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Building  Humanoidsg

Building Humanoids = Building Human‐Centered TechnologiesBuilding Humanoids   Building Human Centered Technologies

Assistants/companions for people in different ages, situations,Assistants/companions for people in different ages, situations, 
activities and environments in order to improve the quality of life

Key technologies for future robotic systems 

Experimental platforms to study theories from other disciplines 

KIT ‐ Institute for Anthropomatics 
Humanoids and Intelligence Systems Laboratory

7



Ultimate goalsg

24/7 integrated complete humanoid robot systems able to act 
and interact in human‐centered environments and to perform aand interact in human centered environments and to perform a 
variety of tasks 

Robots with rich sensorimotor capabilities as an indispensible 
requirement to implement cognitive capabilities in technical 
systemssystems 

Reproducible complete humanoid systems in terms ofReproducible complete humanoid systems  in terms of 
mechanical design, mechantronics,  hardware and software 
architecture

Autonomous humanoid systems 
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Humanoid Robots @ KIT

ARMAR‐IIIa, 2006ARMAR‐II, 2002ARMAR, 2000 ARMAR‐IIIb, 2008

Collaborative Research Center 588: Humanoid Robots ‐ Learning and 
Cooperating Multimodal Robots (SFB 588)  

Funded by the German Research Foundation (DFG: Deutsche y (
Forschungsgemeinschaft )
2001 – 2012
http://www.sfb588.uni‐karlsruhe.de/
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ARMAR-IIIa and ARMAR-IIIb

7 DOF head with foveated vision
− 2 cameras in each eye

6 microphones− 6 microphones 

7‐DOF arms
− Position, velocity and torque

sensors
− 6D FT‐Sensors
− Sensitive Skin

8‐DOF Hands
− Pneumatic actuatorsPneumatic actuators
− Weight 250g
− Holding force 2,5 kg 

3 DOF torso 
− 2 Embedded PCs
− 10 DSP/FPGA Units

Holonomic mobile 
platformplatform
− 3 laser scanner
− 3 Embedded PCs
− 2 Batteries Fully integrated autonomous humanoid system

KIT ‐ Institute for Anthropomatics 
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Fig. 1. The humanoid robot ARMAR-III with an active head with foveated vision, two arms and two five-fingered hands and a holonomic mobile platform.

Table 1
Specification of ARMAR-III

Weight 135 kg (incl. 60 kg battery)

Height 175 cm

Speed 1 m/s

DOF Eyes 3 Common tilt and independent pan

Neck 4 Lower Pitch, Roll, Yaw, upper Pitch

Arms 2 × 7 3 DOF in each shoulder, 2 DOF in each elbow, and 2 in each wrist

Hands 2 × 8 Five-fingered hands with 2 DOF in each Thumb, 2 DOF in each Index and Middle, and 1 DOF in each Ring and Pinkie.

Toros 3 Pitch, Roll, Yaw

Platform 3 3 wheels arranged in angles of 120◦

Actuator DC motors + Harmonic Drives in the arms, neck, eyes, torso and platform. Fluidic actuators in the hand.

Sensors Eyes 2 Point Grey (www.ptgrey.com) Dragonfly cameras in each eye, six microphones and a 6D inertial sensor (http://www.xsens.com).

Arms Motor encoders, axis sensors in each joint, torque sensors in the first five joints and 6D force–torque sensor
(http://www.ati-ia.com) in the wrist.

Platform Motor encoders and 3 Laser-range finders (http://www.hokuyo-aut.jp).

Power supply Switchable 24 V Battery and 220 V external power supply.

Operating system Linux with the Real-Time Application Interface RTAI/LXRT-Linux.

Computers and
communication

Industrial PCs and PC/104 systems connected via Gigabit Ethernet and 10 DSP/FPGA control units (UCoM) which communicate
with the control PC via CAN bus.

User interface Graphical user interface (GUI) connected to the robot via wireless LAN and natural speech communication.

proportion as an average person. For the locomotion, we use
a mobile platform which allows for holonomic movability in
the application area. From the kinematics control point of view,
the robot consists of seven subsystems: head, left arm, right
arm, left hand, right hand, torso and a mobile platform. The
specification of the robot is given in Table 1. In the following
the subsystems of the robot are briefly described. For detailed
information the reader is referred to [4].

Head: The head has seven DOF and is equipped with two
eyes. The eyes have a common tilt and can pan independently.
Each eye is equipped with two digital colour cameras, one
with a wide-angle lens for peripheral vision and one with a
narrow-angle lens for foveal vision to allow simple visuo-motor
behaviours such as tracking and saccadic motions towards
salient regions, as well as more complex visual tasks such
as hand-eye coordination. The visual system is mounted on a
four DOF neck mechanism [2] (lower pitch, roll, yaw, upper

pitch). For the acoustic localization, the head is equipped with
a microphone array consisting of six microphones (two in the
ears, two in the front and two in back of the head). Furthermore,
an inertial sensor is installed in the head for stabilization control
of the camera images.

Upper body: The upper body of the robot provides 33 DOF:
14 DOF for the arms and three DOF for the torso. The arms
are designed in an anthropomorphic way: three DOF in the
shoulder, two DOF in the elbow and two DOF in the wrist.
Each arm is equipped with a five-fingered hand with eight DOF
(see [29]). In order to achieve a high degree of mobility and to
allow simple and direct cooperation with humans, the structure
(size, shape and kinematics) of the arms should has been
designed to be similar to that of the human arm. The goal of
performing manipulation tasks in human-centred environments
generates a number of requirements for the sensor system,
especially for that of the manipulation system. Each joint of

http://www.ptgrey.com
http://www.xsens.com
http://www.ati-ia.com
http://www.hokuyo-aut.jp


ARMAR‐IV

63 DOF63 DOF
170 cm 
70 kg 
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56 T. Asfour et al. / Robotics and Autonomous Systems 56 (2008) 54–65

Fig. 2. Hierarchical control architecture for coordinated task execution in humanoid robots: planning, coordination and execution level.

the arms is equipped with motor encoder, axis sensor and joint
torque sensor to allow position, velocity and torque control. In
the wrists 6D force/torque sensors are used for hybrid position
and force control. Four planar skin pads [15] are mounted to the
front and back of each shoulder, thus also serving as a protective
cover for the shoulder joints. Similarly, cylindrical skin pads are
mounted to the upper and lower arms respectively.

Mobile platform: There are several requirements for the
locomotion system of a humanoid robot: Mobility which is
necessary to extend the workspace of the robot and stability
which is most essential to insure humans safety. Therefore,
the locomotion of the robot is realized using wheel-based
holonomic platform, which allows for a high flexibility in our
kitchen application area. The holonomic locomotion is obtained
by using wheels with passive rolls at the circumference.
Such wheels are known as Mecanum wheels or Omniwheels.
In addition, a spring-damper combination is used to reduce
vibrations.

The sensor system of the platform consists of a combination
of three Laser-range-finders (Laser-scanner) and optical
encoders to localize the platform. The scanners are placed
at the bottom of the base plate 120◦ to each other. A scan

range of 240◦ per sensor allows complete observation of the
environment. The maximum scan distance is 4 m. A low scan
plane of 60 mm was chosen due to safety reasons to detect small
objects and foot tips. Optical encoders deliver a feedback about
the actual wheel speeds to the speed control, and serve as a
second input, together with the scanner data, to a Kalman–Filter
which estimates the position of the platform. The platform hosts
the power supply and the main part of the robot computer
system.

3. Robot control architecture

The control architecture is structured into the three following
levels: a task planning level, a synchronization and coordination
level and a sensor-motor level (see Fig. 2). A given task is
decomposed into several subtasks. These represent sequences
of actions the subsystems of the robot must carry out to
accomplish the task goal. The coordinated execution of
a task requires the scheduling of the subtasks and their
synchronization with logical conditions, external and internal
events [3]. Fig. 2 shows the block diagram of the control
architecture with three levels, global and active models and a
multimodal user interface.
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Fig. 3. The computer architecture: The used hardware is based on indu
task planning level specifies the subtasks for the
iple subsystems of the robot. This level represents the
est level with functions of task representation and is
onsible for the scheduling of tasks and management
esources and skills. It generates the subtasks for
different subsystems of the robot autonomously or
actively by a human operator. The generated subtasks
he lower level contain the whole information necessary
the task execution, e.g. parameters of objects to be
ipulated in the task or the 3D information about
environment. According to the task description, the
ystem’s controllers are selected here and activated to
eve the given task goal.

task coordination level activates sequential/parallel
ns for the execution level in order to achieve the

n task goal. The subtasks are provided by the task
ning level. As it is the case on the planning level the
ution of the subtasks in an appropriate schedule can
odified/reorganized by a teleoperator or user via an

active user interface.
task execution level is characterized by control theory
ecute specified sensory-motor control commands. This
uses task specific local models of the environment and

cts. In the following we refer to those models as active
els:
active models (short-term memory) play a central role
is architecture. They are first initialized by the global
els (long-term memory) and can be updated mainly
he perception system. The novel idea of the active
els, as they are suggested here, is the ability for the
pendent actualization and reorganization. An active
el consists of the internal knowledge representation,
faces, inputs and outputs for information extraction
optionally active parts for actualization/reorganization
ate strategies, correlation with other active models or
al models, learning procedure, logical reasoning, etc.).
user interface provides in addition to graphical user
faces (GUIs) the possibility for interaction using natural
uage. Telepresence techniques allow the operator to
mous Systems 56 (2008) 54–65 57
supervise and teleoperate the robot and thus to solve
exceptions which can arise from various reasons.

Internal system events and execution errors are detected
from local sensor data. These events/errors are used as feedback
to the task coordination level in order to take appropriate
measures. For example, a new alternative execution plan can
be generated to react to internal events of the robot subsystems
or to environmental stimuli.

Computer architecture: The control architecture described in
Section 3 are realized using embedded Industrial PCs, PC/104
systems and DSP/FPGA modules, so called UCoM (Universal
Controller Module), which are responsible for the sensory-
motor control. The PCs are connected via switched Gigabit
Ethernet whereas the communication between the UCOMs and
the control PC is realized using four CAN buses to fulfil real-
time requirements of the task execution level. The connection
to a user interface PC is established by wireless LAN. An
overview over the structure of the computer architecture is
given in Fig. 3. The requirements of the task planning and task
coordination levels could be fulfilled with embedded Industrial
PCs and PC/104 systems. The requirements for the execution
level could not be met with off-the-shelf products. Therefore,
new control units (UCoM) consisting of a combination of a
DSP and an FPGA on one board have been developed. For more
details about the control boards can be found in [4].

Software environment: The computers are running under
Linux with the Real-Time Application Interface RTAI/LXRT-
Linux. For the implementation of the control architecture we
have used the framework MCA.1 It provides a standardized
module framework with unified interfaces. The modules can
be easily connected into groups to form more complex
functionality. These modules and groups can be executed
under Linux, RTAI/LXRT-Linux, Windows or Mac OS and
communicate beyond operating system borders. Moreover,
graphical debugging tools can be connected via TCP/IP to the

1 www.mca2.org.

http://www.mca2.org


Three key questionsy q

Grasping and manipulation inGrasping and manipulation in 
human‐centered and open‐ended 
environments 

Learning through Observation of 
humans and imitation of human 
actions 

Interaction and natural 
i ti

© SFB 588, Karlsruhe Video
communication
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Interactive tasks in kitchen environment

Object recognition and localization  
Vision‐based graspingVision based grasping
Hybrid position/force control
Vision‐based self‐localisation 
Combining force and vision for 
opening and closing door tasks 

b dLearning new objects, persons and 
words
Collision‐free navigationCollision free navigation 
Audio‐visual user tracking and 
localization Video
Multimodal human‐robot dialogs
Speech recognition for continuous 
speech
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Bimanual grasping and manipulationg p g p

Stereovision for object recognition and localization

Visual Servoing for dual hand graspingVisual Servoing for dual‐hand grasping

Zero‐force control for teaching of grasp poses 
VidVid VideoVideo

Loosely coupled dual‐arm tasks Tightly coupled dual arm tasks

KIT ‐ Institute for Anthropomatics 
Humanoids and Intelligence Systems Laboratory
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How to relax  the limitations in our scenario? 

A E l iAutonomous Exploration:
Visually‐guided haptic exploration 

Visual object exploration and search

Learning actions of objectsLearning actions of objects 

Coaching and Imitation
Learning from Observation g

Goal‐directed Imitation

KIT ‐ Institute for Anthropomatics 
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22



Hand: available skills

Direct/Inverse Kinematics
Position/force controlPosition/force control 
Detection of contact and 
“objectness”objectness  
Assessment of deformability and 
object size

Video

Precision grasps:  
Distance between 

Power grasps:  
Distance between 

Failed grasp 
“no object”

KIT ‐ Institute for Anthropomatics 
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Tactile Object Exploration Videosj p
Potential field approach to guide 
the robot hand along the object 
surface

RCP

surface

Oriented 3D point cloud from 
contact data TCP
Extract faces from 3D point cloud 
in a geometric feature filter 
pipeline

Parallelism
Minimum face size
Face distanceFace distance
Mutual visibility

Association between objects andAssociation between objects and 
actions (grasps)  Symbolic grasps 
(grasp affordances)

KIT ‐ Institute for Anthropomatics 
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Examples: Bottle p
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Visually guided haptic exploration on ARMARVisually guided haptic exploration on ARMAR

In simulation 
Physics extension for Open Inventor/VRML modeling of

Videos

Physics extension for Open Inventor/VRML modeling of 
complex mechanical systems
Modeling of virtual sensors 

KIT ‐ Institute for Anthropomatics 
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Active Visual Object Exploration and Searchj p

• Generation of visual representations through exploration

• Application of generated representations in recognition tasks.

KIT ‐ Institute for Anthropomatics 
Humanoids and Intelligence Systems Laboratory
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Generation object views through manipualtionj g p

Vid

KIT ‐ Institute for Anthropomatics 
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Learning by Autonomous Exploration: Pushing

Learning of actions on objects (Pushing) 

Learning relationship between point and angle of push and the Learning relationship between point and angle of push and the 
actual movement of an object

Use the knowledge in order to find the appropriate point and g pp p p
angle of push in order to bring an object to a goal

y

angle of 
contact 

yworld 

point of 
contact

xobj 

yobj 

l bj

contact

actual object 
movement 

(xvel, yvel, Φvel) 

xworld 
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VideoWork with Damir Omrcen and Ales Ude



How to relax the limitations in our scenario? 

A E l iAutonomous Exploration
Visually‐guided haptic exploration 

Visual object exploration and search

Learning actions of objectsLearning actions of objects 

Coaching and Imitation
Learning from Observation g

Goal‐directed Imitation

KIT ‐ Institute for Anthropomatics 
Humanoids and Intelligence Systems Laboratory
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Learning from human observationg

Observation Reproduction

GeneralizationGe e a at o

KIT ‐ Institute for Anthropomatics 
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32



Stereo‐based 3D Human Motion Capturep

Capture 3D human motion based on the image input from the 
cameras of the robot‘s head onlycameras of the robot s head only
Approach

Hierarchical Particle Filter framework
L li ti f h d d h d

video
Localization of hands and head 
using color segmentation and 
stereo triangulation
Fusion of 3d positions and edgeFusion of 3d positions and edge 
information
Half of the particles are sampled 
using inverse kinematicsusing inverse kinematics

Features
Automatic Initialization
30 f l ti t ki30 fps real‐time tracking on a 
3 GHz CPU, 640x440 images 
Smooth tracking of real 3d 
motion

KIT ‐ Institute for Anthropomatics 
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Reproductionp
Tracking of human and object motion 

Visual servoing for grasping 

Generalisation? 

Vid
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Action representationp
Hidden Markov Models (HMM)

Extract key points (KP) in the  demonstration
Determine key points that are common in multiple demonstrations

Humanoids 2006, IJHR 2008

Determine key points that are common in multiple  demonstrations 
(common key points: CKP)
Reproduction through interpolation between CKPs

Dynamic movement primitives (DMP) 
Ijspeert, Nakanishi & Schaal, 2002
Trajectory formulation using canonical systems of

ICRA 2009 

Trajectory formulation using canonical systems of 
differential equations
Parameters are estimated using locally weighted regression

Spline‐based representations
fifth order splines that correspond to minimum jerk 
trajectories to encode the trajectories

Humanoids 2007

Time normalize the example trajectories
Determine common knot points so that all example trajectories are 
properly approximated. Similar to via‐point, key‐points calculation.

KIT ‐ Institute for Anthropomatics 
Humanoids and Intelligence Systems Laboratory
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Action representation using DMPs p g

τ u̇ = −α ucanonical system: P
ψ ( )

nonlinear function:
−hi(u− ci)

2

ψi(u) = e

P
i ψi(u)wi uP

i ψi(u)
f(u) =

τ v̇ = K(g − x)−Dv + (g − x0)f
τ ẋ = v

transformation system:

f =
−K(g − y) +Dẏ + τ ÿ

˙ ¨f

ftarget = g − x0wi

Locally  Weighted Learning

canonical 
system

nonlinear
function

u transformation
system

y, ẏ, ÿftarget
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Action representation using DMPs p g

τ u̇ = −α ucanonical system: P
ψ ( )

nonlinear function: −hi(u− ci)
2

ψi(u) = e

P
i ψi(u)wi uP

i ψi(u)
f(u) =

τ v̇ = K(g − x)−Dv + (g − x0)f
τ ẋ = v

transformation system:

˙ ¨f

wi

Locally  Weighted Learning
f( )

x0, g

ˆ ˆ̇ ˆ̈canonical 
system

nonlinear
function

u transformation
system

y, ẏ, ÿftargetf(u) ŷ, ẏ, ÿ
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Learning from Observation g

Library of motor primitives
Markerless human motion tracking 

Object tracking 

Action representation
Dynamic movement primitives for 
generating discrete and periodicgenerating discrete and periodic 
movements

Adaptation of dynamic systems to allow 
i f i i isequencing of movement primitives

Associating semantic  information with 
DMPs   Video
sequencing of movement primitives

Planning
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Learning from Observationg

Periodic movements: Wiping
Extract the frequency and learn the waveform.

Incremental regression for waveform learning

Video

Joint work with Andrej Gams and Ales Ude

A. Ude, A. Gams, T. Asfour, J. Morimoto. Task-Specific Generalization of Discrete and Periodic 
D namic Mo ement Primiti es IEEE Trans on Robotics ol 26 no 5 pp 800 815 October 2010
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