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Abstract. This paper deals with the collision avoidance le# tooperative robots using the programming through
imitation. Each physical robot acts fully indepentg communicating with corresponding virtual e and
imitating her behaviour. Each physical robot rejuwabs the motion of her virtual prototype. The eation of the
collision-free actions of the virtual cooperativ@ots and the transfer of the virtual joint tragetts to the physical
robots who imitate there virtual prototypes, are thiginal ideas. We tested the present strategsevaral simulation
scenarios, involving two virtual robots and estimgtcollision-free actions, during of the cooperattasks.
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1. Introduction into a space with constraints.

Cooperative robots are permanently in danger The control engineer cannot risk a valuable
to be in collision. Therefore installations with piece of equipment by exposing it to untested
cooperative robots in real world, require collision control strategies. Therefore, a facile strategy fo
avoidance methods, which take into account theontact detection and collision avoidance, capable
mutual constraints of the robots. Generatingof predicting the behavior of robotic manipulators,
motions for real or virtual robots, which are cagl becomes imperative.
to a task, is usually a complicated problem. When the robots need to interact with their

A key requirement for cooperative efficient surrounding, it is important that the computer can
operation is good coordination and reciprocalsimulate the interactions of the cooperative
collision avoidance. participants, with the passive or active changing

The contact of the robot with an obstacle mustenvironment in the graphics field, using virtual
be detected and it will cause the robot to stogprototyping.
quickly and thereafter back off to reduce forces In this paper, one propose a fast method that
between the robot and environment. simultaneously determines actions for two virtual

The problem of the contact with obstacle robots that each must cooperate with other.
imposes the null velocity in the moment of the The actions for the cooperative tasks are
impact and to obtain the zero-velocity points om th computed for each virtual robot and are transferred
pathway. The collision detection simply determineswith a central coordination to corresponding
if two geometric objects are intersecting or ndteT physical robot which must imitate her virtual
intersecting of two objects is possible in theuait homonym.
world, where the virtual objects can be even  Thus, one proves that our method guarantees
intersected and there no exist the risk to beghe collision-free motion for each of the coopermati
destroyed. The contact detection between the Virtuaobots. The planning package communicates
objects is responsible for determining the distancerimarily with simulation. A planning module can
between two points in a space and substitutes thgend messages to the simulation such as computed
distance metrics devices. This strategy may us@lans for the robots. The planning module can
simple CAD methods or may be extended to bgurther send trajectory and planning structure
more complex and take into account invalid areas ofnformation to visualization so users can see the
the space. results of an algorithm.

Using this strategy one detects collisions in all ~ The planning module also receives control
directions, protecting not only the physical end-signals from the simulation module, such as when
effectors but also the work pieces and the physicalo start planning joint trajectories.
robot itself. The visualization module is responsible for

The ability of predicting of the behavior of visualizing any aspect needed by the programmer.
cooperative robots is important in design; theUsers interact with the simulation environment
designers want to know whether the robot will bethrough the visualization. This includes, but not
able to perform a typical task in a given time feam limited to, computer screen and cameras video.
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The visualization provides an interface toloops structure to establish relationships between
develop interactive implementations based orthe virtual and real robot control systems.
imitation strategy. Optimization of the real robots ~ One employs dimensionality reduction to
behaviour is performed in the low dimensionalrepresent posture information in a virtual low-
virtual space using the virtual robot prototypes. dimensional space [3].

This paper is focused on the collision
avoidance through transfer the motion mapping |
from virtual space, in 3-D dimensional real space.

2. Overview of Learning by Imitation

Imitation is an important learning mechanism
in many intelligent systems including robots. It is
easy to recuperate kinematic information from

AR I|
-l
virtual robot motion, using for example motion

capture. Imitating the motion with stable robot ' ?
dynamics is a challenging research problem [7]. - FF JFF 7 b

In this framework a physical robot arm can be a | ' ' '
collection of rigid bodies, subject to the influenaf
various forces in the workspace, and restricted by
various motion constraints.

One propose a control strategy for two physical
cooperative robots that uses capture data from thei
virtual prototypes and imitate them to track the
motion in the real space avoiding the collisioneOn
present an model, for which robust controller can b
easily designed. A typical example is a linear
quadratic regulator (LQR) [4], which one use for
our examples.

Joint trajectory tracking is enabled by
commanding desired joint accelerations based on ,
joint angle and velocity errors as well as supply
forward joint accelerations. One applies the In particular, for reciprocal correspondence,
controller to tracking motion capture clips of two sensory feedback data are recorded from the real
cooperative robots who accomplish a collaborativerobot during motion [2]. A causal relationship
task. The resulting robot motion clearly preservesdetween actions in the low dimensional virtual
the original behavior of each virtual robot. space and the expected sensory feedback is learned.

In addition, the controller does not require This learned sensory motor mapping allows virtual
intensive pre-processing of motion capture datamotion dynamics to be optimized.
which makes it potentially applicable to real time As well an inverse mapping from the real joint
applications. space, back to the original virtual joint spacéhian

In this paper, one propose an approach taised to generate optimized motion.
achieving pathway acquisition in  robots One present result demonstrating that the

A e l'

b)
Figure 1. A framework for robot learning by imitati
rtual cooperative robots (a) - Real cooperatiobots (b)

programming, using imitation strategy. proposed approach allows a real robot to learn move
The framework for our method is shown in based exclusively on virtual robot motion capture
Figure 1. without the need for a detailed physical model of

First, a motion capture system transformsthe robot.
Cartesian position of virtual robot structure to The paper is focused on tracking joint angle
virtual joint angles based on kinematic model.trajectories, although some cooperative tasks may
Then, the joint angles are converted in binary word require tracking other quantities such as end-
and transferred to real robot joint controllers viaeffectors trajectories which will be addressed in
intelligent interface. After this one use the cohtr future work.
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3. Processing of the Motion Captured Data in equilibrium, usually using a controller designed
The robots’ motion should be animated with for a simplified dynamics model, such as Linear

the highest degree of realism possible using motiouadratic Regulator (LQR). The output of the

capture data or accurate full-body simulation, whil Situation controller is the desired input to theck

the multitudes secondary details to the auxiliarycontroller.

elements (scene, cameras, etc.) can be simulated at Motion olip on

much lower fldellty . the mnmt-r:ur _
One transfers, via intelligent interface, the joint (vartual modl)

angle data from a motion capture system to a - e

kinematic model for an anthropomorphic robot. To S | | e Bonthe |
generate the desired motion sequence for the real | virlwalmedel | i voiuelmodsl
robot, one capture the motions from a virtual robot L""l""" _____________ . o 1 """
model and map these to the joint settings of the | Desired input 1
; Situation : + | Tracking
physical robot. eontroller 2| controller
Initially, a set of virtual postures is created to -
the virtual robot and the pictures’ positions are '"{1:;;.-1;?1;1}};;7 T l _____ .
recorded for each posture, during motion. These “ofthephysical 1 dointangles b Juint lorgues '
recorded pictures’ positions provide a set of | medd 11 VRS oo T
Cartesian points in the 3D capture volume for each :
posture. I-'h}-'ﬂu:ﬂ_l robot
To obtain the final real robot posture, the motion

virtual pictures’ positions are assigned as pasitio |
constraints on the physical robot. To derive thetjo

angles one use standard inverse kinematics (IK)
routines. The IK routine then directly generates th The tracking controller is responsible for

desired joint angles on the robot for each posture. making every joint track the desired trajectory. It
In this paper one use the virtual robotgplves an optimization problem that respects both

prototypes and the motion capture systems to obtaifint tracking and desired inputs to the simplified
the reference motion data, which typically consfst model and obtains the joint torques to be

a set of trajectories in the Cartesian space. commanded to the real robot.
The data is obtained using a motion capture
channel taking into account the joint motion range.g, Simplified virtual model
Due to the joint limits and the difference between  The pasic essence of this framework is to

the kinematics of the virtual and real robot, i@  yjescribe each rigid object in the planning scene as
angle data are pre-processed. dynamical system, which is characterized by its

In the pre-processing stage, one assumes thafate variables (i.e. position, orientation, linaad
both virtual and physical robots are on the sceéne &ngular velocity).

the same time and estimate the correct arms positio ™ e supposes that the simplified virtual model

and orientation. _ _ _ is linear and represented by the following state-
One then compute the inverse kinematics forspace differential equation:

new posture to obtain the cleaned joint angles and
retain the difference from reference joint angles.
At each frame during control, one adds the y=Cx @)
difference to the reference data to obtain thenglda ’
reference joint angles. This correction is extrgmel wherex is the state vectoy is the input, ang is
simple and the controller does not requirethe output of the simplified virtual model. Alsoen
supplementary cleanup. assumes that is used a state feedback controfier fo
equilibrium:
4. Controller composition u=K(x_ . —x), 3)
Figure 2 shows the overview of the controller. ref
The two main components are a situation controlleivhere K is a constant gain matrix ande is a

and a tracking controller. The situation controler reference state, typically computed from the
responsible for keeping the whole physical striectur reference motion.

Figure 2. Overview of the controllers

X=Ax+Bu, (1)
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An observer compares the estimated and actual p

. X =J,0 7
outputs to update the state estimatas: “ il 0
R ~ whereJ,; is the Jacobian matrix of theh contact
X=AX+Bu+F(y-y), 4) link's position and orientation with respect to the

generalized coordinates.
Differentiating Eqg. (7), one obtains the
tionship of the accelerations:

where F is the observer gain an§=CX is the
estimated output. Because do not have accesslto rea 5
state, one replaces the stateith its estimateX in

Eq. (3): X =JaG+J i G (8)
u:K(xref -X). (5) One defines the compound contact Jacobian
matrix J., by:
Using Egs. (1), (2), (4) and (5), one obtains the Iy
following system of the estimated state and new ]
input: c2
. J =|J
X =A X c c3 )
X Abx+ Bbub
(6)
U :(X-rref yT)T Jene
_ Because the source joint is not actuated, one
where: may only control the joint generalized force vector
A, =A-BK-FC of the physical robot. In addition, each of tNe
3 links in contact receives contact fofgeand moment,
Bb =B-F. around the link local frame,; (i = 1, 2, ...,Ny).

Equation (6) describes how to estimate the One also defines the compound contact force /
current state of the simplified virtual model basedMoment vector by:
on a reference state and measured output. =fTnT mmsT AT 10
The estimated state and input to the simplified c Ci1 C1 cNc "'cNc (10)
virtual model computed by Eq. (5) will be used as
the input to the tracking controller. T T
The system of tracking controller for each joint MGg+G=N"r1 j + ‘]c fc (11)

consists of two local controllers and a joint taqu
optimization. whereM is the joint-space inertia matrix ai@lis

the sum of Coriolis, centrifugal and gravity forces
6. Joint Controllers Matrix N is used to map the joint torques into the

One denotes the number of actuated joints offéneralized forces. _
the robot byN,. The total degrees of freedom (DOF) ~ One can use any simplified model as long as it
of the robot are theN, including the translation and represents the dynamics of the virtual robot and a
rotation joints type. One also denotes theSituation controller can be designed. A typical

The equation of motion of the robot is written as:

generalized force by. example is a linear system, for which a regulator
The articulated robot configuration is uniquely can be easily designed by optimal control. _
defined by the generalized coordingte The local controllers compute the desired

One supposes that virtual robots usually moveaccelerations of joint and contact links basedhen t
with some of their links in contact with the virtua reference and current position and velocity as well
objects, in potentially state of collision in thietwal s the reference accelerations [5].
space. More of that, one can intersect any virtual In the joint controller, the desired acceleration
structure without risk to be destroyed. g is computed as follows at each joint:

Let N; denote the number of links which willbe .. . .
in contact. One represents the linear and angular 4= Gref Ky O o —q)+kp(qref -9 (12

velocities of tha-th contact link by a 6-dimensional _ . . ,
vectorx .. The relationship between the where g IS f[he current joint positiongre; 1S the
ci reference joint position in the captured data, and

generalized velocityjand X i is written as: andky are constant position and velocity gains that
may be different for each joint.
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One assumes that the position and orientation The task planner contains multiple motion
of the virtual joints is available by computing the planners. The task planner also contains a world
kinematics. One can therefore compute the desirethodel and communicates with the simulator.
linear and angular accelerations of the virtuattgi The task planners are responsible for defining
and combine them with all desired joint the objective of the planning process, while the
accelerations to form the desired acceleratiormotion planners actually generate the plan and
vector ™ . allows planning until it has computed a path to a
pecified goal.

Control law (12) is the same as the one used iy . o .
The motion planners are the individual motion

resolved acceleration control except that the real : . )
lanning algorithms which compute controls. The

robot joint is not actuated and the desiredP ) S
acceleration may be altered by the optimizationP'@nning system is divided among several modules
in order to accomplish these tasks. The task

stage. S ) :

gThe models proposed arise naturally angcoordination module contains motion planners for
provide a means of verifying the plausibility okth gent\e/(/atllr:jg seql:jer;ces of cor;)trols. g g
motion in the real environment. With further wotk i di or m;) ES can Dbe usfe toh reduce
should be possible to experimentally obtain mored!Mensions of the state space, irom the motion

accurate robot dynamically models who requireplann_ers' It is useful for pla'mnlng' because the
finding good imitation. planning process has complexity which depends on

the dimensionality of the space. This reduction wil
make the planning process more efficient, and is
related to being able to remove some systems from
collision checking.

7. General architecture of motion imitation
The general architecture includes simulation,

visualization, and planning. These two functions together allow a full
The simulation module is the primary location _. . get :
simulation to be loaded, while allowing the

for the development and testing of new controllers lamnina of the robots individually in a decounled
and contains a set of features which are useful fop 9 - y P
manner, for greater efficiency.

developers. e . . .
The visualization module provides an interface The_coII|3|qn checker descrlb_es Wh'qh pairs of
to develop alternative implementations. geometries objects S.h.OUId be Interacting in the
Task planner follows the planed motion in the5|mulat|<_)n. The co|||s_|on checker s actuall_y
simulation module responsible for performing the checks and reporting
: . : . when geometries have come into contact.
All of the abstract notions described in this o . .
section interact according to Figure 3 V_al|d|ty checker_s prowQe a way to determine .'f
' a given state is valid. The most basic

implementation of a validity checker takes a state,

7| Taskplanuer | & translates it into its geometrical configurationda
P checks if there is a collision between the geometry
| L of the robots and the environment.
1 Samplers are able to generate samples within
' l;k the bounds of an abstract space.

Motion T Distance metrics are responsible for

planmers 1 determining the distance of points in a space. @hes
World ;\’ modules may use simple interpolating methods or
| model may be extended to be more complex and take into

account invalid areas of the space.
The planning package communicates primarily
with simulation. A planning module can send
‘ messages to the simulation such as computed plans

Samipler

Local planncr

‘ Validily checker ‘ for the robots. The planning module can further
: send trajectory and planning structure information
J I Diistance mefric to visualization, so users can see the resultsnof a
) Lol algorithm.
Sinmilaton Users interact with the simulation environment
- through the visualization. This includes, but ig no

Figure 3. The general structure of the planning nhexl
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limited to, camera interaction and computer screenReferences

The visualization provides an interface to developl.
alternative implementations.

8. Conclusion 2.

Collision detection strategy is based on
identifying the zero-velocity impact points, betwee
virtual objects, in the moment of the impact. The,
null velocity in the moment of the impasquires a
highly accurate model of robot dynamics and the
environment in order to achieve the collision4
avoidance.

So, the problem of the contact detection is
better analyzed on the virtual prototypes in the
virtual environment where one predict there5.
behavior. The problem of the contact detection in
the virtual environment on the virtual robots is
important for the reason that this built-in functiis
proven superior to other collision detection desice

The contact of two objects is possible in the
virtual world, where the virtual objects can be
intersected and no exist the risk to be destroyed. ;.

Programming approach such as programming
by imitation is more flexible and can adapt to
environmental change. This method is typically
directly applicable to cooperative robots due theg
possibility to transfer the virtual joint trajeckes
from virtual space to the real space of the physica
robots.

The experimental results were obtained from
evaluating the controller in a variety of scenarios
concerning the reciprocal collision avoidance.

Programming real robots, especially to perform
the behaviour of the virtual robots is accomplished
by imitation using virtual robots motion data
capture.

The real (physical) robot will imitate her virtual
prototype; it has no supplementary devices for
collision avoidance, and gives it higher relialilit
and more cost efficiency. Also, since there is no
device attached to the real robot tool, one no
extends the tool offset distance, which allows bigg
maximum tool weight and better reorientation
performance.
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