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Abstract— Previous works on parallel robots have shown that, in a general manner, the inverse differential kine-
that their visual servoing using the observation of their I matic model of parallel mechanisms does not only depend
directions was possible. There were however found two main 4, ihe joint configuration (as for serial mechanisms) but

results for which no answer was given. These results were | th d-effect C H d
that (i) the observed robot which is composed of: legs can also on the end-enector pose. Lonsequently, one neeas

be controlled using the observation of onlym leg directions  t0 be able to estimate or measure the latter.

(m < n) arbitrarily chosen among its n legs, and that (ii) Past research works have proven that the robot end-
in some cases, the robot does not converge to the desiredeffector pose can be effectively estimated by vision. The
end-effector pose, even if the observed leg directions did. o5t common approach consists of the direct observation

Recently, it has been shown that the visual servoing of f th d-effect 41 [5]. [6l. H

the leg directions of the Gough-Stewart platform and the 0 _e gn effector pose [4], [ ]’_ [6]. However, some
Adept Quattro with 3 translational degrees of freedom was applications prevent the observation of the end-effector
equivalent to controlling other virtual hidden robots that  of a parallel mechanism by vision. For instance, it is not
have assembly modes and singular configurations different wise to imagine observing the end-effector of a machine-
from those of the real ones. tool while it is generally not a problem to observe its

In this paper, the concept of hidden robot model is - . . .
generalized for any type of parallel robots controlled using legs that are most often designed with slim and rectilinear

visual servos based on the observation of the leg directions 1ods [3].

It is shown that the concept of hidden robot model is a A first step in this direction was made in [7] where
powerful tool that gives useful insights about the visual vision was used to derive a visual servoing scheme based
servoin? Off ;9(5’5’5 usit?gtleg gi:eiﬁon _obselrvz_attion. ‘k’)\{ith “‘ff on the observation of a Gough-Stewart (GS) parallel
concept of hidden robot model, the singularity problem o o

the mgpping between the space of the %bser\)//eg robot links roboF [8]. In that method, the leg d|rect|on_s were chosen
and the Cartesian space (including the analysis of the local &S Visual primitives and control was derived based on
minima and of the diffeomorphism between the observation their reconstruction from the image. By stacking the
space and the robot space) can be addressed. And above all,observation matrices corresponding to the observation of
it is possible to give and certify the information about the  geyeral legs, a control scheme was derived and it was

controllability of the observed robots using the proposed then shown that such an approach allowed the control

controller. 10
All these results are validated through experiments on a Of the observed robot. After these preliminary Work_s, the
Quattro robot. approach was extended to the control of the robot directly
in the image space by the observation of the leg edges
|. INTRODUCTION (from which the leg direction can be extracted), which

Parallel robots are mechanical architectures whose enltlas proven to exhibit better performances in terms of
effector is linked to the fixed base by means of at leastccuracy than the previous approach [9]. The approach
two kinematic chains [1]. Compared to serial robots, suctvas applied to several types of robots, such as the Adept
robots are stiffer and can reach higher speeds and accel@uattro and other robots of the same family [10], [11].
ations [2]. However, their control is troublesome because The proposed control scheme was not usual in visual
of the complex mechanical structure, highly coupled joingervoing techniques, in the sense that in the controller,
motions and many other factors (e.g. clearances, assembiyth robot kinematics and observation models linking the
errors, etc.) which degrade stability and accuracy. Cartesian space to the leg direction space are involved.

Many research papers focus on the control of parafs a result, some surprising results were obtained:
lel mechanisms (see [3] for a long list of references). « the observed robot which is composednoliegs can
Cartesian control is naturally achieved through the use of be controlled using the observation of only leg
the inverse differential kinematic model which transforms  directions {n < n) arbitrarily chosen among its
Cartesian velocities into joint velocities. It is noticéab legs, and that



« in some cases, the robot does not converge to the space by reducing the problem to the singularity
desired end-effector pose (even if the observed leg  analysis of a new robot,
directions did) 4) can be used to certify that the robot will not
without finding some concrete explanations to these  converge to local minima, through the application
points. Especially, the last point showed that it may be  Of tools developed for the singularity analysis of
possible that a full diffeomorphism between the Cartesian ~ robots.
space and the leg direction space does not exist, but Atius, the concept of hidden robot model, associated

formal proof was given. with mathematical tools developped by the mechanical
In parallel, some important questions were never ardesign community, is a powerful tool able to analyze the
swered, such as: intrinsic properties of some controllers developped by the

« How can we be sure that the stacking of the obenisual servoing community. Moreover, this concept shows
vation matrices cannot lead to local minima (forthat in some visual servoing approaches, stacking several
which the error in the observation space is non zertteraction matrices to derive a control scheme without
while the robot platform cannot move [12]) in thedoing a deep analysis of the intrinsic properties of the
Cartesian space? controller is clearly not enough. Further investigations

. Are we sure that there is no singularity in the@® required. o
mapping between the leg direction space and the Therefore, in this paper, the generalization of the
Cartesian space? concept of hidden robot model is presented and a general

ay to find the hidden robots corresponding to any kind

lack of existing toolsble to analyze the intrinsic proper-0 robot archltectyre 's explained. It W'” be shown that
the concept of hidden robot model is a powerful tool

ties of the controller. t ai ful insiahts about the visual . f
Recently, two of the authors of the present paper ha\}lé'a gives usetul Insights about the visual servoing o
bots using leg direction observation. With the concept

demonstrated in [13] that these points could be explainéq

by considering that the visual servoing of the leg directiol? hidden robot model, ihe singularity problem of the

of the GS platform was equivalent to controlling anothef"2PPINg between the space of the observed robot links

robot “hidden” within the controller, the 3PS that and the Cartesian space can be adressed, and above all,

has assembly modes and singular configurations differeft' p055|_b_|e to give and certify mform_at|on about the
from those of the GS platform. A similar property hascontrollablllty of the observed robots using the proposed
been shown for the control of the Adept Quattvith only coR';rotlrI]eir. ¢ it is n v to warn the reader
3 translational degrees of freedogfdof — a redundant that S SfeF:h S hecessary Oth am Ie caders
version of the Quattro with a rigid platform) for which at, even 1 this paper concerns he visual servoing

another hidden robot model, completely different frc)mcommunity, it contains theoretical developments based

the one of the GS platform, has been found [15]. on the use of tools provided by the mechanical design

In both cases. considering this hidden robot mod qommunity. Therefore, if the readers are not used to
' 9 ‘basics in kinematics of parallel robots, they may be lost.

allowed the finding of a minimal representation for the The paper is decomposed as follows. Section Il makes
leg-observation-based control of the studied robots that pap P '

is linked to a virtual hidden robot which is a tangiblesome brief recalls on the visual servoing of parallel robots

visualization of the mapping between the observationSing leg observations. Then, Section Ill presents the con-

space and the real robot Cartesian space. The hidd&ePt of hidden robot model and generalizes the approach
robot model: ' %r any type of parallel robots. Experimental validations

. on the Adept Quattro are presented in Section IV. Finally,
1) can be used to explain why the observed robgj,. concusions are written in Section V.
which is composed of. legs can be controlled

using the observation of onlyn leg directions Il. RECALLS ON VISUAL SERVOING OF PARALLEL
(m < n) arbitrarily chosen among its legs, and ROBOTS USING LEG OBSERVATIONS

can also help to choose the best set of legs to A line £ in space, expressed in the camera frame, is
observe with respect to some given performancgefined by its Binormalized Pliicker coordinates [16]:
indices, -

2) can be used to prove that there does not always L= (“u,n,n) 1)
exist a full diffeomorphism between the Cartesiayherecy is the unit vector giving the spatial orientation
space and the leg direction space, but can also bring the in&, °n is the unit vector defining the so-called
solutions for avoiding to converge to a non des're%terpretation plane of lineC and “n is a nonnegative
pose, scalar. The latter are defined By°n = “P x “u where

3) simplifies the singularity analysis of the mappingp is the position of any poinP on the line, expressed
between the leg direction space and the Cartesiaq the camera frame.

All these points were never answered because of t

lin the following of the paperR, P, U, S II will stand for 2In the following of the paper, the superscript before thetmec
passive revolute, prismatic, universal, spherical andasl@arallelogram  denotes the frame in which the vector is expresséd {6r the base
joint [14], respectively. If the letter is underlined, thart is considered frame, ‘€” for the camera frame andp” for the pixel frame). If there
active. is no superscript, the vector can be written in any frame.



For the sake of compactness, the representation ofatrix L7, as well as the conditions that lead to local
the cylinders, which compose the robot legs, using theminima [12] of the Eq. (7) are discussed in Section III.
edges represented by lines using the aforementionedThis expression can be transformed into the control
Binormalized Pliicker coordinates will not be presentegbint velocities:
in this paper. For more information on this, the reader is ) .
referred to [15]. q=—AT"L e (8)

The proposed control approach was to servo the lagherecJ"* is the inverse Jacobian matrix of the robot
directions “u; [7]. Some brief recalls on this type of relating the end-effector twist to the actuator velocities
controller are done below. i.e. cJinver = q.

1) Interaction matrix: Visual servoing is based onthe |n the next Section, it is shown that such type of
so-called interaction matriL.” [18] which relates the controller involve the use of hidden robot models that
instantaneous relative motidh, = “r. — 7, between the  can be studied for analyzing the controllability of paralle

camera and the scene, to the time derivative of the vectashots using the proposed visual servoing approach.
s of all the visual primitives that are used through:

5 :La)TC (2) The concept of hidden robot model has been first
where°r, and °r, are respectively the kinematic screwintroduced in [13] for the visual servoing of the GS
of the camera and the scene, both expressel. ni.e. platform. In this paper, it has been demonstrated that
the camera frame. the leg direction based visual servoing of such robots
In the case where we want to directly control the legntrinsically involves the appearance of a hidden robot
directions‘u,;, and if the camera is fixed, (2) becomes: model, which has assembly modes and singularities
ey — MTer 3) different from the real robot. It was shown that t_he
=i T T e concept of hidden robot model fully explains the possible
whereMY? is the interaction matrix for the leg nonconvergence of the observed robot to the desired final
2) Control: For the visual servoing of a robot, onepose and that it considerably simplifies the singularity
achieves exponential decay of an eregs, s;) between analysis of the mapping involved in the controller.

IIl. THE CONCEPT OF HIDDEN ROBOT MODEL

the current primitive vectos and the desired ong; using The concept of hidden robot model comes from the
a proportional linearizing and decoupling control schem#llowing observation: in the classical control approach,
of the form: the encoders measure the motion of the actuator; in

T. = Aﬂf;fe(S,Sd) (4) the previously described control approach (Section II),

. _ the leg directions or leg edges are observed. So, in a
where T is used as a pseudo-control variable and thgsinrocal manner, one could wonder to what kind of

upperscript “+” corresponds to the matrix pseudo-inVersg; o actuators such observations correspond. The main

The visual primitives being unit vectors, it is theoret'objective of this Section is to give a general answer to
ically more elegant to use the geodesic error rather thap;q question.

the standard vector difference. Consequently, the error

grounding the proposed control law will be: A. How to define the legs of the hidden robots
e — 1 X “u. (5) Let us consider a general leg for a parallel robot in
. ’ o —di which the directiom1, of a segment is observed (Fig. 1(a)
where“u,; is the desired value ofu,. — in this figure, the last segment is considered observed,

It can be proven that, for spatial parallel robotsput the following explanations can be generalized to any
matricesM; are in general of rank 2 [7] (for planar segment located in the leg chain). In what follows, we
parallel robots, they are of rank 1). As a result, for spatiadnly consider that we observe the leg directiop and
robots with more than 2iof, the observation of several not the leg edges in the image space, as the leg edges are
independent legs is necessary to control the end-effecigily used as a measurewf. Sothe problem is the same
pose. An interaction matri®MI” can then obtained by except in the fact that we must consider the singularity of
stackingk matricesM; of k legs. the mapping between the edges angdbut this problem

Finally, a control is chosen such that the vector is well handled: these singularities appear whgnand
stacking the errore; associated to of legs ¢ = 3...6), n? are colinear, i.e. the cylinders are at infinity [9].
decreases exponentially, i.e. such that In the general case, the unit vectay can obviously

6= e ©6) be parameterized by two independent coordinates, that
can be two angles, for example the angiesand 3 of
Then, introducind.! = — [u,,], MT, where[°u,,]. is  Fig. Ill-A defined such thatosa = x-v = y-w (where
the cross product matrix associated with the veétgy,, v andw are defined such that-v = z - w = 0) and
the combination of (5), (3) and (6) gives cos 8 = u-x. Thusa is the angle of the first rotation of
er. — _ALT*e ) the link directionu, aroundz and g is the angle of the

second rotation around.
whereLT can be obtained by stacking the matrideSs It is well known that aU joint is able to orientate
of k legs. The conditions for the rank deficiency ofa link aroud two orthogonal axes of rotation, suchzas



passive joints
Joint

robot links passive

Joints

(@) A general robot (b) its corresponding

leg hidden robot leg
when the vectoru,
is observed
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Fig. 3. ARU leg and two equivalent solutions for its hidden leg

Fig. 2. Parameterization of a unit vectar, with respect to a given
framex, y andz

andv. ThusU joints can be the virtual actuators with
generalized coordinates and g we are looking for. Of
course, other solutions can exist, Hut joints are the
simplest ones.
If a U joint is the virtual actuator that makes the vector
u, move, it is obvious that:
« if the value ofu, is fixed, theU joint coordinates
« and 8 must be constant, i.¢he actuator must be
blocked
« if the value ofu, is changing, th&J joint coordinates
« and 8 must also vary.
As a result, to ensure the aforementioned properties for
a and g if u, is expressed in the base or camera frame
(but the problem is identical as the camera is considered,
fixed on the ground), vectorg, y andz of Fig. llI-A
must be the vectors defining the base or camera frame.
Thus, in terms of properties for the virtual actuator, this
implies that the firsU joint axis must be constant w.r.t.
the base frame, i.e. tHg joint must be attached to a link
performing a translation w.r.t. the base frafe
However, in most of the cases, the real leg architectur
is not composed df) joints attached on links performing
a translation w.r.t. the base frame. Thus, the architectu
of the hidden robot leg must be modified w.r.t. the re
leg such as depicted in Fig. 1(b). Thejoint must be

it is necessary to fix thBePPchain on the preceeding
leg links because the information given by the vec-
torsu, is not enough for rebuilding the full platform
position and orientation: it is also necessary to get
information on the location of the anchor poity, _;

of the observed segment [9]. This information is kept
through the use of th@PP chain fixed on the first
segments;

« 3 Pjoints are only necessary if and only if the point

A,,—1 describes a motion in the 3D space; if not, the
number ofP joints can be decreased: for example,
in the case of the GS platform presented in [13],
the U joint of the leg to control was located on the
base, i.e. there was no need to add pasBiyeints

to keep the orientation of its first axis constant;
when the vectoru, is constrained to move in a
plane such as for planar legs, the virtual actuator
becomes arR joint which must be mounted on
the passivePPP chain (for the same reasons as
mentioned previously).

For example, let us have a look at tReJ leg with
one actuated joint followed by aU joint of Fig. 3(a).
@sing the previous approach, its virtual equivalent leg
should be an{R-PP—U leg (Fig. 3(b)), i.e. thel joint
ble to orientate the vectar; is mounted on the top of

R—PPchain that can garantee that:

mounted on a passive kinematic chain composed of at1) the link on which thel) joint is attached performs

most 3 orthogonal passive joints that ensures that the
link on which is it attached performs a translation w.r.t.
the base frame. This passive chain is also linked to the

a translation w.r.t. the base frame,

2) the pointC (i.e. the centre of th& joint) evolves

on a circle of radiug 4, like the real leg.

segments before the observed links so that they do notlt should be noticed that, in several cases for robots
change their kinematic properties in terms of motionwith a lower mobility (i.e. spatial robots with a number
Note that: of dof less than 6, or planar robots with a numbedof
nIess than 3), the last joint that links the leg to the platform
should be changed so that, if the number of observed legs
is inferior to the number of real legs, the hidden robot

3In the case where the camera is not mounted on the frame but o
moving link, the virtualU joint must be attached on a link performing
a translation w.r.t. the considered moving link.



keeps the same number of controligof.

It should also be mentioned that we have presented e
above the most general methodology that is possible to
propose, but it is not the most elegant way to proceed.
In many cases, a hidden robot leg architecture can be
obtained such that less modifications w.r.t the real leg ATV
are achieved. For example, tRe-PPchain of the hidden /711 ;\
robot leg {R-PP-U (Fig. 3(b)) could be equivalently
replaced by a planar parallelogrami)( joint without
changing the aforementioned properties of theirtual
actuator (Fig. 3(c)), i.e. only one additional joint is adde
for obtaining the hidden robot leg (note that we consider

that all joint, even if composed of several pairs, can bgs the inverse Jacobian matrix of the hidden robot (and,

assembly
modes

Fig. 4. Two configurations of a five bar mechanism for which the
directionsu, are identical (for; = 1, 2)

seen as one single joint, as in [14]). consequentlyM”* is the hidden robot Jacobian matrix).

B. How to use the hidden robot models for analyzing thEXCept in the case of decoupled robots [19], [20], [21],

controllability of the servoed robots the Jacobian matrices of parallel robots are not free of
singularities.

The aim of this Section is to show how to use the
hidden robots for answering points 1 to 4 enumerated i&i
the introduction of the paper.

Considering the input/output relations of a robot, three
fferent kinds of singularity can be observed [22]

« the Type 1 singularitieghat appear when the robot
Jacobian matrix is rank-deficient; in such configura-
tions, any motion of the actuator that belongs to the
kernel of the Jacobian matrix is not able to produce
a motion of the platform,

the Type 2 singularitieghat occur when the robot
inverse Jacobian matrix is rank-deficient; in such
configurations, any motion of the platform that be-
longs to the kernel of the inverse Jacobian matrix is
not able to produce a motion of the actuator. And, re-
ciprocally, near these configurations, a small motion
of the actuators lead to large platform displacements,
i.e. the accuracy of the robot becomes very poor,
the Type 3 singularitieghat appear when both the
robot Jacobian and inverse Jacobian matrices are
rank-deficient.

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 omty leg
directions (n < n) arbitrarily chosen among its legs,

and can also help to choose the best set of legs to observe®
with respect to some given performance indices.

For answering this point, let us consider a general
parallel robot composed of 6 legs (one actuator per leg)
and having sixdof Using the approach proposed in
Section llI-A, each observed leg will lead to a modified
virtual leg with at least one actuatdd joint that has
two degrees of actuation. For controllingd®f, only 6
degrees of actuations are necessary, i.e. three actUated °
are enough. Thus, in a general case, only three legs have
to be observed to fully control the platfordof.

Point 2: the hidden robot model can be used to prove that Thus,

there does not always exist a full diffeomorphism between « finding the condition for the rank-deficiency d”
the Cartesian space and the leg direction space, but can is equivalent to find the Type 2 singularities of the
also bring solutions for avoiding to converge to a non hidden robot,

desired pose. « finding the condition for the rank-deficiency of

Here, the answer comes directly from the fact that the M7 is equivalent to find the Type 1 singularities
real controlled robot may have a hidden robot model of the hidden robot.

with different geometric and kinematics properties. Thiggint 4: the hidden robot model can be used to certify
means that the hidden robot may have assembly modggat the robot will not converge to local minima.

and singular configurations different from those of the The robot could converge to local minima if the matrix
real robot. If the initial and final robot configurations arep, 7+ of (7) is rank deficient. A necessary and sufficient
not included in the same aspect (i.e. a workspace arggndition for the rank deficiency of this matrix is that
that is singularity-free and bounded by singularities,[2])the M+ is rank deficient, i.e. the hidden robot model
the robot won't be able to converge to the desired posgncounters a Type 1 singularity. As mentioned above,
but to a pose that corresponds to another assembly moginy tools have been developed by the mechanical
that has the same leg directions as the desired final paggsign community for finding the singular configurations
(see Fig. 1lI-B). of robots and solutions can be provided to ensure that the
POint 3: the h|dden rObOt m0de| Slmpllfles the Singularit)hidden robot model does not meet any Type 1 Singu'arity_
analysis of the mapping between the leg direction space

and the Cartesian space by reducing the problem to the

singularity analysis of a new robot. 4There exist other types of singularities, such as the caimstr

. . A aT . singularities [23], but they are due to passive constraggederacy
The interaction matriXM* involved in the controller only, and are not involved in the mapping between the legctioes

gives the value ofu as a function of°r.. Thus, M”  space and the robot controlled Cartesian coordinate space.



(c) Schematics of
the platform of
the Quattro
Fig. 5. Example of leg and of robot of the Delta-like family
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platform

(a) all-{2-UU} leg (b) the hidden robot model for
the Adept Quattro

Free motion

of point B, C,: Vertex space
i
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platform motion

platform W

(c) vertex space of pointD; (d) example of a Type 2 singularity

(projection of theII-{2-UU} for a 21I(2-UU) robot: the plat-

leg in a vertical plane) form gets an uncontrollable trans-
lation

Fig. 6. Example of leg and of hidden robot for the Delta-likenily

For illustating this Section, let us present ttk@ and

in the hidden robot model (Fig. 6 — in this picture, the
articulated platform is simplified for a clearer drawing,
but has indeed the kinematic architecture presented in

Fig. 5(c)).

Forward kinematics and assembly modesWithout loss

of generality, let us consider that we analyze thél2—
{2-UU} robot depicted at Fig. 6(a). Looking at the vertex
space of each leg when the actiegoints are fixed, the
points C; and D; are carrying out a circl€; of radius
la, B, centred inS; (Fig. 6(c)).

The Quattro with 4dof, and consequently its hidden
robot model, has a particularity: its platform is passively
articulated (Fig. 5(c)) so that its orientation with respec
to the horizontal plarxQy stays constant, while it can
have one degree of rotation around thexis, i.e. point
D, can describe a circlg located in the horizontal plane,
centred inD; and with a radiudp, p,. For solving the
forward kinematics, it is thus necessary to virtually cut
the platform at pointD, and to compute the coupler
surface of pointD, when it belongs to leg 1. This coupler
surface is the surface generateddywhen it performs a
circular translation along;. Such a surface is depicted
in Fig. 7(a) and is called a Bohemian Dome [35].

A Bohemian Dome is a quartic surface, i.e. an alge-
braic surface of degree 4. When it intersects the vertical
plane; containing the circl&, (i.e. vertex space of the
second leg), the obtained curve is a quartic curve (denoted
at S; — Fig.7(a)). And using the Bézout theorem [36], it
can be proven that, when the circle corresponding to the
vertex space of leg 2 intersects this quartic curve, there
can exist at most 8 intersection points, i.e. 8 assembly
modes. Some examples of assembly modes for the-2—
{2-UU} robot are depicted in Figs. 7(b) and 7(c).

It should be noted that, when circl€s and C, are
located in parallel planes$; degenerates into 1 or 2
circles. In this case, the maximal number of assembly
modes decreases to 4. It must be mentioned here that, in
usual controllers when only the encoder data is used, the
number of assembly modes of the Quattro is equal to 8.

Singular configurations. For the 2¥[-{2-UU} robot,

singularity analysis of the hidden robot model of the1-ype 2 singularities appear when the plaigsand P;
Quattro with 4dof (that can perform Schoenflies mo- (whose normal vectors are equal ¥¢- and v+, resp.)
tions), when controlled using leg direction observatian. Igre parallel. In such cases, the cirde is te{ngent to
must be mentionned that, in [15], the Quattro with rigicthe Bohemian Dome at their intersection point and the

platform, i.e. with 3 translatiodof was studied. HOWeVer, robot gains one uncontrollabléof along this tangent
the kinematics of the hidden robot for the version withFig. 6(d)).

4 dof is completely different and is the object of this

Section.

The Quattro is made of R—{2-US} legs, thus its

equivalent hidden robot will be made di—{2-US}

C. Selection of the Controlled Legs

This Section has shown the importance of studying
the intrinsic properties of the controller that are dingctl

or II-{2-UU} legs. As such hidden robot legs haverelated to the choice of the stacked interaction matrices

2 degrees of actuation (the joint is fully actuated),

required for computing the control law. Depending on

only two legs have to be observed for fully controllingthe chosen interaction matrices, i.e. on the choice of
the Quattro using leg direction observation. Howevethe observed legs, the geometry of the hidden robot

in this case, if the hidden robot has aIlR{2-US}
architecture, the platform will have two uncontrollddf.

models will vary, as well as its singularities and assembly
modes. As singularities divide the workspace into distinct

This phenomenon disappeardi+{2-UU} legs are used aspects [2], it is necessary to study the motion feasibility



pasive motionsof __ Therefore, in these Tables, information on the tolerable

— the I1 joints

maximal error on the pose attained attained in simulations
; is given. Please note that, due to the large value of
the error on the measured angle, the model defined in
L e Section??is no longer valuable and we have preferred to
,,/“" vrte paceof use a more refined non linearized model proposed in [38].
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Fig. 8. Convergence of the robot when legs 1 and 4 are observed
(desired pose{z = —0.2,y = 0,z = —0.56, ¢ = 0}).

N
\ vertex space of wertex space of

‘(’;’;;"‘; “Z’ the 2nd leg ‘(’;’;;"‘; - Lf the 2nd leg
(on X1 joints) (on X1 joints)
pler s N platform wuplersirfie L7 ‘:\'"PWM TABLE |
/ ‘\E RESULTS ON THE EXPERIMENTS CARRIED OUT FOR TESTING THE
/”Z \7‘ /g‘ CONVERGENCE OF THE ROBOT WHEN LEGS$ AND 4 ARE OBSERVED
(b) First set of possible assemb{g) Second set of possible assem- (THE POSITIONS ARE IN METER THE ANGLES IN RADIANS).
modes bly modes
. . . . Desired final {x = 02,y = 0,z =
Fig. 7. Solutions of thékp for a 241-{2-UU} robot (in this example, esired final pose —0.56,¢ = 0}
only 4 assembly modes exist) Final in simulati {z = -02,y = 0,z =
Inal pose In simulation _0.91’¢ _ 0}
Tolerable position error 0.11 m
. Tolerable orientation error 2.00 rad
by selecting a set of legs that can allow the robot ' _ (¢ = —01l,y = 001,2 —
displacement. Moreover, even if the motion is feasible, Fnal pose in experiments 7, oo 5% 5y
if the robot goes close to a singularity, the positioning Sﬁtﬁgﬁﬁnm the final pose in 14
error can con_s,lc_ierably grow. . Orient. err. w.rt. the final pose 15 rad
Therefore, it is necessary to find the best set of legsin simulation '
to observe in order to get the best performances of the
robot w.r.t. a desired task. For the sake of compactness,
TABLE I

the methodology for this will not be presented here, but

the reader is referred to [15] for more information on this, RESULTS ON THE EXPERIMENTS CARRIED OUT FOR TESTING THE
In the next Section, all the presented theoretical resulf&f?NVERGENCE OF THE ROBOT WHEN LEG AND 3 ARE OBSERVED

are Validated through eXperimentS on the Adept Quat_ (THE POSITIONS ARE IN METER THE ANGLES IN RADIANS).

tro [32].
) . {z = -02,y = 0,z =
Desired final pose 0.56.¢ — 0
IV. CASE STUDY I _,¢70}2 v o= 0s -
. . . . . Final pose in simulation S A A
In this Section, simulations and experiments are per-T | ZI y —g-gg,¢ =0}
H H olerable position error . m
form_ed on the Adept Quattro presented in the_ previousy -2 hie orientation error 123 rad
Section. For the sake of compactness, the simulations. . ) {r = —012,y = 005,z =
. . . . . Final pose in experiments ! ’
are not included in this paper, only their experimental _ - —0.55,¢ = —0.90}
validations. Distance to the final pose in .1 py
Testing the convergence of the robot to the desired oOrient. err. w.rt. the final pose 0.90 rad
pose in simulation ~ora

We replay now experimentally the convergence tests pre-
sented in Sectio?. The starting and desired final points All these experimental results match with the
are the same as previously. The results are presentedsimulation results presented above and confirm the
the Tables | to Il and illustrated by the Figs. 8 to 10. Itpresence of the virtual robot hidden within the controller
should be mentioned that, for cross-validating the resulthat must be studied in order to avoid the convergence
on those pictures, the plotted values of the error normsoblems due to inadequate stacking of interaction
are computed using the values of the leg directions givanatrices.
by the Quattro controller.

Due to the presence of high measurement noise, tAesting the presence of local minima
robot can of course not converge to the final desired posenfortunately, we were not able to do such experiments
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TABLE IV
RESULTS ON THE EXPERIMENTS CARRIED OUT FOR TESTING THE
ACCURACY OF THE ROBOT WHEN LEGS(2, 3} OR{2,4} ARE

Convergence of the robot when legs 2 and 3 are observed

OBSERVED.
Desired final pose {z = —0.2m,y = 0.0lm, z = —0.7
Legs {2,3} {2,4}
Position error 0.11m 0.23 m
Orientation error 0.06 rad 0.68 ra
TABLE V

RESULTS ON THE EXPERIMENTS CARRIED OUT FOR TESTING THE
ACCURACY OF THE ROBOT WHEN LEGS{1,4}, {1, 3,4} OR
{1,2,3,4} ARE OBSERVED

Desired final pose {z =0.03m,y = 0.03m, z = -

Legs {1,4} {1,3,4}
Position error 0.11m 0.09 m
Orientation error 0.39 rad 0.31 rad

2 4 6 10
Time (sec)

(a) top view of the platform

(b) error norm on each letje; ||

Fig. 10. Convergence of the robot when all legs are obsemesired
pose:{z = 0.03,y = 0.03,z = —0.59, ¢ = 0}).

TABLE Il
RESULTS ON THE EXPERIMENTS CARRIED OUT FOR TESTING THE
CONVERGENCE OF THE ROBOT ALL LEGS ARE OBSERVE(THE
POSITIONS ARE IN METER THE ANGLES IN RADIANS).

) . {z = 0.03,y = 003,z =

Desired final pose Z0.59,6 — 0}

) S : {x = 003,y = 003,z =
Final pose in simulation Z0.65,¢ — 0}
Tolerable position error 0.08 m
Tolerable orientation error 1.54 rad

) . ) {z = 0.05,y = 003,z =
Final pose in experiments Z0.72,¢ — 0,05}
D_|stanc_e to the final pose in 0.07 m
simulation
Orient. err. w.r.t. the final pose
in simulation 0.05 rad

it must be recalled that, even if observing all the legs
lead to a better accuracy, this result must not hide the
fact that some convergence problems can still appear, as
shown previously.

All these experiments validate the theory presented in
Section Ill. The results show the validity of the approach
and also its importance: stacking several interaction ma-
trices to derive a control scheme without doing a deep
analysis of the intrinsic properties of the controller is
clearly not enough. For avoiding the singularity problem
due to the mapping between the robot space and leg
space, whatever the number of observed legs (as, even
if all legs are observed, there may be singularities of the
mapping), the hidden robot kinematics must be analyzed
to avoid the convergence and inaccuracy problems.

V. CONCLUSIONS

This paper has presented a tool named the “Hidden

as the robot controller is designed with safetie§obot concept” that is well addressed for analyzing
that cannot be suppressed and that prevent goifi@e controllability of parallel robots in leg-observation

into singularities. However, as the presence of locdlased visual servoing techniques. It has been shown
minima that are located in the Type 1 singularitieghat the mentioned visual servoing techniques involves

was demonstrated in simulations,

we think thathe existence of a virtual robot model, hidden into the

this numerical proof brings enough strength to ougontroller, that is different from the real controlled rabo

demonstration concerning this point.

Considering this hidden robot model allowed the finding
of a minimal representation for the leg-observation-based

Testing the importance of the selection of the observed control of the studied robots that is linked to a virtual

legs on the robot accuracy

hidden robot which is a tangible visualization of the

We replay now experimentally the accuracy tests prél@pping between the observation space and the real robot
sented in Sectio??. The starting and desired final pointsCartesian space. It has been shown that the hidden robot

are the same as previously, as well as the observed le§iodel can be used to:
Each experiment is run five times and we present here thel) explain why the observed robot which is composed

maximal values obtained on the position and orientation
error. The results are shown in the Tables IV to V.

Once again, all these experimental results match with
the simulation results presented above and confirm the2)
necessity to carefully select the set of legs to observe
in order to obtain the best accuracy possible. However,

of n legs can be controlled using the observation of
only m leg directions {» < n) arbitrarily chosen
among itsn legs,

prove that there does not always exist a full diffeo-
morphism between the Cartesian space and the leg
direction space,



3) simplify the singularity analysis of the mapping [8]
between the leg direction space and the Cartesian
space by reducing the problem to the singularity[g]
analysis of a new robot,

4) certify that the robot will not converge to local
minima, through the application of tools developeqlo]
for the singularity analysis of robots.

A general way to find the hidden robot models corre-
sponding to the real robot controlled via leg-observatiornii]
based visual servoing techniques has been shown and the
hidden robot models of some well known classes of paral-
lel robots have been studied. It has been proven that, using)
this concept, it is possible to demonstrate, using tools
developed by the mechanical design community, that the
robot can be controlled or not with the aforementioneg3s)
visual servoing techniques.

Finally, experimental validations made on an Adept
Quattro robot have demonstrated the validity of the
theoretical developments. [14]

Thus, the concept of hidden robot model, associated
with mathematical tools developed by the mechanical
design community, is a powerful tool able to analyzé!S]
the intrinsic properties of some controllers developed by
the visual servoing community. Moreover, this concept
showed that in some visual servoing approaches, stackin%
several interaction matrices to derive a control schemte”
without doing a deep analysis of the intrinsic properties of
the controller is clearly not enough. Further investigagio [17]
are required.
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