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Abstract— The problem of AUV group control is considered in the paper. A group of
AUVs could give a number of advantages in search operations or environment monitoring,
especially if the group is coordinated according to an optimal plan. Some of those
advantages are high performance and reliability during the mission. In order to arrange a
group of AUVs it demands to develop and implement appropriate algorithms for optimal
plan design. A group control system should monitor the mission execution and switch plan
according to changing conditions, for example, if one of the vehicles leaves the mission due
to an accident or for another task. We consider these problems within a specific control

system for MARC AUYV.

Index Terms—AUV, group operation, control system

1. Introduction

One of the tools for solving survey tasks
in the sea is AUV. There are problems with
speed and reliability in case of using a single
vehicle. One of the ways to overcome these
problems is group AUV usage. It needs in
specialized control systems for effective AUV
group control. Such systems are being
developed in various research institutions and
described in papers.

In Underwater Systems and Technology
Laboratory (LSTS) of University of Porto
(Portugal) the work on software for
collaborative  control  of  heterogeneous
autonomous vehicles is under way. Not only
underwater, but also surface and aerial vehicles
are considered [1]. A unified controlled system
named DUNE [2] uses application message
transmission protocol IMC [3] n
communication between modules of the
system in a single vehicle, as well as between

vehicles. An operator console for simultaneous
management of several vehicles is also
developed. Each vehicle in DUNE system has
a plan, which is either a motion trajectory or a
command to follow another vehicle. The plan
is determined by operator, so current version
of the system doesn’t support automatic plan
construction and task allocation.

An approach with task allocation before
mission start is used in [4]. Area coverage is
considered as a single task. Ant colony
optimization is used to build optimal plan.

One of open-source AUV control systems
is MOOS-IvP. Several processes exchanging
their data via shared memory are running
simultaneously on the vehicle’s onboard
computer. A set of all possible vehicle
actions is considered and one of them is
chosen in each step, depending on joint work
of several behaviors. Each behavior has its
own utility function. Linear combination of



utility functions for different behaviors is
taken as common utility function. The action
which gives maximum to this function is
performed (on details for utility function
representation and optimization techniques
see [5]). Algorithms for group control are
implemented as additional modules in
MOOS-IvP. Collaborative work is suggested
according to the following scheme. A central
node is the source for all tasks (this could be
operator console or one of AUVs, having the
whole mission plan). “Point visiting” tasks
are considered. As new tasks appear, the
central node publishes them and takes bets
from vehicles. A vehicle with minimal bet
gets the task. This is an instance of auction
planning. It can be implemented in MOOS-

IvP as two modules: central node which

publishes tasks and auctioneer on each

vehicle, making bets. If an auctioneer won a

bet, this new task influences on utility

function ofits AUV.

Hybrid architecture is used in many of
current AUV control systems. The whole
control is separated in to three layers:

e low level of control performs elementary
actions; this level is the most close to
onboard devices and works in a reactive
way (responds local reactions on
changing conditions);

e middle level breaks the plan in
elementary actions and accumulates
sensor data to provide it to upper level;

e upper level of control builds action plan
according to mission and environment
model.

Hybrid systems are, for example,
DUNE [2], DSAAV [6] (National University
of Singapore), control system used in IMTP
FEB RAS[7]. Some control systems are
based on other principles. An example of
behavior-based control system is MOOS-
IvP [8]. TRex system [9] provides control
based on hierarchical structure on
perception—model-plan—act scheme.

This paper is devoted to the development
of hybrid control system, supporting group
AUV operations on centralized control
scheme. This scheme is used on two reasons.
First, it does not demands any negotiation
procedures among AUVs, as do action
planning methods in distributed systems.
This reduces total number of transmitted
messages in very noisy and slow marine
acoustical environment. Second, distribution
of control gets effective for big number of
vehicles but we use a small AUV group.

2. Some Algorithms of AUV
Centralized Planning

Generally the planning process consists of
some parts. First of all, the goal should be
decomposed, i.e. broken on several tasks.
Then a sequence of tasks should be assigned
to each robot. We will use the principle of
tasks indivisibility: each task should be
executed continuously, and each AUV can’t
start a new task if the previous one isn’t
finished.

Among all of the plans, the one should be
chosen which minimizes some functional
(for example, total run of all vehicles). While
an optimization problem formulation, we
should also consider the fact, that each task
can be accomplished by one of several ways.
Each task is characterized with estimated
execution time and with several ways to
accomplish it, which can have different
starting and ending points. Finally, the plan
execution should be controlled and corrected
in case of emergency.

Suppose we have m vehicles and » tasks.
Initially, g-th vehicle is located at point sq of
3D-space. It is known v; ways to perform the
task number i. Further, the j-th way to
perform the task number i is characterized by
start point a;j, end point by, and the execution
time /;;.

Let’s denote as a plan of single vehicle
such cortege of pairs



p= (i[,j[), (ig,jg), . (l'w,jw), that ik el.n,
Ji €l.v, for all k € I..|p|. The execution of

the plan for g-th vehicle starts at the point sq.
The vehicle at first goes to the point a, ; and

executes the j;-th variant of i;-th task. Then
the vehicle goes to the point a, ; and so on.

The execution finishes at the pointb, We

Lpdipl
assume, that transitions between points in
space while moving between tasks or from
the initial point to a task are performed along
straight line segment (i.e. we use Euclidian
distance). So, the execution time of plan p by
the g-th vehicle is:

|p|

Pl 1
l‘i (p) = zlikjk + _(p(s‘l’ailjl ) + zp(bik—]jk—] ’aikjk ))
k=1 V k=2

where Vis the speed of vehicle.

We  denote as common  plan
P= (., ps ..., pm) such cortege of single
vehicle plans that each task exists in it just
once and in one way of execution. Total
execution time can  be  denoted
asz(P):ggﬁ);zq(pq), since a mission can be

considered accomplished only when all
vehicles are done.

The optimization problem is concluded in
finding a common plan P, minimizing #(P)
for given initial positions of all vehicles,
given tasks and ways of their execution. The
problem of generating a plan is close to
multiple  traveling salesman  problem
/MTSP/. There are well-known methods to
solve it, both exact and approximate,
described in[10]. Let’s consider two
algorithms, solving this problem.

The first algorithm gives the exact
solution. It’s based on the idea of dynamic
programming and it’s a modification of
Held-Karp algorithm [11], solving TSP
problem. In Held-Karp algorithm the state of
system is described by the last visited vertex
of the graph (TSP problem is stated on a full
graph with different costs on edges) and the

subset of vertices, which were already
visited.

Using a binary search, our problem can be
reduced to the following: find a common
plan P with execution time #(P)<T or state,
that it’s impossible. We will apply a dynamic
programming to solve the last problem.
Consider sequential generating of a plan for
each AUV, with only those transitions
between states, which makes execution time
for current vehicle not more than 7. The state
of our system is described by the triple (g, S,
u), where ¢ is the number of current vehicle,
S is the subset of tasks, and u is the number
of vertex, in which the g-th vehicle will
locate by the end of current plan (this could

be any vertex of > v +mvertices from
iel.n "1

vertex sets, given by b and s).

Further, denote as #7(gq, S, u) the minimal
execution time for g-th vehicle in the state
(g, S, w) for given T. A transition to a new
state is either choice of the next task, which
is not in S, or switch to generating a plan for
the vehicle number g+/. So, transitions are
described as follows:

0, ifmint(g—1,8u)#00,

tT(‘]oSosq) :{

oo, if the state is not reachable, ’

£(¢,8,by) = L, + min(t, (9,5 \ i}.5,) +§ /s, —a

ij ‘7

min min (tT(q,S\{i},bl-]jl)+%bi]j] —a; (),

i eS\{i} jiel.y

where i € S. Transitions are performed only
if gained #7(g, S, w) is not more than 7.

The structure of the algorithm for the
fixed value of T is as follows. First, the value
tr(1, {}, s1)=0 is initialized. Then all other #7
are calculated in the order of non-decreasing
q and non-decreasing |S| for the fixed g.

The second algorithm is a modification of
auction method applied to a centralized
planning. In this solution all tasks are
sequenced. Each task in all ways of
execution is added to the already generated



partial plan of each single vehicle. The
vehicle, which has the minimal cost of partial
plan after inserting the task, is declared as a
winner and the task is assigned to it. So, for
each task we choose:

e avehicle to assign the task;

e a position of the task in partial plan

for the vehicle;

e a way of execution of task, which can

be applied.

In the real conditions there is a possibility
of emergency situations. An emergency
could be more time execution needed for
some task or an AUV failure. According to
the principle of indivisibility of tasks, it
should be taken into account, that some
vehicles could be available not at once as
emergency detected, but only after finishing
their current tasks. This leads to some
modifications in algorithms described above.
Generally, the central control node should
continuously monitor the execution of
current plan and make a re-planning in case
of a strong deviation from the plan.

In the paper[12] the application and
modeling results of designed algorithms to a
problem of search and estimation of local
heterogeneities is discussed. The problem of
adaptive data sampling by group of AUVs
for further high-precision mapping of
environment parameters under restriction of
whole given area covering based on
mentioned above algorithms is considered
in [13].

3. Control System of MARC AUV for
Group Operations

Small AUV named MARC /Marine
Autonomous Robotic Complex/ (fig. 1) was
designed in 2011 in Scientifical-Educational
Center “Underwater robotic” that was

organized based on Far Eastern Federal
University /FEFU/ and Institute for Marine
Technology Problems FEB RAS. The AUV
has weight of about 50 kg and length of 1800
mm (depending of sensors configuration).
Maximum diameter of the vehicle is 250
mm.

Control software of MARC AUV is a
hybrid system. It consists of several
executable modules running simultaneously.
Some of the modules are intended to run on
the ordinary AUV onboard computer, while
others are designated to run on AUV central
node or operator console. Modules are
distributed by levels in the following way.

e Low level consists of onboard device
drivers, navigation module, motion
regulators, and control-alarm system.
Frequent message transmission (tens
of messages per second) is typical for
modules of'this layer.

e Middle layer is implemented in group
mission manager. This module
performs plan, which is build by
central node. The plan is separated on
elementary actions from task library
of AUV.

e Upper layer is represented by operator
software and planner. The latest
implements functions of central
control node. In can run on AUV
central node or operator console.

For communication between modules the
messages are used, which lets to generalize
communication  between modules to
communication between AUVs in a natural
way. For messages transmitting through
network sockets the IPC library [14] is used.
It lets to run control system modules in
various configurations with several onboard
computers.



Fig. 1. AUV MARC is intended for group operations.

The part of control system within a single
AUV of a group is depicted on fig. 2. The
common structure of the system is depicted
on fig. 3 with suggestion, that central node is
being run on operator console. The following
scheme is used to exchange IPC-messages
between one of AUVs and central node (a
message in hydroacoustic channel from
group mission manager to central node is
given as an example):

e group mission manager publishes
IPC-message  for  hydroacoustic
modem driver in local AUV network;

e hydroacoustic modem driver receives
the nmessage and transmits a
hydroacoustic package;

e operator console modem receives the
package and modem driver publishes
IPC-message in operator console
network.

Modem driver also responsible for
reliable connection (channel level). It’s
suggested that module, which sends the
message, receives either delivery
confirmation or deny.

A. Group part of control system

Group work is implemented by
interaction of two programs: planner on
central node and group mission manager on
each AUV.

There are several types of messages,
which are exchanged by the planner and
group mission manager. These messages are
listed in table 1. It is suggested that each
AUV is provided with a unique identifier —
its address. Each message contains address
field.

Let us consider a planner algorithm in
details. It takes mission description as its
input and works until all tasks are finished.
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Fig. 2. Structure of control system within a single AUV.

The planner keeps information about all
AUVs, which are taking (or took) part in the
mission and about each task. For each task
its status (done, running, pending for run)
and AUV identifier are stored. Plan and
current state of this plan for each AUV is
stored. Moreover, a list of AUVs with plan
failed to submit is stored. These plans are
periodically resubmitted.
The base of planner is message processing
cycle. This cycle consists of the following
steps.
e Check for new messages.
e Update of tasks state if there are new
MSG TASK DONE or
MSG TASK START messages.

e Check for wupdates in  group
composition: new message
MSG VEHICLE AWAY from a
vehicle in the group, or new message

MSG VEHICLE CAPS from a
vehicle not in the group, or there was
no MSG_VEHICLE ALIVE message
for certain time from one of vehicles
in the group.

e If group composition is changed or
one of AUVs has fulfilled its plan,
replaning and sending of new plans to
each vehicle with MSG PLAN
message are executed.

e If the list of not submitted plans is not
empty then plans for which resubmit
time is out are sent.

Now let us consider the group mission
manager algorithm. It runs on each AUV in
the group and stores information on current
plan and its state. All the time while mission
manager is running it whether performs
group mission or tries to join it. The list of
messages, which had unsuccessful submit, is
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messages are periodically resubmitted. The
list always contains whether
MSG VEHICLE STATE message (if the
vehicle is in  the  group), or
MSG VEHICLE CAPS (if the vehicle is
not in the group). The message processing
cycle for group mission manager contains
the following steps.

1. Check for new messages.

2. If there is a message from operator
console on leaving the group, then
send MSG VEHICLE AWAY end
exit the cycle.

3. If'the vehicle is not in a group then go
to step 8.

message then renew the plan. It is
considered that AUV in the group.

. If there is a new message from

regulators module on accomplishment
of current task, then send
MSG TASK DONE message. If the
task was last in the current plan then it
is considered that AUV as not in the

group.

. If there is a new message form

regulators module or plan is renewed
then it is started a transition to new
task start point.

. If there is a new message from

regulators module on arrival to the



Table 1. Messages between planner and AUV mission manager.

Identifier Direction

Description

to the planner

MSG_VEHICLE CAPS

A report about AUV readiness to join the
mission. A message contains information
about the AUV motion parameters and
onboard devices.

to the planner

MSG VEHICLE AWAY

A report that the AUV quits mission by
remote control command or by message from
control-alarm system.

MSG_ VEHICLE STATE

to the planner

A periodical message, saying that the AUV is
performing its plan. It contains the
information about vehicle state.

to the planner

MSG TASK DONE

A report that the AUV has performed its
current task. It contains an identifier of
accomplished task.

MSG TASK START

to the planner

A report that AUV has started to run its next
task. It contains the task identifier.

MSG_PLAN

from the planner

A message contains task enumeration in the
order of execution. Each task is characterized
by its type, parameters and identifier.

start point of current task then
MSG TASK START message is
sent.

8. Messages are sent if resend time is
out. If MSG VEHICLE CAPS or
MSG VEHICLE STATE were sent,
then return one of them to the queue
depending on whether the AUV is in a

group.
4. Some Marine Trial Results

The designed control system was
tested onboard of single MARC AUV. Trials

were conducted in the Great Peter Bay near
Vladivostok. Scientific research ship “Yuri

Molokov” (fig. 4) took part in the
operations.
The tested control system now

includes about 20 modules except testing
and diagnostics subroutines. On this stage of
trials a searching task with meander like
trajectory was used as group mission
manager imitator. The results of task
execution is shown on fig. 5.

The marine trials shown that control
system operates properly on board of
MARC AUV in real conditions.




Fig. 4. MARC AUV fulfils the mission program.
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Fig.5. The programming (a) and real (b) MARC AUV heading

during of one testing mission execution.
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