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Mechanisms for collaborative teleoperation
with a team of cooperative robots

O. Reinoso, A. Gil, L. Payd and M. Julia
Universidad Miguel Hernandez de Elche, Elche, Spain

Abstract
Purpose — This paper aims to present a teleoperation system that allows one to control a group of mobile robots in a collaborative manner. In order to

show the capabilities of the collaborative teleoperation system, it seeks to present a task where the operator collaborates with a robot team to expiore
a remote environment in a coordinated manner. The system implements human-robot interaction by means of natural language interfaces, allowing one
to teleoperate multiple mobile robots in an unknown, unstructured environment. With the supervision of the operator, the robot team builds a map of
the environment with a vision-based simultaneous localization and mapping (SLAM) technique. The approach is well suited for search and rescue tasks
and other applications where the operator may guide the exploration of the robots to certain areas in the map.

Design/methodologyfapproach ~ In opposition with a master-slave scheme of teleoperation, an exploration mechanism is proposed that allows one
1o integrate the commands expressed by a human operator in an exploration task, where the actions expressed by the human operator are taken as an
advice. In consequence, the robots in the remote environment choose their movements that improve the estimation of the map and best suit the
requirements of the operator.

Findings — It is shown that the collaborative mechanism presented is suitable to contral a robot team that explores an unstructured environment.
Experimental results are presented that demonstrate the validity of the approach.

Practical implications — The system implements human-robot interaction by means of natural language interfaces. The robots are equipped with
stereo heads and are able to find stable visual landmarks in the environment. Based on these visual landmarks, the robot team is able to build a map of
the environment using a vision-based SLAM technique. SONAR proximity sensors are used to avoid collisions and find traversable ways. The robot
control architecture is based on common object request broker architecture technology and allows one to operate a group of robots with dissimilar
features.

Originality/value — This work extends the concept of collaborative teleoperation to the exploration of a remote environment using a team of mobile
robots.

Keywords Remote control systems, Robotics, Interactive devices, Search and rescue

Paper type Technical paper

1. Introduction mechanisms that aliow to work in a coordinated way, sharing
. . the same space and objectives.
Lately, alarge number of applications have emerged t.hatregulrc In a classical teleoperation schema, the human operator
the utilisation of groups of mobile robots. In these applications, . controls directly the robot, that performs a particular task in
the robors must be able 1o proceed autonomously in a the remote cnvironment (Vertut and Coiffet, 1985). A more
coordinated manner to complete a particular mission. As an sophisticated approach consists of handling and supervising
example, we can think of a group of robots exploring an office an environment shared by muldple users. This is the scheme
environment. In this situation, the robots must arrange their analysed in Monferrer and Bonyuet (2002), where multiple
movements so that they can create a correct map of the users, each one at a different location, work simultaneously on
environment. For example, in Vazquez and Malcolm (2004), a different activities. Also, in Goldberg et al (2000) a
group of robots cooperate to complete a task in the remote distributed group of users simultaneously teleoperate an
environment. However, we could think of a great quantity of industrial robot arm via internet. A client-server system is
critical tasks where the human participation is advisable. For described that facilitates the cooperation of several

simultaneous users to share a single robot resource.

In other teleoperation systems, the interaction between the
human and the robot or robots in the remote environment is
achiceved through high-level dialogues using narural language
commands (Hoffman and Breazeal, 2004). Fong et al. (2001,
2003) present a set of tools that allow to improve the human-
robot interaction in a vehicle application. In the control
scheme proposed, a human and a robot interact to perform

example, in a search and rescue mission, a human operator may
guide the robot team and suggest to explore areas where the
victims could be localized with more probability (Bruemmer
et al., 2002). In addition, as the robots are placed in more
indcterministic environments, it becomes clear that the
interaction with humans and the need to ecstablish

The current issue and full text archive of this journal is available at tasks and to achieve goals. Instead of a supervisor dictating to
www.emeraldinsight.com/0143-991X.htm a subordinate, the human and the robot engage in dialogue 10
exchange ideas and resolve differences.

Finally, there are other teleoperation systems where a
‘3 s; (zi&l) ;o:;us.:nl ----- ional Journal collaboration between the remote and local environment is

1 - - . - 0
PO ¢ Encruld Group Publishi Limited [ISSN 0143-991) stablished. This scheme is oftenly denoted collaborative
[DOI 10.1108/01439910810843261) teleoperation. In this case, the collaboration can be
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undcrstood as a fellowship association in which the robots and
the human opcrator share the same objectives and act
regarding to their possibilides and prior knowledge. In this
collaboradve scheme, the robot or robot tcam may decide
how to use 2 human order: they may obey when the order
suits the requirements and they can modify it when
considered inappropriate. In this sense, the commands
produced by the human operator are taken as and advice,
and therefore the robot team has more freedom in the
operation than in a classical teleoperaton scheme. For
example, we can find applications where it is advisable that a
human operator could suggest to explore some specific areas
of the remote map. This is the case, for example, of search
and rescuc applications, where it is nccessary that the
exploration is guided by a human opcrator which uses its
experience and prior knowledge to explore particular areas in
the environment and look for trapped victims. In this way, the
exploration of the robot group is not fully autonomous, and
there exists the possibility to give commands to the robots as a
whole.

In this papcr, we present a collaborative tcleoperation
system that includes human-robot interacion by means of
natural language interfaces, allowing 1o 1eleoperate muldple
mobilc robots in unknown unstructured environments. In
order to show the capabilities of the collaborative
teleopcration system, we present a  task, where
the coopcraton bctwecn human and robots takes part.
In the application, the operator collaborates with a robot team
to explore a remote environment in a coordinated manner.
‘The rest of the paper is arranged as follows: Section 2 exposes
the robot control architecture that is used to control the group
of heterogeneous robots. Next, Section 3 explains the
mechanisms used to explore an unknown cnvironment using
a team of mobile robots. In Section 4, we deal with the
interacdon mechanism between the human operator and the
robot team. Section 5 presents results obtained after several
tests performed with the system. Finally, in Section 6, we
prescnt the main conclusions and further work.

2. Robhot control architecture interface

We have developed an architecture that allows the
monitorization and control of a group of mobile robots with
different scnsorial capacitics and internal architecrures. It is
also possible to perform cooperative tasks, since the
architecture offers a high-level communication layer between
the robots (Paya e al., 2006). Currently, the robot team is
constituted by different models, in particular: 4 Wifibot
robots, 3 Pioneer 3AT, and a B21r robot.

2.1 Network architecture

The communicatdon between mobile robots with dissimilar

capabilities and sensorial skills suggested the design of a

network architecture that could integrate different

communication technologies. The network can be divided

mainly into two subnetworks:

1 Fast Ethernet-wired network where several personal
computers are connccted.

2 WIFI 802.11b/g network that communicates with the
robots.

28
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2.2 Communication protocols

The communication between the agents in the system is based

on common object request broker architecture (CORBA)

technology (OMG, 1995). The CORBA architecture offers an
object-oricnted mectodology for the implementation of
distributed applicatdons. This standard has previously shown
to be suitable to share data among teams of mobile robots

(Paya et al., 2006). We can distinguish two main capabilities

in CORBA:

1 The separation berween interface and implementarion. This
separation is achieved by an interface language called
Interface Definition Language (IDL). Mainly, each
interface defines a service that is implemented by a
software component. Frequently, an object (a C+++
object in our implementation) implements a series of
interfaces, which allow to communicate data from the
sensors and commands to the robots.

2 The rransparency to access the implementation. Each of the
objects can be accessed by an inter-operable object
refercnce (IOR), that can be thought as an unique address
in the system.

In Figure 1, we show the main elements involved in the
communication and the operation of the system. The main
components in the system are:

Identity server. This is the most important element in the
system, since it storcs the state of every other component in
the system. This component is executed on a PC connected to
the wired network. The static IP address of this computer
must be known by cach clement that wants to connect to the
system. However, this is the only requirement that allows
to stablish all the communications in the system. The idendty
server maintains a list of all the robots that are active in the
system and which are the interfaces available on cach one. In
addition, each one of the robots (identified by a unique name
in the network) implements a series of CORBA interfaces,
associated mainly with the sensors that carries. This scheme
allows to have a variable number of robots active in the
system.

Robor servers. Scveral servers are executed onboard of each
robot that directly access their sensors (cameras, motors, laser
sensors). The interfaces implemented on them depend on the
concrete scnsors that it carries. Each sensor is associated with
a CORBA interface and identified by an IOR string.

Natural language interpreter. This component has two main
purposcs. First, it uses the IBM ViaVoice speech recognizer to
process voice commands given by the human operator.
Second, it processes the former commands with a natural
language interpreter, in order to obtain the commands that
can be understood by the system. The commands are stored
in a list thart is accessed by the robot control interface. Once a
command is processed, it is removed from this list.

Robot control interface. The robot control interface is the
component that allows the interaction of the robot team with
a human operator. It is executed on a computer connected 10
the wired nctwork. This program communicates with the
idendty server and the robot servers. It allows a human
operator to give commands to the robot team and to observe
the data acquired by onc of the robots. The robor control
interface requests periodically the data from the sensors of
each robot in order to build the map, as described in
Section 3. At each time step, the interface computes the best
map and the pose of each of the robots in the system.
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Figure 1 Communication and system architecture of the collaborative control system proposed

o Gmpy

~

In addition, periodically, it requests commands from the
natural language interface. When a voicc command has becn
issued by the operator, the robot control interface receives it
and the order given by the operator is taken into account.
Based on the poses of the robots and the commands given by
thc human operator, the interface computes the particular
commands that must be performed by cach onc of the robots
as shown in Section 3.

At the starting phasc of the systcm, the identity server must
be available, since the other components attempt first to
connect to this component. Once a robot server starts, it
contacts the identity server, which publishes the robot name
and the available interface. From this moment, the
information is available and other robots and the robot
conrtrol interface can access the services provided. Finally,
CORBA allows to communicate different programs written
with different languages and running under different operative
systems. Currently, the robot scrvers run under
Linux Debian, while the robot interface is running under
Windows XP.

3. Multi-robot environment exploration

In this section, we describe the use of the robot control
architecture to a particular application: the cooperative
cxploration of an unknown cnvironment by a group of
robots. In this task, a team of robots cooperate with a human
operator to build the most correct map of the environment.
A behaviour-based approach has been used with this aim. In
this approach, the combination of several basic behaviours
constitutes the global behaviour of the robot. This approach
has been applied successfully to some tasks in collaborative
robotics, including multi robot exploration, as shown in Lau
(2003) and Vazquez and Malcolm (2004).
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3.1 Simultaneous localization and map building

In typical cnvironments (e.g. office-like environments), we
can find a set of highly distinctve clements that can be casily
extracted with the sensors of a robot (i.e. walls, corners...,
etc.). These elements are commonly called landmarks. In our
application, the robots detect a set of distinctive 3D points
using a stereo camera system, and are able to obtain relative
measurements to them. Interest points are extracted from
images of the cnvironment and used as visual landmarks
(Gil er al., 2006).

In order to build a map, we must know the position and
orientation of all the robots with respect to a global reference
system. This enables to put the observations together to build
a coherent map. However, as the robots move, the uncertainty
over its pose increases, due to cumulative errors in odometry
systemns. This poses the problem of building a map while
concurrently localizing in it which is known as the
simultaneous localization and mapping (SLAM) problem. In
this paper, we do not concentrate on this problem, on the
contrary, we usc a SLAM technique known as FastSLAM
(Montemerlo er al.,, 2002) that is well suwited for this
application. The whole robot group builds the map
simultaneously.

The success of the SLAM task depends highly on the
trajectories performed by the robots, for example, returning to
previously explored places decreases the uncertainty over the
posc and enables to obtain a more accuratc map, whercas
exploring new arecas improves the knowledge of the
environment. In this sense, following exactly the commands
issued by a human operator could result in the creation of an
imprecise map that may be uscless for the exploraton. In
consequence, in the proposed approach, the commands
issued by thc human operator are evaluated and the robots
perform the movements that best suit both the creadon of the
map and the human orders.
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3.2 Behavioural approach for multi-robot cooperative
exploration

Our approach to the problem of mulii-robot cooperative
exploration consists of several basic behaviours
whose composition results in the trajectory of each robot in
the environment. These basic behaviours are described in this
section. In Scction 4, we will outline how the voice commands
emitted by the operator can be taken into account to guide the
movements of the robot team.

During the exploration, the area to explore is divided in a
cell grid. At each moment, each cell can be classified as a free
cell, obstacle ccll or boundary cell (cells placed between
explored and non-explored areas). All the free cells have a
numerical value associated that indicates their degree of
exploration, which is incrcased cach time it falls into the field
of vision of the robot, until it rcaches a limit value when the
cell is considered to be fully explored. The obstacle cells are
detected using the information of the sonar.

Six basic behaviours have been designed to solve the
problem of cooperative exploration in an optimal way.
Besides, at cach moment, cach robot can behave according
10 one of two possible high-level states: explore or decrease
uncertainty. The explore state allows going to new areas of
the map while the robots are well localized. The decrease
uncertainty statc intends to Ilcad the robot to previously
explored arcas when it has a relatively high uncertainty
associated, thus improving their localization. The ourput of
each state is calculated as the combination of some of the six
basic behaviours. Also, the transition berween both states is
made according 1o a hysteretic model with two transiton
thresholds that measure the precision in the pose of the robot
(particle dispersion).

3.2.1 State A: explore
The output of this state is the combination of the following
basic behaviours:

Go 1o unexplored areas. The aim of this behaviour consists of
attracting the robot to the arcas of the map that are
unexplored or poorly cxplored. Knowing the dimensions of
the environment to explore and the initial pose, each cell
attracts each robot with a force that depends on the degree of
exploration of the cell and the distance to the robot. The
resulting force of this bchaviour on the robot 2 is the
composition of the forces of every unexplored cell in the map:

F2=—Z, MZ

v-¢ S~ Pk

(1

Being M the number of cells in the map, f the force
associated with the cell 5 ¢, the degree of exploration of the cell
i, v the maximum value associarted to the cell, 5; the posidon of
the i-th cell, px is the position of the k-th robot and:

r=y/G - ) G = pe)
the Euclidean distance between both positions.

Go 10 boundary. This behaviour attracts the robots 10 cells
that constitute the boundaries between explored and
unexplored areas, since these are the cells that give way 1o
areas of interest. Once these cells are identified, the resulting
force of the behaviour on the k-th robot is calculated as
follows:
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My M = -
] 1 - 1 S — P
F, = — P — : 2
My Z L= 7 (2)

Being Mg the number of frontier cells in the map, f; the force
associated with the i-th boundary ccll, 5; the position of the i-th
frontier cell, p, the posidon of the k-th robot and r the
Euclidean distance between both positions.

Avoid robot. To avoid overlapping between the areas, each
robot is exploring, this behaviour results in a repulsive force
between robots to optimize the explored zone. The resultng

X

force on robot % is:
x3ix (B @

where X is the number of robots,f} the force exerted by the
robot j, ; is the position of the j-th robot, p; is the position of
the k-th robot and r the Euclidean distance between both
positions.

Avoid obstacle. Each cell that is identified as belonging to an
obstacle, applies a repulsive effort over every robot, which is
inversely proportional to the square distance between robot
and obstacle cell. The resulting force is:

Mo - -
-1 R .
—A'fo;( r )

Being Mo the number of obstacle cells in the map, J; the force
associated with the i-th obstacle cell, 5, the posidon of the i-th
obstacle cell, py the position of the k-th robot and r the
Euclidean distance between both positions.

Improve imprecise landmarks. This behaviour tries 1o improve
the quality of the cxploration of those areas where some
landmarks have been extracted but whose accuracy is not high
cnough. A global uncertainty measurement o’ associared to
every Jandmark is computed based on the variance in x, y, and
2 directions ox?, 037, 0=? in the position of the best estimated
landmark. The landmarks whose error associated is over a
threshold, exert an attractive force on the robot k according to

the expression:
ol QI Pa
)’

being n, the number of landmarks whose error is over the
threshold, /; the force associated with the landmark /, ¢ is the
position of the /~th landmark, p; is the position of the k-th
robot and is the Euclidean distance between both positions.

This way, the resulting force of the combination of those
five behaviours on each robot constitutes a vector that points
out the trajectory of the robot to optimize the exploration
process as follows:

4)

(3)

=1

F::kl'ﬁl-{'-kn}?; - *k.; Fk"'kSFs (6)
The composition of the behaviours is carried out taking into
account a set of weights k&, whose value has been deduced

cxperimentally.

3.2.2 State B: decrease uncertainty
In this case, a second state has been designed where the
control action of the robot is the composition of the outputs of



LE

Supeay usun)y . Syewpue] sstdaudun) o) 00 SI[ITISQO PIOAY ..... SEAY parojdxauf) o 0D
01097 IWEHNSSY e STEWIPIE] Y OL 00 creees SIOGOY ISYHD PIOAY =mem 19018034 OL 0D mum.m
(w) (w)
g€ 0 sz 0T sI Oof S O S"_ S€ 0 SC 0T St ol § O S—s_
0 0
S 1
*»
ol (1]}
S~
13 @ s1 §
0T *\ - 0z
§T - 14
L ot Tzr’-xlr 0ot
§€ 111

so1esado 3y3 Jo uoisiaadns Inoyum suonenys buojdxe Ju3IRHIp OM JO SIUWIOW oM} Ul SINOlABYR] 34} JO sindno paybiap z 2anbid

&q palofdxa aq pnoys et 1utod 195181 91 Jussadar o “dew
11 ur eaxe Sunsaratt ue o1 dnoid 10qol 3P JO uonesodxs
1 1031p 01 SmOfje 319y pauasord uonestidde Iy

fureisoun Sunuasaxdoy 7'p

*II 2198, ur posodxa s1e pasn sanfea
31515U02 A1 “0SED Jno ut ‘uonesfjdde senanted i uo puadap
s1ueIsuoY 9soy ] -iutod reonsed B U0 1S3101UL U UTBIUTELS
01 Jo1e12do a1 smofe styL “uod 128581 AU UT JUSWIDB[SIP
0I5Z & [IIMm DPIIBIOOSSE St () = 93 JUBISUCO I, "SIUdWDAOW
J[EWS,, 01 PIIBIDOSSE ST 22 IUBISUOD S} PUEL STUIWSAOUI  [[BUIS
£13a,, A[9ARE[I 01 PaiBIoosse § 19 Juelsuod ay ‘a|dwexs 104
uawsoe(dsip 1 Jo apmuBewr AP SPPOW YITM T2 JUBISUO0D
© 01 P21BIDOSSE ST 101819d0 311 £4q Pansst 3q UED 18yl suoissasdxd
[eIMmIBL 31 JO YoEy *,139] 31 pue dol 311 01 230t yonur aso[dxa,,
10 y3u 511 01 SI0W [N B JA0W,, 31 $2dUdUs 121dIaIur
01 SMO[{e eyl uonouTy Jewnueld e £q pPOIEN{eAd I8 IIOABIA
£q paziuB0531 sp1os 3y 1, “dew a3 ut Jutod 1381€1 B 195 01 MO[[E
1811 SPUELUIIOD 3[04 JO 19 & 9ZTuB0d31 01 J[qE St WIMNSAS Y,

uorsuayaadwiod sSeniue] feameN It

*2101dX> 01 JUIWUOMAUS 11 JO UONEINSYUOD SNOSULIULISUL
sy pue iolerxdo sy Jo S3pawowy Joud S|P JUNOdSE
ol SAYEl 1BY CPAYSIQEIS? ST IUSUIUOXIAU3 3)0WDI Yl
puE [£50] 31 UIIMIAQ uonesddood Yy siudde 0wl
31p pue 101e12d0 31 USIMIAQ UONIBISIU ST s)pwrad pasodxa
yoeordde ap ‘sayoeordde 1oqpo 01 uonrsoddo U sINOIARYS]
Jo 1521 oo yum Suofe s10qol dY AQq IUNOIJE OJUT UNEL
ale yoym uonelo[dxs jo sedse mau s15283ns 101e32d0 P “alay
paiuasaid powpaw sy Uy (00T “7r 2 peding) inq Juraq
st 16t dews SYI U JOLID AT AZIWIUTW 01 I9PIO UT $2110103(en
I} 9SO0OYD PUB JUDUIUONAUS 31 A{snowouocing aiojdxa
s10qo1 10 10q0J 3 ‘suonestjdde uonesojdxs [ed1dA1 U] "s10qos
a1 TP 10BISUT O] Joleiado ST SMO[[E 1B wWlsds [0NUOD
JANEBIOQE[[OY B (M UOISUSIXS Ue 319y 3sodoid am ‘uondas
snowsid a3 ur pasodoid popswr uoneropdxs ap uo paseg

josjucd aAeI0qe||0d
y3m uonjesofdxd aaipesadood Jo0qos-IHnAl P

9E—LZ - 8OOT - I 42quuny . CE aunioq

-SanUIELId0UN pue suonisod oyl SUIMBIP ‘Umoys 218 Judwow
1LY [RUN P12DP UIIQ IARY B SYIEWPUE] Y1 ‘OS[Y "941108
st @ 21835 a1aym reyd 1ySu AR uo [ 10qol AR 10j 1dIdXI
DAMDE St Y7 O1EIS T ‘SISED S [[E U] '10QOT YIBD IOF UMOLS JIB
smoure Junnsal SN PUB SINOABY3Q 3 Jo sindino paydiom
213 SsuEYD Poq U ‘1003 VI QM suonenus Juuojdxd
JUDIGPIP Om1 JO SMolA L2 Spiq W Smoys g am3ry
:sanjea Suwwof[o}
Sunjel “A[riuswadxs PaIdNPIp UIdQ daey SIYIIM SIR S1YM
‘paquIssp sinolaeyaq sy1 Jo sindino oy jo uonisodwod
ain se usss oq ued a1e1s yoes jo ndino sy ‘Aem SIYL

¥r.0 Ir. vy =14
(8) A=

1201094 313 4q p21utod st mojjo] 01 AJ01d2(en 3R U],
‘suonisod ROgG UdIMISQ DURISIP UBIPLINY
a1 st pue ¥ 10qox 3p Jo uomrsod o st ¥d Sfreuwrpuel Y1
-7 211 Jo uontsod 31 51 /5 7 JIRWPUE] AP WPIM PAIBIIOSSE 92I0)
o ¥ ‘dewr a1 Ul SHYILWPUE] JO IIQUUNU JUILINO P # JUldq

1=! 1=t
_ B Zﬁ_ Z_‘f_q
(#{Z_IQ'I) I_{’{u 1_9":-[

u

()

:SMO[[O] SB PAAB[NO[ED St
30105 Sunnsal Y T, “ysewpue| sy Jo suonisod ap jo 3 “‘;3"13
suotsodsip atp Suisn palemd[Ed St 2 IO 3 JO IINSEIW
e pue dpnied yoes 10] paremo[ed st uonsod s “rewrpue e
ULALD) "10q01 31 Jo uonisod S 31BMO[Ed 01 pasn sanIed Ay
[e 0] Ie[rurs A19a st yIewapue] 1 Jo uonrsod 21 ey sueaw
siy] -uopewnsa 1snqol B sey uwomsod asoym syEWIpUE]
01 1 Sutaup “loqor syl Jo uomiscd o1 Jo UONEBWINSS S
2a01dwr 01 SALN SYIBWIPUE] JBINDOE 01 03 INOlABYOQ dYJ,
*SHIBWPUE] 1BINIDE O] 08 INCIABYDIQ MU 1
pue ‘pai1udsdzd £peaje ‘O[OS0 PIOAE ‘SINOABYDQ JIsEq Oml

pyng Wy puv pAvd T ‘B Y ‘osouiry 'O

|EWINOf [EUDIIEUAIIN| UY 0goY jerysnpu)

uanesadoaja) anneL0qe|[0d Joj SWSILLPIW



Mechanisms for collaborative teleoperation

industrial Robot: An International Journal

O. Reinoso, A. Gil, L. Payé and M. Julia

the robot by a Gaussian distribution N(u, ), where
w=(xy)7 is a point in the map referred to a global
coordinate system and:

i= 2 9

is a diagonal covariance matrix, with o, and o, representing
the uncertainty in the x and y directions. In this way, if the
aim of the operator is to cxplore a wide arca in the map, this
would be represented by a mean value and a big covariance
matrix. When the operator desires to explore a certain point
in the map we will represent it as a mean value and 2 low
variance. In particular, we represent the Gaussian distribution
by a set of samples drawn from it. This representation allows
to quickly compute the attractive force of the target point.
A new behaviour is created that attracts the robot to the target
point. This behaviour is called “Move to target point” and
works in combination with the behaviours defined in Section
3.2, affecting the state A. The force created by this behaviour
on the robot %k is computed as:

=7 1 N 1 N 3“,' —ﬁk
Fi= Kr;f" = Nzl =
1= 1=
where f. is the force associated by the sample ¢, 5; is the

position of the i sample drawn from N(y, X), p, is the position
of the % robot and:

(10)

r=

- =T =
Gi—px) (i = ps)
is the Euclidean distance between both positions.

4.3 Robot-operator interaction

We consider that at a particular time, the robot team may be
exploring the environment. Then, the opecrator issues a
command like “explore a little more to the top”. The initial
reference point for the robots is computed as the mean value
of all the positions in the robot group. The next target point
that the robots should explore is computed as:

(11)

where p, = (x, y):r and g = (x, y);l;, is the mean value of
the distribution that models the target point to explore at the
time § and { + 1, respectively, and I; is the covariance matrix
defined in equation (9). The vector (c,, c,,) defines a direction
and a module, based upon the constants defined in Table 1.
For example, if the operator says: “Move much more to the
left and a little more down” the vector would be:
(€r.€;) =(—2,0.1). If the operator issues consecutively
commands in time, we assume that he desires to refine the
position of the point, by reducing the variance of
the distribution. To do so, the variance is modified
following the expression: '

Mie1 =} + (c,,cy) -3

Table | Weights assigned to each behaviour in the two possible states
State k ke ks Kk ks ks

State A: explore 1 5 1
State B: decrease uncertainty 0 0 0 20 0 15
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In this way, the equation associated with the state A would
results in the following:

(12)

}-:f=k]‘i“:"}'kz'ﬁi-*k;‘ﬁi-i'kq'ﬁ:-i-ks'ﬁi

+hk F (13)
With this solution, the operator can easily command high
displacements when he begins to emit commands and low
corrections on the target point, as the robots move to desired
point. In addition, the weight k-, is modified when the
operator communicates a command. In this sense, the weight
is increased when the operator cmits a command repeatedly,
assuming that the interest on that area is high. The weight is
decreased and finally is reset to zero when the operator docs
not emit a command for a specific ime. This cancels the
“Move to targct point” behaviour, allowing the robot team 10
explore autonomously.

5. Experiments

In this section, we give details on a series of experiments
performed with a group of mobile robots. The experiments
were performed at our mobile roborics laboratory, which is an
example of an office-like cnvironment. The environment is
approximately 40 X 40m, and contains two main loops, as
can be seen in Figure 2. All the experiments were supervised
by a human opcrator, giving at cach case different commands
by means of natural language sentences. The constants &,

defined in equation (4) are set to the values listed in Table 1.

Thesc values were obtained after several runs in different

environments and human operators.

Three Pioncer3-AT robots were used in the experiments,
equipped with a STH-MDCS2-VAR stereo head from Videre
Design and SONAR sensors, that provide information about
the obstacles in the environment. When the robots explore the
environment, they observe natural landmarks and compute
relative distances to them (Figure 3). Only the landmarks
observed at a distance d,, below 4 m are considered in the
SLAM algorithm. This limitation is imposed by the errors in
the measurement, associated with the calibration of the stereo
cameras. The field of view of the stereo set is 70°.

Three different experiments have been carried out, which
simulate threc different situations that could occur during the
operation of the system:

1 In the first situation, the robots explore a remote
environment which is completely unknown for them and
meanwhile a human operator supervises the task. In this
first situation, the operator does not emit any command
during the cxploration. In consequence, the robot team
explores the remote environment in a fully autonomous
manncr.

2 In the second experiment, the operator interacts with the
robot tcam, issuing commands with natural language
according to his wishes. In this case, the operator is
interested on a certain point in the map. After the point is
sclected, the operator issucs commands to keep the
attention on this point. The list of voice commands used
in this experiment is listed in Table II.
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Figure 3 Behaviour-based diagram used in the application

__STATEB

A

STATEA

\ 4

Precision in

. G.
Th T .
! "2 robot localization

Table Il Constants that model the magnitude of the displacement

Expression G Value
Move very little more to G 0.66
Move a little more to G 1.33
Move to the G 20
Move more to the G 2.66
Move much more to the [ 3.33
Go to selected point G 0

3 In the third experiment, the operator, again, emits
commands to suggest the exploradon of certain points.
In this case, the operator moves the target point in
different tme steps, consequently, the trajectories of the
robots are computed to reflect these changes.

In Figure 4(a), we show the trajectories performed by each
one of the robots in an exploration guided by the human
operator; in Figure 4(b), we can sec a detail of the trajectories
when the state change takes place.

The results of the first experiment are shown in Figure 4(a).
Here, we show the map and the trajectories followed by each
one of the robots. As can be seen in the figure, each of the
robots starts from a different position in the map (shown as a
filled circle in the figure), and follows a different trajectory.
This trajectory is computed using equations (6) and (8),
taking into account the behaviours exposed in Section 4. It is
worth noting that in several steps during the experiment, the
robots with a high-uncertainty change to the state B (decrease
uncertainty) and travel to previously explored areas, thus
reducing the uncertainty in their localization. A detail of the
occurrence of the state B can be seen in Figurc 4(b).

In the second experiment, the operator issues a series of natural
language commands. The commands are emitted consccutively
and are listed in Table II1. In Figure 5, we show the trajectories
followed by each of the robots. As can be seen in Figure 5, the
robots tend to the area proposed by the user, nevertheless, the
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GOTO
UNEXPLORED
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GO TO BOUNDARY
AVOID ROBOT
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robots achieve an agreement, taking into account the preferences
of the operator and the exploration task. We can clearly observe
the influence of the operator at the time when he issues a
comn'a_apd, since the trajectories of the robots are modified by the
force F,, defined in equation (10).
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decreased in other case. In Figurc 8, an image of the real
environment is shown.

Figure 7(a) shows the standard deviation (m) associated to
the target point. Note the change in a,, when the operator
moves the interest point downwards. Figure 7(b) shows the
value associated to the weight 47 at cach time step.

6. Conclusions

In this work, a collaborative teleoperation system including
human-robot interaction by means of natural language has
been presented. The capabilities of this system have been
shown with an examplec of collaborative exploration problem
with a team of robots using a behaviour-based approach
 (Figure 8). The commands issued by the human operator are
evaluated and the robots perform their movements taking into
account these suggestions. This way, the map is created by
taking advantage both from the experience of the operator
and taking into account the requirements of the SLAM
algorithm. The results of the cxperiments that have been
carried out show the good performance of the system.
When the operator proposes new areas of exploration, a
change in the trajectories of the robots is caused, with a
reinforcement effect when the operator issues new commands
repeatedly. This system could be uscful in search and rescue
operations where thc operator can cstablish a priority in the
areas to explore according to his experience.
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