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Abstract—This paper presents a humanoid two-arm system
developed as a research platform for studying dexterous two-
handed manipulation. The system is based on the modular DLR-
Lightweight-Robot-Ill and the DLR-Hand-ll. Two arms and
hands are combined with a three degrees-of-freedom movable
torso and a visual system to form acompletehumanoid upper
body. In this paper we present the design considerations and
give an overview of the different sub-systems. Then, we describe
the requirements on the software architecture. Moreover, the
applied control methods for two-armed manipulation and the
vision algorithms used for scene analysis are discussed.

|. INTRODUCTION

The development of humanoid robotic platforms has al-
ways gained great attention. In recent years the advances
in mechatronics and robotics have enabled the development
of a large number of humanoid robots [1], [2], [3]., [4], Fig. 1. System overview.

[5]- This also has lead to a rapid growth of the humanoid

research community. The popularity of humanoids may mainly

be due to their attraction to the public and the speculatiofgntrol methods for two arms and hands as well as perceptual
about the moment they reach human performance. But fré@pabilities have to be developed and veri ed.

a robotics (engineering) point of view they also have greatBased on our experience in developing lightweight robotic
attraction as a challenging and intuitively coherent testbedms [8] and dexterous hands [9] we have designed a two
for robotics and mechatronics research. Humanoids do rstn/hand system with a movable torso as a research platform
only drive the development of special elds like the desigto contribute to the manipulation skills of humanoid robots.
of highly integrated miniaturized mechatronic components &s we are well aware of the system complexity we have
the development of robust control methods. They also requirencentrated on the upper body and mounted the system
an integrated design and development process to handle ahea table at rst. To allow for the veri cation of different
system complexity. Therefore, human performance servesragnipulation and control strategies the system architecture
an intuitive and principled reference for specialists on differefg kept as exible as possible. The total of 43 degrees-of-
elds. freedom (DoF) of the system can be controlled either within

So far, attention has mainly been directed towards tie@e special manipulation controller in a 1 kHz control loop
locomotion of humanoid platforms. Therefore, systems that with separated controllers for the arms, the hands, and the
can dynamically walk, lie down and stand up again are nd@rso.
available [2], [4], [5]. In contrast, the manipulation skills of The paper is organized as follows. In Sec. Il the design
these systems are usually relatively poor. Most have ordgnsiderations for our humanoid platform are summarized.
simple and light gripping devices. Often the allowed payloathe mechanical design is discussed in Sec. Ill. The software
for the arms is quite small. To tackle human performancructure is described in Sec. IV. An overview of the control
in tool usage and manipulation, strong but small arms amngethods for object manipulation with two arms is offered in
exible gripping devices like dexterous hands seem necess@gc. V. Section VI brie y touches upon the vision algorithms
[6], [7] on the hardware side. On the software side robussed for scene analysis. A summary is given in Sec. VII.



Il. DESIGN CONSIDERATIONS the system is prepared to be integrated with a mobile platform,
it is worth noting that the backwargkatedposition allows for

a lower center of gravity. This is useful to prevent tipping over
in curves despite the overall weight of approximately 45 kg.
8unted on a 60 cm table or platform the torso reaches a

The concept of our humanoid manipulator "Justiig’ based
on the modular 7-DoF DLR-Lightweight-Robot-1ll (DLR-
LWR-III) [8] and the four- ngered DLR-Hand-II [9]. It is
designed as a versatile platform for research on two-hanol:éI . .
manipulation and service robotics in standard human envirqhu_man—llkeshoulder helght of up to_150 cm. Therefore, thq
ments. anqls can reach a vertlc?al range similar to a human despite

For the mechanical design the following requirements ha\l/eécklng the leveling function of human legs.

Table | gives an overview of the 43 actuated DoF. In the

been taken into account: The system should be able to re . . : .
) 4 ~fallowing, the mechanical design of the different sub-systems
objects on the oor as well as objects on a shelf up to a height . . .

1S discussed in more detail.

of about 2 m. It should have an anthropomorphic kinematic

con guration for research on bi-manual grasping. Since in TABLE |
future versions the system may also operate on a mobile SYSTEM OVERVIEW
platform, it has to be slim enough to pass standard doorways of

about 90 cm width. The integration of link-side torque sensors Sub-system DoF
in the joints has already proved very useful for the arm and Torso 3
the hand, and therefore should be maintained throughout the e 2
system. Finally, a sensor head mounted on a 2-DoF pan-tilt- Head & Neck | 2
unit should be included in order to allow for scene analysis 43

based on stereo vision and perhaps other range sensors [10].

In particular, the modular concepts of the DLR-LWR-III
and the DLR-Hand-Il are exploited by building the system I1l. M ECHANICAL DESIGN
symmetrically with a right-handed and a left-handed sul}&_ Arms and Hands

system. Figure 2 shows a visualization of the system in four . . )
The DLR-LWR-IIl is a 7-DoF service manipulator arm

which has integrated torque sensors in each of its joints [8].
These sensors allow for the implementation of highly sensitive
torque and impedance controllers which take account of the
joint exibility. When moving with maximum velocity the arm
can carry a load of up to 7 kg, while for slow motion a payload
of up to 15 kg is admissible. The overall weight of the arm
itself is about 14 kg. The rst four joints are in roll-pitch-
roll-pitch con guration with kinematics and ranges similar to
the human arm. The wrist is in roll-pitch-pitch con guration.
The arms are mounted on the torso in a 60 degrees tilted
con guration, see Fig. 1, allowing for an operation of the arms
far from joint limits and singular con gurations. Notice that
this also allows to move the elbows under the shoulders (see
the seatedcon guration in Fig. 2) and the arms may work in
front as well as in the backside of the torso.

As dexterous hands the four- ngered DLR-Hand-1l is used
in a right-handed and a left-handed con guration. The DLR-
Hand-Il is equipped with joint torque sensors and a 6-DoF
force/torque sensor in each of the nger tips. Each hand
has 3 DoF per nger and a recon gurable palm offering
con gurations for power grasp and precision grasp. Further

details on the hand can be found in [9].
Fig. 2.  Different con gurations: manipulation on the table, grasping of
objects on the oor, grasping of elevated objects, anseatedcon guration B, Torso
for transport.

The torso consists of four moving axes, three of which are

different con gurations. Besides two-handed manipulation Ozl-)lctuated. A_rst actuated roll axis is followed by two actuated

the table, the movable torso also enables the system to reBEﬁh axes. These three joints de ne the posture of the torso.

objects on the oor and to grasp highly elevated objects. A§|milar to the technology of the DLR-LWR-III these joints are
equipped with Harmonic Drive gears and strain-gauge based

LThe system was named "Justin’ because it was nishesd in timefor 0INt torque sensors. Each of the actuated joints is controlled
the Automaticafair 2006 in Munich. by a local signal processor allowing for the implementation



Fig. 3. Assembly of the third torso joint. Theassive position couplingn
the left-hand side indicates the cable actuation of the passive fourth joint.

Fig. 5.  Workspace of the torso.

area of 30 cm behind to 60 cm ahead of the rst rotation
axis and of 21 cm below to 60 cm above the rst pitch joint.

A sectional view of the resulting reachable workspace of the
torso is shown in Fig. 5.

C. Head

The head consists of an articulated visual system, which
allows for scene analysis, tracking of objects, and world
model generation. Due to the versatility of environments
Justin might encounter, a multisensory approach for the vision
system was chosen. Laser-sensing provides high accuracy in
the short to mid range, whereas stereo triangulation is more

Fig. 4. Sketch of the cable actuation of the fourth torso joint. suitable for large distance measurements. Texture acquisition
enhances realistic world modeling, useful for all kinds of
) o - o service robotics applications. Generally speaking, data fusion
of fast inner joint position and joint torque control 100p%y range and object information with this variety contributes
with 3 kHz sampling rate. A serial digital bus connects the%mplex environment perception for path planning, navigation,
signal processors to a central computing unit which receivgggel generation, and object recognition.
all measurements of the system at a sampling rate of 1 kHzrnese considerations supported the use of a multisensory
(see also Section IV). As an example the assembly of the thigdaq, called3D-Modeller, as vision system. In early work
joint is shown in Fig. 3. [10], the 3D-Modeller was used for hand-guided applications.
The tilt of the chest is xed via a fourth pitch joint. This A yedesigned 3d-Modeller, now connectable to a robot system,
joint is coupled to the base via tendons, such that the tlfjited the system for use with Justin. It integratéssar-range
resulting from the preceding two joints is compensated. Figuiganney a laser-stripe pro ler, and astereo camera sensor
4 shows a sketch of the tendon actuation. Any torque aroupflernal electronics allow for sensor synchronization. Local
the rotation axis of the fourth joint is transmitted to the ba%ﬁ)mputational power (embeddedPC running Linux) enables
due to this construction, and not to the preceding joints. Thige-processing as well as parameter adjustment for the sensors.
allows to use smaller gears as well as torque sensors Wilita s transfered via FireWire, which also supplies power to

higher resolution for the actuated joints. _ the 3D-Modeller. The design considerations led to the sensor
The rst joint ranges from -140 to +200 degrees enab“nﬁarticularities described in Table IL.

the robot to reach also objects at the back side. The second

joint ranges from zero (straight upright) to90 degrees. The IV. SOFTWARE ARCHITECTURE

joint limits of the third joint stem from the tendon actuation The software architecture of Justin is based on the 'agile
and depend also on the second joint. This joint may move Robot Development' (aRD) concept [11] we have developed
the range[max(0; );135], whereq, is the second joint at our institute. The aRD concept is a exible, pragmatic
angle. The fourth joint, as mentioned, is passively coupled &amd distributed software concept designed to support the
the rst. Together both active pitch joints allow an operatinglevelopment of complex mechatronic and robotic systems. It



TABLE Il

, The realtime part communicates over switched gigabit eth-
TECHNICAL DATA OF THE 3D-MODELLER'S SENSOR COMPONENTS

ernet and point-to-point gigabit connection with non-realtime
blocks. Those blocks implement user interaction (e.g. 3D-
viewer, GUI) and higher level intelligence (e.g. vision system,

Laser-range

Sensor
scanner

Dual Laser Stereo Camera
Stripe Pro ler Sensor

Principle triangulation image processing | stereo vision path plannlng) and run dlstrlbuted on a net Of PCS
and triangulation HY it- ile-
e 30050500 T Additional hosts run toels_for development (edit cemplle
Resolution[mm ] 01 25 | 03 25 250 debug) and tools for monitoring and pro ling of the different
Base distancgmm ] || 20 103 e parts of the system during runtime.
Field of view 270 ° 58 °(f=6mm) 58 °x 44 ° . .
a0°(=12mm) | 30°x22° The system can also be used as a simulator when simply

replacing the real robot components by blocks simulating
the robot dynamics. As the other parts of the system are

. : nchanged and the simulation of the robot dynamics can also
gives easy access to scalable computing performance ang IS

; . e run on the realtime target, because of easy scalability
based on the abstract view of a robotic system as a decenfral . .

, . ;7 - of computation performance, the simulator can resemble the
net of calculation blocks and communication links'.

behavior and timing of the real system very accurately (only

A. Software Design depending on the quality of the model of the robot dynamics).

Justin consists of a number of complex robot componenfs: /mplementation
The complexity of a single robotic component stems from the The current implementation of the aRD concept of a de-
high number of DoF and sensors and the necessity of sophisgntral net of calculation blocks and communication links
cated control algorithms requiring considerable computationzdnsists of aRDnet, a simple software suite developed at our
power. In the overall system the complexity naturally arisésstitute and a toolchain based on Matlab/Simulink/RTa2]
through the delicate and tight interaction of its sub-systenand RTLab [13]. As operating systems (OS) we use QNX
This makes scalable computational resources an esserftiabitrino [14], a POSIX-compliant microkernel realtime OS,
requirement, both for the non-realtime and hard realtime parist the realtime target, Linux for the non realtime computers,
Fortunately, the currently available computing power dgind Windows XP for the development hosts.
commodity systems together with their fast communication Matlab/Simulink is the quasi-standard tool for simulation
links and high-speed buses connecting the robot componeditgobot dynamics and controller design. A Simulink model
allows for a completely new solution for the system archiesembles the functional view on a system as being a net
tecture of a robot system. It offers the possibility to realizef communicating blocks. With RTW it is possible to auto-
the above mentionedecentral netof calculation blocks and matically generate from such a model executables running
communication links, resembling the view of componengn a realtime target. Via RTLab even the semi-automatic
based software engineering. parallelization of the model to run on multi CPU or even
This component-based approach is particularly well suitedistributed computing resources is feasible.
since complex robot systems are usually developed by team&esides blocks that are part of the Simulink model and
of researchers. Additionally the team is heterogenous witfiplement mainly controller-related functionality important
experts from various elds each demanding their speci ®arts of the net are made of standalone blocks. A standalone
standard tools. Therefore, an appropriate software concgBick is an individual process running an arbitrary appli-
should support a simple and easy way of integrating such togtgtion which sends and receives data packets. The aRDnet
Moreover, for building a complex system it is highly advansuite supports and standardizes the communication between
tageous that the software concept supports rapid prototypind#ecks and consists of three parts. Firstly, a library for easy
allow an iterative development process. Availability of moderfinplementation of block input and output ports. Secondly,
graphical development tools provides additional means #feardnet executable for allowing communication between

simplifying software handling and structuring. blocks running on different computers (currently using UDP
sockets). Finally, a template for a Simulink stub block that
B. Software Overview allows to easily represent any standalone block in the Simulink

del and so seamlessly integrates the two parts of the net of
cks.

While the system architecture is decentral it is still necessary
have a central description of the overall con guration and

The robot components of Justin (arms, hands, torso, ...) e%ﬂ
have a separate fast serial digital bus with a bandwieth 0
4Mbit/s, which allows to read sensor values and write actuator

commands with a rate of 1kHz. The robot components a hani f | W hi both Do b
connected to a realtime target running the controller blocks &tnechanism for central startup. \We achieve both points by

a rate of 1kHz for all 43 DoF beside other realtime blocks, likeSN9 & hierarchy of shell scripts, similar to the startup process
' n\ Unix systems. By adding remote login tools likeh and

the inverse kinematics or the collision detection. The realti %h the whole distributed i be started f inal
target is currently a PC with Dual-Pentium 4,3 GHz, but carr € whole distributed system can be started from a single

be easily scaled up to a cluster of PCs as more computatfb%sc’le'
performance is needed. 2RTW ... Real-Time Workshop



D. Preliminary tests control input corresponding to the desired torque from an outer

The aRD concept already proved successful in the prelinfop impedance control law. In [19], [20] a detailed anafysis
nary experiments reported in Section V-D. It could exibly t Of this type of impedance controllers is given.
all computational needs, especially in the hard realtime part,
brought up by the researchers. In addition, it allowed for an ef-
cient and 'agile’ development ow of the heterogenous team
of experts, in the spirit of the 'Agile Software Development'
methodology [15], [16].

V. CONTROL

Since Justin is based on DLR’s lightweight arms and hands,

the control methods developed for these systems can serve as &ig- 6. Impedance controller structure for the arms and the torso.

basis. The following description focuses on the control of the

arms and the torso, while the hands are treated as passive endhe purpose of the inner torque feedback loop is twofold.

effectors. In the experiments reported in Sec. V-D the han@# the one hand, the torque feedback causes a decrease of

were controlled by joint impedance controllers. Concernirije effective motor inertia for forces acting on the link side

manipulation tasks the following two questions arise: [19]. Thereby it enhances the vibration damping effects of
How to cope with the joint elasticity due to tiarmonic an additional outer control loop. On the other hand it also
Drive gears of the arms and of the torso joints? diminishes the effects of motor side friction since the joint

What is an useful/appropriate impedance behavior forl@rque sensors are placed on the link side. .
two-arm manipulator system? In the next section an outer loop compliance behavior for

The rst question, how to cope with the joint elasticity, wadn€ link side positionsy will be designed by constructing a
treated in detail in our previous works on position-, torqueSUitable potential functiorv(q) which can be used together

and impedance control of exible joint robots, see [17] anWith an appropriate positive de nite damping matrix(q).

the references therein. These concepts form the basis forthe following it is shown how this link side compliance

the impedance controllers in Sec. V-B which are design&@" be combined with the underlying torque controller under
especially for a two-arm manipulator system. consideration of the joint exibility. Therefore, guasi-static
approximationq( ) of q is computed which is a function of

A. Treatment of the joint elasticity the motor side position only. According to [21] this function
The Harmonic Drivegears of then joints of the arms and g( ) can be chosen as the solution of

the torso present the main amount of elasticity. Accordingly, @\(q)

the reduced exible joint robot model from [18] is considered = K( q) = 9(q) W 4

for the controller design

for g. This equation ensures that statically the gravity com-
M (a)g+ C(q;a)a+ g(a)

K( D+ eai (1) pensation as well as the desired compliance relationship is

B*+K( @ = nm: (2) fullled. Based onq( ) the input 4 for the underlying torque
Herein, 2 R" andq 2 R" are the motor angles and linkcontroller is given by
angles, respectively. The difference between the motor and the @\q)
link angles correspond via the diagonal joint stiffness matrix ¢ = 9(a()) D (a()) - @ geq) ®)

K 2 R" " to the joint torques = K (  q). The matrix _ - o
B 2 R" " is a diagonal matrix consisting of the motor inertid/lore details on how to solve (4) and the stability and passivity
values. The componentd (q) 2 R" ", C(q;q)qg, andg(q) Properties of this controller design can be found in [21].

of the link side rigid body dynamics (1) represent the inertig Cartesian compliance control

matrix, the Coriolis and centrifugal terms, and the gravity ] ) o
terms. Finally, m 2 R" is the vector of motor torques which " impedance control of single manipulators the desired im-

is the control input and e« 2 R" is a vector of external Pedance is often chosen as a mass-spring-damper like system.
torques which are exerted on the robot by the environment0m & practical point of view it is often suf cient to realize
For the design of the controllers in [19], [20], [21] & desired stiffness an_d damplng Whlle the apparent inertia
passivity based approach was followed which endows the cdf-n0t changed resulting in aompliance control problem
troller with advantageous robustness properties. The controff@ Justin, a behavior is desired in which the two arms are
basically consists of two cascaded loops (see Fig. 6). In gantrolled in a coordinated way rather than individually. A
inner loop a torque feedback controller of the form typical application for which such a coordinated controller is

useful is the grasping of a large box.
m= da K ( ) Ks_
. " . . . 3Therein a physical interpretation of the torque feedback was given in the
n n
with p_osmve de n'te_ gain matriceX 2 _R _and Ks _2 sense that it scales the effective motor inertia fiBmto (I + K ) 1B.
R" " is used. Herein, the vectory 2 R" is an intermediate This interpretation of torque feedback can be seized for the stability analysis.



A well known approach in the robotics literature for comatrices of the frames w.r.t. a static base frathg 2 SE(3).
ordinated control of multiple robots, which also motivate@he vectorg, 2 R® andpg, 2 R® are expressed iH s and
our chosen control strategy, is the so-called IPC (Intringdoint from the origin ofH s to the origins ofH s; andH g,
cally Passive Controller) proposed by Stramigioli [22]. Thisespectively. Concerning the orientation of the end-effectors, a
controller was developed for the control of multi- ngeredquaternion representation is used (see [23]). The vector part of
articulated hands and has an intuitive physical interpretatitite unit quaternion representation frdRy, = RlaRsb shall
as it consists of several spatial springs which connect the e@- denoted by 4, (R ap)-
effectors (i.e. nger tips) of a robotic hand with a virtual The elastic part of the spring is implemented indirectly via
object. The controller structure for two-arm manipulation witla potential functionVap(H sa; H sp) Which is composed of a
Justin was designed similarly. Spatial stiffness componertanslational part and a rotational part in the form

(and their respective potential functions) were used as building 1 T
blocks in the controller design. Vao(HsaiHsp) = 5(Psa Psp) K i(Psa  Psp) *
Firstly, we use two spatial springk, and K; for the 2 T(Rap)K 1 ab(Rab)

right and the left arm, which connect the end-effectors to s 3 s 3 _
the virtual equilibrium frame# 4 andH 4. If the springs HereinK ¢ 2 R® = andK 2 R® * are the symmetric and
are implemented as complete 6D-springs (i.e. with full rarfRositive de nite translational and rotational stiffness matrices.
(6 6)-stiffness matrices), then the complete Cartesian motionBased on the above de nition of the individual potential
springs. Secondly, it is useful if some part of the compliand&havior can be summarized as

behavior is instead de ned via an additional goupling SPHNG (H ¢q:q) = Var(H raiH & (@) + Var(H 1 H s () +

K¢ between the arms. As an example one might think of an Vi (H o (@):H o (Q) :

impedance behavior in which only the rotational stiffness is i {Fsr Q) Hsild)
implemented by the sprind$, andK; while the translational and can subsequently be incorporated in (4) and (5). More
stiffness is implemented via the coupling sprikg. Clearly, details on spatial springs can be found, e.g., in [23].

in such a con guration (as shown in Fig. 7) both the re%

. R . First experiments
lengths as well as the stiffness values of the individual springs . )
and the coupling spring should be chosen ircampatible The compliance control strategy presented above was im-

way such that the springs do not interfere with each oth&emented using the control architecture described in Section
With this controller structure one can thus implement differefi @nd used for manipulation of large objects, see Fig. 8. As a
behaviors, ranging from an independent control of the arffSt case the grasping and manipulating of a simple cylindrical
via K, andK, to a pure coupling based dfic by choosing trash bin was chosen. In the experiments the coupling spring

suitable stiffness matrixes of the individual spatial springs. K¢ implemented a translational stiffness acting only in a
horizontal plane. The springs§, and K, on the other hand

implemented a translational stiffness according to the vertical
movement of the arms, as well as an orientation stiffness.

Fig. 7. Two-arm compliance behavior.

As described above, the controller structure basically con-
sists of three spatial springs which connect desiredframes
Hrg and H 4, the end-effector frame of the right arm rig. 8. Moving a trash bin by using the Cartesian compliance controller.
H s (g), and the end-effector frame of the left afdrhg (q)
by pairs. In the following section an example implementation For the hands simple joint impedance controllers were used.
for these springs is discussed shortly. That way thegraspingwas performed basically by the arms.
In future experiments with Justin the impedance controllers
for the arms will be augmented by force controllers for the
Consider a spatial spring between two general frameggers in order to keep a prede ned grasping force. Also more
H sa = [Rsa;Psal 2 SE(3) andH s, = [Rsh; Pgp] 2 SE(3), sophisticated control strategies like ahject impedancé§24]
whereRg; 2 SO(3) andRg, 2 SO(3) denote the rotation of a combined arm-hand system will be evaluated.

C. Realization of the spatial springs



Further improvements include a segment lter, which re-
moves disparity patches below a certain size, because they
usually represent matching errors. This is justi ed by consid-
ering that stereo correlation cannot detect objects smaller than
the size of the correlation window. Thus, all small patches
must be caused by errors. Finally, a segment-based interpo-
lation method has been added [29]. It performs a bilinear
interpolation of invalid disparity areas, if they are inside a
segment. Otherwise, the background (i.e. the low disparity
area) is propagated through the gap. This procedure ensures
smooth interpolation of objects, while maintaining sharp object
borders.

Fig. 9. The DLR four- nger hand, unscrewing the cap from a bottle.

B. Scene analysis

From the stereo data, a set of objects taken from the

everyday human environment, including bottles, glasses, and

Fig. 10. Single and multiple correlation window con guration. cups, is recognized by the vision system. The object poses are
estimated to enable manipulation. Since we aim at analyzing

scenes composed of an unknown number of objects, some

Finally, it should also be mentioned that in these preliminagf which may be unknown, robust estimation techniques are

two-armed manipulation experiments the initial position glequired?

the trash bin was considered to be known. Clearly, in a realPose estimation is based upon robust non-parametric loca-
application this knowledge about the scene must be establistief statistics in parameter space. To this end, a sample of pose
by some sensory information, notably by vision as describ@arameters is obtained from a random data sample as follows.

below. From each sampled data-point trigié;; d»;ds] 2 R® 3, a
rotation R and a translatiof are derived as a least-squares
VI. THE VISUAL SYSTEM estimate,
The robot system is equipped with a vision system. Scene 3@
data are acquired through a head-mounted pair of calibrated [R:f]=arg min jiRm;+t dij2; (6
cameras. Their images are used for stereo processing and, [RitI2SEE) .,

based on the stereo data, subsequent scene analysis. The goal L o R3 3 | t model
is to estimate a semantic world model that is accurate eno He;et[r'n Il m Z'dm.?’] g LS a trr:earEy clpggruen mo eA-
to enable ne manipulation of objects. We have previousl ot tripie andj) Jj denotes the Euclidean norm. An

demonstrated this type of sensory-motor capability with t cient solution to (6) is described _in [30]. Thg obtained pose
Robutler system [25], [26] for a maximum of 3 DoFs (plana ypothese$R ; £] are then mapped into a consistent parameter

translation and single-axis rotation) of object con gurationsTP2Se" In consistent parameters, the invariant Haar measure of

see Fig. 9. Here we sketch a system that scales to the fulhg Euclidean grouy_SE(_Ci) is uniform, such that there is no
DoFs of arbitrary rigid objects. ias of pose clustering incurred from the group topology [31].

Pose clusters are de ned as the modes of the underlying
A. Stereo processing parameter density. They are estimated from the parameter

The Multiple Window, Multiple Filter (MWMF) stereo S2MPIefpsipaiiiiipng R® through an adaptive mean-
algorithm [27] is used to obtain range-data points fromascer"f‘@.'ft procedkure [§2]. More Speci cally_, a sequence of pose
The MWMF algorithm has been developed to reduce trpéarameterp. 2 R%,k=1;2:::,is obtained through iterative
blurring of object borders, which is an inherent problem of alfcal averaging P

Nk
correlation-based stereo methods. The problem is tackled by a pk = 4?*151 @)
con guration of ve partly overlapping correlation windows; i=z1 Wi

see Fig. 10. The correlation score for each window is calcith the weights
lated by the Sum of Absolute Differences (SAD) of intensities.

The correlation score for the ve-window con guration is the WE = U jiP o (p Pi)ii=rrot (8)
sum of the scores for the central window and the two best U jiPwans (P 1 P)ii=rirans

outer windows. This con guration adapts well to sharp object

borders and is also stable, because the small central windd®€P rot andP vans are the projectors on the rotational and
is always used. translational parameter subspaces, respectivelyudaad unit

Additionally, a combination of Iters handle general match- , ) - i
. Th thod has been evaluated and recommen gEobust in the statistical sense means that each object model can be
Ing error;. e me ) |q hed to a consistent part of the data while being largely unaffected by
for real-time stereo processing [28]. the rest of the data.

k 1



step function,

The radiir,t > 0 andryans > O of rotational and trans-

(8]

1 if x< 1,
0 else.

u(x) = 9)

[9

lational extension, respectively, of the averaging procedure

are adapted to the local parameter density: a higher den$ij

affords smaller radii. The iteration converges to an estimate of

the position of a local density maximum. By starting wjth
close to the dominant mode, as judged from a previous coarse
density estimate, the sought pose estimate is thus obtained.

(11]

Further modes may be explored in an analogous fashion g

identify additional object instances.

[13]
[14]

VII. SUMMARY (15]

In this paper we presented a humanoid platform for researéfl
on two-handed manipulation. The system is based on the D
Lightweight-Robot-1ll and the DLR-Hand-II. A right-handed

and a left-handed arm/hand sub-system are combined with a

movable 3 DoF torso and a sensory head to form a complé g

upper body.

(19]

For the construction of the torso the technology of the DLR

arms has been adopted. In particular, the system is equipped

with Harmonic Drivegears and link-side joint torque sensor{o0]
in the arms, the hands, and in the torso.

The complexity of the computation and communication
required to control a humanoid manipulator is managed I®1]

a scalable and exible software architecture. The identity a
pose of objects to manipulate are provided by visual sce

&y
[S)

analysis base on range data.

The complete system was presented at the tradeAfatio-

(23]

maticain May 2006 by using a two-arm Cartesian compliance

controller for manipulation of large objects.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

[24]

REFERENCES

K. Hirai, M. Hirose, Y. Haikawa, and T. Takenaka, “The development of25]
honda humanoid robot,” ilEEE International Conference on Robotics
and Automation1998, pp. 1321-1326.

Y. Sakagami, R. Watanabe, C. Aoyama, S. Matsunaga, N. Higaki, akefl
K. Fujimura, “The intelligent ASIMO: System overview and integra-
tion,” in IEEE/RSJ International Conference on Intelligent Robots and
Systems2002, pp. 2478—-2483.

T. Morita, H. lwata, and S. Sugano, “Development of human symbioti@n
robot: WENDY,” in IEEE International Conference on Robotics and
Automation 1999, pp. 3183-3188.

K. Kaneko, F. Kanehiro, S. Kajita, K. Yokoyama, K. Akachi, [28]
T. Kawasaki, S. Ota, and T. Isozumi, “Design of prototype humanoid
robotics platform for hrp,” inlEEE/RSJ International Conference on
Intelligent Robots and Systen002, pp. 2431-2436. [29]
J.-Y. Kim, I.-W. Park, J. Lee, M.-S. Kim, B.-K. Cho, and J.-H. Oh,
“System design and dynamic walking of humanoid robot KHR-2,” in
IEEE International Conference on Robotics and AutomatR0e05, pp. (30]
1443-1448.

M. A. Diftler, R. O. Ambrose, S. M. Goza, K. Tyree, and E. Huber,[31]
“Robonaut Mobile Autonomy: Initial Experiments,” itEEE Interna-
tional Conference on Robotics and AutomatiBarcelona, Spain, April (32]
2005, pp. 1437 — 1442.

R. Brooks, C. Breazeal, M. Marjanovic, B. Scassellati, and
M. Williamson, “The Cog Project: Building a Humanoid Robot,” in
Computation for Metaphors, Analogy and Agerstsr. Springer Lecture
Notes in Arti cial Intelligence, C. Nehaniv, Ed. Springer Verlag, 1998,
vol. 1562.

G. Hirzinger, N. Sporer, A. Albu-Sciffer, M. Hahnle, R. Krenn,

A. Pascucci, and M. Sched|, “DLR's torque-controlled light weight
robot 1l - are we reaching the technological limits now?.” lBEE
International Conference on Robotics and Automat®®02, pp. 1710—
1716.

J. Butterfal3, M. Grebenstein, H. Liu, and G. Hirzinger, “DLR-Hand
II: Next generation of a dextrous robot hand,” lBEE International
Conference on Robotics and Automati@d01.

M. Suppa and G. Hirzinger, “A novel system approach to multisensory
data acquisition,” inThe 8th Conference on Intelligent Autonomous
Systems IAS;&004.

B. Bauml and G. Hirzinger, “Agile Robot Development (aRD): A Prag-
matic Approach to Robotic Software,” ifroc. IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), 2808 pted
for publication.

The MathWorks. [Online]. Available: http://www.mathworks.com/
OpalRT. [Online]. Available: http://www.opal-rt.com/

QNX Software Systems. [Online]. Available: http://www.qnx.com/
(2001) The Manifesto for Agile Software Development. [Online].
Available: http://agilemanifesto.org/

A. Cockburn,Agile Software Development Reading, MA: Addison-
Wesley, 2001.

A. Albu-Schaffer, Ch. Ott, and G. Hirzinger, “A uni ed passivity based
control framework for position, torque and impedance control of exible
joint robots,” in International Symposium on Robotics Reseag05.

M. Spong, “Modeling and control of elastic joint robot$£EE Journal

of Robotics and Automatiowol. 3, pp. 291-300, 1987.

Ch. Ott, A. Albu-Scfaffer, A. Kugi, S. Stramigioli, and G. Hirzinger,
“A passivity based cartesian impedance controller - part I: Torque
feedback and gravity compensation,”llBEE International Conference
on Robotics and Automatipi2004, pp. 2659-2665.

A. Albu-Schaffer, Ch. Ott, and G. Hirzinger, “A passivity based cartesian
impedance controller - part 1l: Full state feedback, impedance design
and experiments,” iHEEE International Conference on Robotics and
Automation 2004, pp. 2666—2672.

——, “Passivity based cartesian impedance control for exible joint
manipulators,” inFAC Symposium on Nonlinear Control Syste@304.

S. Stramigioli, Modeling and IPC Control of Interactive Mechanical
Systems: A Coordinate-free Approasker. Lecture Notes in Control and
Information Sciences. Springer-Verlag, 2001, vol. 266.

F. Caccavale, C. Natale, B. Siciliano, and L. Villani, “Six-dof impedance
control based on angle/axis representatiolEEE Transactions on
Robotics and Automatiorvol. 15, no. 2, pp. 289-299, 1999.

T. Wimbbck, Ch. Ott, and G. Hirzinger, “Passivity-based object-level
impedance control for a multi ngered hand,” irroc. IEEE/RSJ Inter-
national Conference on Intelligent Robots and Systems (IROS), 2006
accepted for publication.

U. Hillenbrand, Ch. Ott, B. Brunner, C. Borst, and G. Hirzinger,
“Towards service robots for the human environment: the robutler,” in
Mechatronics and Robotics (MECHRQB)004, pp. 1497-1502.

Ch. Oftt, Ch. Borst, U. Hillenbrand, B. Brunner, B.aBml, and

G. Hirzinger, “The robutler: Towards service robots for the human
environment,” Video, IEEE International Conference on Robotics and
Automation Video Proceedings, 2005.

H. Hirschmller, P. R. Innocent, and J. Garibaldi, “Real-time correlation-
based stereo vision with reduced border errohst&rnational Journal

of Computer Visionvol. 47, no. 1-3, pp. 229-246, 2002.

D. Scharstein and R. Szeliski, “A taxonomy and evaluation of dense
two-frame stereo correspondence algorithniisternational Journal of
Computer Visionvol. 47, no. 1-3, pp. 7-42, 2002.

H. Hirschmilller, “Stereo vision based mapping and immediate virtual
walkthroughs,” Ph.D. dissertation, De Montfort University, Leicester,
UK, June 2003.

B. K. P. Horn, “Closed-form solution of absolute orientation using unit
quaternions,’J. Opt. Soc. Am. Avol. 4, pp. 629-642, 1987.

U. Hillenbrand, “Consistent parameter clustering: De nition and analy-
sis,” submitted to Pattern Recognition Letters.

D. Comaniciu and P. Meer, “Mean shift: a robust approach toward
feature space analysisEEE Trans. Pattern Anal. Mach. Intelvol. 24,

pp. 603-619, 2002.



