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Abstract: In this paper, based on original idea, the authprspose a new strategy for physical robot be-
havioral control using predictive control strategho program the desired motion sequence for thaiphy
cal robot, one captures the motion reference péthis the virtual robot model and maps these to the
joint settings of the physical robot. Physical robeproduces the behavior of the virtual prototypais
requires transfer of a dynamical signature of a sraent of the virtual robot to the physical robog. i
the robots should be able to imitate a particulatipas one with a specific velocity and/or an aec!
tion profile. Furthermore, the virtual robot mustver all possible contexts in which the physicdlaio
will need to generate similar motions in unseentext The physical robot acts fully independently,
communicating with corresponding virtual prototygued imitating its behavior.

Key words: virtual robots, path learning by imitation, motioprogramming, predictive control,
behavioral control

1. INTRODUCTION When the robots need to interact with their surcbun
ing, it is important that the computer can simuldte

q RObr?.t'C and Automatlgn ?ystemds ar? the coreo?f Stoﬁnteractions of the participants, with the passivective
ay achievements towards future developments CIchanging environment in the graphics field, usiitual
ence and Technology. The challenges are still faned prototyping

many aspects for a full success of those systenmslirs- For effective involved path navigation, a technidggie

t”f‘l anddno_n—lnduztnal apfpllcatl_ons. for Wh'(ih ﬂmn?ur; needed which can exploit the reference trajecttnycs
tal are design and manufacturing issues. Innova ture to search in the local continuum for actiortsich

advances in the fields of Robotics and Automatiom a inimize path deviation and avoid obstacles. A pitrs
nowadays continuously proposed with characters 0g;anner is adequate in order to permit relaxatibrao

novelty and update of past solutions. : o .
: - . trajectory (for optimization reasons) by searctangmall
The concept of robot motion prediction was intro- number of degrees of freedom.

duced to clearly understand what the robot musicdo The accepted class of “pursuit’ algorithms will be

when trying to Io_calize visual objeqts. His .SUQQHH used to generate a path planner in order to acdsimpl
was that the physical robot can predict the situafpo- robotic tasks

sition and orientation) using its virtual prototypather In this paper the authors develop a formally arialyz

thandphfysmal sensory S|gnalls. For a ;t))llste_m ywttea of the concept of robot motion prediction and prapa
mand of reacting gls p;reuse y ?slpos_& e, its pést- “pursuit” algorithm to programming the robots’ rmanti
maU\c/m |shnot|csjwta d‘? to:hcor;trto Ee;]nnl_ng a{]%hmo':_ The actions for the each robotic task are compfated

h eths ou X plre Ic ed uturbe a‘;":; a h € ggf virtual robot and are transferred, with a cent@drdina-
when the control command arrives at the pnysICadto 4 to corresponding physical robot which musttata
and is executed. e

The ability of dicti f the behavi f roba its virtual homonym.
e ability of predicting of the behavior of robats The objective of the present paper is giving anrove

Important in design; the designers want to k”O_Wt_"“”'e view of apredictive control strategfor robots, based on
the robot will be able to perform a typical taskaimgiven the virtual prototypes

time frame into a space with constraints. . The remainder of this paper is organized as follows
The control engineer cannot risk a valuable piefce 0. saction 2 an overview of physical robot motiane

_ertﬁ]wprfnent by fex;_:;osmg It to l;ntested con(tjrol s@;ﬁ trol, using a simulated virtual model, is presented
erefore, a facile strategy for contact detect In Section 3 the online behavioral imitation forepr
collision avoidance, capable of predicting the lwidraof dictive control is formulated using a new method.

robotic manipulators, becomes imperative. Theoretical considerations concerning the predictiv
control model are given in Section 4. In Sectioth®
impedance model to force control of the physichlotds

" Corresponding author: Str. Mihai Viteazu nr. 5, ©9f et il presented, as basic strategy for predictive matamtrol
Cod. 500174, Jud. Byav, Romania, in the real environment. Section 6 concludes theasd
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2. PHYSICAL ROBOT MOTION CONTROL
BASED ON SIMULATED VIRTUAL MODEL

We present a description of the theoretical aspafcts
the physical robot motion control using a virtuabtian
prediction model. The advantages of such approa@na
alternative to the classical methods (e.g. visioided
trajectory imitation [15]) are on-line adaptation the
motion of the virtual prototype.

A solution to the above problem is to construcira v
tual prototype model and to transfer the virtuajetctory
by interacting with the physical robot model.
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First, a motion capture system transforms Cartesian
position of virtual robot structure to virtual joiangles
based on kinematic model. Then, the joint angles
converted in binary words and transferred to realbot.
We employ the control loops structure to estabiidh-
tionships between the virtual and real robot cdras-
tems.

We present results demonstrating that the proposed
approach allows a real robot to learn how to moased
exclusively on virtual robot motion capture, viewed
predictive control strategy.

ar

This approach also estimates the response of @ach a3 N |NE BEHAVIORAL IMITATION FOR

tion through a predictive motion virtual model toma
accurately predict theirs consequences.

Our approach represents a technique for generating

animated navigation offline, by pre-computing lagebr
trajectories for a physical robot. Pre-computegett®-
ries sets are used to autonomously guide the robot.

Designing a virtual model would be an option; how-
ever, the behavior of the robots is very diffidoltmodel.
Moreover, the use of system knowledge is contrary t
our research aim. Therefore we focus on creating-a
tual prototype model from experimental data obtdine
from the physical robot model.

Users interact with the simulation environment
through the visualization. This includes, but riatited
to, computer screen. Optimization of the real retoe-
havior is performed in the low dimensional virtsalace
using the virtual robot prototypes.

In the virtual space one simulate even the intéirsgc
of the virtual robot and its environment. The istating
of two virtual objects is possible in the virtuabmd,
where the virtual objects can be even intersectedl a
there is no risk to be destroyed [4]. The visugiora
provides an interface to develop interactive immearta-
tions based on simulated behavior of the model.

In our work we assume that learning of the determi-

nistic part for description motion dynamics sholild
sufficient to design the corresponding robot cdntro

We particularly refer to the ability of the systdm
react to changes in the environment that are tefieby
motion parameters, such as a desired target positid
motion duration. Therefore, the system is able émage
with uncertainties in the position of a manipulatdygect,
duration of motion, and structure limitation (e.gint
velocity and torque limits) [3].

The proposed method aims at adapting to spatial and

temporal perturbations which are externally-gereetat
This aspect will be investigated in our future wsrk

It is easy to recuperate kinematic information from
virtual robot motion, using for example motion aapt
[1]. Imitating the motion with stable robot dynamiis a
challenging research problem [8].

In this paper, we propose a predictive controlcstru
ture for physical robots that uses capture data fiieeir
virtual prototypes and imitate them to track thetiomin
the real space.

We will demonstrate the tracking ability of the pro
posed controller with dynamics simulation that tak&o
account joint velocity and torque limits. We apphe
controller to tracking motion capture clip to pregethe
original behavior of virtual robot.

PREDICTIVE CONTROL

In robotics, one of the most frequent methods o re
resent movement strategy is by means of the legrnin
from imitation. Imitation learning is simply an dma-
tion of supervised learning [£24]. One goal of imita-
tion of the dynamical systems is to use the abitify
coupling phenomena to description for complex bejrav
[10]. Anything a robot does is called a behavior. Moving,
turning, stopping, picking things up, putting thelown,
delivering a message are all behaviors that a robnt
perform.

In this paper, we propose a generic modeling ap-
proach to generate robot prototype behavioral madel
virtual environment in experimental scenery. Thioas
for the each task are computed for virtual robotqype
and are transferred online, with a central coottibna to
corresponding physical robot, which must imitate it
virtual “homonymous”.

Notice the similarity between moves of the virtuad
bot prototype in the virtual work space and the-“ho
monymous” moves in the real work space of the paysi
robot.

We assume to use the virtual robot prototypes hed t
motion capture systems to obtain the reference amoti
data that are used to generate feasible referemjeeto-
ries for physical robot and which typically considta
set of trajectories in the Cartesian space.

The paper relates to a method for robot programming
by combining off-line and on-line programming tech-
nigues. The method consists in using a programming
platform on which there is carried out the virtpabto-
type of the physical robotic arm to be programmad a
the real working space wherein it is intended tokwo
In the robot program there is written a source daede
tended to generate the motion paths of the virtadtic
arm prototype [16]. The numerical values of thetgro
type joints variables are sent to the data regadter port
of the information system which, via a numericakin
face, are on-line transferred into the data registé the
controllers of the servo system of the physicalotb
arm. Finally, there are obtained tracking struciudge to
which the moving paths of the virtual robotic aminjs
are reproduced by the physical robotic arm joints,
thereby generating motion within the real workipgce.

4. PREDICTIVE CONTROL MODEL

A virtual trajectory over a virtual environmentable
to predict the evolution of the physical robot fire tphisi-
cal environment under any selected constraintse@mc
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virtual trajectory has been computed; this is uasd Figure 1 shows our experiment involving the imita-

predictive model. tion learning for a physical robotic arm with 3 degs-
For the optimization behavior of virtual models the of-freedom (DOFs) for performing the manipulatektas

simulation is repeated starting with the differémtial We demonstrated the imitation of elbow, shoulder

condition and the trajectory optimization technigiisze  and wrist movements. Importantly, these tasks requi
used to generate corrective actions. The initiatestive  the coordination of 3 DOFs, which was easily accom-
action is evaluated through the predictive virtoaition plished in our approach.
model. The imitated movement was represented in joint an-
By recomputing the trajectory for the current state gles of the robot. Indeed, only kinematic variabées
the predictive controller generates a feedbacloadtiat  observable in imitation learning.
can effectively compensate the uncertainties astuidi The physical robot was equipped with a controléer (
bances and reacts such as an obstacle for exaagple, PD controller) that could accurately follow the &matic
pearing along the maneuver path, may be avoid][2,9  strategy (i.e., generate the torques necessaryrsu@ a
In our experiments various synthetic behavior mod-particular joint angle trajectory, given in ternfsdesired
els, close to real robot behavior, have been aleate positions, velocities, and accelerations) [11].
However, the use of realistic models for interacthme- Figure 1 also displays (left image) the user iatesf
tween the virtual world and physical world requistg- of a virtual robotic manipulator arm, which has thee
nificant computation time and large amounts of datacreated which a dynamical simulator.
transfer, and most currently existing virtual ptgpes Referring the Figure 1 we comment the following: on
have a limited number of predefined expressions. programming platform, a robot program is carried ou
From the above there are three main questions fooff-line, and one sends into the data registers pbrt of
supporting interaction between the virtual worlddan the hardware structure, the numerical values ofjdie
physical world: variables of the virtual prototype of the roboticma
1. How to create believable environments (BRV) and displays on a graphical user interfades t
2. How to create believable virtual robot prototype evolution of the virtual prototype during the cang out
3. How to set in motion the physical robot of agpio  of the robotic task.

ate behaviors Via numerical interface (IN) the virtual joint datd,

In this paper we propose a structure that could confrom the data registers of the port of the hardveirec-
tribute to answering these three questions andneeha ture of the programming platform are transferrdd the
cooperative interaction within virtual worlds; thértual data registers of the numerical comparators ofcine
world Maker to create realistic scene-referenced 3Dtrollers. These datasets are reference inputseoptinsue
environments, a 3D animation system to display sask loops, resulting a system control (SC).

evolution, and the Analyzer to automatically irtitéighe The reference datasets are obtained using a motion

motion of physical robot. capture channel taking into account the joints oroti
The question about how to create believable envi+ange.

ronments is answered by the automatic creatiodeofti- The easiest way to generate the spatial relatians e

fiable scenes. plicitly is the interactively programming of the hsevior

The question about the creation of realistic virtoa of the virtual prototype in its virtual environmenn
bot prototypes is answered by the development of arorder to specify suitable positiofig, 6., 6,3.
automated 3D modeling system for to display of the This kind of specification provides an easy to use
virtual prototype behavior. teractive graphical tool to define any kind of rolpath;

The question of how to set in motion the physical r the user has to deal only with a limited and maahlge
bot of appropriate behaviors is answered by a sy$te amount of spatial information in a very comfortable
automating transfer the virtual robot’ poses to gt manner.
robot servo system. The applicable robot tasks are designed and the de-

sired pathways are programmed off-line and stanettie

4.1 Platform structure buffer modules RT1, RT2, RT3.

Initially, a set of virtual postures is created floe vir-
tual robot and the pictures’ positions are recordad
each posture, during motion. These recorded pigture
positions provide a set of Cartesian points in 82
capture volume for each posture.

To obtain the physical robot postures, the virpiat o
tures’ positions are assigned as positional coimssran —
the physical robot. To obtain the physical joingias [
one use standard inverse kinematics (IK) routifd®
IK routine then directly generates the physicahfan- —
gles on the physical robot for each posture. —

We start with a 3 degree-of-freedom (DOF) discrete
movement system that models point-to-point attainea
3D Cartesian space. Fig. 1. Imitation software platform structure.




128

A. Fratu, B. Riera and V. Vrabie / Proceedings iarMfacturing Systems, Vol. 9, Iss. 3, 2014 /-139

The comparative modules CN1, CN2, CN3 furnish, tojoint coordinate system, respectively. The vecmr

the pursuit controllers, the datasets involving the
pected state of the virtual robot prototype andrieas-
ured state of the physical robot.

Our system requires an essential step in that one c
verts the position errors into motor commands byamse
of the PD controller.

We assume to use the virtual robot prototypes hed t
motion capture systems to obtain the reference amoti
data, which typically consist of a set of trajeerin the
Cartesian space [17].

The data is obtained using a motion capture chann
taking into account the joint motion range. Duetlie
joint limits and the difference between the kineiogbf
the virtual robot and real physical robot, the faamgle
data are pre-processed.

In our pre-processing, we assume that both virtual

and physical robots are on the scene at the sameeatnd
estimate the correct arms position and orientatidvie
then compute the inverse kinematics for new postore
obtain the cleaned joint angles and retain thesdifice
from original joint angles.

{6x1} is the joint driving torque {81} dimensional
vector. In the case that the resolved acceleratinirol
law is employed in the servo system of a manipulato
desired position, velocity and acceleration vectors
Cartesian coordinate system are respectively giveghe
references of the servo system.

Desired Trajectory

For instance, in order to apply the computed torque
control method to the manipulator, the desired trajectory

e(fomposed oK, , X, andX; in Cartesian coordinate vir-

tual system must be prepared. First of all, theirdd
trajectory in Cartesian coordinate system is desigimn
which the manipulator moves from the initial posetie
final pose.

The desired trajectory, , X, and X, are calculated
from virtual joint angléd, , virtual joint velocity 6, and

virtual joint acceleration®, respectively, using the

robot analytical models.
The trajectory in virtual joint space makes the ghy

At each frame during control, we add the differencecal robot follows of the homonym virtual prototyps

to the original data to obtain the cleaned refezejoint
angles. This correction is extremely simple and cam-
troller does not require supplementary cleanup.

4.2. Basic servo system
We aim at developing controllers for learning by-im
tation with a virtual robot demonstrator. For thigpose,

we assume a simple control system where the positio

shown in Fig. 1.
The joint driving torque is calculated from

T=M(AI (A % +k (% —R)+k, (% —X)] -
g+ H(a6) +Ea),

where, the symbol ~ denotes the modeled term.
The x{6x1}, X{6x1} and X{6x1} are the position

@)

and velocity of the 1 DOF discrete dynamical system/ orientation, velocity and acceleration X8} dimen-

drives the time evolution of joint variable, whican be
interpreted as the position controlled by a praposl-
derivative controller.

sional vectors in Cartesian coordinate system,e@sp
tively. The x, {6x1}, X {6x1} and X, {6x1} are the

In order to command a robotic manipulator, first of desired position / orientation, velocity amdhcceleration

all, a servo system is considered and designed:, Hes
resolved acceleration controller [5] is picked up a
servo system.

The computed torque control method is used fo
nonlinear control of robotic manipulator, whichdem-
posed of a model base portion and a servo poriibe.
servo portion is a close loop with respect to thsifon
and velocity.

We aim to obtain the structure of the system used f
behavior imitation and the interest hardware coneps
in close proximity with the sensors and their intemec-
tions in closed-loop. Closed-loop servo system aee
ated out of one relatively simple set of equatidressed
only on the capture of the trajectory of a virtwabot
prototype.

Computed torque controlThe dynamic model of a
robotic manipulator without friction term is genkya
given by

M(a)d+H(q.q)+G(a) =T, 1)

where, M (q) {6x6} is the inertia term in joint space.
H(q,g) {6x1} and G(q) {6x1} are the Coriolis/ cen-

trifugal term and gravity term in joint space, resgively.
g{6x1}, g {6x1} and ¢{6x1} are the position, ve-
locity and acceleration $1} dimensional vectors in

{6x1} dimensional vectors, respectively. The diagonal
matrix K, = diag &, . . . , ks) andK, = diag &, ..., k)
are the feedback gains of velocity and positiospee-
rtively.

The matrixJ(q) is the Jacobian matrix which gives
the relationx=Jg. Note thay , g, x and X in (2) are

actual values, i.e., controlled variables.

Figure 2 shows the block diagram of the computed
torque contromethod, in which=.e(,,) is the function to
obtain the forward kinematics.

oy

ROECT

M7 @) ARM

[

+

Hig,§+G(g)

b .

—( )

+

Fig. 2. Block diagram of the resolved acceleration control
method, where, , X, andX, are the desired position, velocity

and acceleration vectors in Cartesian coordinatesys
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The nonlinear compensation termsi(gg)and * Mg Ba{3%3} andKq{3x3} are the coefficient matri-

- ) . ces of desired mass, damping and stiffness, respec-
G (q) are calculated to cancel the nonlinearity and are tively:

effective to achieve a stable trajectory control. e Fis the force vector;
The tracking controller is responsible for making « K;{3x3} is the force feedback gain matrix;
every joint track the desired trajectory. It solesopti- « {6x1}, %4 {6x1}, %,{6x1} and F4 are the desired
mization problem that respects both joint trackinyl position, velocity, acceleration and force vectoes,
desired inputs to the simplified model and obtaims spectively.
joint torques to be commanded to the real robot. The S is the switch matrix to select force control
To obtain satisfactory and safe control performancemode or compliance control mode St 0, (3) becomes
without falling a singularityK, andK, are approximately  force control mode in all directions; whereasSif | it
tuned in advance with trial and error, considerthg  pecomes compliance control mode in all directivtese,
combination around critically damped condition. 84! matrix | is the identity matrixM4,Bq, Kq andK; are set to
this the initial manual tuning process. positive-definite diagonal matrices.

Two search ranges fdf, and K, are obtained after When force control mode is selected in all direwio
the manual tuning process, so tgtand K, must be  je s=0, definingx =(x - %) gives:

further tuned finely within the searched spacesciuieve
a desirable motion without large overshoots andllasc
tions.

In the next section, we propose impedance following
force control model which can be applied after ritemn-
ual tuning process. X :e—Mngth(o)_'_

X =-MPB X+ MK, (F-F,), (4)

In general, (4) can be resolved as:

N (%)
t o—My B, (t-1) -1 _
5. IMPEDANCE MODEL TO FORCE CONTROL loe Mg K (F = Fq)dr,

OF THE PHISICAL ROBOT
In the following, we consider the form in the dister

When a computer is used to control a robotic manipu time k using a sampling timat. If it is assumed tha¥l g,
lator, the control law is generally representedabglis- By, K¢, F andF4 are constant att(k — 1) <t < At, then
crete-time control system. In this section, it escribed  defining X(k) = X(t)|t = Atk leads to the recursive equa-
on how to evaluate the velocity-based discrete-tboe-  tion.
trol system which is implemented as basic stratiegy Rememberingx =(x-x4) giving %, =0 in the direc-

predictive motion control. tion of force control, and adding an integral atithe
control as an example of velocity-based discreteti gpace is derived by:
control systems. In order to conduct a simulatiath &

robotic dynamic model, manipulated variables wnithgy (k) = e Mi'B.At x(k—1) -

velocity commands in discrete-time domain must be _MEBAL o

transformed into joint driving torques. @M DMK {F-Fg}+  (6)
Impedance control is one of the effective control k

strategies for a robotic manipulator to desiraklguce or Ki Z—‘i{ F(n)-Fy},

absorb the external force from an environment [6lt7s

characterized by ability which controls the mechahi  whereK; {3x3} is the integral gain matrix and is also set
impedance such as mass, damping and stiffnesgattin to a positive-definite diagonal matrix. The impecan
joints. Impedance control does not have a forcdrobn model following force control method is used to troh
mode or a position control mode but it is a combam®  the force which an robotic manipulator gives anienv

of force and velocity. ronment. As can be seen, the force is regulated by
In order to control the contact force acting betwee feedback control loop.

the arm tip and environment, we have proposedithe i
pedance model following force control methods teat
be easily implemented in robotic manipulators wattn 6. CONCLUSIONS

open architecture controller. The desired impedance This paper explores the robot motion control based
equation in Cartesian space for a robotic manipulest  predictive control model. Prediction in robot beioav

designed by: control has become an increasingly important sutgsc
the robot work space becomes more crowded and robot
Mg (X=X4)+Byg(X—X4)+SKy(X —X4) = tasks objectives require more precision and rolasstn
SF+(1 -S)K, (F=Fy), (3) The commands sent to our physical robot are logged

for each cycle. So if the robots always executed @is
what the command tell them to do, the consequences
where: could be predicted easily. When the physical rabat-
o« x{6x1}, x{6x1} andx{6x1} are the position, cutes commands, its actual position and orientation
velocity and acceleration vectors, respectively; should be the consequences of the information feom
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model based robotic servo controlleis Proceedings of
the IEEE Int. Symposium on Computational Intelligenc
in Robotics and Automation, pp.196—201, 2007.

K. Gold, An information pipeline model of human-robot

virtual path, transferred from virtual homonym mrot
type. Our method is just based on this idea.
The problem of the physical robot behavioral cdntro

is better analyzed on the virtual prototype modethe X ; : .
. . . . interaction In Proceedings of the 4th ACM/IEEE interna-
y|rtual environment where one may predict their saeh tional conference on Human robot interaction, @p. &,

lor. . . oL . New York, NY, USA, 2009. ACM. ISBN 978-1-60558-
Learning approach such as learning by imitation is  404-1. doi:http://doi.acm.org/10.1145/1514095.

more flexible and can adapt to environmental change[7] A. Powers, S. Kiesler, S. Fussell, and C. Tor@ympar-

This method is typically directly applicable due thos- ing a computer agent with a humanoid rablot Proceed-

sibility to transfer the virtual joint trajectorigdsom vir- ings of the ACM/IEEE international conference on Hu-

tual space to the real space of the physical robots man-robot interaction (HRI '07). ACM, New York, USA,
As we have known the relationship between the ex-  Pp- 145-152,2007. _ _

pectation and the actual consequence, we can muify (8] IB' Price ﬁ”d ﬁ BOI.“t.""?rACC.eleGa“”g Ire'?foArC.?.melm

actual command sent to the robots, making the sobot Iﬁ?énilggnéer%uegse;?gfl,I(\:/I;[JIf?gjag%%?fgg?%6g—62rg_lua

behave just as what we expect.

. . . . L A. Fratu,Collision Prevention Method and Platform for a
This new innovative method for behavioral predietiv Dynamic Group of Cooperative Robots Who Communicate
control is attractive for implementation. Not siarilto

Wirelessly In RECENT Revue, ISSN 1582 — 0246, Vol.
most other methods, our method not only makes a goo 12 (2011), No. 2 (32), pp. 131-134.
prediction, but also improves the precision of moti [10] D.Grimes, R. Chalodhorn and R. Rdynamic imitation
control. in a humanoid robot through non-parametric probéadtit

inference In Proceedings Robotics: Science and Systems
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