined  by  comparing  the "LOS"

 angle  to the refer-

ence  point  with  the  output  given  by  the terrain fol]owing
algorithm,  ancl  taking  the mflximum  vaiue.  New  for-
ward  obstacies  cletected at  this state  are  taken  into
accf)unt  if the corresp"nditig  

'tLOS"
 pitch angles  are

greater than the value  related  to the  referenee  point.
Even  if no  forward  obstacle  is detected, if the reference
point has not  been overcerne,  the  piaot proceeds the

maneuver  to the  reference  point  which  has its coordi-

nates
 updated  through  consults  to the mapper,  IIaving

just passed  over  the reference  point (input 
"4''),

 the
pilot returns  to the '`terrain

 fellowing" state.

  In all  the states,  calculations  of  the 
"LOS"

 angle

assurne  that 
['Ztarget"

 is subtracted  by the margin  
"2la''.

The  maximum  measured  ra"ge  assumed  was  50 m,  and

the limit distance used  in 
"input

 3" and  
"input

 5" was  25
m.

  The  performance  of this guidance  systern  when  facing
smooth  terrains is equivalent  to the former  terrain
following algorithrn').  In the  case  of  steep  terrains, the
vehicle  coulcl  usua]ly  dive deeper than in the  correspon-

dent test with  the  terrain  following algorithm.  The
fluttering phenomenon  was  reduced,  and  a safe  distance
from  abrupt  changes  in the terrain was  achieved  (F{g.
8).
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5. Interpretation of  Cooperatiye (;uidance

   System  through  the ABCMII  and  AOP
   Frumeworks

  The  cooperative  guidance  discussed so  far was  based
on  the  communication  mechanisms  jncluded in the

ABCMII  , and  CSP  techniques  implemented  in Occam'
2, The  Agent Oriented Programming  , AOPLG), frame-
work  can  be used  fer representing  the sarne  guidance

system.  The  AOP  modet  can  provide a more  sophisti-

cated  representatio",  which  we  believe is more  appro-

priate for future developments  on  higher level tasks

inside an  AUV  control  architecture.  In fact, the  AOP  is

preposed  as the 
'`artificial

 intel]igence framework"  in
our  control  architecture.

  Part of the AOP  framework  ancl  its version  of the

cooperative  guidance  system  is introduced in this sec-
tion. Further details and  implementation  issues involv-
ing  Occam-2  are  given by  de Barrosi).

  The  AOP  can  be considered  as an  specializatien  of

the object-oriented  model  (in the original  
'`Actors"

formal{sm). Objects are  renamed  as  
"agents",

 and  the
states  of each  of them  are  constrained  to special  types

called  
`'mental

 states".  The parameters  defining mental
states  are: beliefs Con facts), commitments  or  obliga-

tions (to other  agents  or  to oneselO  and  capabilities

(the relatienship  between one  agent  mental  state  and  its
environrnent).  Such special kind of  states  can  be used

not  only  to define commands  to actuators  but also  for
deterrnining in real-time  the relatienship  among  control

units.  Messages are  also  constrained  to three types:
"INFORM"

 (a fact), "REQUEST"
 (an action)  and

"UNREQUEST-.

  Corresponding to each  parameter  aforementioned,

there  is a  data base inside each  agent  implementation

considered.  For example,  in the pilot module,  the

capability  data base expresses  the  ability  for any

maneuver  which  is believed te be safe  :

(V maneuver,  B  (maneuver. safe))

In the commitment  data base, it is supposed  that
maneuvering  near  the  terrain  is an  obligation  from the
pilot to the  mau]er.  Thus, the cemplex  set of  maneuver-

ing states  is seem  as  a  result  from a  reqttest  by  the

miipper.  It does not  need  to be so. Hewever, in such
way,  it is exemplified  the heterarquical character  of  the

control  system.  The location of  decisions is not  fixed:
in this example,  if safety  conditions  are  Rot  achieved  for
proceeding  in a  inaneuver  near･the  terrain,  the  pitot can
decide to ernerge  the  vehicle  or to cruise  in a  safe  depth.

  The  obligations  included in the  commitment  data
base are  expressed  by:

OBL  (pilot, keep. maneuvering),  and  OBL  (mapper,
maneuver.  near.  terrain)

The first sentence  expresses  the ebligation  of the pilot
which  itself in order  to rnaneuver  the vehicle.  The

macros  
''keep.

 maneuvering",  and  
"rnaneuver.

 near.

terrain" are  u  combination  ef  actions  cxpressed  by :
macro  1<aep. maneuvering  :

DO  emerge  OR  (cruise. at.  constnnt,  depth OR  maneu-

ver.  near,  terrain)

macro  maneuver.  near.  terrasn :
DO  follow. terrain

  ELSE

    DO  careful.  terrain. folluwing

     ELSE

       DO  investigate. terrain

         ELSE

           DO  collision.  avoidance,  near.  terrain
The  terms  

"carefut.

 terrain, following", 
"investigate.

terrain".  and  
'`collision.

 avoldance.  near.  terrain"  are

used  instead of  the  former  terms 
'`attention",

 
"survey",

and  
"cellision.

 avoidance",  respectively.  
'l'hecorrespon-

dent maneuvers  are  the  same,  however.

  The  activation  of  each  of  the  instances in the action
`Xmaneuver.

 near.  terrain"  is a  result  of  updating  beliefs

on  the  safety  of  each  ef them  inside the Pilot's belief
data base. According  to the rule  in the capability  data
base, rnaneuvers  considerecl  unsafe  are  not  activated  ,
The  choice  among  safe  maneuvers  is guicled  by the

priorities expressed  in the macro  
"maneuver.

 near.

terrain". These priorities, together with  belief updating

procedures  work  equivalently  to  the  rules  for changing

between maneuver  states  in the  cooperative  guidance
system  presented in the former  section.  The  mentionecl

proceclure  for belief updating  on  safe  maneuvers.  and

the maneuver  execution  are  includecl in the macro
"check.

 data&go",  which  is a parameter  of  one  of  the
commitment  rules  inside the Pitot module  :

OBL  (sonar, INFORM,  data. pilot, check.  clata&go)

  In this rule, the pilot decides (or has a  commitment

with  itself) to execute  
"check.

 data&go",  after  having

received  a  
"INFORM"

 type  message  frorn the sonar

oPemtor.

  An  agent  is capable  of an  action  if and  only  if it
believes itself to be, and  only  commits  to actions  of

which  he is capable.  Thus, belief updating  may  imply

changes  in the capabilities  data base, which  rnay  irnply

changes  in the commitments  data base. After complet-

ing all updating  procedures, and  before the  Pitot
receives  new  data from  the  sonar  opemtor,  a  maneuver

is executed  by the 
'`actions"

 module.  The  execution  of

actions  to which  the Pilot is committecl  runs  concurrent-

ly with  the updating  of  the  three  data bases, "commit-

rnents"  , 
"beliefs",

 and  
`tcapabilities".

  The  mmpPer  module  includes commitment  ru!es

regarding  the  construction  of  the  grid map  and  the

search  over  it when  requested  by  the  Pigot:

OBLdate)OBL(sonar, INFORM,  data, mapper,  represent&up-

{pilot, REQUEST,  check.  reference.  ceordinates,
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 pilot, search.  free. spaces&inform)

   In both versions  of  the rnap  based guidance system,

 cooperation  between  the Pilot and  the mapt)er  was

 exetnplified,  In the AOP  version,  all the system  of

 maneuvers  expressed  by  the  action  
"maneuver.

 near,

 terrain" was  the result  of  a  cummitment  frem  the Pilot
 to the mcipper.  The  maoper,  as  in the first imptementa-

 tion of  the guidance  system,  assisted  the  pitot providing
 informatien about  the terrain. The  assistance  from  the

 pilot to the mapper  is expressed  by the 
"survey"

 maneu-

 
ver  state.  In this case,  the vehicle's  nose  is turned up  in

 order  to provide to the mmpPer  more  information about

 a particular site  of  the terrain. An  action  with  the same

 purpose  was  implemented through  a  steerable  acoustic

 beam systern, which  is part of the experimental  tests
 described in the section  7.

     6. A  novel  Test Bed  for Experiments in
        Underwater  Robotics

  In de Barros et al.L'), the use  of the carriage  system  of

 a  seakeeping  basin guided by  a parallel distributed
 control  system  is proposecl  for investigating a number

 of  aspects  ef  an  unclerwater  robot  operation.  Most of

the necessary  facilities are  already  available,  requiring

only  the adaptation  of the carriage  motion  control

system,  and  the  installation of  the sensors  related  to the
perception system  consiclered.  Without the usual

restrictions  in space  of  an  actual  vehicle,  this test bed
can

 
carry

 sensors,  computers,  and  researchers,  for a

number  of  experimental  tests.

  
The

 carriages  are  mounted  over  the  basin. of  the
University of  Tokyo  (Fig.9). An  important faciHty
related  to motion  contror  is a  precislon model  tracking

system.  Through  such  system,  the difference between
the rnodel  position and  the  sub  carriage  is transformed
in an  electrical  signal  by means  of  a  potentiometer.
Such  signal  drives the automatic  control  system  of  the
X-Y  carFiages,  changing  their velocities  in order  to
track the rnodel  . When  the control  system  operates  at

this state,  that is denominated  
"autoutracking

 mode]',  a
non-zero  fixed value  for the forward  velocity  is $et

initiaJly. Such value  is supposed  to be the main  forward
velocity  of  the model.  Starting from the constant
forward velocity  condition.  the motion  of  the main

1"T"l /LL

 carriage  is changed  in order  to driven the  deviations in

 relation  to the model  position, 
"dx",

 together with  the

 accurnulated  l/racking error  to zero.  The  same  scheme

 is applied  te the auto  tracl{ing mode  of  the  sub'car-

 nage,  except  fur the non-necessity  of  setting  the sub-

 carriage  initial velocity.

   Another  important feature available  at the sub  'car-

 riage,  is the possibility for obtaining  pesjtions and

 velocities  of  both carriages  in real-time.  The position

 var{ables  are  defined according  to a Cartesian system  of

 coordjnates  whose  origin  is at the center  of  the  tank.

 Through the  data from wheel  shaft  encoders,  the car-

 riage  velocity  and  displacement are  ealculated,  and  sent

 from  the minircomputer,  responsible  for the  tracking

 control,  to the sub'carriage  terminals.

   The transformation of the carriage  system  described

 above  in a  test bed for experiments  on  underwater

 robotics  was  perfermed  in two  steps.  The first step  is a

 connection  of  the original  control  system  with  a  sepa-

 rate  processing unit,  where  decisions ancl  guidance
commands  to the control  system  ef  each  carriage  are

created.  Such connection  provides input signals  to the
mim'computer  from  the new  processing  unit,  that wil]
have  the effect  of  guidance  commands.  For this pur-
pese, the previously  described precision tracking system
was  used.  Instead of  real  deviations between the

motions  of  a  ship model  and  the carriages,  the  equiva-
lent analog  electrical signai  , that  would  be provided by
the potentiometer, is sent  directly frorn the  separate

processing unit  through a digitallanalog converter.

  The  second  step  concerns  the connection  of  a  sensory

system  with  the  processing unit  for the  environmental

perception, and  the access  to the  vehicle's  motion.  An
underwater  sonar  system  was  installed into the $ub'
carriage,  and  used  for measuring  distances to objects

immersed  into the tank.  The  slant-ranges  provided  by
the  sonar  system  as  well  as  the carriage$'  speed  mea-
surements  are  fed into the processing unit  through an

analog/digital  converter,  A simple  proportional law
for the velecity  control  of  the carriages  was  implernent-
ed. A  schematic  representation  of  the tracking system
connected  with  the automatic  guidance  system  is shown
in Fig. 10.
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Fig. 9 Arrangernent  of  the  Basin.
Fig. 10 Automatic guidance  through the  adaptation  of

       the  tracking system.
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Fig. 11 Block  diagrams  of  the motion  simulators  :

       a>  Pitch motion;  b) Depth rate.

  A  transputer network  connected  to the bus of  a

personal computer  through  an  interface board  was

chosen  as  the additional  processing unit, The system

implementation  is done by a 
"Transpllter

 Compact
System",  or  

"TCS"i8),

 that  inclucles an  user  frienclly
interface for network  confignration.  A  TCS  can  be
connected  with  another  one,  and  so  successively  , pro-
viding scalability  to the network.  One TCS  connected

to a personal computer  wasused  in the first experiments

with  the new  test bed, concerming  the sonar  based
navigation  of  an  underwater  vehicle.

  In the first tests using  such  platform, it was  investigat-
ed  the  relationship  between real sensing  and  maneuver

decisions in real-time.  In order  to include a  simulation

of  an  AUV  dynamics, future improvements  are

intended. Linear models  based on  the  estimation  of

hydrodynamic derivatives or  transfer functions from
system  identification tests have  been investigated by the

authorsigX2"}. Having estimated  a  model  for the AUV,
the inclusion of  it$ dynamics in the  experiments  with

our  test bed can  be achieved  by attaching  the perception
system  to electrical  motors  settled  in the carriage  sys-

tem.  Neglecting  the  elevator  effects  on  the surge

motion,  from  the AUV  rnodeling,  the pitch  angle  trans-

fer function and  the depth rate  transfer function are
obtained.  These  rnotions  can  be  implemented  by

controlling  the Y  carriage  and  an  electrical  motor  to
which  the sensors  can  be attached.  This idea is illus-
trated by  the schemes  in Fig. 11.

  The input "6e"

 to the transfer  functions is the elevator
angle  calculated  by  the AUV  model  control  system.  A
similar  reasoning  can  be applied  to the yaw  ancl  sway

rnotions  in the  lateral plane.

               7. Experiments

  In the  experirnents,  a  scenario  for representing  the

sea  bed was  installed at  the south  side  of  the tank .
Curved shapes  for representing  hills and  valleys  were

made  by water  proof  sheets.  More  steep  parts  of  the
terrain were  represented  through  the use  of  wood  piates

covered  with  slnusoidal  profiles rnade  of  synthetic  fiber.

 The  sinusoiclal profiles were  introduced for simulating
the terrain roughness,  and  for decreasing the frequency

of  specular  refiection  of  the sonar  beams, Two  fixed
configurations  of  eche  sounders  were  used  in the  first
trials, attached  to the sub-carriage,  The  first
configuratien  is described by: a)  forwarcl looking
echo  sounder  (along the  west'east  direction): b)
downward  lool{ing eche  sounder  (along the  northusuuth

direction) C)  upwarcl  looking echo  sounder  (along the
south'north  direction). The  second  configuration

includes the forward  and  downward  echo  sounders  as

before, and  the  third  one  amidst  them, at 45 degrees,
aiming  the  southeast  direction.
  Unlike the  computer  simulations  with  the  model  of a

cruising  type  vehiele.  the experiment  does not  simulate

the pitch motion.  Thus, the angular  positions of the
acoustic  beams are  constant,  A  possible application  of

these first trials is the  investigation of  missions  using

bluff type vehicles,  where  the pitch angle  is usually  kept
constant.  One of the objectives  of  the  guidance  system

would  be to keep a  continuos  motion  of  the vehicle,

avoiding  frequent stops  in front of  obstacles.

  Durlng experiments,  the test bed was  running  in the
forward direction (westJeast) with  constant  velocity,

ancl the transversal velocity  was  changed  in ercler  to
follow the  terrain  and  avoid  collision  with  obstacles.

The reference  forward  velocity  was  set  to a  constant

value  of  O.2mlsec. The  transversal velocity  has its
maximum  absolute  value  limited to O.3m/sec, The

reference  altitude  from the  terrain  was  3 meters.  The
limit range  for starting  the  free space  investigation
process was  5 meters,  and  the  limit for collision avoid-
ance  was  set  to 3 meters.

  The grid map  manipulatecl  in the mamper  module

consists  of  a  lattice ef 500 * 500 cells. Each cell  has a

size of O.1 *
 O.1 meters2,  Using the  sarne  cell  size,  the

window  used  in the search  process has  50 .  50 cells.

The guidance algorithm,  in the  Pilot module,  runs  at a

sampling  interval of  O.4 seconds.  The  motion  of the
carriage  system  is controlled  at a sampling  interval of

O.1 seconds.

  An  experiment  on  a kind of active  perception  was

tried. In the third configtiration,  an  acoustic  beam  with

variable  directien was  used.  The  forward  Iooking echo

sounder  was  attached  to an  electric  motor,  that  has

been used  for yaw  maneuvers  of  ship  models.  The

resulting  configuration  is shown  in Photo,1. The
forwarcl looking echo  sounder  returns  to the  original

south-north  clirection, after  enough  free space  is report-
ed  by  the  nver,  or  the lirnit distance <3 meters)  to the
original  forwarcl obstacle  is achieved.  The  limit range

for starting  the  investigation on  free spaces,  in this case,
was  increased to 13 meters.

  The  first test refers  to the  pure  terrain  following

guidance  algorithm.  The test was  interrupted at  an

imminent  collision  with  one  of  the  walls  of  the  scenario.
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Experiments  using  the second  configuration  of

sonars.  Pure terrain  following algorithrn.  {a)
test 2-trajectory. (b) test 3-trajectory.
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Test 1. Experiment with  the first configuration

of sonars.  Pure terrain  following algorithm,

<a) trajectory. (b) forward  slant  range  vari-

ation. (C) downward  slant range  variation.

The  trajectory  estimation  is represented  in Fig.12 a, and
the  correspondent  variations  of the rneasured  ranges

at  forward and  downward  directions are  shown  in Figs.
12b, and  12c respectiveiy,  The  forward  range  graph
shows  the dec'rease on  the  values  measured  as  the

carriage  npproximates  the  highest hill in the  scenario.

Just after  such  hM  is no  more  perceivecl  by the forward
echo  sounder,  as  can  be seen  from the large discontinu-
ity in the graph  at  I2 meters  (Fig. 12b), the guidance
system  starts a terrain fotlowing maneuver  based  on  the

data from  the  downward'looking echo  sounder  (Fig. I2

c),  and  approaches  the top of the hill from  above,

 However, at  this time,  the relative  position  between  the
forward  echo  sounder  and  the hill does not  permit its
detection.

  When  the  second  configuration  of  transponclers  is
tried, the measured  range  at  45 degrees from  the for-
ward  direction helps in improving  the performance  of

the pure  terrain  following algorithrn.  The  change  from
collision avoidance  to the terrain following state  was

not  so  abrupt  as  in the former test. However,  such

change  had occurred  also before the carriage  overcame

the hill, and  the carriage  trajectory was  close  to it (Fig.
13a).  A  critical  situation  occurs  when  the limit for
starting  the  cellision  avoidance  maneuver  is decreased
to 3 meters,  as  shown  in Fig. 13 b.
In the test 4 (Fig. 14 a), the cooperative  control  system

was  tested using  the  first configuration  of  echo  sounders.

After reaching  the deepest poinr  inside the valley,  the

carriage  was  guided directly to a  position over  the hill,
using  information provided by the mcipPer.  A  safe

distance from  the obstacres  was  kept. The proposed
control  system  was  also  tested  using  the second

configuration  of  transponders. In the test 5 (Fig. 14 b),
the minimum  distance for starting  the collision  avoid-

ance  maneuver  is 5 meters.  In test 6 (Fig. 14 c),  such

distance was  decreased to 3 rneters.  Both  results  show

a  better perfornnance concerning  the  collision  avoidance

than  the correspondent  tests using  the pure terrain
fellowing algorithm.

  The  decreasing values  of  the  forwarcl distance in-
dicated the perception  ef the htghest hill since  rong
distances. Particularly, when  the carriage  is entering
into the valley,  the hill is in a  frontal position to the
forward  looking sensor.  In more  general terms, despite
the  phenomena  of  specular  reflection  andlor  the lew
intens{ty of  refieeted  beams for small  distances at  large
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Fig. 16 Experiment using  the second  configuration  of

       sonars.  
"Cooperative

 Guidance", Test  8'trajec-

       tory. The ltmit slant  range  for starting  the

       
"survey"

 maneuver  was  increased to 13 meters.

 incidence angles,  there is a great possibility for the

 obstacle  detectien cluring its approach,  since  different

 distances and  incidence angles  occur.  However,  such

 information is not  taken into account  by  the  pure ter-

 rain  following algorithrn,  Map  building and  obstacle

avoidance  are  not  independent process in the coopera-

tive guidance system.  Taking  into account  forward
obstacles  by the guiclance commands  at  the survey

state, helps to build a  more  accurate  representation  of

the  terrain  in the･ tests.

  Test  7 (Fig. 15) refers  to the guiclance system  with

variable  beam  direction. The  quite cliscontinuous per-
ception  of  the terrain profile is due to the high noise
coming  from the motor  driver. This phenomenon
caused  large variations  in the readings  from  the sonar
system,  specially  in the case  of  the  downward  direction,
as can  be observed  in Fig,15 c.  It is po$sible to observe
the variation  of  the  beam  direction and  the  actual

sonar  headings during the carriage  displacement. As
the carriage  enters  into the  vailey,  the  search  for free

spaces  is activatecl  and  finishes as  soon  as  enough  free
spaces  are  found (Figs. 15 a  and  15 b).

  Test  8 was  carried  out  for a  comparison  with  test 7
(Fig. 16). The originar  system  , with  fixed beam  clirec-
tions  relative  to the vehicle,  was  used.  It was  imposed
the sarne  distance as test 7 for activating  the free $pace
searching  process. With a  larger limit distance used

than  before, the search  for free spaces  does not  allow

the vehicle  to clive into the  valley.

                8. Conclusions

  A  guidance system  for real-time  terrain  following

and  collision avoidance  applied  to an  AUV  was  present-
ed.  This  control  system  is based on  discrete event$
related  te the detection of  forward  obstacles  bv  a sonar

system.  A  dynamic interaction with  a  representation  of

the external  environment  around  the  vehicle  is em-

ployed, since  these discrete events  may  trigger  a  k[nd of
"dialog"

 between  a guiclance  module,  the  
i`pilot",

 and  a

module  responsible  for building a  grid  map.  the "map-

per".

  As a. background for the guidance  system.  a software

control  architecture  using  parallel distributed process-
ing was  proposed. Control units  are  represented  by a
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group  of  entities,  the "agents",
 which  are  based on  a

cornputational  frurTiewerk formed  by a  combinatif)n  of

the  Actors model  and  the  ABCMfl.  A  specialization  of

such  medels  concerning  the jnternal states  of  agents  and

conimunication  among  them  forms the artificial  intelli-

gence  framework,  the Agent  On'ented Prngramining

model.  Agent orientation  provides  means  for express･

ing more  comp]ex  relationships  among  control  units

than  commom  behaviora] based architectures.

  Preliminary tests with  the collision  avoidance  system

were  based on  simulations  using  a  rnathematical  rnodel

of  the  AUV  mot{on  in the  verticat  plane. This rnodel  was

determined through  system  identification experirnents

with  the  real  scale  vehicle.  Futher tests were  perforrned
using  a  novel  test bed, which  is based on  the  adaptation

of  model  basin facilities. The  interpretaion of  the real

world  from the sensory  system,  ancl  the  correspondent

action  in real-time  coulcl  be investigated. Therefore,

we  claim  that  an  important experimental  phase  for

developing undeTwater  robots  can  be executed,  avoid-

ing the costs  related  to the implementation  of  actual

vehicles.

  Future work  with  the cooperatjve  centrol  system

includes more  case  studies  investigating the relationship

among  the control  units.  For the  collision  avoidance

system,  an  extension  to the lateral plane  is intended.

Finally, futher improvements  of  the  proposed  test bed

related  to the representation  of  the  vehicle  dynamics

and  the external  environment  are  necessary,
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