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Abstract— As the end-effector pose is an external property
of a parallel robot, it is natural to use exteroceptive senss
to measure it in order to suppress inaccuracies coming from
modelling errors. Cameras offer this possibility. So, it ispossible
to obtain higher accuracy than in the case of classic control
schemes (based on geometrical model).

In some cases, it is impossible to directly observe the end-
effector, but the leg directions can instead be used. In this
case, however, unusual results were recorded, namely: (ihe
possibility of controlling the robot by observing a number o
legs less than the total number of legs, and that (ii) in some
cases, the robot does not converge to the desired end-efferct
pose, even if the observed leg directions did.

These results can be explained through the use of the hidden
robot concept, which is a tangible visualisation of the maping
between the observed leg direction space (internal propey}
and Cartesian space (external property). This hidden robohas
different assembly modes and singular configurations fromte
real robot, and it is a powerful tool to simplify the analysis of
the aforementioned mapping.

In this paper, the concept of hidden robot model is gener-
alised for any type of parallel robot controlled through visual
servoing based on observation of the leg directions.

Validation has been accomplished through experiments on a
Quattro robot with 4 dof.

I. INTRODUCTION
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A proven approach for estimating the end-effector pose
is through the use of vision. The most common approach
consists of the direct observation of the end-effector ke
[5], [6]. In some cases, however, it may prove difficult or
unwise to observe the end-effector of the robot, e.g. in the
case of a machine-tool. A substitute target for the obsknvat
must then be chosen and an effective candidate for this
are the legs of the robot, which are usually designed with
slim and rectilinear rods [3]. When moving the object of
observation from the end-effector to the robot legs, thaltes
of the observation becomes a direct measure of an internal
property, i.e. the kinematic configuration of the robot. In
addition, as the information is acquired through an externa
sensor, this technique allows to estimate indirectly theepo
of the end-effector from it (like it is done in [7]) which is
an external property.

An application of this technique was performed in [8]
where vision was used to derive a visual servoing scheme
based on the observation of a Gough-Stewart (GS) parallel
robot [9]. In that method, the leg directions were chosen
as visual primitives and control was derived based on their
reconstruction from the image. The approach was applied to
several types of robots, such as the Adept Quattro and other

Compared to serial robots, parallel kinematic manipularobots of the same family [10], [11].

tors [1] are stiffer and can reach higher speeds and accel-However, two unexpected results arose from the applica-
erations [2]. However, their control is troublesome beeausion of this technique:

of the complex mechanical structure, highly coupled joint

motions and many other factors (e.g. clearances, assem
errors, etc.) which degrade stability and accuracy.

« It was possible to control the robot by observing a
by humber of legs fewer than the total number of legs.
This is surprising because in the case of standard control

Many research papers focus on the control of parallel
mechanisms (see [3] for a long list of references). It may
be possible to bypass the complex kinematic structure of the
robot and to apply a form of control which uses an external
sensor to estimate the pose of the end-effector, reducing th

schemes (actuator-based control), each actuated leg has
to be controlled in order to fully servo the robot (six legs
for the GS platform using actuators, instead of three legs
using vision; four legs for the Quattro using actuators,

stability and accuracy degradation mentioned earlier.
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instead of two legs using vision).

In some cases, the robot did not converge to the desired
pose, even if all observed leg directions did. This was
surprising, since the whole idea of using an external
sensor is to get the exact position of the end-effector.

Not only were these two points inexplicable, but other
guestions arose too, which were never answered. Such as:

« Are we sure there are no local minima (for which the
error in the observation space is non zero while the robot
platform cannot move [12]) in the Cartesian space?

« Are we sure that there is no singularity in the mapping
between the leg direction space and the Cartesian space?

Due to the unusual nature of this visual servoing tech-
nigue, all these points were left unanswered. It was clesr th



this behaviour was due to the mapping between Cartesign
space and the leg direction observation space, but at this
time the nature of the mapping was not understoodthack
were no tools availableo analyse correlation between the
intrinsic and extrinsic properties of the controller. o ;‘fﬂffo:’fn
Parallelogram\g

The answer came only recently, when two of the authors of
the present paper proposed the existence of a virtual robot
model “hidden” within the controller. This robot presents (a) ar-{2-US} leg  (b) the Adept Quattro (c) Schematics of the
singular configurations and assembly modes different from platform of the Quat-
the controlled robot, and it is this hidden robot whose tro
intrinsic and extrinsic properties are being used throdgh t  Fig. 1. Example of leg, robot, and platform for the Adept Quzat
observation of the real robot’s leg directions.

This proposition was demonstrated in [13] where the
visual servoing of the leg directions of the GS platform was |l. RECALLS ON VISUAL SERVOING OF PARALLEL
proven to be equivalent to controlling the hiddenURS' ROBOTS USING LEG OBSERVATIONS

robot. A similar property has been shown for the control The proposed control approach was to servo the leg

of the Adept Quattrawith only 3 translational degrees of directionsu; [8] (Fig. 1(a)). Some brief recalls on this type

freedom (dof — a redundant version of the Quattro withof controller are done below.

a rigid platform) for which another hidden robot model, ) _

completely different from the one of the GS platform, had\- Intéraction matrix

been found [15]. Visual servoing is based on the so-called interaction matri
In both cases, the hidden virtual robot is proven to b&7 [16] which relates the instantaneous relative mofibr=

a tangible visualisation of the mapping between the obseir. — 7, between the camera and the scene, to the time

vation space and the real robot Cartesian space, corglatiderivative of the vectos of all the visual primitives that are

the external and internal properties observed througlowisi used through:

Considering this hidden robot model, a minimal represen- $= L%;)Tc (1)

tation for the leg observation-based control of the studied . . ) . )
robots can be found, which makes it possible to answer tf¥1€re“7. and®r, are respectively the kinematic screw of the

previous questions. camera and the scene, both expresseR.ni.e. the camera
Thus, the concept of hidden robot model, tiee tool ~ frame. .

able to analyse the intrinsic properties of some contsller N the (C:ase where we want to directly control th? leg

developed by the visual servoing community, without whictfliréctions‘y;, and if the camera is fixed, (1) becomes:

the behaviour of the controller cannot fully be explained. i, = MTer, )

Moreover, this concept shows that in some visual servoing _ _ _ _

approaches, using only the extrinsic properties and stgckiwhereM/ is the interaction matrix for the leg

several interaction matrices to derive a control schemtsr—witB Control

out doing a deep analysis of the intrinsic properties of the’

controller is clearly not enough. Further investigations a For the visual servoing of a robot, one achieves ex-
required. ponential decay of an erro#(s,s;) between the current

Therefore, in this paper, the generalization of the concepfimitive vectors and the desired one; using a proportional
of hidden robot model is presented and a general way t#€arizing and decoupling control scheme of the form:
find the hidden robots corresponding to any kind of robot T, = ML Fe(s, 54) A3)
architecture is explained. It will be shown that the concept (s)
of hidden robot model is a powerful tool which correlates thavhere T, is used as a pseudo-control variable and the
extrinsic and intrinsic properties observed through ttsmiai  superscript “+” corresponds to the matrix pseudo-inverse.
servoing of robots using leg direction observation andgjive The visual primitives being unit vectors, it is theoretigal
useful insights about this kind of visual servoing techeiqu more elegant to use the geodesic error rather than the
Not only does the concept of hidden robot model answestandard vector difference. Consequently, the error gtimgn
the unexplained results presented earlier, but also throuthe proposed control law will be:
its use the singularity problem of the mapping between the
space of the observed robot links and the Cartesian space
can be addressed. Moreover, it is possible to give and gertifvhere“u,, is the desired value dfu,.
information, in a simplified way, about the controllabiliby It can be proven that, for spatial parallel robots, matrices
the observed robots using the proposed controller. M, are in general of rank 2 [8] (for planar parallel robots,
1 . . . they are of rank 1). As a result, for spatial robots with more
In the following of the paperR, P, U, S II will stand for passive . . .
revolute, prismatic, universal, spherical and planar Ifdogram joint [14], than 2dof, the observation of several independent legs is
respectively. If the letter is underlined, the joint is ciolesed active. necessary to control the end-effector pose. An interaction

e; ="u; x ‘uy 4)



matrix MT can then obtained by stackirig matricesM?
of k legs.

Finally, a control is chosen such thatthe vector stacking
the errorse; associated to ok legs ¢ = 3...6), decreases
exponentially, i.e. such that

u: observed
direction

virtual
cardan

é=-)e (5) < ¥
Then, introducingL-T - _ [cud,] M-T, where [cud,] is (a) A general robot leg (b) its corresponding (c) Parameterization
the cross product n;atrix assEcEa?ed \l/vith the vett y X'[he hidden robot leg when of a unit vector u;
. _p : Et—%' the vector u, is ob- with respect to a given
combination of (4), (2) and (5) gives served framex, y andz
“Te = -AL""e (6) Fig. 2. A general robot leg and its corresponding hidden trdémp when

. . ) the vectoru, is observed, and parametrization of said vector
whereLT can be obtained by stacking the matrides of

k legs. The conditions for the rank deficiency of mafiX,
as well as the conditions that lead to local minima [12] otlefined such thatosa = x-v = y - w (wherev andw are

the Eq. (6) are discussed in Section Ill. defined such that - v =z -w = 0) andcos 3 = u-x. Thus

This expression can be transformed into the control joint is the angle of the first rotation of the link directiar
velocities: aroundz andg is the angle of the second rotation around
q=-)J"LT"e (7) It is well known that aU joint is able to orientate a link

aroud two orthogonal axes of rotation, such maand v.
ThusU joints can be the virtual actuators with generalized
coordinatesn: and 5 we are looking for. Of course, other

Te =4a. . solutions can exist, but joints are the simplest ones.
In the next Section, it is shown that such type of controller If a U joint is the virtual actuator that makes the vector
involve the use of hidden robot models that can be studi o ; .

el_ﬁji move, it is obvious that:

for:)agsalef'\,r}gut;esg?\gﬁ"a:'"tfogiﬁ arallel robots usitige « if the value ofu, is fixed, theU joint coordinatesy and
prop g app ' 8 must be constant, i.¢he actuator must be blocked

I1l. THE CONCEPT OF HIDDEN ROBOT MODEL « if the value ofu,; is changing, theJ joint coordinates
« and g must also vary.

where ¢J"? is the inverse Jacobian matrix of the robo
relating the end-effector twist to the actuator velocities.

chnvc

The concept of hidden robot model has been first intro- ) )
duced in [13] for the visual servoing of the GS platform. In AS @ result, to ensure the aforementioned propertiesfor
this paper, it has been demonstrated that the leg directi@d # if u; is expressed in the base or camera frame (but
based visual servoing of such robots intrinsically invelvethe problem is identical since the camera is considered fixed
the appearance of a hidden robot model, which has assemBfy the ground), vectors, y andz of Fig. 2(c) must be the
modes and singularities different from the real robot. IswaV€ctors defining the base or camera frame. Thus, in terms of
shown that the concept of hidden robot model fully explainBroperties for the virtual actuator, this implies that thstfi
the possible nonconvergence of the observed robot to thki0int axis must be constant w.rt. the base frame, i.e. the
desired final pose and that it considerably simplifies thk joint must be attached to a lingerforming a translation

singularity analysis of the mapping involved in the corlenl W-I't. the base frante _
The concept of hidden robot model comes from the However, in most of the cases, the real leg architecture

following observation: in the classical control approach'S Not composed ofJ joints attached on links performing

the encoders measure the motion of the actuator: in tifetranslation w.r.t. the base frame. Thus, the architeattire
previously described control approach (Section 1), thg lethe h|d(_JIen r(_)bot_leg must be qulfled w.r.t. the real leg such
directions or leg edges are observed. So, in a reciprocd$ depicted in Fig. 2(b). The joint must be mounted on a
manner, one could wonder to what kind of virtual actuatorB2SSive kinematic chain composed of at most 3 orthogonal

such observations correspond. The main objective of thRaSSiveP joints that ensures that the link on which is it
Section is to give a general answer to this question. attached performs a translation w.r.t. the base frame. This

passive chain is also linked to the segments before the
A. How to define the legs of the hidden robots observed links so that they do not change their kinematic

Let us consider a general leg for a parallel robot in whiclroperties in terms of motion. Note that:
the directionu; of a segment is observed (Fig. 2(a) — in « itis necessary to fix thBPPchain on the preceeding leg
this figure, the last segment is considered observed, but the links because the information given by the vectayss
following explanations can be generalized to any segment not enough for rebuilding the full platform position and
located in the leg chain). orientation: it is also necessary to get information on

In the general case, the unit vectay can obviously be .
terized by t independent coordinates. that can In the case where the camera is not mounted on the frame but on a
parameterize y o Indep ! " R@ving link, the virtualU joint must be attached on a link performing a
two angles, for example the anglesand 8 of Fig. 2(c) translation w.r.t. the considered moving link.
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B. How to use the hidden robot models for analysing the
controllability of the servoed robots

The aim of this Section is to show how to use the

m)f’e/j-i?i hidden robots for answering points 1 to 4 enumerated in the
e introduction of the paper.
(a) ARU leg (b) Virtual {R-PP-U (c) Virtual TIU leg ) ) .
leg Point 1: the hidden robot model can be used to explain

why the observed robot which is composednofegs can

be controlled using the observation of onlyleg directions

(m < n) arbitrarily chosen among its: legs, and can also

help to choose the best set of legs to observe with respect to
the location of the anchor poimt,,_; of the observed some given performance indices.
segment [17]. This information is kept through the use For answering this point, let us consider a general parallel
of the PPP chain fixed on the first segments; robot composed of 6 legs (one actuator per leg) and having

« 3 P joints are only necessary if and only if the pointsix dof. Using the approach proposed in Section IlI-A, each
A,,_1 describes a motion in the 3D space; if not, theobserved leg will lead to a modified virtual leg with at least
number ofP joints can be decreased: for example, irone actuated) joint that has two degrees of actuation. For
the case of the GS platform presented in [13], the controlling 6dof, only 6 degrees of actuations are necessary,
joint of the leg to control was located on the base, i.g.e. three actuated) are enough. Thus, in a general case,
there was no need to add passRgoints to keep the only three legs have to be observed to fully control the
orientation of its first axis constant; platform dof.

« when the vectom, is constrained to move in a plane
such as for planar legs, the virtual actuator become®oint 2: the hidden robot model can be used to prove that
an R joint which must be mounted on the passRBP there does not always exist a full diffeomorphism between th
chain (for the same reasons as mentioned previouslyCartesian space and the leg direction space, but can also

) bring solutions for avoiding to converge to a non desired
For example, let us have a look at tRtJ leg with one pose.

actuatedr joint followed by aU joint of Fig. 3(a). USing ~ pgre the answer comes directly from the fact that the
the previous approach, its virtual equivalent leg shoul@ie o controlled robot may have a hidden robot model with
{R-PR-U leg (Fig. 3(b)), i.e. theJ joint able to orientate ifterent geometric and kinematics properties. This means
the vectoru, is mounted on the top of B-PPchain that 5 the hidden robot may have assembly modes and singular
can garantee that: configurations different from those of the real robot. If the
initial and final robot configurations are not included in the
same aspect (i.e. a workspace area that is singularity-free
and bounded by singularities [2]), the robot won'’t be able to
converge to the desired pose, but to a pose that corresponds
to another assembly mode that has the same leg directions
It should be noticed that, in several cases for robots withs the desired final pose.
a lower mobility (i.e. spatial robots with a number dbf
less than 6, or planar robots with a numberdof less than Point 3: the hidden robot model simplifies the singularity
3), the last joint that links the leg to the platform should beénalysis of the mapping between the leg direction space
changed so that, if the number of observed legs is inferi@nd the Cartesian space by reducing the problem to the
to the number of real legs, the hidden robot keeps the sarai@gularity analysis of a new robot.
number of controlledlof. The interaction matrid” involved in the controller gives

It should also be mentioned that we have presented abdt value of‘u as a function of 7. Thus,M™ is the inverse
the most general methodology that is possible to proposlﬁ,‘gc’b.'an matrix of the hidden robot (and, consequently,
but it is not the most elegant way to proceed. In many caseM’ * is the hidden robot Jacobian matrix). Exceptln the case
a hidden robot leg architecture can be obtained such that 163 decoupled robots [18], [19], [20], the Jacobian matrices
modifications w.r.t the real leg are achieved. For exampte, t Of Parallel robots are not free of singularities.

R-PPchain of the hidden robot le§R—PP—U (Fig. 3(b)) Thus,

could be equivalently replaced by a planar parallelogran ( « finding the condition for the rank-deficiency d7” is
joint without changing the aforementioned properties & th equivalent to find the Type 2 (or parallel) singularities
U virtual actuator (Fig. 3(c)), i.e. only one additional jbin of the hidden robot [21],

is added for obtaining the hidden robot leg (note that we « finding the condition for the rank-deficiency &f”+
consider that dI joint, even if composed of several pairs, is equivalent to find the Type 1 (or serial) singularities
can be seen as one single joint, as in [14]). of the hidden robot [21].

Fig. 3. AnRU leg and two equivalent solutions for its hidden leg

1) the link on which theU joint is attached performs a
translation w.r.t. the base frame,

2) the pointC (i.e. the centre of thé& joint) evolves on
a circle of radiud 45, like the real leg.
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Fig. 4. Example of leg and of hidden robot for the Quattro

modes modes
Point 4: the_ hidden robot model can be used to certify thatig 5 solutions of thekp for a 241—{2-UU} robot (in this example,
the robot will not converge to local minima. only 4 assembly modes exist)

The robot could converge to local minima if the matrix
LT+ of (6) is rank deficient. A necessary and sufficient
condition for the rank deficiency of this matrix is thatin S; (Fig. 4(c)).
the M”* is rank deficient, i.e. the hidden robot model The Quattro with 4of, and consequently its hidden robot
encounters a Type 1 singularity. model, has a particularity: its platform is passively aréted

(Fig. 1(c)) so that its orientation with respect to the honial

For illustrating this Section, let us present tfig and plan xOy stays constant, while it can have one degree of
singularity analysis of the hidden robot model of the Quattrrotation around the axis, i.e. pointD, can describe a circle
with 4 dof (that can perform Schoenflies motions), wherC; located in the horizontal plane, centredin and with a
controlled using leg direction observation. It must be menradiusip, p,. For solving the forward kinematics, it is thus
tionned that, in [15], the Quattro with rigid platform, ixgith  necessary to virtually cut the platform at poitk and to
3 translationdof, was studied. The kinematics of the hiddercompute the coupler surface of poibt, when it belongs
robot for the version with 4lof is completely different and to leg 1. This coupler surface is the surface generated by
is the object of this Section. C; when it performs a circular translation alodg. Such a

The Quattro is made of 8-{2-US} legs (see Fig. 1), surface is depicted in Fig. 5(a) and is called a Bohemian
thus, following the previous approach, its equivalent kidd Dome [22].
robot will be made offI-{2-US} or II-{2-UU} legs. As A Bohemian Dome is a quartic surface, i.e. an algebraic
such hidden robot legs have 2 degrees of actuationthe surface of degree 4. When it intersects the vertical plane
joint is fully actuated), only two legs have to be observed foP; containing the circle’; (i.e. vertex space of the second
fully controlling the Quattro using leg direction obseieat leg), the obtained curve is a quartic curve (denoted;at
However in this case, if the hidden robot has a12{2-US} - Fig.5(a)). And using the Bézout theorem [23], it can be
architecture, the platform will have two uncontrolledf.  proven that, when the circle corresponding to the vertex
This phenomenon disappearsIi-{2-UU} legs are used space of leg 2 intersects this quartic curve, there can exist
in the hidden robot model (Fig. 4 — in this picture, theat most 8 intersection points, i.e. 8 assembly modes. Some
articulated platform is simplified for a clearer drawing; buexamples of assembly modes for thel2{2-UU} robot
has indeed the kinematic architecture presented in Fig).1(care depicted in Figs. 5(b) and 5(c).

Forward kinematics and assembly modesWithout loss of ~ Singular configurations. For the 2¥I-{2-UU} robot, Type
generality, let us consider that we analyse th&El2{2-UU} 2 singularities appear when the plariEs and P; (whose
robot depicted at Fig. 4(a). Looking at the vertex space aformal vectors are equal $g- andgj, resp.) are parallel. In
each leg when the activd joints are fixed, the point§’;  such cases, the circl® is tangent to the Bohemian Dome at
and D; are carrying out a circl€; of radiusi4,p, centred their intersection point and the robot gains one uncorzibdd



dof along this tangent (Fig. 4(d)). We must note here that gﬁ\u

this can happen even when all four legs are being observed,

so in some situations, stacking the interaction matrice®is Leg edge extraction) |Visual based servoing
a solution. Computer |+
. v15p+& - 4/ ! qA(dV:EL%:Z:;sz;ﬁsl)ﬂ

C. Selection of the Controlled Legs OpenCV Q!Q!ﬁ!ﬁgm e

This Section has shown the importance of studying the Firewie A CO““C’“U(‘;
intrinsic properties of the controller that are directlyated cnnnexionf /A'/Inpm
to the choice of the stacked interaction matrices required @« torques
for computing the control law. Depending on the chosen V
interaction matrices, i.e. on the choice of the observesd, leg ﬁ;‘;}ﬁ?ﬁ;
the geometry of the hidden robot models will vary, as well as L
its singularities and assembly modes. As singularitiegidiv @Lighﬁng

the workspace into distinct aspects [2], it is necessary to
study the motion feasibility by selecting a set of legs that
can allow the robot displacement. Moreover, even if the
motion is feasible, if the robot goes close to a singularity,

the positioning error can considerably grow. and use the value of the platform pose predicted by the

Therefore, it is necessary to find the best set of legs  agept Quattro controller instead of using one external
to observe in order to get the best performances of the easurement device (such as a laser tracker).

robot w.r.t. a desired task. For the sake of compactness,
the methodology for this will not be presented here, but thB. Experimental validations

reader is referred to [15] for more information on this. Testing the convergence of the robot to the desired pose

In the next Section, all the presented theoretical resolts &, the first set of experiments, the initial platform pose is
validated through experiments on the Adept Quattro [24]. equal to{z = Om,y = Om,z = —0.75m, ¢ = Orad} and

Fig. 6. Experimental bench

IV. CASE STUDY the final desired platform pose is set {o :_—_Q.2m,y =
o Om, z = —0.56m, ¢ = Orad}. To go from the initial point to
A. Description of the benchmark the final one, two sets of observed leg directions are tested:

In this Section, experiments are performed on the Adedtl,4} and {2,3}. For those two sets of legs, solving the
Quattro presented in the previous Section. The benchmarkfigp of the hidden robot model of the Quattro presented in

composed of (Fig. 6): Section 1lI-B at the desired final configuration of the robot,
« an Adept Quattro robot bought by the Institut Pascal ogives four possible solutions each. For Igds4}, these are:
Clermont-Ferrand (France), e {z=-02m,y=0m,z=—-0.56m,¢$ = 0rad}
« a camera AVT Marlin F131B firewire IEEE1394 (lens: ¢ {z = —0.2m,y = 0m,z = —0.909m, ¢ = Orad}
3.6mm 1:1.6 1/2 inch for CCD camera), which is « {z = —0.138m,y = 0.062m,z = —1.019m,¢ =

mounted at the centre of the robot base so that all the 0rad}
legs can be observed without any problems of occlusion « {z = —0.138m,y = 0.062m, z = —0.45m, ¢ = Orad}
and whose intrinsic and extrinsic parameters have bedte solutions for legq2, 3} are:

Ca!ibra_-ted’ . e {z=-02m,y =0m, z = —0.56m, ¢ = Orad}
« alighting system that provides an homogeneous lighting {x =—0.2m,y = Om, z = —0.296m, ¢ = Orad}
to the scene, _ o {z = —0262m,y = 0.062m,z = —0.694m,¢ =
« @ computer that extracts the data coming from the .44}
camera, computes the value of the leg directiens |, (; = —0.262m,y = 0.062m,z = —0.161m,¢ =
then calculates the robot actuator veloaifyusing the Orad} '

cr?ntrokIJIer of Se(l:l'uonNII-B znd _send th? mform:;uon Ito The robot is asked to move from the initial configuration to

tfe/\r(_) 0; contro e”r .Otit 3t, |n0e;per|ments, the va Uthe final one. Due to the presence of high measurement noise,

of A'in the controller is fixed to 0.2. the robot can of course not converge to the final desired pose.
It must be mentioned we have deliberately decided to The results are illustrated in Figs. 7 and 8. It can be

use the minimal camera resolution and not to correct thgsen that using legg1,4}, not all legs tend to go to
distortion of the captured image. The measurement noise 98ro, and indeed the final attained pose will B, =

the leg direction is thus of about 0.1 rad, but: {z = —011,y = 001,z = —0.86,¢ = —2.15rad}.
« such a high noise is interesting to show the controlleBimulations were run by adding the measurement noise to
robustness to leg direction prediction errors, the leg directions in the kinematic model [15] to determine

« the noise is so high that, for analysing the robot accuthe uncertainty areas due to the aforementioned measutemen
racy and measuring the distance between the real ardor corresponding to the final attained position. Theltesu
nominal robot configurations, we can directly recordng tolerable errors in position and orientation wérélm
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Fig. 7. Convergence of the robot when legs 1 and 4 are obs¢desited Fig. 9. Convergence of the robot when all legs are observesir@t pose:

pose:{z = —0.2,y = 0,z = —0.56, ¢ = 0}). {z =0.03,y = 0.03,z = —0.59, ¢ = 0}).
oglell
Luicely SOiSz Legil : fkp solution. These results are illustrated in Fig. 9.

4 ISI=C® It should be mentioned that the plotted values of the error
3 Leg2 norms are computed using the values of the leg directions
o2 - given by the Quatt.ro controller. _
01 g 30 30 40 30 All these experimental results confirm the presence of

L P Time (sec) the virtual robot hidden within the controller that must be

(a) top view of the platform  (b) error norm on each lefje; || studied in order to avoid the convergence problems due to

i _ inadequate stacking of interaction matrices.
Fig. 8. Convergence of the robot when legs 2 and 3 are obsé¢desited

pose:{z = —0.2,y =0,z = —0.56, ¢ = 0}). ) ) )
Testing the importance of the selection of the observed

legs on the robot accuracy
and 2.00rad, respectively. Thdkp solution aroundPs;4 is To show the importance of the leg selection on the robot
{z = —=0.2m,y = Om,z = —0.909m, ¢ = Orad}, so the accuracy, itis decided to control the robot displacemeinigus
robot does not converge to the desired pose, but to the secdtifferent sets of legs. Each experiment is run five times and

fkp solution of its hidden robot model. we present here the maximal values obtained on the position
When observing leg$2, 3}, all legs correctly tend to go and orientation error.

to zero, and the final attained pose will 5§23 = {2 = In the first set of experiments, two different sets of legs

—0.12,y = 0.05,z = —0.55,¢ = —0.90rad}. After the are observed: (i) leg§2, 3} and (ii) legs{2, 4}, going from

simulations, we obtain the associated uncertainty area tife initial pose{z = 0.02m,y = 0.1m,z = —0.7m, ¢ =

this final pose, characterised by tolerable errordd@Bm  Orad} to the final pose{zr = —0.2m,y = 0.0lm,z =

in position andl.23rad in orientation. AroundP;23 can be  —0.7m,¢ = Orad}. When legs{2,3} are observed, the
found the desired final position, i.e. the fifilp solution, final pose accuracy shows a position error(oflm and

{zx =-02m,y = Om,z = —_0.56m,¢ = 0rqd}. _ an orientation error 0f).06rad, while in the case of legs

A second experiment is performed in which all legs{2, 4}, the errors ar®.23m and0.68rad, respectively. Thus
are observed. The initial platform pose is equal{to = we obtain better accuracy when observing the first set of
0.05m,y = 0.05m,z = —0.8m,¢ = Orad} and the final |egs.
desired platform pose is set fo = 0.03m,y = 0.03m, z = In the second set of experiments, the initial platform pose

—0.59m, ¢ = Orad}. Solving thefkp of the hidden robot s equal to{z = 0.05m,y = 0.05m, z = —0.8m, ¢ = Orad}
model of the Quattro when all legs are observed at the desirgfld the final desired platform pose is se{io= 0.03m, y =
final configuration of the robot, it can be proven that there 03/, - = —0.65m, ¢ = Orad}. It is decided to control the

still exist two assembly modes which are: robot displacement using three different sets of legse(js!
e {£=0.03m,y =0.03m, z = —0.59m, ¢ = Orad} {1,4}, (i) legs {1, 3,4} and (iii) all legs. In the first case,
e {£=0.03m,y =0.03m, z = —0.65m, ¢ = Orad} the final platform pose is characterised by.a1m position
Performing the motion, the robot arrived in the final poserror and &.39rad orientation error. When observing three
Priazs = {z = 0.03m,y = 0.03m,z = —0.72m, ¢ = legs, we obtain).09m error in position and).31 error in

0.05rad}.Even though all legs tend to go to zero, the roboorientation. And lastly with four legs we have a positioroerr
does not converge to the desired pose, but to the secodtl0.07m and an orientation error @f.05rad. These results
fkp solution. Indeed, when we perform the simulations te¢how that increasing the number of legs to be observed also
determine the uncertainty area, we obtain tolerable errokscreases the accuracy of the platform.

in position of 0.08m and orientation ofl.54rad, describing All these experimental results confirm the necessity to
a volume which contains the aforementionfig@ solution, carefully select the set of legs to observe in order to obtain
{zx = 0.03m,y = 0.03m,z = —0.65m,¢ = Orad}. the bestaccuracy possible. However, it must be recalled tha
The final platform pose presents an error @D7m in  even if observing all the legs lead to a better accuracy, this
position error and).05rad in orientation w.r.t. this second result must not hide the fact that some convergence problems



can still appear, as shown previously. [5]

V. CONCLUSIONS 6]
This paper has presented the “hidden robot concept”, a
tangible visualisation of the mapping between the observa-
tion space and Cartesian space of parallel robots cordrolley7
through the use of leg direction-based visual servoings Thi
robot, which has different assembly modes and singular
configurations from the real robot, can be used as a togg
to simplify the analysis of the mapping between intrinsic
and extrinsic parameters acquired through vision. Thi$ too
offers:

1) explanation why it is possible to fully control the real (o]
robot by observing a number of legs which is less than
the number of total legs, [10]
proof that there does not always exist a full diffeo-
morphism between the Cartesian space and the leg
direction space, [11]
simplified singularity analysis of the mapping between
the leg direction space and the Cartesian space by
reducing the problem to the singularity analysis of d12]
the new hidden robot,

knowledge about the existence of local minima and
certification whether the robot will or will not converge [13]
to these, through the applciation of tools developed for
the singularity analysis of robots.

A general approach has been presented, which allows t
definition of the hidden robot model corresponding to any
real parallel robot controlled via leg orientation-baséezlial
servoing. This method has been applied to the Adept Quattré®!
followed by experiments which demonstrate the validity of
the theoretical developments.

Finally, in this paper, we only considered to observe th
leg directionu;, and not the leg edges in the image spacgﬂ
as the leg edges are only used as a measutg. dfowever,
the problem is the sameexcept in the fact that we must
consider the singularity of the mapping between the edges
andu,;, which appears when the cylinders are at infinity [17].

Thus, the concept of hidden robot model has been prov?lrb]
to be a powerful tool, which brings mathematical tools
developed by the mechanical design community to aid in
the study of the correlation between intrinsic and extdnsi
properties of some controllers developed by the visual sepo;
voing community. Also, not only has this tool simplified
the analysis of the mapping between the Cartesian sp
and observation space, but has also proven that using only
the extrinsic properties of the controller without doinge th
analysis of the intrinsic ones is clearly not enough.

2)

3)

4)

|
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