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Abstract—A method for fast visual grasping of unknown ob-
jects with a multi-fingered robotic hand is presented in thispaper.
The algorithm is composed of an object surface reconstruain
algorithm and a local grasp planner, evolving in parallel. The
reconstruction algorithm makes use of images taken by a cama
carried by the robot arm. A virtual elastic reconstruction surface
is placed around the object. The surface shrinks toward the bject
until some points intercept the object visual hull. Then, atractive
forces with respect to the border of the visual hull are geneated
so as to compensate for the elastic forces: when an equililorin
between those forces is reached, the surface takes the formtbe
object shape. Running in parallel to the reconstruction algrithm,
the grasp planner moves the fingertips on the current availale
reconstruction surface, towards points which are optimal {n a
local sense) with respect to a number of indices weighting o
the grasp quality and the kinematics configuration of the haml.
This method, referred to as parallel visual grasp, may repreent
a valid candidate for applications where online grasp planing is
required. A number of experiments are presented, showing ta
effectiveness of the proposed approach.

Index Terms—Robotics, Vision,
Grasping, Multi-Fingered Hands.

Surface Reconstruction,

I. INTRODUCTION

the influence of internal forces, given by the surface itself
and external forces, given by the image data. Typically, the
starting surface is a sphere: this approach may be condidere
as a generalization of snakes used in 2D. A finite-element
method is adopted in [6] to reconstruct both 2D and 3D
boundaries of the object. Using an active contour modeg dat
extracted from images are employed to generate a pressure
force on the active contour which inflates or deflates the
curve, making its behavior like a balloon. A technique for
computing a polyhedral representation of the so calledalisu
hull [7] is studied in [8]: in such approach, only the conteur
of the silhouettes in the images have to be visited, and the
computed visual hull is quickly represented. Furthermore,
other methods rely on the use of apparent contours such as
in [9]: in these cases, the reconstruction is based on acspati
temporal analysis of deformable silhouettes. Other method
for object reconstruction rely on the use of several kinds
of sensors, like in the case of vision-based structured ligh
systems [10], [11]. Finally, a method to grasp an unknown
object using information provided by a deformable contour
model algorithm is proposed in [12].

As for grasp planning techniques, they rely upon the choice

HE execution of robot grasping tasks, in general, require$ grasp quality measures used to select suitable graspspoin
a priori knowledge about the characteristics of the objeat® the object surface. Several quality measures proposed in
to grasp. The adoption of vision can be useful to reduce ttiee literature depend on the position of the contact points

need of a priori information [1], [2].

(algebraic properties of the grasp matrix, geometry of tasg

Two main operations have to be performed for graspirayea of the polygon created by the contact points and so on),

unknown objects [3]: recognition/reconstruction of thgeab
geometry and grasp planning.

while others depend on the finger forces. Two optimal cateri
are introduced in [13], where the total finger force and the

Different methods have been proposed in the literature noaximum finger force are considered, while measures based

cope with 3D geometric model reconstruction based on visual algebraic properties of the grasp matrix and a measure
data. A certain number of algorithms can be classified undessed on the task to accomplish are presented in [14]. A
the so calledvolumetric scene reconstructicapproach [4], number of quality measures is based on the evaluation of the
while other methods are referred to sisrface scene recon- capability of the hand to realize the optimal grasp [15]. A

struction algorithms: these latter are the most suitable faich survey of grasp quality measures can be found in [16].
grasp planning. In [5], the model of the object is obtaine@nly a few papers address the problem of grasp planning by

starting from a surface that moves towards the object undeking into account quality measures depending on bothcobje
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geometry and hand kinematics [17]-[19].

Also the preshaping of a robotic hand —the preparation of
the hand to grasp the object— is a non-trivial prior step to
grasping [20]. In the literature, several methods deal with
this problem. Most of them rely on a previous knowledge
learned from humans [21]; other methods rely on the use of
vision [22], fuzzy logic [23], neural networks [24], and are
based on rough approximations of the geometry of the object
to grasp [25], and generally are task-dependent [26].

In this paper, a method for fast visual grasping of unknown
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objects using a camera mounted on a robot in an eye-in-

hand configuration is presented. The method is compodegdl 2. Block diagram of the parallel visual grasp algorithm
of an object surface reconstruction algorithmnd agrasp
planner, which evolve in a synchronized parallel way. The

reconstruction algorithm makes use of a virtual elastifaser applications, because the total comput_atlonal time is rgive
e : : : by the slower between the reconstruction and the planning
of ellipsoidal initial shape, with axes and dimensions categ

by a suitable object preshaping process, placed around ﬁ%aege’ while the grasp execution can start in parallel with t

object. The surface shrinks toward the object until sonfgcvious processes (see Fig. 1). As a matter of fact, object

points intercept the object visual hull. Then, elastic é&zrare model reconstruction and grasp planning are independent

compensated by repulsive forces at the border of the vislpaPcesses and can also be allocated to different compudtio

hull. At the equilibrium, the surface assumes the shape ef thespurces.Th_e drawback is that the achieved final grasp is
. S : : optimal only in the local sense.

object. Running in parallel to the reconstruction algaritlihe ; ) - ) )
grasp planner moves the fingertips, starting from a suitableNotice that, in the classical serial approach, any algorith
preshape configuration, towards points of the currentaivigil €1 e used for the reconstruction of the geometry of the
reconstruction surface, which are optimal (in a local spnggXteérnal surface of the object starting from images. The ide
with respect to a number of indices weighting both the graﬂ?re is that of using a method based on the continuous
quality and the kinematics configuration of the hand. eformation of a virtual elastic surface, sampled by poamis

The proposed approach, based on preliminary results pfEclosing the object, which moves toward the object under
sented in [27], is referred to here as a “parallel visual gitas the influence of the elastic forces and of repulsive forces.

may represent a valid candidate for applications wherenenIiThe Ia;t ones arise When_ parts Of, the sur_face penetrate in
object visual hull. The intermediate configurationstaf t

grasp planning is required, as confirmed by a number of ce@@ . )
studies presented in the paper. surface are used by the grasp planning algorithm to compute

the intermediate configurations of the hand toward the final
grasp. Having a surface which shrinks under the influences of
Il. PARALLEL VISUAL GRASPALGORITHM the elastic forces can be seen as a particular case of tHe leve

The typical approach to grasping unknown objects, hepgt method proposed in [28], [29] for object reconstruction
called serial visual grasp algorithm, consists of two S;;agésuch works, one or more surfaces evolve in the direction of
as shown in Fig. 1: in the first stage, the geometry of exterril Steepest descent provided by the variation calculatfon
surface of the object is completely reconstructed from ttfegdiven functional to be minimized. In this paper, inste&e, t
acquired images; in the second stage, the grasping poifl,@ctional is given by the potential elastic force whichsact
on the object, optimal under a selected global criterior, afS @n external force at each sampled point of the considered
computed first, and then the corresponding trajectory fer tRurface. Moreover, different from point-based reconsionc
robotic hand is planned and executed. This approach giees gorithms [30], the presence of the virtual elastic fibers
best results in terms of grasp quality, since the evaluatfon connecting the points of the surface allows achieving a more
the optimal grasp is made in a global way. However, the totdniform distribution of the points on the object visual hull
execution time, given by the sum of the time required for th&hich is important for the computation of the optimal grasp.
reconstruction of the object geometric model and that requi  The block diagram in Fig. 2 shows more details of the
for the synthesis, planning and execution of the grasp, neay proposed visual grasp algorithm.
considerable, if powerful hardware is unavailable. Obslgu  The procedure begins with sorpesparatory stepsconsist-
this is irrelevant for off-line applications, but it couldceba ing in the acquisition of a number of images using a camera
serious drawback for online grasp planning. mounted on the robot arm, from which a rough shape of

The method proposed here, referred to as the parallel vistla object, in the form of an ellipsoid, is computed (object
grasp algorithm, may represent a valid candidate for ie@-t preshaping); moreover, the initial grasp configurationhad t
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4 Fig. 4. Silhouette and bounding box extracted from an imdghe object.

station. Namely, a first image is acquired from the initial
configuration and a set af; images is taken from camera
Fig. 3. Camera stations (bullets) and trajectories of thmeca during the stations equally distributed over a circular path on theesph
acquisition of the images. at an elevation anglég;, with the optical axis of the camera
pointing to P. In general, further acquisition steps can be

hand is selected (hand preshaping). considered, at different elevation angles (see Fig. 3deing

At this point, both thebject model reconstructiomgorithm on the complexity of the object shape. It is obvious that both
(green blocks) and therasp planningalgorithm (orange the distribution of the acquisition stations and the numbgy,
blocks) start in parallel and incrementally concur to thalfinof acquired images affect the accuracy of the reconstnuctio
goal. In particular, the reconstruction algorithm updates process. The value of instead, is set so as to keep the object
estimation of the current reconstructed surface of theadpjein the camera field of view from all the stations.
while the grasp planner, on the basis of the current esimati  Then;,,, images are elaborated to extract the object silhou-
computes the trajectories of the fingertips toward a (locajtes: to this aim, a simple binarization process, with & sel
optimal grasp configuration; these incremental trajeetodre tuned threshold, is employed. A process of a binary dilation
executed by the motion control of the hand. and erosion may be required to reduce the effects of noise.

The single stages of the algorithm: preparatory stepscobjédditional filtering of the images, both in the spatial and
model reconstruction, grasp planning, trajectory plagreind frequency domains, can be performed to reduce noise and

motion control, are described in the following sections. disturbances such as the presence of shadows in the views.
The assumptions made throughout this work are: Once the silhouette for a given image is obtained, it is

« An eye-in-hand configuration with a calibrated camera fraightforward to determine the corresponding boundimg b
available for image acquisition. just considering the smallest rectangle which contains the

. The observed rigid object is fixed in the space anyhole silhouette. Obviously, this process must be perfdrme
distinguishable w.r.t. the background and other objectsfor all the n;n,, acquired images.

. From a topological point of view, the object is a con- Fig. 4 shows an image with the resulting silhouette and
nected orientable surface with geriys.e., without holes bounding box.
or handles.

« Any multi-fingered robotic hand mounted on a robot . .
manipulator can be considered. B. Object preshaping

The proposed method for object preshaping starts from a
I1l. PREPARATORY STEPS concept presented in [31], where a rough estimation of the

A detection algorithm, based on a classic blob analysObjeCt shape is computed by using a linear programming

. . ; chnique.
a}llows recognizing the presence of the object on a planean t For each image, the four planes of the Cartesian space
field of view of the camera, mounted on the robot arm. Then - L _
. . . : containing the origin of the camera frame and two adjacent
by keeping the optical axis perpendicular to the plane, th

e
camera is moved until the optical axis intercepts the eséitha

vértices of the corresponding bounding box in the image
centroid P of the object. Hence, the process of acquisition (ﬁlane are considered, resulting im;,, Cartesian planes.
the images of the object can be started.

ach plane splits the Cartesian space into two regions, one
of which contains the object visual hull. The intersections

of all these regions create a polyhedf@mrontaining), which

A. Image acquisition and elaboration is a polyhedric overestimation of the visual hull.

The images are taken from the stations (bullets) illustrate ~ The verticese of this polyhedron can be quickly computed
Fig. 3, where frame,-z.y.z. is the cartesian frame attached®s follows. Since each side of each bounding box is assdciate
to the camera (camera frame) in the initial configuratiohwito @ plane, if the normal unit vector to the plane is chosen
the 2. axis aligned to the optical axis and the origip at an Pointing outwards with respect to the interior side of the
estimated distance from P. bounding box, the inner space created by the consideredglan

The acquisition process is carried out by moving the came{ @ given image is represented by the following set of
on a sphere of radius centered atP, in order to have a inequalities:
constant image resolution, and by stopping the robot at each A;x < d;,
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Fig. 6. Piece of the sampled reconstruction surface withvttteal mass,
stiffness and damping of theth sample points.

Fig. 5. Examples of ellipsoids used for object preshaping.
of fingers. When firm grasp is considered, the axis of approach

where subscript denotes thé-th image, withi = 1,.. ., n; of the hand is typically chosen parallel to the major axishef t

A, is a (¢ x 3) matrix whose rows are the transp’ggé otllipsoid. On the other hand, for the fine manipulation case,
the normal unit vectors, and; is a @ x 1) vector whose the choice of the axis of approach depends on several factors
elements define uniquely the positions of the planes in the!n this paper, without loss of generality, the initial grasp

space. Stacking all thel; and d; in the matricesA andd, POINts on the ellipsoid are chosen to form an equilateral

the inner space of the polyhedrd is represented by the 9rasp [32] in a plane parallel to the two minor axes of the
following inequality: ellipsoid, assuming that the corresponding grasp configura

Az < d. for the hand is reachable for the given hand kinematics and
n environmental constraints.

The vertices of the polyhedron are the so cabbedic feasible
solutions whose computation is well known in the literature. IV. OBJECTMODEL RECONSTRUCTION
The required computational time is very low and depends onlyThe 3p ellipsoid is virtually placed around the object,
on the numben;,, of images. . centered ate,, and sampled witm, points. These points are

Once all then,, verticesz, = [ z,, z,, =, | ofthe set at the intersections of ideal meridian and parallelsline
polyhedronP have been computed, the central moments cafawn on the external surface of the ellipsoid. Without loks

be evaluated as: generality, the number of parallels, is chosen equal to the
. N N _\k number of meridians,,,.
Hige = D (@0 = 80) (s, = &0, (@0 = 80", Four virtual elastic links of stiffness connect each sample
x,eP . ) .
point with the four closest points. The two poles of the
where ellipsoid are connected with all the points of the nearest
B B B B T 1 & parallel of the grid. Hence, the sampled reconstructiofaser
Ty =[To, Tv, Tv. ] = Ty Lo, behaves like a virtual membrane composed by a network
=1 of ideal elastic fibers connecting the points (see Fig. 6). A
is the centroid of the polyhedron. virtual viscous damping, with respect to the ground, is also
Finally, a pseudo-inertia tensor of the polyhedron can kensidered for each point. A damping effect between point
defined as: cloud could also be defined, but it is not considered here for
12,00 H1,1,0 H1,01 simplicity.
I=| pi10 po20 Ho11 | In order to derive the dynamics of each sample point of the
K101 Ho11 0,02 ellipsoid, the balance of forces at a given point can be emitt

where its eigenvalues and eigenvectors define the princigasll follows:

axes of inertia of an ellipsoid, suitably enlarged to ensurer; ; + k(zi; —xi—1,;) + k(Zij — Tit1,5)
object wrapping (see Fig. 5), which is employed as the initia + k(i — i) k(@ — @) = fi(@)

shape of the reconstruction surface. ) )
fori=1,...,n, andj =1,...,n,, wherex; ; is the posi-

C. Hand preshapin tion in the workspace of the sampling point at the intersecti
’ p ping _ o of thei-th meridian with thej-th parallel. Vectorf, ; is instead
Depending on the object shape, the ellipsoid may hayge external force acting on poimt_;, which is repulsive with

one axis bigger/smaller than others, or all axes of similggspect to the border of the visual hiland is different from
dimension. For all these cases, a good choice of the graspo only whenz, ; comes intoV:

points on the object and of the initial grasp configuratiothef

hand depends also on the task to accomplish (e.g. pick-and- Fii(xij) = {ai,jFani,jv Ti; eV

place, manipulation, assembling, etc.), on the type offmras N 0, zij &V

to perform (firm or fine), on the environmental constrainteheren; ; is the unit vector normal to the surface aj ;,
(e.g. the ground plane), on the hand kinematics and numipeinting out from the object, and; ; F, is the amplitude of



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. XX, NO. X, MONH 20XX 5

the force. In detail,F, is the maximum force module and
a; ; € (0,1] is a strictly decreasing sequence of scale factors
defined as:

am(k + 1) = €Qy 4 (k), Q5 g (0) =1

wheree € (0,1) and a new value of the sequence is computed
every time pointx; ; comes out from).

Collecting some terms in the previous dynamic equation of
the system, a more compact expression is

bic; j + k (dzi j — c(xij)) = £ j(xij),

Wherec(i,j) = Ti-1,5 + Tj j+1 + Tit1,5 + Tjj—1- In these
last expressions, the points with subsciipt 1 =j —1=0 ) ) )
(i+1=n,,+1andj+1 = n,+1) coincides with those with Of the object's surface is available. The process ends wheen t
subscriptsi — 1 = n,, andj —1=mn, (i+1=j+1=1), object reconstruction algorithm reaches the equilibriuml a
respectively. The two poles have to be treated separatety, dhe planner computes the final grasp configuration. Thesafet
to their topological peculiarity, namely: distanced; is employed to avoid undesired collisions between
the fingers and the object before the final grasp is reached.

Fig. 7. Possible displacements from the current grasp point

Nm

banp + k(nmw"p ; TLg ) = Fup(@np) A. Local search algorithm

The local search algorithm is based on a discretized version
of the gradient projection method. In detail, for each grasp
point p,, a (virtual) force vectorf,, aimed at selecting the
direction along which the finger should be moved toward the
(sub)optimal grasp configuration, is then computed. Theefor
for the south pole, where the subscripts and sp indicate £/ can be defined as the projection of the forgeonto the
quantities referred to the north and south pole, respégtive tangential plane to the surface at pojnt

The dynamics of the system, for any non-trivial initial con- , T
dition of the ellipsoid, leads the elastic surface to shtiward fi=Ffi—(fivivi,
its center until the visual hull is intersected. The equilim  wherew; is the normal unit vector to the surface at point
is reached when the elastic forces are compensated by ithg f'|| is higher than a given threshodd, a new grasp point
repulsive forces at the border of the visual hull. When this set as the neighbor point closest to the directiorf/ofsee
happens, the elastic reconstruction surface wraps thectobjeig. 7).
assuming the shape of the visual hull. Obviously, the choice ot; affects both the accuracy of

The accuracy of the reconstruction process depends on the grasp solution and the computational time, determining
distribution of the observation stations and increasehb tie the number of iterations required to converge to the (local)
number of viewsn;,,,, and the density of the poinis, of the optimum. Therefore¢; must be carefully tuned on the basis
reconstruction ellipsoid. On the other hand, the compantali of this trade-off.
time of the algorithm increasesrif,,,, and/orn, are increased.
Hence, a compromise between performances and accurgcyGrasp quality measure
should be thus decided in order to choose such parameters; i< worth noticing that any quality index for the grasp

By co_nsidering Fhat the final goal of the process _is that in be used in principle. In this paper, the quality measure
grasping the object and not the model reconstruction, whi ssumed as the sum of a number of quality indices, well

can be considered as a secondary oufccome of the prOpoﬁeeca)gnized in the literature, which allow to improve grasp
method, the accuracy of the reconstruction process nedys %Iiability namely:

to be adequate for the requirements of the grasp planning . . .
algorithm, as observed also in [33]. e Coplanarity The contact points on the object belong to

the same plane; this condition simplifies the computation
of good grasps but, obviously, may exclude a number
of grasp configurations that can be more effective than

for the north pole, and

bis, + k(nmwsp — Z wnp,j) = fop(xsp)
Jj=1

V. GRASPPLANNING

At each time step, the evolution of the virtual elastic scefa
is frozen and the coordinates of its points are stored in ae
memory buffer. Then, the grasp planner computes a new set of
points on the surface, through a local search algorithm kwvhic
locally maximizes a suitable grasp quality measure, kepain
fixed safety distanceé; between the fingertips and the surface. «
The new set of points is taken as the initial grasp configomati
for the next time step, when an update of the current estimati

planar ones.

Uniform distribution: In 2D cases, grasp stability— the
property of a grasp to resist to external wrenches applied
on the object— is improved if the contact points are
distributed in an uniform way on the surface [16], [34].
Maximum areaThe larger the area of the polygon formed
by the contact points, the larger the external torque that
the same finger contact forces can resist [34].
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« Center of mass on the grasp plan@ravity and inertial
effects on contact forces are minimized when the object
center of mass belongs to the grasp plane [35], [36].

The above quality indices depend only on the position of
the contact points; however, the quality of the grasp is also
related to the configuration of the particular robotic hand.
This can be accounted for by considering quality indices
depending on hand kinematics, namely: distance from fin-
ger joint limits, distance from finger kinematic singulaad,
distance of the fingers from each other and from the palm.
Moreover, other quality indices taking into account thel rea
force directions [37] can be considered.

During grasp execution, the contact points do not nec-
essarily belong to the same plane. Therefore, the pldne
which minimizes the distance from all the contact points isg. 8. Forces at contact poit;.
considered and it is useful to compute the projectigh

of contact pointp; on II (see Fig. 8), withi = 1,...,ny, configuration (in a local sense). The intermediate configura

gemgnf r:he nu.mberdof fingers ?f the harfwthoreover,dﬁlt ti%ﬁls are used to generate the fingertips trajectories.
enote the estimated center of mass of the current shape amely, the sequence of intermediate configurations is

the object (assuming uniform mass distribution) and:|zthe suitably filtered by a spatial low-pass filter and interpetht

the projection ofcy, on H L ) in order to achieve a smooth path for the fingers. In fact, only
To account for the different quality indices, the (virtualy,q fina| configuration needs to be reached exactly, while the
force vectorf; at contact poinp; IS c_omputed as the sum Ofjtermediate configurations can be considered as via points
a number of (virtual) force contributions: for the generation of the trajectories of the fingers, andhman
_ ) ) . computed online with a one step delay.
Ji=Fuit et FatFe, + Fu Moreover, the actual paths of the fingers generated by the
where: trajectory planner is offset by a safety distangealong the

e fu: = kn (p!' — p;) is the (virtual) force which moves no_rmal_ to the surface (see Fig. 7). Wh_en the final configu-
p, to p!l, so that all the contact points belong to the sanfation is reached, the offset is progressively reduced to, ze
grasp plane. producing the desired grasp action.

o fo; = ke(6; — 27 /ny)t; is the (virtual) tangential force Any C;artesmq motion cpntrol can be used, in prmqple,
in charge of producing an equilateral grasp configuratiofpr tracking the tip trajectories computed by the plannetil un
whered; is the angle between vectgpd' — ¢!l andp!! — the final grasp configuration is reached. However, to control

m J

e, with j=i4+1fori=1,...,n; —1, andj = 1 for the contact forces req_uired to grasp the object, an i_nlig)ract
i = ny, andt; is the tangential unit vector normal tocontrol strategy (e.g., impedance control [38]) combinéith w
¢ — pI and pointing towardp!". a real-time force-optimization method [39] can be adopted.

o fo.o=k, (p.H _ c”) J|Ipl — cﬁ || is the (virtual) force Also, the availability of tactile sensing for control is impant
which tends to enlarge the area of the grasp polygon. [ allow rapid adjustments of the grip [40].

o f., = ke, (em —cl) is the (virtual) force, equal for
all the contact points, which attracts the grasp plHn® VIl. EXPERIMENTS
the center of mass,,. A. Technical details

« fy; is a (virtual) barrier force, aimed at avoiding the The experimental set-up implementing the proposed method
motion of the fingers along directions that cause the composed of al-fingered robotic hand made up of 16
reachin_g_of joint Iimits3 joint or hand singularities, andgjg)eid Dynamixel AX-12 servomotors (see Fig. 9). An
the collision between fingers or with the palm. industrial USB iDS UEYE UI-1220SE-C camera has been

Parametersy, k., , k., k. are all positive constant coeffi-employed in an eye-in-hand configuration, and it has been

cients, suitably chosen so as to weigh the single force ieonthounted directly in the center of the palm of the hand.
butions. Notice that the barrier forces can be also empléyedSeveral calibration algorithms can be adopted, e.gMhatab
cope with environmental constraints, e.g. object groumsh@| Calibration Toolbox. A Windows OS process commands
or other surrounding objects, avoiding in such a way thatesonthe actuators by providing position signals, while a high-
parts of the surface points, e.g. the lowest ones, can baedac priority multi-thread programming has been required inesrd
to implement the proposed parallel method.
V]. TRAJECTORY PLANNING AND CONTROL For the image acquisition process, a Comau Smart-Six robot

manipulator has been employed to carry around the camera

The grasp planner produces a sequence of intermedigfey| the acquisition stations. A number;,,, = 13 images
target grasp configurations at each iteration of the olgect’ ‘

reconstruction algorithm which ends with the optimal grasp thttp://www.vision.caltech.edu/bouguetj/calitoc/
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Fig. 9. Hand used for the experiments. Fig. 11. Trajectories of the fingers (green: approach witletgadistance
d¢, red: grasp) and corresponding sequence of points comjytéide grasp
planner (yellow) for the two objects, evaluated with,, = 1 (left) and
ke, = 0 (right).

In Fig. 10 some intermediate steps of the reconstruction
algorithm are shown, while the finger trajectories and thal fin
grasp configurations, respectively for the teddy-bearngusi
three fingers) and for the little bottle (using four fingers),
are presented in Fig. 11. Both the cases = 1 (left) and
k.,, = 0 (right) are considered (the bold points represent
the positions of the objects’ center of mass). In partigular

. ) ) . in the casek., = 1, it is evident that, for both objects, the
Fig. 10. Steps of the object model reconstruction algoritteddy bear (left), m . .
bottle (right). The height of both the objects is abaatcm. grasp plane contains the center of mass; on the other hand, fo
k., = 0, the grasp plane is far from the center of mass while

) ) _ ) the grasp polygon’s area, for both objects, is maximum.
with a resolution of1280 x 960 pixels has been acquired for Ngtice that the teddy-bear is grasped with the three fingers
each object considered in the experiments. With this numhgr 5 planar equilateral graspl20° apart) for both cases
of images, it is possible to achieve a good accuracy in t}p:gm = 1 and k., = 0. The yellow lines represent the
s_urface ref:onstruction of objects yvith complex shape_s. Fégquence of points computed by the grasp planner. The green
simpler objects, a lower number of images can be considergges represent the trajectories that the planner gerefate

The reconstruction surface is sampled with = 1500 the fingertips after spatial filtering and considering thietsa
points, while the surface parameters have been chosen fisiance. Finally, the red lines show the last part of thegra
k' =1N/m,b=1Ns/m F, =01Nande =09. The trajectory, when the safety distance is progressively cedu
parameterskiy, kc,, , ke, ko Of the grasp planner have been por the case of the little bottle, the final grasp configuratio
chosen all equal td, in order to have the same weight folis planar and equilateral as well, with the four contact fin
all the contributions to the grasp quality measure, while thyge apart. Moreover, the finger trajectories are very regular du
threshold; has been tuned to a value@f02 N. The floating o the good choice of the initial grasp configuration evadat
security distancé; has been set tdcm, which is intentionally by the hand preshaping module. This result is common when
large to achieve a better visualization of the trajectorid®e he object is symmetric w.r.t. one or more axes, and so it is
computational time for the whole process is about s on el represented by an ellipsoidal surface. Of course, fier t

a Pentium1.7 GHz. In particular, the stage for the objecharticular bottle’s shape, the results do not change sigmitly
model reconstruction employs on80 ms to reach the final \hen k. =0.

equilibrium, while the grasp planning stage is the sloweg.on
Of course, the execution time for grasp planning depends on .
the choice of the quality indices. C. Comparison

To further validate the proposed method, a comparison be-
tween the results obtained with the proposed parallel ambro
with local optimization and those obtained using the ctadsi

In the remainder, the results of the experiments performedrial approach with global optimization has been perfarme
with the objects shown in Fig. 5, namely a teddy-bear andlia detail, after the whole reconstruction of the unknown
little bottle, are presented. object model, a global search of the optimal grasp has been

B. Results
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COMPARISON BETWEEN THE PARALLEL(LOCAL) APPROACH AND THE

TABLE |

SERIAL (GLOBAL) APPROACH WITH DIFFERENT GRASP QUALITY

w.r.t. a certain number of indices weighting both the gyalit
of the grasp and the kinematic configuration of the robotic

MEASURES hand. The total computational time is given by the slower
ko, = 1 LocainGiobai Tocal QQGiobai Cocal QSGiobai between the reconstruction and the planning stage, while th
Bottle 0.016 | 0.016 | 0.091 | 0.101 | 0.438 | 0.438 grasp execution can start in parallel with these proce3sgs.
dy =00mm | dy =41mm | dy =4.7mm feature makes the proposed approach suitable for applisati
Teddy Bear Od'ifzz |4.$'f’n2r?] OdifE): |4.§'ﬁ19n01 (Zijjﬁ: |5.§'fn8n21 where fast or online grasp planning is required. For the
planning stage, a simple quality measure has been tested in
ke, =0 [ Local | Global [ Local [ Global | Local [ Global a number of experiments with satisfactory results. It isthvor
Bottle od.g{lgz 0020 od_gfgz MRLE) %15;4: _ 059 | observing that, however, different grasp quality measoees
Teddy Bear| 0207 | 0-297 [ 0.369 | 0413 | 0.707 | 0.780 be used in the same framework.
dy = 4.5 mm dy = 4.5 mm dyr = 3.5 mm
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