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Abstract: Previously we have presented a model for generating huik@andrm and hand movements on an unimanual
anthropomorphic robot involved in human-robot collabaratasks. The present paper aims to extend our model in todeddress
the generation of human-like bimanual movement sequenbéshvare challenged by scenarios cluttered with obstablesement
planning involves large scale nonlinear constrained dpttion problems which are solved using the IPOPT solvenu&ition studies
show that the model generates feasible and realistic hajettories for action sequences involving the two hands.ctimputational
costs involved in the planning allow for real-time humanabimteraction. A qualitative analysis reveals that thevements of the
robot exhibit basic characteristics of human movements.
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1 Introduction complex problemi) First, they have a large number of
Degrees of Freedom (DOFs). Even though in biological
One of the ultimate goals in robotics research is tosystems redundancy provides flexibility and the capacity
develop robots that are able to work in human-centredo rapidly compensate for loss of control and adapt to new
environments. Since most tasks and objects in suctdlynamics, in cognitive robotics controlling multiple
environments require two hands, it is fundamental thatDOFs in a  predictive/purposive  manner s
robots are able to perform bimanual tasks, either alone oeomputationally complicated.i) Planning bimanual
in collaboration with a human partner. It has been arguednovements on-line in the context of highly complicated
that human-robot collaboration is facilitated if the robot scenarios requires multiple decisions, including which
has an anthropomorphic shape and shows human-likband does what and how, and close coordination of the
movements (], [2], [3], [4], [5]). These characteristics movements of the two handé) One must guarantee that
will support natural and efficient human-robot interaction there is no collision between the two arms-hands and the
since they allow the human user to more easilyenvironmentiv) Finally, the problem is exacerbated if the
understand the movements of the robot as goal directeédditional goal is to make the robots motor actions look
actions (B], [7]). It is thus necessary that a decision of the natural to the human.
robot to perform a specific task is translated into bimanual In the literature there are many recent works on
movements that are collision free, fluent, smooth andautonomous bimanual manipulation in robotics
most importantly, allow the human co-actor/observer to(e.g.pB],[9]) for a review see 10Q). It is a fact that there is
interpret the underlying motor intention and ultimate still a clear need for the development of new planning and
action goal. control methods, especially concerning intelligent and
Endowing anthropomorphic robots with autonomoushuman-like bimanual actions in humanoid robots1]].
bimanual object manipulation capabilities is a very One way to go, advocated by us, is the development of
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anticipatory control processes that at multiple levels Pattacini et al 19 used IPOPT to solve the inverse
(interpersonal space, object space, workspace, joinkinematics problem of an anthropomorphic robotics arm
space) support safe, flexible, adaptive and human-liken point-to-point movements in the absence of obstacles.
bimanual action sequences. In order to implementln [21] IPOPT is used to find an optimal weight vector
effective and human-like actions we focus here onthat minimizes the deviations between recorded human
anticipatory aspects of movement planning thatdata and the quantities corresponding to the solution of an
characterize intelligent human behaviourld], [13], optimal control problem with equality constraints. A
[14]). Intelligent behaviour is inherently tuned to reach computational approach for transferring principles of
future goal states. The relative positions of the hands orhuman motor control to humanoid robots is presented in
the object sets the conditions for the forthcoming[22. The authors determine the optimal trajectories by
movements and thus affects what can ultimately be doneolving a nonlinear programming problem that is encoded
with the object. For instance, in the planning of (uni and by using a basis of motor primitives.
bimanual) goal-directed movements, the decision on how However, in all above mentioned works, based on
to grasp the object essentially depends on theoptimization, only unimanual reaching movements have
(anticipated) final goal, the intention of the action. In been addressed and obstacle avoidance was not
previous work 15], we have presented a computational considered.
model for real-time generation of smooth and human-like ~ With the present paper we intent to make a step
goal-directed movements on an uni-manualforward. Specifically, we model the entire human-like
anthropomorphic robot involved in human-robot trajectory of both arms and hands of the anthropomorphic
collaboration tasks (se&f] for examples on these tasks). robot, including obstacle avoidance. The nonlinear
The model is strongly inspired by the Posture-Basedconstrained optimization problems that arise in this
Motion Planning Model (PBMPM) of Rosenbaum and modelling are large ones. The large dimensions of these
colleagues (e.g1P], [17]) which was proposed to explain problems are related to the discretization of the
how humans plan goal-directed upper limb movementstime-dependent functions, and with the number of the
In our view the PBMPM model is interesting for the obstacles that exist in the workspace of the robot. To
robotics domain as well. It enables to address thesolve the optimization problems we use IPOPT. There are
anticipatory aspect of intelligent movement planning, bytwo reasons for this choice. First, it is adequate for
allowing to impose a particular grip type that was selectedsolving very large scale optimization problems. Second,
based on the ultimate goal of what to do with the object.in previous work 23] we have shown that IPOPT solver
It permits to address the motor redundancy problem byis very efficient and robust for generating human-like
first selecting a final goal posture (that allows the objectcollision free trajectories. Very important, it was able to
to be grasped with the desired grip type) and subsequentlfind optimal solutions in CPU times small enough to
the selection of an efficient trajectory that takes intoallow it to be integrate in the movement planning system
account several task constraints (e.g. obstacle avoijlancefor real-time human-robot interactions.
Finally, the model allows to implement and generate
important features observed in human upper-limb  The rest of the paper is organized as follows. Section
movements (e.g. minimum jerk, bell-shape velocity 2 gives an overview of our model for planning human-like
profiles for the joints, joints synchrony). In our bimanual movements and its formalization as a nonlinear
implementation, the selection processes have beenonstrained optimization problem. Section 3 presents
formalized as nonlinear constraint optimization problems results obtained in our MATLAB simulator of the
Anthropomorphic RoboARoS performing a construction
task that requires the use of the two hands, and which is
challenged by the presence of several obstacles. Finally,
Section 4 is devoted to conclusions and an outlook for
future work.

The present paper aims to extend our model in orden The model
to address the generation of human-like bimanual
movement sequences which are challenged by scenari
cluttered with obstacles.
Although the use of optimization in the generation of
robot movements is not new (see e.§8g]), roboticists
have paid little attention to the large amount of available
optimization software (see e.qttps://projects.coin-or.orp/ 1 IPOPT R0 is an open source software package for large
and to the underlying optimization techniques. In generalscale nonlinear optimization, that implements a primattdu
the optimization problems that arise from the generationinterior point filter line search method for solving nonkme
of robot movements are large ones. constrained large-scale optimization problems.

%fhe robot has two anthropomorphic arms and hands.
Each anthropomorphic redundant robotic arm and hand
can be represented as a series of links connected by joints.
The number of joints which can be independently
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actuated define its DOFs. Each ofAR0S Table 1: Denavit-Hartenberg parameters for the 7 DOFs robotic

anthropomorphic robotic arm has 7 DOI9§ 673 and arm and for eaclk finger of the robotic handk(= 1,2, 3). Here
each hand has 4 DOF6, ..., 02,. Therefore, the arm @€ {RL} r=(-11.0)" andj = (-1, -1 1" L{.LGLF LE

and hand configuration in joint space is defined by the2'® M Specific parameters aAg Az, As, D3, 2, ¢ are hand
specific parameters.

vector )
a a e AT I Oi-1 | &-1 di 6
6°=(61.65,....65%1) , 1) (deg) | (mm) | (mm) (deg)
_ 1 [ 9 0 L2 62
wherea = Rora= L, for the right or left arm and hand, 2 90 0 0 63
respectively. 3 -90 0 La 02
Taking inspiration from the PBMP model?], we 4 90 0 0 03
define the movement of each joint as the superimposition 5 -90 0 L 02
of two movements: 6 90 0 0 5
7 9| o L2 6
(i) a direct movementescribing a bell-shaped unimodal k8 | 0 | nAw | O |k elal—golk
velocity profile, from the initial to final posture; k9 | 90 | A 0 P+ 67,
(i) a back-and-forth movemerﬂlom_ initial to a bounce . k10| O Ao 0 o+ §973+k
posture, intended to avoid collision with obstacles in k11 | -90 A D 0
) 3 3
the robot’s workspace.
In general, the movement planning of each arm and hand
involves the resolution of two problems: 10 0 O
0 0T 17273747576 _|0-1 0 100
Pa determining the appropriate final posture ie., avector"\/here T =1TaTsTaTsTeT7T . T = 00-10
of arm and hand joint angle®? € R™, that allows, 00 01
for e.g.,ARQS to grasp a given object or to achieve a G -5 0
specific location, with a particular grip type; and-1T — | S clgct g1 —§ 1d.
a i - i— i— j—
Pb determining a bounce postur@3 ¢ R", that serves ! sslgst dt - 1d
as a sub-goal for hack-and-fortrmovement, with the 0 0 0
intent of yielding a collision-free movement from start is the transformation matrix from fram& 1 to framei,
to end. where ¢, = cog8), s = sin(8), ¢! = coga;_1),
s~ =sin(a;_1).
Here n® = 7,...,11 is the number of joints, with Note that, the direct kinematics transformation of the

ac {RL}, depends on the type of movement (seeléftarmis the same as the one of the right arm except for
Subsectior2.2). ProblemsPa and Pb were modelled as the pre-multiplication byT that describes the difference
nonlinear constrained optimization problems, with between the position and orientation of the left arm
bounds, equality and inequality constraints. For definingrelatively to the right arm.

the constraints of these optimization problems we use the Using @) it is possible to determine the position, and
direct kinematics expressions that are presented in therientation, of each point in the arms as a nonlinear
next subsection, which is followed by the formulation of function of the joint angles. For example, for the right

the optimization problems. arm the position of the center of the shouldst, elbow,
ER, wrist, WR, and tip of handHR, are given by:
: . 0 —FSLy
2.1 Arms and hands kinematics SKOY) = LR |, EROF) = | —~BLR-LR |,
0 —stELG

For the direct kinematics of the robotic arm and hand well
known Denavit-Hartenberg parameters are used (see 52LR— RJLR
Table1 for the parameters used). For further information WR(BR) — LR }_R LR
on kinematics of robotic arm see e.84[. (67) = B55 LR_ ¢ LR ’
The 3D Cartesian coordinates and orientation of the 4 §§
points in the arm and hand € {R L}, relatively to a
world reference frame, are written as functions of the arm . -
and hand joint angles using the direct kinematicsH (@ )
transformation: 61c5 §B3§ s'é—k é?zce Rt %Li— 01R§LR
= —055 + BsCg)Lpy +B Ly ;
WIR =0T and¥'T- =791, @) 63c5 BasR) s§+ 34CR) |_h - 54|_R §§LR
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where In (4 and 6), T = [0,1] is the normalized

L
B = REE- LK, = KEE+ Bk, anuor\é%?:r;t gu[(r)atlr_oan € ﬁ’v reprﬁzsents the movement

RR R R al, and 9 = —@&, t, €]0,1] is the
Ps= C1C23§+§C3’ B“ = S1C%5 — 0103, movement time when the bounce posture is applied.
Bs = SRR — B, Bs = —HhcR - Next, we explain how to compu®@} and82.

We use a direct transcription method, therefore,

Q_Blcé_clis‘?’ __Blsff_cl%cé’ t € [0,Tq] is discretized inNt pequaIIy spaced points
83 = PoCs — 158, 4= —PoSy — STy, t = iA, where A = ,ET—" is the step size and
85 = PoCE + S, 8 = PoSh — ShShCh, i = 0,1,....Ny. Our convention is that

Fq= T4(t,0+,0y) represents7?(t, B¢, By) at timet;.

We start by computing the joints of the hand,
63,...,02, resorting to the inverse kinematics. The
movement planning system receives information about

((B1cR - B3§ CZ (1R + BacR) sk the desired grip type (how to grasp the object), the
57(67) = C& :
(( )7 -

The hand orientation can be described by the
orientation of local fram&3§523, whose principal axes
are functions of the joint angles

65c +[35 Fsh location and orientation of the target object and its
F3cR — B4§ c6+54 (3aSR+ BacR) sy physical dimensions. For a successful grasp, the
following simplifications are possible. First, we consider

— (5, R~ BB R + &R + B3R R that the middle finger is opposite to the other two,
9R(6R) = (o5 E%CQJFL;S ) B § 3%)C7 therefore6f 3 = 0. Second, since all fingers have equal

—((63c§—/34§)c§+64 s‘? (63§+/34c5 lengths, we set?q = 67,5 = 67,;. Thus, given the

d geometry of the hand, a specn‘rc obJect and grip type, the
an joint angles of the finger@?‘v9 are determined by solving
R AR — (8165 — B3s3)s + B0 4 4
207 = —65s§+[35c6 5 Agcos(§639+(pz+@,)—Dgsin(éeﬁgﬂoﬁ%)
cR + 04Cq
63 5 B4§ i * +A200i9?79+ @) + A

Analogously, we obtain the nonlinear functions that allow dor:
to determine the position and orientation of points in the = OTbJ,

left arm and also for points in both the right and the left .
robotic hands. using the Newton-Raphson method. Heig,; is the

object diameter, andA;,Az,As,D3, @, @ are hand
specific parametets

After the joint angles of the hand have been computed
we proceed with the computation of the final posture of
the arm@?,, ..., 62, for the left or right arm. The aim is
to select the optimal end posture that minimizes the
displacement of the joints from the initial to the final
0%(t) = 7%(t,03%,63) posture, taking into account obstacle avoidance, joint
limits and grip type, at the moment of grasp.

2.2 Problem formulation

For each robotic arm and haad: {R,L}, the trajectory of
the joint angles is given by

a a a a a

= 80+ Tairect(t, 87) + Zhi(t, Bp)- ©) Mathematically we formulate the problem as follows:
Tdrect is the direct movement which consists of a
trajectory based on the minimum angular jerk principle, 7 2
i.e. the minimization of the change of angle acceleration.Pa® min z (eg,k_ eﬁk) (6)
This implies minimizing the integration of the jerk over P87 &
the movement duration. This is a typical variational s.t. ha(ef‘l, ...,08,689) =0 (7
problem, solved using the Euler-Poison equation. The (9' ...,08)=0 ©)
solution is a 8" order polynomial whose coefficients may fL ;7
be determined applying boundary conditions on position, h?(67,,...,6f11) <0 9)
velocity and acceleration. Assuming that the movement 05 < 68 < 6%, i=1....7 (10)

starts and ends with zero velocity and acceleration, the

a a
solution to this minimization problem s, where6%; and 6 ; are constants that represent the lower

and upperjoint limits of each arme {R L} respectively;
TR oul(t,0%) = (83— 03) (10T3 — 1574+ 6r5) ] (4) ¢ andhj are nonlinear functions (of target pose and joint
angles) concerning the position and orientation of the

a(t, B7) is the back-and-forth movement imposed to robot hand relatively to the target, respectiveliy; are
avoid collision with obstacles, which is modelled as

' 5 2 A; =50mm Ay = 70mm Az = 50mm D3 = 9.5mm ¢ =
F2(t,07) = (62— 83)sir?(rrr?). (5)  2.46deg @3 = 50deg
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nonlinear functions of the obstacles pose and arm-han@.3 Constraints specifications
angles, and is concerned with collision avoidance at the
moment of grasp, with all the obstacles in the workspace.For constraints®) and @) in Pa? we have:

Now that 8% has been found, the bounce posték (ea .02 63,)
can be selected. The aim is o select the optimal bounce **"f1’ f7’a f.9 T .
posture that minimizes the displacement of the joints=H (ef 15+, 0f7) +duo(6f o) Z$(9f717---59f,7)—xtara

from the initial to the bounce posture, subject to obstacle
avoidance and joint limits, over the entire duration of the h3(67,,...,6¢,) = %5(6f1,...,6¢7) — Zar,
movement:

where duo(6%g) = Assin(36% + @ + @) +
il D3cog 402, + @ + ¢5) + AgSin(624 + @), Xiar is the
Pp2 ; a _ pa 2 11 3 f.9 2 f.9 v Atar
° o k; (65— G5 D target PoSitionar = (S¢Sy + CsWCy. —Cgsy + SYsgey,
! a a a ma a cyey) ', o, @,y are the euler angles giving the orientation
s.t. O < 791, 65, 6}) < Oy, (12)  of the target. Therefore, we have 4 constraints7nand

h3(72(t;,0%,67) <0 13y ®.
—a . a na For the obstacle avoidance constraint®at andPb?
h,(7°(t, 0%, 6p),£(ti)) <0, (14)  problems, (i.e.9), (13), (14) we model each arm and
03, < 67 < 6, (15) hand by spheres, the torso as an elliptic cylinder and the
=0, Ty obstacles as ellipsoids.

Let nopj € No be the number of obstacles in the
where 83, and 65, are constant vectors that represent thefobot's workspace, G and ry, Ty, Tz,
lower and upper Jomt limits of each arm-haad: {R L}, @ ¥ M.l =1,...,nop; be their centers, dimensions in its
g(t}) is a function of time representing the clearance Main three axis and _orientation, = respectively.
distance, andhg, hb are nonlinear functions of the Additionally, let PR(8) = (Ri1(8),Rx(8),P%(8))
obstacles pose and of the arm-hand andigsepresents k=1,...,15, be the centers of the 15 spheres on each
collision avoidance for all the time instants in the robotic arm and hand € {R,L} whose radius arg.

movement. Finallyhy, deals with collision avoidance with The inequality constraints9) are due to obstacle
the object to be grasped. avoidance, namely, collision between:

In general, depending on the type of movement, the(1) body/torso of the robot and its arms and hands;
movement planning of each arm and hand: (2) arms and hands of the robot and the table;
(i) can involve only one of the problenf®&® or Pb?, (3) obstacles in the workspace of the robot and its arms
(i) the number of joints used in the movement planning  and hands;
can be different, (4) the left and the right arm and hand;

(iii) the obstacle avoidance constraints need to be adjuste

For instance: whose constraints functions are defined by:

a (pga 2 a (pga 2

- reach-to-graspnovements consist of o and one h?'{ —1— <Pk71(ef) XO) _ (PKZ(ef) yo) ’
Pb? problems withn = 9. ’ Ox Oy

- transporting and placingan object do not allow
movements of the fingers (since the robot is holding
the object), thus forlPb® n? = 7. In this case the

hih = rf+ Mapie— PEa(8%),

movement is composed of two sub-movements: h?g 1-(P3(6%)-C)'R AR (P3(08%) —C)),
- the first from the initial posture to some location k=1....15
behind the insertion point; o
- the second from this location to the insertion point I = 1, ->Nobj;

(this is a direct movement).
Therefore these type of movements consists of twoh?k — rER+rIIZL _ HPER( Ry — PkL(G'f)II
Pa® problemsPa for determining the pose of arm at

the insertion point, andPa3 for location behind the Ki=1,...,15

insertion point and onBb? problem. K-=1,...,15

For tasks that require sequences of movementvhere k = 1,...15 ~k = 1,...,15 x Nopj,
involving both arm-hands, e.g. k=1,...,15x 15, (Xo,Yo) is the position of the torso of

reach—grasp-regrasp-place’, an action planner gives the robot,ox andoy are its dimensionsyape is the height
the desired intermediate goals (grip types) for both handsof the table, Ajx = (diag(ry;, ry;, 1) + (rk + £))~2
The initial posture of the second arm-hand is defined byR, = R (@, {1,y ) is the matrix given the orientation of
the end posture of the first arm-hand. objectl. Therefore, in9)
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Table 2: Problems description. Table 3: Numerical results foPa? problems.
Movement Arm-hand Final Posture  Bounce Posture Pla" | P3a" | P4al | P4aS
Selection Selection N 7 7 7 7
M 92 92 81 81
1 left P1a- P1b* Obj* | 8.148 | 2.898 | 0.685 | 0.054
2 left - P2b- CPU | 0.112 | 0.165| 0.3180| 0.210
3 right P3aR P3bR
4 right P4aR+P4al P4bR
Table 4: Numerical results foPb@ problems.
P1bt | P2bt P3bR P4bR
h7(6%) = (h? 1 hfhGs, ?74)T In conclusion, for ET 290 270 190 270
problemPa?, expressions?), (8), (9), (10), give rise to a M 1806 | 1022 201 1304
total number of 15¢ (18+ ngpj) + 20 constraints. Obj* | 0.026 | 0.111 | 9x10 ™ | 003
The inequality constraintd @) are also due to obstacle cpul 20221 11041 0219 | 19297

avoidance, as explained above, but now for each instant

timet;. The vector of the functions constrainthf¥ .7 2) =
T
(h31;,h3,;,h55;,hf,;) where

2 2
kg (P@l<za>—x°> (Fﬁz(«%a) —YO>
LA T R e T

X Yy

ngﬁ,i = I+ Meaple — i3 (%),

25— 1 (P3(7%)—C)) 'R AR (P(F%) —C)),
k=1,...,15
i=1,...,Nr,
I :1,...,nobj,

R L
B4 = retre — [IPR(TR) — PR (ZY)],

KRK-=1,...,15
i=1,..., Ny,
which implies a total of 15 (18- ngpj) x Nt constraints
in (13).
Finally, for the inequality constraintd4) we have
(%)
=1- (Pﬁ(za) - Xtar)TRtTarAtar,k,i Rtar(Pﬁ(yia) - Xtar)a

where Agrki = diag((rk + Iy + €(6) 72, (rk + ryg +
)% (re + rzy + €)™, k = 1,...,15 and
i =1,...,Ny. This gives 15< Nt constraints for14).

Therefore, for solving probleriab?, expressionsi() ,
(14), (12, (15), held a total of 1Bk x (19 + ngpj)
+2ngpj x (N 4 1) constraints.

3 Results

different columns have to be plugged into specific holes
in the platform. For further details on this construction
task, and involving human-robot joint action, séf 7].

Here we focus on the sub-task in which the robot has
to transport an object laterally, from one side of the
workspace to the other, in the presence of obstacles. The
task requires the robot to pick up a target object with one
hand, transporting it to the other hand, and transporting
the object with the other hand to the target position at the
opposite side of the workspace. Specifically, we present
results on a sequence of movements that involve both
arm-hands:

Movement 1 - Reaching and Grasping a column from the
table with the left arm;

Movement 2 - Transporting the column from the left to the
right hand,;

Movement 3 - Reaching and grasping the column using
the right hand;

Movement 4 - Transporting the column and plugging it
into a specific hole in the round base.

All  optimization problems, P#a? and P#b?

(a € {RL}), were coded in AMPL modeling language
and solved using IPOPT 3.11. The numerical results were
obtained using a core i7-4770 - 3.4GHz, 8Gb de RAM,
and graphic card AMD Radeon 6570HD - 1GB DDR3. In
our implementation the value of the following constants
are:Tqg = 1 andt, = 0.5. IPOPT was run with the default
options, with the exception of the second order
derivatives information that were approximated using a
limited-memory Broyden - Fletcher - Goldfarb - Shanno
method and that we set AMPL presolve off. In practice
the equality constraints were transformed into inequality

The results concern movements involved in a constructiorconstrained considering its squared euclidean norm and
task of a toy “vehicle” from components that are initially usingd = 1073

distributed on a table (c.f. Figur&). The dual-arm robot

The numerical results are presented in TaBlasd 4,

ARO0S needs to assemble a “vehicle” consisting of awhich contain the number of variable®, the total
round base with an axle on which two wheels have to benumber of constraintdyl, the optimal objective function
attached and then fixed with a nut. Subsequently fourvalue, Obj, and the computational time in seconds, CPU.
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Fig. 1: Snapshots, in our MATLAB simulator, &RoS performing the sequence of movements 'reagfiasp-regrasp-place’.

AROS starts and ends this sequence of movementsransporting movement therefore there is no movements
with the left arm in its home position for which the joint of the joints of the fingers (See Figu®. The main

angles are challenge for this movement is that the obstacle
(137,—78,-106,-95,43,-64,1320,70,70,70)" (deg)  avoidance constraints include also the collision between
and for the right arm the home position is the column that is transported by the hand and all the

(—137,—78,106,—95,—43 —64,48,0,70,70,70) ' (deg).  surrounding obstacles.

The Pa? are small scale optimization problems. For ~ Movement3 (Snapshots (G), (H), (I) in Figugis the
Movement 1 (i.e.Pla- problem), IPOPT found an o©ne that presents the smaller risk of collision. Although it
optimal solution in less than 0.12 seconds. This solutioniS & reach to grasp movement, which involves a preshaping
allows ARoS to successfully grasp, with the left hand, the Of the fingers, itis the smallest of tié® problems. In fact,
column that is placed on the table (Snapshot (C) init |.nvoIvesasmz.aII dlstarjce to be travelled by the hand and
Figure1). In less than 0.17 seconds the solver found anit is performed in a region of the workspace of the robot
optimal solution for the final posture in Movement 3 (i.e. that presents minor risks of collisions.

P3aR problem). It corresponds to a posture that allows  Finally, for the movement of transporting and
ARO0S to grasp with the right hand the column that has Plugging the column (Movement 4, probledb®), with
been transported by the left hand (Snapshot (1) inthe right hand, the bounce posture was selected in less
Figure 1). For Movement 4, twoPaR were solved than 1.3 seconds (Snapshots (J), (K), (L), (M) in
successfully. The posture for plugging the column in theFigurel). This is also a quite challenging problem since
round base, which is the solution gﬂa§ (Snapshot (M)  the collision between the column that is transported by
in Figure 1) took 0.21 seconds, while Computing the the right hand and all the surrounding obstacles must be
posture that places the object in the location behind theavoided.

insertion point, P4af, took less than 0.32 seconds  Figure2 shows the generated 3D movements of the
(Snapshot (L) in Figuré). robotic arms and hands. The movements present several
| Characteristics observed in human motor behavior.
the solver found optimal solutions. Problé@ib" was the Namely, bellshaped and biphasic tangential hand velocity

one whose solution took more time to be found. This isProfiles. The later is a prominent characteristic in

essentially due to two reasons: it is the largestcollision avoidance behavioursld, [23], [17)).

optimization problem and Movement 1 presents the

greater risk of collision with the surrounding obstacles.

(Snapshots (A), (B), (C) in Figurd). In particular it 4 Conclusions and future work

involves the preshaping of the fingers aperture for

grasping the column without colliding with it. And also, | this paper we have presented a model for addressing

the hand must be very close to the table. the problem of planning collision free trajectories of a
For Movement 2 (i.e probler®2bl) the selection of  dual-arm anthropomorphic robot. Since a main motivation

the bounce posture took less than 1.2 seconds. This is for this work is to guarantee human-like motion, the

ThePb? are large scale optimization problems. For al
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Fig. 2. From the left to the right: hand trajectory, tangential haabbcity, joint trajectories.
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model takes into account important regularities and[3] T. Fong, I. Nourbakhsh. and K. Dautenhahn, A survey of
optimality principles observed in behavioral studies of  socially interactive robots: concepts, design and apiitiog,
human upper-limb movements. The problem was Robotics and Autonomous Systed; 143-166 (2003).
formalized as a large scale nonlinear optimization[4] S. Schaal, The new robotics: Towards human-centered
problem, which was solved using IPOPT. The model was machines, HFSP Journal 115-126 (2007).

tested as a part of the cognitive control architecture of ar{5] S. Schaal, P. Mojaherian and A. ljspeert, Dynamics syste
anthropomorphic robot in scenarios that naturally occurin ~ Vs. optimal control: A unifying view, Progress in Brain
human-robot collaboration, such as the joint construction Researcti65, 425-445 (2007).

of a toy object. The bimanual action planner sets desired] E. Bicho, W. Erlhagen, L. Louro and E. Costa e Silva, Neuro
intermediate goals for both hands, which must take into cognitive mech_anisms_ of decision making in joint actic_m: a
account the anticipated ultimate goal of what to do with Human-Robot interaction study, Human Movement Science
the object. Simulation studies have shown that this model 30, 8‘}6‘868 (2011). )

is a promising start to generate feasible and realistic hand’] E- Bicho, W. Erlhagen, L. Louro, E. Costa e Silva,
trajectories for action sequences involving the two hands. R: Silva and N. Hipolito, A dynamic field approach to goal
The computational costs involved in the planning allow  "ference, error detection and anticipatory action sadn

for real-time human-robot interaction. The robot avoids human-_robot collaborgtlop, New Frontiers in HumanRobot
collisions of its arms and hands with its own body, the lgtoe{icuon’ John Benjamins Publishing Company, 135-164
multiple objects in the scene - namely the table, thﬁ3 ( )

. . . ."[8] A. Edsinger and C.C. Kemp, Two arms are better than
objects to be grasped and the intermediate obstacles, like™ j =" opo oo ced control system for assisted bimanual

the .tOY vehicle - as the construction proceeds. A manipulation. Proceedings of International Conference of
qualitative analysis reveals that the movements of the aqyanced Robotic System, 345-355 (2007).

robot exhibit basic characteristics of human movementsjg) N vahrenkamp, D. Berenson, T. Asfour, J. Kuffner and
bell shaped and biphasic tangential hand velocity profiles " g - pjimann, Humanoid motion planning for dual-arm

- a prominent characteristic in collision avoidance  manipulation and re-grasping tasks, Proceedings of th& IEE
behaviours (3],[17], [29]). However, we are aware that International Conference on Intelligent Robots and System
further work needs to be performed in order to render the  2464-2470 (2009).

bimanual actions more naturalistic. Specifically, in fetur [10] C. Smith, Y. Karayiannidis, L. Nalpantidis, X. Grat, Qi,
work we will address tasks that require the movements of D.V. Dimarogonas and D. Kragic, Dual arm manipulation - A
the two hands to be tightly synchronized, and we will  survey, Autonomous Systers, 1340-1353, (2012).
investigate different types of cost functions associated11] F. Zacharias, C. Schlette, F. Schmidt, C. Borst, J. Rass
with various types of bimanual tasks (e.g. depending on and G. Hirzinger, Making planned paths look more
the degree of asymmetry of the role of the two hands). human-like in humanoid robot manipulation planning,
Implementing and validating the model in the real Proceedings of IEEE International Conference on Robotics
bimanual robotic system, in tasks involving collaboration ~ and Automation, 1192-1196 (2011).

with human partners, is also an important issue which[12] D. Rosenbaum, R. Meulenbroek, J. Vaugham and C. Jansen,

will also be addressed in future work. Posture-based Motion planning: Applications to grasping,
Psychological Review08, 709—-734 (2001).

[13] J. Lommertzen, E. Costa e Silva, R. Cuijpers and
R.G.J Meulenbroek, Collision-avoidance characteristts
grasping: Early signs in hand and arm kinematics,
Anticipatory Behavior in Adaptive Learning Systems post-
conference proceedings, 188-208 (2008).

[14] N. Stepp and M.T. Turvey, On strong anticipation, Cogei
Systems Researdi, 148-164 (2010).

[15] E. Costa e Silva, F. Costa, E. Bicho and W. Erlhagen,
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