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Abstract— Teleoperation systems allow the extension of the A. The Proposed Teleoperation Framework

human operator's sensing and manipulative capability intoa The logic structure of the br d tel ration fram
remote environment to perform tasks at a distance, but the € logic structure ot the proposed teleoperation frame-

time-delays in the communications affect the stability and WOrk is represented in the upper part of Fig. 1. The diagram
transparency of such systems. This work presents a teleopr contains two large blocks that correspond toltheal station
tion framework in which some novel tools, such as nonlinear where there are the human operator and the local robot (a
controllers, relatlonal' positioning techn_lques, haptic gudmg_ haptic device) and to theemote station that includes an
and augmented reality, are used to increase the sensation . . . . .
of immersion of the human operator in the remote site. mdu:_strlal manlpulatoras.remote robot. Therg is also aar-int
Experimenta| evidence Supports the advantages of the proped med|ate bIOCk I’epl’esentlng the communication Channel. The
framework. physical architecture of the whole teleoperation framéwor
is shown in the lower part of Fig. 1.

In the local station the human operator physically intexact

with a haptic device and with the teleoperation aids modules
Teleoperated robotic systems are characterized by by means of a graphical user interface.

robot that executes the movements/actions commanded byin the local station, the teleoperation control modules are
an operator. The main objective of such systems is te following:
reproduce—and if possible, enhance—in a remote environ-
ment, the sensing and actuation capabilities of an operator
[1], [2], so that the mental and physical effort required ¢te a
complish a given task be not negatively affected by its remot
execution. However, until recently, performing compleskis
with classical teleoperated systems demanded very dkillfu
operators. This work presents a teleoperation framework
for robotized tasks in which, besides the variable time-
delays control aspects, several advanced tools like oelalti
positioning, virtual contacts, haptic guidance and augetn
reality have been designed in order to aid the operator in
performing the tasks. The contribution of this work is the
framework as a whole, together with the aforementioned
tools developed by the authors for turning bilateral raboti
teleopera_tlon secure and reliable. ) while maintaining stability despite the communication
In particular, the framework employs different control delays between stations.
schemes for constant and variables time-delays, such as geometric Conversion modulét is in charge of the
simple Proportional plus damping (P+d), scattering-based
and adaptive schemes [3], [4], [5], [6]; it makes use of the
PMF (Positioning Mobile with respect to Fixed) solver to
perform tasks where an object has to be positioned with
respect to its surroundings [7], [8]; it also uses a planning
methodology for hapticaly guiding the human motions [9],
[10]; and finally, the framework also offers an augmented
reality module [11].

I. INTRODUCTION

« Haptic Rendering modulelt calculates the force to
be fed back to the operator as a combination of the
following forces: a)constraint force computed by the
relational positioning module in order to restrict move-
ments to a submanifold of free space;uitual force
computed by the virtual contacts module as a response
to the detection of collision situations; gliding force
computed by the guiding module to swept the operator
along a collision-free path towards the goal; and d)
control force produced by the controller as a result
of tracking errors between the haptic and the robot
manipulator.

« Control Algorithms modulelt executes the motion and
force control algorithms that allow position tracking

conversion between the coordinates of the haptic device
and of the remote robot.

« State Determination modulé updates the system state
variables that are used by the teleoperation control and
the teleoperation aids sets.

The modules of the teleoperation aids are:
« Relational Positioning moduldt is used by the oper-

ator to define geometric relationships between the part
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environment. The module finds the solution submani-
fold where the constraints imposed by the geometric
relationships are satisfied, as well as the forces needed
to be kept within this submanifold.

« Virtual Contacts modulelt detects possible collisions

of the manipulated part with the environment, and
generates the corresponding repulsion forces for helping



( N\ [

LOCAL STATION REMOTE STATION
Teleoperation Control COMMUNICATION Teleoperation Control
CHANNEL
. N =23 woorioms | Robot
Haptic -~ Manipulator
Device Geometric State > 1
Conversion Determination 2 g Plannine
= o
=) E= )
! SellllS € !
9] o
c () c ()]
Teleoperation Aids R S & ey
€ c € c
Relational Virtual IS © IS © State
Human —SEERREEE Contacts 5= s = Determination
Operator Guiding Augmented o O <
Reality ’ Audio / Video I
. J U J
LOCAL STATION OMMUNICATION REMOTE STATION

EL
m CHANN Cameras and

" . 2 - | 9
3DV|(suaI|zat|0n I‘\: Microphones E ﬁ
2 ‘ - s ®
- 0 & 2|l

= S| :

el
PHANTOM 2
Haptic Device

CS8C Controller TX90 Robot

Fig. 1. Logic and physical diagrams of the teleoperatiomgaork.

the operator to react as soon as possible when virtugdleoperation framework: force, position/velocity, ogter

contacts situations occur. commands and audio/video signals. This figure points out
« Guiding module It computes, by means of motion the interaction paths between the human operator and the

planning techniques, the forces that guide the operatenvironment by means of the local haptic device and the

during task execution. remote robot manipulator and the teleoperation modules
« Augmented Reality modulét displays a stereoscopic (control, aids and sensing).

view of the Remote Station enhanced with computer

generated data such as co-located virtual objects.

In the remote station, a robot manipulator is controlled There are six different modules in charge of the tele-

by means of the teleoperation control modules. It is aIsBpi:at'on c?ntr?lt.task,F.fourl mTthhe IOC?I stg’_uon and tt\r:vo
connected to the local station through the communicatig 1€ femote station (Fig. 1). This section discusses them

channel. The information generated at this station is cegtu in detail, except for the state determination module_, which
Rllects and handles all available data. However, befoirgggo

and transmitted by the sensing modules. The teleoperatiﬁ] h th dules. the d ical del of th
control consists of the following modules: nroug ese modules, the dynamical model or the non-
. ) ) linear teleoperation framework will be introduced.
« Control Algorithms modulel_t receives motion com- In the following, R stands for the real number s&t; for
mands from the local station and sends the comgng positive real number set aif for the set containing

sponding torques to the joint actuators of the robok+ 4y zero. The subscriptakes the valuesand: for the

manip_ulator. ) local and remote robot manipulators, respectively.
« Planning modulelt computes how the part manipulated The |ocal and remote manipulators together with the

by the robot must follow the trajectory specified by the,;man and environment interactions are modeled as a pair
operator with the haptic device, avoiding, at the samg¢ , pegree Of Freedom (DOF) serial links with revolute
time, collisions between the robot and the enV|ronmenJ{0imS_ Their corresponding non-linear dynamics are

The rest of the available capabilities are gathered in the

sensing modules: M(a)d + Crlan, &) + () . )

» State Determination moduldt gathers and processes ! "1.1 a L ql'v Qz.Ou gilar) =7 T*h
the remote system state variables that are fed back to M, (ar)4- + Cr(ar, 4r)ar + &r(ar) = Te — 77,
the local station. _ _ _ where: q;, ¢, & € R" are the joint position, velocity

o Audio/Video moduleThis module is the I’eSponSIble of and acce|erati0nMi(qi) c R"*X7™ the inertia matrices;
the capture and transmission of sounds and images @f (q,,¢;) € R"*" the Coriolis and centrifugal effects;
the remote environment. gi(q;) € R™ the gravitational forcest? € R"the controller

Fig. 2 shows the flow of the main signals through thdorces; andr;, € R™, 7. € R" the joint forces corresponding

II. TELEOPERATIONCONTROL
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WHEREK;, B;, K4, Kq4;, K € Rt ARE THE CONTROL GAINS AND THE
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Operator
H A
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Teleoperation SYMBOL (*) MEANS ESTIMATION.
Control
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COMMUNICATION
CHANNEL
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Fig. 2. Flow diagram of the main signals of the teleoperafiamework. Tr=Tra—~ Ker— Brqr +gr

Trd = _Kdr[élT - élrd}
] Adaptive | 7= MlAéAl + CMGE — &1+ K (4 + Aey) + Bé;
to the ones exerted by the human and the environment, 7r = g =M, A& —Cr e, — K (Qr + ey ) — Bé,
respectively.
A. Haptic Rendering The controllers that have been developed for the present

This module is intended to compose the total forge framework are: a proportional plus damping (P+d), a
to be fed back to the operator through the haptic devic@roportional-derivative plus damping (PD+d), a scatigfin
The total force is the resultant of theonstraint forcef., based, and an adaptive controller. Table | depicts thgiees
the guiding forcef,, the virtual force f,, all three initially tive mathematical expressions. Detailed descriptionbede
expressed in the operational space but converted to the jogontrollers, along with proofs for the statements in thipgra
space, and theontrol force r;, provided by the Relational can be found in [3], [4], [5], [6]. Each controller exhibits
Positioning, Guiding, Virtual Contacts and Control Algo-different capabilities and, in general, all of them can Hand
rithms modules, respectively. The total force is given byime-delays and can provide asymptotic stability. The main
77 =J3"(q)[f.+f£,+f,]+7;, whereJ T (q;) is the transpose differences between them are stated as follows. The P+d

Jacobian of the haptic device. and PD+d can provide stiffer force reflections of the remote
] ) environment, however, an increase in time-delays reptesen
B. Geometric Conversion an increase in damping, thus overdamped behavior can be

The force capacity and the operational space of the locabtained. For small time-delays the P+d provides bettestra
and remote manipulators differ from one another. In thigparency than all the others. The scattering-based coatroll
framework the haptic device workspace and its force capacits more robust to changes in time-delays, but injects more
are about ten times smaller than the corresponding ones damping than the P+d and the PD+d, and is potentially
the remote robot manipulator. subject to wave reflections. These three controllers aeestabl

The Geometric Conversion module is responsible for thieandle variable time-delays, but on the downside, they need
position and force correspondence between the two robots. compensate the gravity forces, requiring some previous
This module provides the framework with the capability tdknowledge of the teleoperators nonlinear model. Finatig, t
mouse jumphe haptic device, allowing the operator to repoadaptive controller estimates the physical parametergef t
sition the reference frame for the haptic device end-effect manipulators and the rate convergence of the errors to zero
in order to enlarge the haptic workspace. When jumpingds faster than with the other schemes, but it cannot handle
the module sets to zero all forces on the haptic device arv@riable time-delays. An statistical performance cornguarj
stops motion on the robot manipulator during the procesbetween these schemes, is currently underway. For another
and after jumping it resumes the teleoperation associatirggalysis of this kind see [12].
the last robot position to the new haptic position [10]. Let T;(t) represent the time-delays, arg € R" the

position errors, defined as
C. Control Algorithms
The haptic device and the remote manipulator are cou- € = 4~ @t =To(t)); er = qr — ai(t — Ti(?)).

pled to each other by means of a control algorithm thalising standard Lyapunov analysis together with Barksilat
sends/receives information through the communicatiom€ha; ¢yyma (when the constraint, guiding and virtual forces are
nel. Such channel imposes limited data transfer and, depe%ro) it can be proved that using the P+d or the PD+d
ing on its nature, time-delays that can be constant or vieriab conirollers in closed loop with the system, velocities and

These delays affect the overall stability of the teleopemat ,sition error are bounded, provided that the control gains
system. Controlling these systems has become a hlghlwactly(i’ B; > 0, are set according to

research field (for guides to teleoperators control, thdeea
may refer to [2], [6]). 4BB, > (*T) + *T,)’ K| K,, (2)



under the assumptions that the human operator and the [1l. TELEOPERATIONAIDS
environment are passive; that if time-delays are varidida t
they have known upper boundg;. i.e., T;(t) < *T; < oo; . N .
and that their time derivatives do not grow or decreaseffaste Tasks where an object has to be positioned with respect
than time itself, thus|T;(t)| < 1. to its surroundings are ubiquitous in robotics, and oftert
Moreover, if the operator does not inject forces on théan be decomposed into a series of constrained movements
haptic device and the remote manipulator does not conyéhich do not require using the six DOF an object has in
in contact with the environment.¢., 7, = 7. = 0), free space. For example, the spray-painting of a flat surface
then velocities and position errors asymptotically cogeer takes place in a two-DOF planar space, and the insertion of
to zero,i.e., |[q| — 0, le;] — 0 ast — oo. Note that a prismatic peg in a hole also requires two DOFs, translation
the key feature for the stability of the teleoperator witrend rotation around the hole axis, provided that the axis of
these controllers, is condition (2), that clearly stateat th the two objects are aligned.
larger time-delays require injecting more damping in order Although operator skills are needed for the successful
to maintain stability and position tracking. execution of many teleoperated tasks, maintaining thedool
Using the scattering-based controller with gains satisfythe manipulated object inside a specific region of space can
ing (2), then, position tracking can be also established fd¥e both challenging and tiring. Such region can be easily de-
variable time_de|ays_ In this case, the desired velocties scribed in terms of geometric constraints that, when satisfi
encoded using the classic scattering transformation sexpo define a submanifold of SE(3) of allowed movements. Haptic
in [13], [14]. For variable time-delayg;(t), the local and feedback can be used to assist the operator by restricting

A. Relational Positioning

the remote manipulators are interconnected,as- v;u; (¢t — his/her movements to the submanifold of interest, lowering
Ty(t)) andv; = y.v,.(t — T,(t)) wheren? < 1 — T'i(t), the mental burden needed to execute the task.

W = T+ ady, Ve = Trq — o, anda € RT is a control The Relational Positioning module explicitly addresses
gain. these issues. Its core consists of the PMF (Positioning Mobi

The adaptive controllers in Table | can be also written a¥ith respect to Fixed), a geometric constraint solver that
finds the map between constraint sets and parameterized
T = —Yl(ql,ql,el,él)él + K¢, + Bé; solution submanifolds [7]. Constraints are defined between
= Y. (q, a4, ee)0, — K., — Bé,.. (3) elements of the manipulated object and elements of its sur-
roundings, which are considered fixed. PMF accepts as input
whereY; is a matrix that is function of the joint positions, constraints distance and angle relations between paimgs, |

velocities and position and velocity error, afidis a vector and planes, and exploits the fact that in a set of geometric

of estimated parameters. constraints, the rotational component can often be seghrat

Defining a synchronizing signal;, as from the translational one and solved independently. By
means of logic reasoning and constraint rewriting, theesolv

€ =q; + Ae;, (4) is able to map a broad family of input problems to a few

rotational and translational scenarios with known closed-

where A > 0 is diagonal, then with (3), (4) and form solution. The solver can handle under-, well-, and
T =7, = 0, we can write (1) as over-constrained (redundant or incompatible) problenth wi
multiple solutions, and is computationally very efficiesa, it
can be included in high-frequency loops that require respon
&imes within the millisecond order of magnitude (e.g., upda
solutions when the geometry of the problem changes, as
in the case of moving obstacles). Fig. 3 shows the PMF
user interface displaying a cone with its tip restricted to a
spherical surface.

The present teleoperation framework makes use of an
impedance-type haptic device (force/torque input, véyoci

The role of the Remote Planning module is the avoidanaautput), so the generation of virtual constraint forces and
of collisions between the robot manipulator and the envtorques requires translating the kinematic informatioo- pr
ronment. This is a necessary step since the teleoperatiorvided by the geometric constraint solver into a dynamic
done at task level. The operator commands the motions of theodel. The chosen scheme takes advantage of the high
part being manipulated by the robot using both the Guidingackdrivability and low inertia/friction of the haptic dee:
module (to avoid collisions of the part with the environmentit leaves the dynamics of the unconstrained directions un-
and the Relational Positioning module (to constrain somehanged and generates forces in the constrained directions
of its DOF). Nevertheless, the commanded motions afgased on the differencg between the actual, and desired
executed by the robot manipulator using all of its DOF. The;,; positions of the end-effector in operational space coordi-
remote Planning module provides a reactive behaviour thaates.e; = x; — x4, Wherex;4 represents the projection of
guarantees that their execution is collision-free. x; on the current solution submanifolds. e.g., the expression

M (q;)é; + Ci(ai, ;)€ + Kie; + Bé; = Y0,

whereéi =6, — 0, is the error between the estimated an

the real parameters. Now, using the estimation Bav—
~T;Y e, with T; =T > 0, yields |e;] — 0 ast — oo
and|qi| — |el| — 0.

D. Planning



[ PME BEE

Eile View Help

Translational DOF | Rotational DOF |

®) DOF 1 % DOF 2

578 2 Z00

P

Fig. 3. PMF user interface displaying a cone with its tipniesd to a Fig. 4. Rendering of virtual contacts forces between 3D abjesing the

spherical surface. task configuration space.
TABLE I

TRANSLATIONAL AND ROTATIONAL SUBMANIFOLDS. provide, in these situations, a good haptic rendering. Géis

Translational submanifold DOF _ Rotational submanifold DOF be solved if the knowledge of the current type of contacts
3 . . . .

R 3 SQB) - taking place is used. In this line, a method based on the
Plane 2 Vectors at an angle 2 . . . . . .
Sphere 2 parallel vectors 1 task configuration space (C-space) is adopted in this fdrojec
Cylinder 2 Fixed rotation 0 Since in C-space the manipulated object is represented by
E'l'ﬂgse 11 a point, the method becomes similar to punctual haptic
Point 0 interaction methods. The procedure, illustrated in Figs4 i

based on the following three steps [15].

1) C-space modellingAssuming objects are modelled with

of the force f. = Kpe; + Kpé; (a PD-like controller) is convex polyhedra, their interference is represented by
analogous to attaching a virtual spring and damper between (convex) C-obstacles Each C-obstaclecan be modelled
2, andzy. A similar scheme is used by the Virtual Contacts With @ graphG; whose nodes represent basic contacts. The

and the Guiding modules. Table I1I-A shows the translationa Node whose&-faceis closest to the current position of the
and rotational submanifolds to which the haptic device Manipulated object, together with those neighbor nodes
end-effector can be constrained. All combinations between that satisfy the applicability condition for the current-or

rotational and translational submanifolds are possible. entation, constitute a subgrapti,...(¢), that represents
the localC-space
B. Virtual Contacts 2) C-space updatingEach time the user changes the orien-

Haptic devices allow the operator to interact with a virtual tation ¢ of the manipulated object,,..(¢) is updated
world and to feel the reaction forces that arise when the (note thatG(¢) remains unchanged whenever the user
manipulated virtual object collides with the objects in the does a pure translation motion).
virtual environment. The haptic rendering of virtual canga  3) Haptic rendering The collision detection between the
can be a useful teleoperation aid because virtual contaots ¢ manipulated object and the obstacles is done by evaluating
make the user react on time since they may occur before thewhether the object position lies inside @-obstacle
real ones (if bounding volumes are considered for the models This is done only considering the nodes@f.c..(¢) by
and because no time delay exists). verifying if the object position is below the plane that

Simple and efficient procedures have been developed for contains theC-face of the basic contact for the current
punctual haptic interaction. Nevertheless, the hapticieen ~ orientation. The reaction force is computed proportional t
ing of virtual contacts forces between 3D objects requinest  the penetration depth. The reaction torque is computed as
use of collision detection algorithms and the approxinmtio & function of the point where the reaction force is applied.
of the reaction force and torque by the interpolation or the o
sum of the forces computed at each contact point. Consi§ Guiding
ering the task composed of convex polyhedra representingHaptic devices can also provide guiding forces to assist
the bounding volumes of the objects, face-face contacts tire user to safely teleoperate a robot or to train him in the
edge-face contacts are not uncommon (these type of contperformance of a virtual task. Some simple guiding forces
may also occur with virtual fixtures defined by the operatormay constrain the user motions along a line or curve or over
Approaches based on collision detection algorithms do natgiven working plane or surface, e.g. for a peg-in-hole task



a line can be defined along the axis of the hole and the .~
user may feel an increasing force as he moves the peg awg =

from that line. Although these simple guides can already]
be a good help, some tasks may require more demandi
guiding forces to aid the user all along the task execution
Motion planning strategies based on potential fields car cop
with these guiding requirements, by defining trajectoreg t ..
follow the gradient descent. The present framework follows

this line by using harmonic functions that guarantee the __ ATTRACITION
existence of a single minimum at the goal configuration. The BARC
proposed approach, illustrated in Fig. 5 for the teleopamnat

of a bent-corridor planar task, relies on the following #re
points [9]:

@)

CURRENT

1) Configuration space modelling 2™-tree hierarchical cell FOME BALL

decomposition of the configuration space is build based on
an iterative procedure that samples configurations (using a
deterministic sampling sequence), evaluates and classifie
them, and updates the cell partition when necessary. A
transparency parameter is associated to each cell as =
function of the number of free and collision samples i
contains.

2) Harmonic function computationThe computation of an
harmonic function is interleaved with the configuratior====
space modelling. The harmonic functions is not onl
computed over the free cells (fixing the obstacle cells ¢
a high value), but over the whole set of cells (using th
transparency as a weighting parameter). This is a new alie
efficient method to compute harmonic functions tailored
to be used over partially-known configuration spaces.

3) Generation of haptic guiding forcessuiding forces are

ge_nerated f_rom the.harmomc functlonh using a S'mﬁl‘{:ichieved by alternatively displaying the image corresjund
Fhoénltj_::rr?sdsgra%rtgltlt\(/)eie[jf}).nZr?fg]lI(;[w(ian Cli;r:nr:eCZt,et the left and right eyes on a computer monitor or wall
gradient) by a force directed to its centergThe forgc]:e i rojector, switching betwegn th_em at a frequency of 100-
felt until the user is located at a given disténce thresho 20Hz. Many people can visualize the 3D scene at the same
. e by wearing pairs of shutter glasses that are synchedniz
from the cgnter. Then the_current cell is _updated and tqﬁith the switching of the video display.
procedure is repeated until the goal cell is reached. .
The operator experience can be enhanced at the local
. station by overlaying a co-located virtual scene on the
D. Augmented Reality video streams corresponding to each eye. This virtual scene
Augmented reality refers to a real-world environmentontains visual cues and annotations that are not present in
representation that has been enhanced with the additiontbe real world, but can improve task performance. Examples
computer-generated data. Generally speaking, this augmef graphical entities that can be rendered are the geometric
tation can be multisensorial, but this discussion will fecuconstraints an object is subject to, virtual objects an aiper
on the visual augmentation of video streams. may be haptically interacting with, guidance paths, magni-
Visual feedback of the teleoperated robot environment iide and direction of interaction forces, and boundaries of
of capital importance, because it provides the operatdr withe robot workspace.
information that will help him navigate through the remote Limited-bandwidth communications may reduce the frame
workspace. This is especially true for task operations thatte of the live video streams below acceptable levels. ¢h su
take place in free space, where there is no force feedbac#ses a virtual version of the remote robot can be displayed
originating from the contact with other objects. Depth perand refreshed at a higher frequency while using very little
ception also improves the operator’s sense of immersian, bdandwidth, since it only requires updating the currenttjoin
cannot be achieved with a monoscopic view of the remotgositions.
station. The appearance of an augmented environment with both
The current framework implements a stereoscopic visuatal and virtual objects must be visually compelling and, fo
feedback system that combines images gathered from twilis, must obey overlay and occlusion visibility rules. Tha
remotely actuated video cameras. The stereoscopic effectis, parts of a virtual object that are in the foreground are

Fig. 5. Teleoperation of a bent-corridor task using guidioes.

Fig. 6. Stereographic view with augmented reality aids.



rendered and block the real objects that lie behind (if theending them. Each packet is then transmitted individually
virtual object is semitransparent, a blending effect oggur and can follow different routes to their destination. Once

and parts of a virtual object that are behind a real one are nalt packets forming a message have arrived at destination,
rendered. Occlusions are achieved by rendering trandparéimey are recompiled into the original message. The pros
models of the real objects in the virtual scene. Unmodeleah using these means of communications are ubiquity and
real objects are unable to produce occlusion effects. Fig.@ndwidth. However, the cons are packet drops and variable
shows the left and right eye views of a scene augmented witime-delays. The teleoperation framework uses UDP as the
three visible virtual entities: a planar surface that repreés transport protocol and can use either IPv4 or IPv6, versions
the geometric constraints acting on the robot end-effectet and 6 of the Internet Protocol, respectively.

the end-effector coordinate frame, and a semitransparent

rendering of the robot in a different configuration. Notice V. OPERATION PRINCIPLE
the oyerlay and occlusion effects between the real robot andThe operation principle for a teleoperated task using the
the virtual entities. teleoperation framework proposed is done as follows. The

operator first determines the goal configurations of the task
o and sets the motion constraints that must be maintained
A. State determination during the task execution, by specifying the relative posit
The teleoperation aids and control modules explaineaf the part or tool manipulated by the robot with respect to
in the previous sections require knowledge of the statiie environment. Then, in order to remotely control the tobo
(position and velocity) of the haptic device and of the roboperforming the task, he moves the haptic device with the help
manipulator in both joint and operational space coordmateof the following feedback forces:
as well as a means for sending actuation commands to themy) Forces that restrain him within the task submanifold
Interaction with the haptic device is done using Sensable  defined by the constraints set, letting him concentrate
OpenHaptics library [16]. Queried parameters are position  on the commanding of motions relevant to the task.
and velocities in both joint and operational space cooté®a  2) Forces resulting from collisions detected in the virtual
and actuation commands are given in the form of operational  environment, which allow him to react on time because

space forces and torques. On the other hand, interaction they prevent him of imminent collisions in the remote
with the robot manipulator is done using Staubli's Low station.

Level Interface (LLI) library. The library is used for ques  3) Guiding forces that, from any point within the task
of JOln_t space position, vel_ocny anq .applled torque, and submanifold, swept him along a collision-free path
actuation commands are given as joint torques. The map  towards the goal configuration, resulting in a faster task
to operational space coordinates is done externally using  commanding.

custom-made kinematic routines. 4) Forces generated by the controller as a result of track-
ing errors that occur due to real interactions on the

IV. SENSING

B. Video and audio capture and transmission

i ) ) remote station.
The remote station has two video cameras and micro- . .
o . Position and force correspondence between the haptic
phones used for stereoscopic visual and audio feedba%ha‘vice and the robot is guaranteed, including the podgsibili
The operator is able to control from the local station th 9 ! 9 P

pan, tilt, and zoom of either an individual camera or of the. perform mouse jumps required when the size of the

. i workspaces differs substantially. The performance ofdlsk t
stereoscopic view (both cameras at the same time). . : . .

; . being teleoperated is continually monitored by the operato
The two video streams are captured independently and are. . .

. . using the 3D image of the scene augmented with extra
hardware-encoded to MPEG4 format. This type of encodm% .
. . . L mformation relevant to the task.

has high compression and produces high quality video. Video
and audio data are transmitted separately from the data VI. EXPERIMENTAL RESULTS
relevant to the teleoperation control loop using a cliesrier )
architecture and the Real Time Streaming Protocol (RTSP). !N order to validate the proposed framework several exper-

RTSP is based on the Transport Control Protocol (TCAjiental tests have been remotely performed using the P+d
and manages the transmission session. During a transmissi3'd PD+d controllers that provide position tracking. One of
the Real-ime Transport Protocol (RTP) is used for th&!eM consists on moving the remote robot manipulator end-
transport of streaming data and the RTCP (where the *¢@ffector along a rail with a line restriction. -
stand for control) is used periodically to monitor the pcted 1 N€ Proposed test has the following characteristics:
quality of service. Amongst the available control paramete « The motion of the remote robot manipulator end-

figure lost packets, network jitter and round-trip delay. effector is restricted to a line parallel to the x-axis and
o fixed orientation, as shown in Fig. 7.
C. Communication Channel « The P+d controller has been used in both the haptic

The communication channel used in this framework is a  device and the robot manipulator.
packet switched network like the Internet or the Interndt2. « The position commands correspond to the desired po-
uses protocols that divide the messages into packets before sition of the haptic end-effector.
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that the closed-loop system is asymptotically stable. Also
there have been experiments from Barcelona, to Guadalajara
Mexico, in which the P+d controller was used. In all these
experiments, Internet has been the adopted communication
channel and the round trip time delay, for both cases,
has been around 0.8 seconds. The User Datagram Protocol
(UDP) has been the transport layer protocol used for the
experiments.

VIlI. CONCLUSIONS

The teleoperation framework presented in this paper makes
use of relational positioning, that allows the operatorasiky
introduce geometric relations; virtual contacts detexttbat
provide predictive forces arising from virtual collisigresig-
mented reality, that enhances the visual feedback; andaiont
algorithms, that provide position tracking despite vaegab
time-delays. These advanced tools increase the over&ll tas
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o The communication channel is implemented using[S]
UDP/IPv6 sockets in a client-server application.

« Although the 6 DOF of the robot manipulator have been
controlled, only data concerning the translational DOFs!®]
is reported.

Fig. 8 depicts the evolution of positions and forces along”]
the x, y, z-axes. Position curves are shown in the left column
and feature three distinct zones separated by dashedalertids]
lines: Zones A and C correspond to unrestricted motion
in free space, while Zone B corresponds to translations
restricted to a line. It can be seen that position values ir9]
the y and z-axes drop to zero, and motion only takes place
in the x-axis when the restriction is set (at around 10s)q
Note also that although the initial positions of the haptic
device and the robot manipulator differ from one anothehl]
position error converges to zero and position tracking is
achieved. Force curves are shown on the right column and
plot the two components of the total force acting on thé&'2]
haptic device: the constraint force and the control fordesT
last force does not have a significant contribution since tH&3]
time-delays are small, approximately 50 ms, so the comgtrai
force dominates the force felt by the operator when he/shgy
tries to violate the constraint, as it can be seen ingttaand
z axes in Zone B.

The reported framework has been tested under different
scenarios. Some experiments have been performed frdil
Barcelona, Spain, as the remote site, to Urbana-Champaign,
Il., USA, as the local site. In this case, the P+d and PD+d
controllers have been employed and it has been shown [4]

(18]

performance, thus reducing operator fatigue and strese whi
= - remotely executing a task.
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