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Abstract

Dependability issues are the main obstacle towards intro-
ducing ‘intelligent’ robots to service applications in every-
day environments and factories to any major extent. Since
the dependability of complex technical systemsislargely a
conseguence of fundamental design decisionswe present an
approach to robot design that should lead to the construction
of robots that are dependable and exhibit intelligent behav-
ior.

A key point of our approach is that intelligent robots, and
especially their sensing and information processing, should
implement to the greatest practical extent concepts that may
be observed in living organisms. After all, nature has cre-
ated extremely complex, and at the same time extremely
dependable, organisms. Following this approach we have
designed and constructed a humanoid robot, HERMES, that
has proved both its dependability and its intelligence in
several public short term presentations and in a long-term
test.

HERMES system architecture, several of its skills and the
underlying design principles and key technologies areintro-
duced, and some long- and short-term real-world experi-
ments carried out with the robot are presented.

1 Introduction

Industrial robots have already taken over most dangerous
and stupid tasks in manufacturing with high accuracy and
unbeatable process quality. In the interest of simplicity and
cost-effectiveness they do not rely on sensors, but on well-
known and prefabricated environments. For futureindustrial
robots it will, however, be indispensable to use a variety of
sensors and to ‘intelligently’ process their signals for sens-
ing their environment to be ableto closely and safely collab-
orate with humans. Thiscollaborationwill ultimately lead to
a new manufacturing paradigm enabling the efficient pro-
duction of customizable goods with varying geometries and
materials that are only required in small quantities down to
lot size 1. Similar requirementsexist for personal robotsthat
may be expected to provide in the future a variety of ser-
vices for humans in their homes. Such robots will combine
many sensors and actuators and very complex software. To
make them redlly helpful to humans and productive in

manufacturing requires functionality and dependability
levelsthat are not available today.

In this paper we argue that we need to abstract some good
design principles and concepts from natureto achieve high-
er functionality and dependability levels. Thereason isthat
nature has created highly complex, efficient and dependable
systems in the form of organisms since the very beginning
of life on earth. Design and function of organisms have
been optimized under evolutionary pressure over hillions of
years, asmall step at atime. It would be foolish to not ap-
ply nature's solutions to today’s engineering problems,
since design constraints and objectives are very similar,
e.g., functionality, optimization and cost-effectiveness.

This bionic approach has guided us in developing several
key technologies that are important for dependable and
intelligent robots, such as sensing and perception; locali-
zation and navigation; human-robot communication and
interaction; adaptability and learning.

2 A Realized Example

To evaluate the potential of the bionic approach for actual
applications we have constructed a humanoid robot, HER-
MES (Figure 1) that implements those technologies in one
rather complex system. Several of thefundamental concepts
developed by our Laboratory have been implemented in
HERMES and contribute to its remarkable dependability.

In general, all robot components were conceived in such a
way that they allow a wide field of possible experiments
and the execution of a multitude of tasks. Several bionic
design principles [Bischoff, Graefe 2004] have been ap-
plied during the requirement analysis and construction
phases of our robot; first, to the robot's main hardware
components — body, sensors, brain, output devices and
energy provision — and second, to the system and control
architecture that providesthe “glue” to connect and control
al components through the robot’ s * nervous system” .

From a hardware perspective, our robot’s body basically
consists of frames, links and joint actuators and can be
subdivided into locomotion platform (lower body), manipu-
lation system (upper body) and head. Following our bionic
taxonomy of senses the sensors of our robot can be classi-
fied into extero-, proprio- and interoceptors that provide
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information about exterior and interior sys-
tem states. The sensor types should be care-
fully selected and placed onto or into the
body structurein such away that their data
alow in principle the recognition in rea
time of the (usually complex) situationsthat
the robot may encounter.

Sensors and actuators have to be connected
viawires (therobot’s“ nerves’) to theinfor-
mation processing and control system that
can be considered asthe robot’ s brain. Last
but not least, energy is provided through
batteries, and transferred via wires (the ro-
bot's“veins’) to al consumers.

Details regarding the implementation of
some of these conceptsin arealized techni-
cal system will be given in the following
sections. Videos showing HERMES and its
subsystems in operation may be found at
[Videos].

2.1. System Overview

With its omnidirectional undercarriage,
body, head, eyes and two arms HERMES
has 22 degrees of freedom and resembles a
human in height and shape. Its main extero-
ceptive sensor modality is vision. Both
camera “eyes’ may be actively and inde-
pendently controlled in pan and tilt degrees
of freedom. Therobot ismainly constructed
from 25 mechatronic building blocks, or
drive modules, with identical mechanical
and electrica interfaces. The robot’s an-
thropomorphic body can be subdivided in
three main subsystems: undercarriage (low-
er body), manipulation system (upper bo-
dy), and (sensor) head.

Lower Body (Undercarriage)

In designing HERMES we decided to use
wheels and no legs, but we designed an
omnidirectional undercarriagethat givesthe
robot a similar freedom of mobility asahu-
man, at least on aflat ground. At first sight
using wheels seemsto constitute adeparture
from our bionic approach, but we had two
reasons for our decision:

Figure 1: Versatile personal ro-

bot assistant HERMES size: 1.85

mx 0.7 m x 0.7 m; mass. 250 kg.

The black material covering the
undercarriage on al 4 sides is

plastic foam that serves as a pro-
tective bumper and as part of an
imaging tactile sensor.

- | | electronics |: | |

Figure 2. HERMES undercarri-
age, surrounded by atactile bum-

per; driven and steered wheels

in the front/back; smaller caster
whedls |eft/right.

Graefe, Bischoff: A Bionic Approach . ..

1. Legged locomotion is an independent
area of research that we do not pursue in
our Laboratory.

2. Where it is practical, wheeled locomo-
tion is much more energy-efficient than
legged locomotion, which gives the robot a
much longer endurance with a single bat-
tery charge.

What makes the undercarriage design par-
ticularly interesting is that it allows for
many different propulsion configurations
(Figures 2 and 3): If only the front wheel is
steered, the robot behaves like atricycle or
car; if only the rear whedl is steered, it can
maneuver likeafork lift; and if both wheels
are steered, HERMES exhibits omnidirect-
ional capabilities, including diagonal drive
modes and rotating on the spot. Further-
more, HERMES locomotion platform can
also be configured as differential drive by
turning both driven wheels by 90° (to align
them in paralel). To use HERMES in this
case, its upper body would have to be man-
ually lifted and rotated by 90° before
mounting it again to have the front side
look forward and not sideways.

Conductive foam covering the undercar-
riage on al four sides serves as a protective
bumper and as part of an imaging tactile
sensor. Apart from providing locomotion to
the robot the undercarriage is also carrying
the robot’s energy supply in the form of
heavy batteries (Figure 2). They power the
robot for several hours and make for alow
center of gravity and, thus, for ahigh degree
of stahility.

Upper body (Manipulation System)

The upper body of HERMES consists of a
base frame and two articulated arms attach-
ed to a torso that can bend forward and
backward. Each arm has 6 DOF and is con-
structed from four rotary actuator modules,
a 2-DOF wrist module and a two-finger
gripper. They are mechanically connected
through cylindrical, conical and angular
coupling elements. Compared to humans,
HERMES shoulder joints are missing one
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Figure 3: Various drive modes may berealized (car, fork lift, circular, diagonal, differential)
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degree of freedom. This may be substi-
tuted by an appropriate rotation of the
mobile platform, but due to the modular
concept an additional DOF could have
also been included later, if experiments
would have required a redundant manip-
ulator.

The waist module of the bendable upper
body is single-axis and situated at a
height of 70 cm. Due to its high reduc-
tion gear it can only rotate at a maximum
speed of 4°/s. Forward and backward
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10000°/s* and velocities up to 800°/s.
The common pan-tilt neck unit achieves
accel erations of 860°/s* and velocities of
215°/s. In contrast to a human, HERMES
can (independently) pan its neck and
eyes more than +180°, and tilt as much
as the installed cameras alow without
colliding with the body structure.

Compared to the human mobility range,
and also other humanoid robot heads,

thisisan unparalleled motion range for a

binocular head-eye system. It especialy

bending motions can reach 130° from the
upright pose forward and 90° backward,
respectively. With the given proportions
of the bendable torso and arms a very
large workspace from the rear part of the
loading area extending up to 1.20 m in
front of the robot can be achieved. This
alows for manipulating objects in the
back of the robot as well as picking up objects from the
ground or bending the body over tables to reach out for
objectslying far away from the table' s edges, which mimics
human manipulation abilities (Figure 4).

Sensor Head

HERMES head is carrying the robot’s main exteroceptive
sensors. two video cameras and a single microphone for
capturing sound, especially speech. The head is based on a
neck with two degrees of freedom that is identical to the
wrist modules of the robot’s arms. The neck’ skinematicsis
based on a pan-tilt seria chain, with the first vertical rota-
tion axis (maximum speed 180°/s) about HERMES body
flange, and then a pitch motion (maximum speed 90°/s)
about the horizontal axis. Although this design brings the
stronger tilt actuator on the top of the weaker pan actuator,
this arrangement is also found in the human neck. The “ At-
las’ joint isthe first cervical (neck) vertebra, which isjust
under the head and enablestilting motions. The“ Axis” joint
is the second cervical vertebra, about which the Atlas ro-
tates. This design has two main advantages: First, arotation
about the pan axis does not change the viewing angle of the
world, i.e., the top in the image is still depicting the top of
the currently seen part of the world — as opposed to many
other pan-tilt systems which tilt first and rotate then. A sec-
ond advantage — from our point of view — originates from
having the pitch motion axis not passing through the camera
lenses (as with most other binocular active vision camera
heads), but is instead about 10 cm below them. This offset
lets the cameras translate forward or backward during a
tilting motion, enabling HERMES to see down on its body
and on the ground in front of it, or on the loading areain its
back.

Speed and accel eration of the eye modules were designed to
be comparable to the human oculomotor system with the
main aim of being able to implement saccadic and smooth
pursuit eye movements for an active object tracking. The
cameraeyes can be moved very fast with accelerationsup to

Figure 4: Preliminary design study
(1996) to demonstrate the significantly
enlarged work space gained by a bend-
able body. The sensor head remains
always in a favorable position for ob-
serving end effector activities.

S alows vision-guided manipulation of
objects behind the robot’s back, e.g., at
the loading area. The independent pan of
the eye modul es — another important dif-
ference to the human and many other
robot heads — enables HERMES to ook
sideways with one eye while still being
able to look forward with the other. This
is useful in narrow passages or corridors to locate, e.g.,
door plates at the side wall while moving forward along the
wall guided by vision.

It should be noted that the anthropomorphic shape of HER-
MES manipulation and head systems are of vital impor-
tance for the implemented sensing and motor skills. Ascan
been from Figure 4 it is advantageous to mount a vision
system on a head-like sensor carrier platform above a dual-
arm and bendable manipulation system, not only to be able
to increase the working range to human-comparable dimen-
sions, but also to have the camera always in the right loca-
tion for a close vision-based supervision of the area in
which objects have to be manipul ated.

Brain (Information Processing System)

The selection of the right information processing systemis
crucial to the overall success of a complex robotic system.
For reasons of maintainability and extensibility we fol-
lowed a hierarchical and modular concept choosing dedi-
cated processors on each hierarchical level (Figure 5). A
decentralized and hierarchically structured multi-processor
system seemed to be the best solution for such ademanding
task. Depending on the required computational power, data
links, and available peripheral devices different types of
processors were chosen for every hierarchica level.

On the highest hierarchical level an operator should be able
to enter tasks and supervise thewhole system. Normal users
and bystanders should aso be able to describe more com-
plex service tasks and to give simple commands. A per-
sona computer and its peripherals (infrared keyboard, mi-
crophone and speakers, WLAN module and two TFT dis-
plays) were selected to implement a human-friendly man-
machine interface that is suitable for both experienced and
inexperienced users because of the numerous peripheral
input and output devices available.

On the next lower hierarchical level commands are gener-
ated for sensor-based actions of therobot, i.e., motion com-



ISTAI, Beijing, 2008

mands for the undercarriage, the manipula
tor system, and the head and sensor system.
A homogeneous network of multiple digital
signal processors (DSP) deemed to be ade-
quatefor thistask becauseits computational
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2.2 Sensors

According to the bionic approach sensing
should be based exclusively on those senses
which have proved their effectivenessin nature. Therefore,
vision —the sensor modality that predominatesin nature—is
aso the main sensor modality for our robots. In addition to
it, tactile sensing and hearing, also wide-spread in nature,
greatly improve HERMES overall sensing abilities.

Vision

The human eye is able to cope with an extremely large
range of light intensities. Within a single scene the apparent
brightness of visible objects may differ by 5 orders of mag-
nitude (e.g., asun-lit snow covered road surfacevs. abarely
visible object in adark tunnel entrance). Between different
scenes (e.g., bright daylight vs. a moonless night) the eye
can adapt to arange of light intensities that spans 11 orders
of magnitude. Such abilities have evolved because they are
advantageous for survival, but no technical image sensors
with similar abilitiesexist. Theintra-scene dynamic range of
solid-state cameras extends over little more than 2 orders of
magnitude at best.

Nevertheless, a sense of vision can be realized in many
different ways by means of photo-electronic devices. After
weighing the advantages and disadvantages of varioustech-
nological options we decided to select a CCD imager, ana-
logue video signals and monochrome (black-and-white)
cameras. To increase the robustness of the vision system the
robot’ stwo CCD cameras have been modified to allow their
integration time, and thus their sensitivity, to be controlled
by the vision system. Their sensitivities may be adjusted
within 20 ms by almost 3 orders of magnitude. This allows
thevision system to imagein successive video frames bright
and dark featuresin the same scene with good contrast. The
robot isthen able to observe objects even under unfavorable
and changing lighting conditions by maintaining a high
contrast around tracked features or keeping an average grey
level within a region of interest. Automatic gain control
which is usually based on an average grey level within the
entire image does not yield satisfactory results because it

Figure 5: Modular and adaptable hardware architecture for information process-
ing and robot control.

cannot cope with the high differencesin brightness of natu-
ral scenes which leads to an over- or underexposure of re-
gions of interest or tracked objects.

Tactile Sense

The bodies of humans and most animals are covered by a
skin that carries countless sensors for force, temperature,
vibration etc. Although it is presently impossible to make
an artificial skin of similar complexity and functionality we
have covered part of HERMES surface with an artificial
skin that gives the robot akind of tactile sense. This“skin”
is based on conductive foam that serves two purposes: one,
it damps accidental and unwanted impacts between the
robot and humans or environmental objects, and two, it
alows to identify the contact locations of, and the forces
exerted by, the touched objects. Contact points and forces
are sensed via a dense grid of electrodes underneath the
foam. Pressing the foam resultsin a higher conductivity of
thematerial (lower resistance, respectively). Theresistance
between each electrode and a ground planeis continuously
measured (sample rate 50 Hz) and evaluated by dedicated
micro controllers.

A touch-sensitive bumper surrounding the robot’s under-
carriage has already been realized (Figures 1, 2 and 6).
Furthermore, two two-finger grippers that are completely
covered by this conductive foam were developed and inte-
grated. In the future it is hoped to cover the whole robot
structure with this kind of touch-sensitive skin.

Auditory Sense

Until now, the robot’s auditory sense is only used to pick
up speech. A single microphone attached to the sensor head
suffices for first experiments in this direction. At a next
stage of therobot’ s devel opment amicrophonearray should
befixed to its head to allow the direction from which sound
waves arrive to be perceived. Such an ability would be use-
ful tolet the robot focusits attention to certain eventsin the
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environment and to react to unfore- for autonomous robots [Arkin 1998].
seen events. It may also be abasisfor However, to be able to select behav-
discriminating between several per- iors intelligently and to pursue long-
sons who speak simultaneously. term goals in addition to purely reac-
Front tive behaviors, we have introduced a
Proprioceptive Sense e e Tactile 0 Situation-oriented deliberative compo-
Proprioceptors are sensors that di- Bumpers ¢ nent that is r%ponsi ble for situa;ion
rectly gain information about body assessment and behavior selection.
and limb movement and posture. All Left Right The system architecture has been
sensors that are used by HERMES to Back specified in a way that would allow
gain such bodily information are em- other developers to integrate their
bedded in its mechatronic building functionality with ease.
blocks. The most important proprio- Figure 7 shows the essence of the
ceptors are very high resolution angle situation-oriented behavior-based ro-

encoders that measure the angles of
each of HERMES joints. Their values
are fed directly to the joint’s micro
controller to realize position and ve-
locity control, but their data are also
availableto higher-level processorsin
the system. Other sensors that are
incorporated in each drive module and
used for proprioceptive purposes are

Figure6: Sensor image of tactile bumpersthat
cover the four sides of the undercarriage after
touching the corner of two adjacent walls
while the robot was trying to turn around it;
color coding: light grey value = no touch, the
darker the color the higher the exerted forces;
the sensor image outer row to inner row
correspond to a covered area from 40 - 320
mm above the ground around the under-
carriage.

bot architecture as we have imple-
mented it. The situation module (situ-
ation assessment & behavior selec-
tion) acts asthe core of thewhole sys-
tem and isinterfaced via“skills’ in a
bidirectiona way with al hardware
components — sensors, actuators,
knowledge base storage and MMI
(man-machine, machine-machine in-

motor current sensors. The magnitude

of the current applied to reach a certain position or velocity
can be used to determine the resistance a motor hasto over-
come. Hence, current sensing can be regarded as equivalent
to force or torque sensing.

So far HERMESuses neither inertial sensors (gyroscopes or
acceleration sensors) that would correspond to a vestibular
sense, nor strain gauges to determine bodily stress. Instead,
current and angle measurementswithin therobot’ sjointsare
on the one hand sufficient to compute the posture based on
akinematic model, and an the other hand to derive structural
stress information that may be used for kinesthetic sensing
(see below).

2.3 Skill-Based System Architecture

terface) peripherals.

The situation module fuses via skills data and information
from all system components to make situation assessment
and behavior selection possible. Moreover, it provides gen-
eral system management (cognitive skills), and it isrespon-
sible for planning appropriate behavior sequences to reach
given godls, i.e,, it has to coordinate and initialize the in-
built skills. By activating and deactivating skills, a man-
agement process within the situation module realizes the
situation-dependent concatenation of elementary skills that
lead to complex and elaborate robot behavior.

Skills obtain certain information, e.g., sensor readings,
generate specific outputs, e.g., arm movements or speech,
or plan a route based on map knowledge. Skills report to
the situation modul e via events and messages on acyclic or

interruptive basis to enable a con-

HERMES system architecturewas
derived from a qualitative model
of human information processing
and insights gained from psycho-
logical literature dealing with skill
acquisition, human performance
and motor learning. It is based on
the concepts of skill and behavior
— concepts that are used to de-
scribe human and animal behavior
aswell.

HERMES system architecture al-
lows the integration of multiple
sensor modalities and numerous
actuators, as well as knowledge
bases and a human-friendly inter-

Knowledge
Base
Storage

Skill

Situation
Assessment
Management

tinuous and timely situation update
and error handling. Some skills
have direct access to the hardware
components and, thus, actualy
realize behavior primitives. For a
more profound theoretical discus-
sion of our system architecture
which bases upon the concepts of
situation, behavior and skill, see
[Bischoff, Graefe 1999].

Output
Media

3. Skills
3.1 Classification

Actuators |1y general, most skills involve the

face. In its core, the system is
behavior-based, which is now gen-
erally accepted asan efficient basis

Figure 7: System architecture of an intelligent robot
based on the concepts of situation, behavior and skill

entire information processing sys-
tem. However, at a gross level,
they can be classified into five cat-
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egories besides the cognitive skills: Sensor skills encapsu-
late the access to one or more sensors and provide the situa-
tion module with proprioceptive or exteroceptive data.
Motor skills control simple movements of the robot’ s actua-
tors. They can be arbitrarily combined to yield a basis for
more complex control commands. Encapsulating the access
to groups of actuators that form robot subsystems, such as
undercarriage, arms, body and head, leads to asimple inter-
face structure, and alows an easy generation of pre-pro-
grammed motion patterns. Sensorimotor skillscombine both
sensor and motor skills to yield sensor-guided robot mo-
tions, e.g., vision-guided or tactile and force/torque-guided
motion skills. Communicative skills pre-process user inputs
and generate outputs to the users. They are crucia for pro-
viding feedback according to the current situation and the
given application scenario. The system’s knowledge bases
are organized and accessed via data processing skills. They
return specific information upon request and add newly
gained knowledge (e.g., map attributes) to the robot’s data
bases, or provide means of more complex data processing,
e.g., path planning.

Videos showing examples of most of the skillsmentioned in
the sequel may be found at [Videos].

3.2 Calibration-Free Approach

In realizing the sensor, motor and sensorimotor skills we
follow a calibration-free approach [Graefe 1999], [Graefe
2008] wherever it is practical. Inspired by nature it deviates
significantly from the classical control-theory-based ap-
proach, and it gives our robots a high degree of robustness
against parameter changes and of adaptability to changing
environmental characteristics.

According to the classical approach, robot control is model-
based. Numerical models of the kinematics and dynamics of
the robot and of the external objects that the robot should
interact with, as well as quantitative sensor models, are the
basis for controlling the robot’s motions. The main advan-
tage of model-based control is that it lends itself to the ap-
plication of classical control theory and, thus, may be con-
sidered a straight-forward approach. The weak point of the
approach is that it breaks down when there is no accurate
guantitative agreement between redlity and the models.
Differences between models and reality may come about
easily; an error in just one of the many coefficients that are
part of the numerical models can suffice. Among the possi-
ble causes for discrepancies are initial calibration errors,
aging of components, changes of environmental conditions,
such as temperature, humidity, electromagnetic fields or
illumination, maintenance work and replacement of compo-
nents, to mention only a few. Consequently, most industrial
robots work only in carefully controlled environments and
need frequent mai ntenance (including repetitivecalibration),
in addition to a cumbersome and expensive initial calibra-
tion.

Organisms, on the other hand, are robust and adapt easily to
changes of their own conditions and of the environment.
They never need any calibration, and they normally do not
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know the values of any parameters related to the character-
istics of their “sensors” or “actuators’. Obviously, they do
not suffer from the shortcomings of model-based control,
which leads us to the assumption that they use something
other than quantitative measurementsand numerical models
for controlling their motions. It seems that their motion
control is based on a holistic assessment of situations for
the selection of behaviorsto be executed. We are convinced
that robotics should benefit from following a similar ap-
proach.

3.3 Sensor Skills

Vision

One of the most needed sensor skills is to detect and ob-
serve objects in the robot's surroundings. Among the ob-
jects that a mobile robot needs to observe while navigating
in a building are corridors, junctions, doors, work places
(e.g., tables) and information signs (e.g., door plates). Ob-
stacles need to be detected as well, but since they may have
arbitrary appearance in terms of shape, texture and rigidity,
a method that would be suitable for the detection of all
kinds of obstacles cannot be given. Instead, we make some
basi ¢ assumptions about the appearance of the background
when it is obstacle-free (see, e.q., [Graefe 1990] or [Hors-
will 1994]). Thus, by identifying these obstacle-free areas,
the robot will automatically get hints about where obstacles
or other objects of interest might be located. Although we
have to restrict our robot to working environments where
the floor has neither bright reflections nor shadows nor
large texture patterns, this method is very reliable, fast to
compute (using only single 2-D images) and rather conser-
vative, preferring false positives to fal se negatives.

Robust segmentation is provided by amultilevel image pro-
cessing algorithm that self-initializes to the floor color in
front of the robot and adapts during operation, so that
changes in brightness can be compensated to some extent.
Fast image processing isaprime prerequisitefor continuous
and smooth robot motion control. Therefore, only a one-
dimensional simple gradient filter isapplied while scanning
the image from bottom to top and left to right for contour
points that mark the transition between obstacle-free areas
and obstacles (Figure 8). Applying the filter in one column
is abandoned as soon as a contour point is detected or a
given search height is reached that correspondsto a desired

'

Figure 8: Gradient filtering along vertical search paths yields
contour points that mark the transition between the floor and
other objects. Left: typical corridor image with an open door asa
possible obstacle. Right: two tables as possible docking objects.
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look-ahead distance. Rows can be processed as well with a
one-dimensional gradient-filter to ensure the detection of
vertical edges, but only in the area being marked as obsta-
cle-free after the column search. The remaining contour
points are median-filtered to eliminate outliers and fitted to
a polygon using an iterative end point fit algorithm. This
yields a high-speed, yet robust, image segmentation into
obstacle-freeand obstacle-occupi ed regions. Another advan-
tage of this agorithm is that its computation time is
bounded to 100 msin the worst case, i.e., when no obstacle
isin front of the robot and both vertical and horizontal gra-
dient filters are applied. A typical corridor image is pro-
cessed within 30 ms, and if obstacles are present in the path
of the robot, processing time automatically decreases even
further, thus allowing atimely response.

Built upon this sensor skill of segmenting the image and
yielding a polygon of the contour, other skills have been
established that enable the robot to detect and recognize, or
at least to derive hypotheses about, the presence of objects
in the scene that may be relevant for navigation, e.g., junc-
tions, doors and docking stations. Upon object recognition,
reference points and lines are identified (based on proce-
dural and object data knowledge) and subsequently used for
tracking.

Prerequisite for tracking objectsis areliable and fast image
processing. For real-time vision the temporal coherence of
scenes and the existence of physical objects should be re-
flected in the structure of the vision system, as proposed by
[Graefe, Kuhnert 1988] (object-oriented dynamic vision).
Moreover, even if image processing hardware and software
have well advanced in recent years, it is still best to choose
simplefeatures and to verify their geometrical relationships
during tracking. Edges and corners are the basis for our
feature tracking algorithms. Edge points are fitted by alin-
ear regression method to yield line parameters; corners are
identified as line crossings. Search windows of moderate
size around the chosen features of interest and adaptive
thresholds are used to track them despite specular reflec-
tions and difficult illumination conditions, in general, at
video field rate.

Kinesthesis

In organismskinesthesisis a“ sense mediated by end organs
located in muscles, tendons, and joints and stimulated by
bodily movements and tensions’ [Babcock 1976]. Trans-
ferring kinesthetic sensing to the robot for detecting touch
events means to detect tensions on the robot structure or
torques at the joints that do not result from internal motion
requests, but most probably from external circumstances.

Two kinesthetic sensing skills have been developed: one,
for detecting touch events or vibrations that occur on any
part of the robot structure; two, for detecting unusual exter-
nal forces during pre-defined robot mations that are, how-
ever, unknown to the sensing skill. While the first skill is
being used to interact with people in order to shake hands
and to hand over or take objects, the second skill allows to
gently place grasped objects onto other objects. In both
cases angle encoder values are sampled at arate of 1 kHz
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and low-pass filtered to yield a prediction for the next cy-
cle. If a new angle value deviates significantly from the
predicted one, a touch event is signaled to the software
modul e that has requested to detect this touch event.

3.4 Motor skills

Motor skills relate to simple, yet fundamental, movements
of the robot's joints, e.g., moving a single module to a cer-
tain position or changing its current velocity. High-level
motor skills provide access to groups of modules that form
specific robot parts (e.g., undercarriage, arms, or head), and
generate more complex motion patterns, e.g., they movethe
armsto acertain position relative to their actual position or
set new velocities for al the modules at the same time.
Moving an arm requires the definition of ramp parameters
(end position, maximum vel ocity and acceleration) for each
joint to reach agiven end position. To generate human-like
smooth arm movements at each positioning request, it is
furthermore required that all modules start and finish their
movements at the same time. Therefore, the ramp parame-
tersareindividually computed for each module, considering
the motion capabilities of the slowest one at a given mo-
ment. The governing DSP finally transmits the parameters
to the microcontrollers that actually provide accurate ramp
control at arate of 1 kHz.

3.5 Sensorimotor Skills
Fixation-Based Skills

The ability to visually fixate objects or, more general, envi-
ronmental points of interest is wide-spread among organ-
isms. For our robotsit is agood example of a sensorimotor
skill. It first needs a sensor skill that continuously delivers
theimage coordinates of the point to be fixated with respect
to a predefined reference point in the image, and second, a
motor skill that computes motion control words for the
camera head motors in order to minimize the difference
between reference and fixation point. A simple proportional
control law is used to derive the velocities of the camera
head motors: The difference in the y-coordinate between
the reference point and the fixation point is used to control
the velocity of the tilt axis (elevation angle of the camera)
and the difference in the x-coordinate is used to compute
the required velocity for the pan-axis.

Wandering around, obstacle avoidance and approaching
workstations are examples for sensorimotor skillsthat were
realized on this basis.

3.6 Skill-Based Calibration-Free Control

Complex robot behavior is achieved by concatenating the
basic motor, sensor and sensorimotor skills described in the
previous section. This has not only been demonstrated with
our latest robot HERMES, but also with two other autono-
mous vehicles (ATHENE | and I1) and a stationary manipu-
lator. All robots were endowed from the start with certain
basic skills, and were able to incrementally extend their
knowledge and skills through learning.
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Figure 9: The man-machine interface. A communication server converts all incoming messages into an intermediate language. The
translated messages are interpreted by the command interpreter and subsequently evaluated by the situation module, depending on the
robot’s actual situation. In turn, the robot’s current situation directly influences the speech recognition and the semantic analysis to
enhance recognition and interpretation. Outgoing messages are routed to the users via another communication server and appropriate
communication channels (e.g., voice, graphics display or the Internet).

Calibration-free navigation

HERMES and two other autonomous vehicles (ATHENE |
and 11) were used as experimental platforms for navigation
in networks of corridorsin different buildings by concaten-
ating simple vision- and odometry-based sensorimotor
skills. It would have been difficult and time-consuming to
measure al relevant kinematic parameters of all those ro-
bots, and especially of HERMESwith its versatile undercar-
riage, with any degree of accuracy, and to design model-
based controllers for all possible modes of operation. Our
calibration-free approach makes it unnecessary.

In the case of wall-following it is based on the fact that a
trandation of a camera parallel to a straight guideline, e.g.,
the intersection of awall and the floor, has no effect on the
location of the linein the image. Simply speaking, the con-
trol strategy is to steer the vehicle in such a way that the
motion of the guideline in the image that is caused by the
vehicle motion is minimized. Moreover, the offset between
the vehicle and the guideline, and the other control parame-
ters, may easily be controlled at will (for details see [ Gragfe,
Bischoff 2004]).

Calibration-free manipulation

A method for calibration-free object manipulation using a
vision-guided stationary manipulator was first proposed by
[Graefe 1995]. It is based on the idea that for grasping an
object it sufficesto make the object and the gripper coincide
in the images of 2 cameras simultaneously. No knowledge
of any cameraor robot parametersis necessary, and changes
in any of those parameters have no negative consequences.
The method was later refined and implemented on armslike
those of HERMES [Maryniak 2002].

3.7 Communication and Interaction

The communicative skills of HERMES are primarily based
on natural language (English, French and German). It is
used both to instruct the robot and to generate easy-to-un-
derstand messagesfor the user. Commands may beinput via
voice, keyboard or e-mail, while the robot may speak to the
user, display its messages on a screen or send them by e-

mail. Figure 9 shows the essence of the communication
subsystem.

Command Interpretation

A command interpreter handles all user input. It consists of
a parser, a lexical analysis, a syntactical analysis and a
semantical analysis. The parser isfed by atext string that is
provided by a communication server handling al incoming
messages. M essages can come from the speech recognition
module, the e-mail client or the keyboard. The parser sepa-
ratesthe character string into asequence of words and num-
bers. Thewords are given to thelexical analysiswhere each
oneislooked up in adictionary to obtain its type.

Thefollowing syntactical analysistriestoidentify thestruc-
ture of the sentence by comparing the list of types with a
list of prototype command sentences that includes al the
commands the robot is able to understand. If the compari-
son is successful the semantical analysis will eventually
provide missing words and resolve pronouns such as “it”,
“my” and “your” from the robot’s situated knowledge in
order to make the command complete.

Speech Recognition

We useacommercially avail able speech recognition engine
(Lernout & Hauspie) for speaker-independent recognition
of continuous speech. The speech recognition engine gener-
ates text strings equivalent to the ones that may be entered
viathe keyboard. An ordinary wireless microphone may be
carried by the human for sending his utterancesto the robot
under truly adverse conditions. Normally it is sufficient,
though, to attach the microphone to the robot’ s head.

Situated Context Switching

An important way to increase the robustness of the speech
recognition system is the usage of so-called contexts that
contain only those grammatical rules and word lists which
are needed for a particular situation. Most parts of robot-
human dialogues are situated and built around robot-envi-
ronment or robot-human interactions, a fact which may be
exploited to enhance the reliability and speed of the recog-
nition process. When the robot knowswhat kind of answers
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it may expect from the user at agiven moment, it can switch
to a situation-specific context and disable or enable word
lists, as appropriate for the current situation. For example,
when the robot asks for confirmation whether it should exe-
cute a certain task or not, the answers will be most likely
“yes’ or “no”, and it would make no sense to expect, and to
test, many other words. By limiting the set of recognizable
words or phrases to those which can actually be expected,
the risk of recognition mistakes is reduced considerably.

Figure 10 visualizes some of the available contexts and how
they are interconnected. At any stage in the dialogue afew
words and sentences not related to the current context must
be available to the user. They belong to a persistent context
containing the most important commands that are recog-
nized and executed with the highest priority. These com-
mands are needed to “reset” or bootstrap a dialogue, to trig-
ger the robot’s emergency stop and to make the robot exe-
cute a few other important commands at any time. For ex-
ample, “Hello, HERMES' is used to begin a new dialogue,
“Stop Moving” and “Halt” are used for disrupting the robot
fromits current task, “ Cancel Command” and “ Cancel Mis-
sion” will delete the currently executed command or mis-
sion from the command list. For an example of a dialogue
see Figure 11, and for more details [ Bischoff, Graefe 2002].

4 Experiment and Results

HERMES has proved both its intelligence and its dependa-
bility in many real-world experiments, including severa
public short term presentations, and in along-term test. We
performed many tests during the devel opment of the various
skills and behaviors of the robot and often presented it to
visitorsin our Laboratory. In all our presentations we have
experienced that therobot’ s anthropomorphic shape encour-
ages peopleto interact with it in anatural and intuitive way.
As presented in the preceding sections, HERMES possesses
several other featuresthat makeit intrinsically morereliable
and safer than other robots.

One of the most promising results of our experiments, espe-
cialy the long-term test, is that our calibration-free ap-
proach seemsto pay off, because we experienced drifting of
system parameters due to temperature changes or simply
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Cooperative Learning Experiment:

In this experiment two tables have been placed in the field of view of
the robot. HERMES (“H”) finds itself in a state of waiting for a new
instruction within the (default) service context while a person (“P”) is
approaching.

P: “Hello!”

H: “Hello. My name is HERMES. What is your name, please?”

P: “My name is Rainer.”

HERMES cannot find the person’s name in its database, and
therefore, switches to the spelling context.

H: “Please spell your name!”

P: “Romeo Alpha India November Echo Romeo.”

HERMES switches to the confirmation context.

H: “Your name is Rainer. Is this correct?”

P: “Yes!”

HERMES extends its database of persons and switches back to the
service context.

H: “Hello Rainer. Pleased to meet you. What can | do for you?”

P: “Take this glass. Place it onto my table.”

These sentences invoke a number of different skills. First HERMES
takes over the glass the person currently holds in his hand. Then, the
robot resolves the pronouns “it” and “my” from its situated
knowledge. However, the robot does not yet know which table the
user has in mind. HERMES has to ask the user to help it solving the
current ambiguity.

H: “I have found two tables. Which one is yours?”

HERMES switches to the attributes context.

P: “The left one!”

HERMES switches back to the service context, approaches the left
table and places the glass onto it. Then, it extends its database of
objects, and marks the approached table as one of Rainer’s tables.

Figure 11: Excerpt from a dialogue between a human and HER-
MESto place an object onto atable. Initscourse, HERMESI|earns
more about its environment and stores this knowledge in several
databases for later reference. It should be noted how often con-
texts are switched, depending on the robot’s expectations, thus
improving the speech recognition considerably.

wear of parts or aging. These drifts could have produced
severe problems, e.g., during object manipulation, if the
employed methods relied on exact kinematic modeling and
calibration. Since our navigation and manipulation algo-
rithmsonly rely on qualitatively (not quantitatively) correct
information and adapt to parameter changes automatically,
the performance of HERMES s not affected by such drifts.

The public presentations made us aware of the fact that a
humanoid robot needs alarge variety of functionsand char-
acteristicsto be able to cope with the different environmen-
tal conditions and to be accepted by the general public. In
the majority of cases HERMES behaved as expected, espe-
cialy when it was operated by people who were used to
work with it or, even better, had programmed it and knew
all itsfeatures and flaws. However, even untrained persons
not at all experienced or particularly interested in robotics,
could easily operate HERMES too.

Calibration-Free Navigation

For testing the calibration-free navigation concept vision
skills were developed that yield the position of the guide-
line in the image and its distance to areference point, r, in
the image despite adverse conditions, such as specular re-
flectionsand difficult illumination conditions, in general, at
video field rate (i.e., 50 Hz). Typically, prominent features
inacorridor are visible at the intersections of the floor with
thewalls, as floors and walls usually have different colors.
Such features may serve as guide lines.
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Figure12: Experimentsand Results. Left: Imagetaken by the HERMES vision system during corridor navigation (tracking aguideline,
indicating two forms of interruptions (door and junction). Middle and Right: Driving towards a table (docking) and placing atray onto
the table using the bendable body. Right: Placing a bottle onto a higher table (with upright body).

In the beginning of an actua driving experiment our mobile
robots were placed somewhere in a corridor (Figure 12,
left). Their exact orientation and position were unknown,
but a section of the baseboard or other guideline was in the
field of view. Corridor navigation was possible and proved
to be remarkably robust. Unknown variationsin camerapan
and tilt angle were tolerated as well as replacement of the
camera lenses by ones with different focal lengths. Even a
Suematsu lens that, similar to the human eye, combines a
widefield of view with ahigh resolution in the image center
could be used without any modification to the control soft-
ware. Based on these navigation skills map building and
delivery missions were accomplished.

Manipulation

Manipulation experiments were successfully performed by
interacting with people and in interaction with the environ-
ment. Interaction with people and objects requires tactile
sensor skills. In combination with motor skills, such as
gross arm positioning, objects can be received from, or
given to, people, or placed onto other objects.

Sincetherobot isnot yet skilled enough to visually perceive
the current pose of a human hand in order to conform to it,
it brings its arm into a configuration where the human user
could easily hand over objects or receive them. When the
human places the object between the robot’s fingers, or
takes the object, a touch event signals that the human has
closed the kinematic chain and is willing to give or receive
the object. The robot then closes or opens its gripper, re-
spectively.

To place objects onto other objects, the arm with the
grasped object has to be grossly positioned first. Since the
perceptual abilitiesarestill limited and do not allow to visu-
aly guide the manipulator tip with the grasped object to the
required location, the arm is fully stretched out first, and
then commanded to move thefirst elbow joint down and the
wrist joint up with the same velocities, to yield adownward
movement of the gripper and, at the same time, to keep it
aligned with an assumed horizontal surface (e.g., a table).

Supervising all arm modulesfor atouch event will indicate
when either the robot arm or the grasped object hastouched
something (Figure 12 middle and right).

L ong-Term Experiments

In the sequel we concentrate on demonstrations that we
performed outside the familiar laboratory environment,
namely in television studios, at trade fairs and in amuseum
where HERMES was operated by non-experts for an ex-
tended period of time.

Demonstrating the robot’ s performance outside its normal
laboratory environment, e.g., in television studios, subjects
it to various kinds of stress. First of al, the robot might be
exposed to rough handling during transportation, but even
s0, it should still function on the set. Second, the pressure
of time during recording in a TV studio requires the robot
to be dependable; program adaptation or bug-fixing at the
location is not possible. HERMES has performed in TV
studios a number of times and we have learned much
through these events. We found, for instance, that the hu-
manoid shape and behavior of the robot raise expectations
that go beyond the robot’ s capabilities, e.g., the robot is not
yet able to act upon a directors command like area actor
(although sometimes expected!). But it is through experi-
ences that scientists get aware of what “ordinary” people
expect from robots and how far, sometimes, these expecta-
tions are missed.

Trade fairs, such as the Hannover Fair, the world's largest
industrial fair, posetheir challenges, too: hundreds of mov-
ing machines and thousands of persons in the same hall
make an incredible noise. It was an excellent environment
for testing the robustness of HERMES speech recognition
system.

With respect to dependability the most significant evalua-
tion was carried out during a long-term test where HER-
MES served in a museum, far away from its home labora-
tory, interacting with unknown humans and offering useful
functionality to them for more than six months up to 12
hours per day. In aspecial exhibition the museum presented
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Figure 13: HERMES executing service tasks in the office envi r(;nment of the Heinz Nixdorf MuseumsForum: (a) dialogue with an a
priori unknown person, HERMES accepts the command to get aglass of water and to carry it to the person’ s office; (b) asking a person
in thekitchen to hand over aglass of water; (c) taking the water to the person’ s office and handing it over; (d) showing someone the way

to a person’s office while gesturing with an arm and the eyes.

the current status of robotics and artificia intelligence and
displayed some of the most interesting robots from interna-
tional laboratories, including HERMES.

We used the opportunity of having HERMES in a different
environment to carry out experiments involving al of its
skills, such as vision-guided navigation in a network of
corridors; driving to objects and locations of interest; ma-
nipul ating objects, exchanging them with humans or placing
them on tables; kinesthetic and tactile sensing; and detect-
ing, recognizing, tracking and fixating objects while ac-
tively controlling the exposure time of the cameras. Visitors
and personnel were most impressed by HERMES plug-and-
run capabilities and its human-friendly intuitive interaction
interface. HERMES was able to chart the office area of the
museum from scratch upon request and delivered servicesto
a priori unknown persons (Figure 13 and aso [Video A]).
In aguided tour through the exhibition HERMESwas taught
the locations and names of certain exhibits and some expla-
nations relating to them. Subsequently, HERMES was able
to give tours and explain exhibits to the visitors. HERMES
chatted with personnel and international visitors in three
languages (English, French and German). Topics covered in
the conversations were the various characteristics of the
robot (name, height, weight, age, ...), exhibits of the mu-
seum, and actua information retrieved from the World
Wide Web, such as the weather report for a requested city,
or current stock valuesand major national indices. HERMES
even entertained people by waving a flag that had been
handed over by avisitor; filling a glass from a bottle with
water (a vision-guided sensorimotor skill), carrying it to a

2 . —

Figure 14: HERMES perfé)rmi ng at the special exhibition “Computer.Brain”

table and placing the glass onto it; and playing the visitors
favorite songs or telling jokes that were retrieved from the
Web (Figure 14 and a'so [Video B]).

We found it interesting to observe how HERMES, actually
just alaboratory prototype despite its designed-in depend-
ability, survived the daily hard work far away from its “fa-
thers” where no easy accessto repair and maintenance was
available, and how it got along with strangers and even
with presenters who did not know much about robot tech-
nology. In fact, we were surprised ourselves that it per-
formed so well. During 6 months of operation (lasting up to
18 hours a day during video recordings for documentation
purposes) only one motor controller, one drive motor and
one audio amplifier ceased to function, all of them commer-
cidly available and easily replaceable. According to the
museum staff, HERMES was one of the few experimental
robots that could regularly be demonstrated in action, and
among them it was considered the most intelligent and most
dependable one.

5 Summary and Conclusions

A bionic approach to the design of complex intelligent ro-
bots has been presented. HERMES, an experimental robot
of anthropomorphic size and shape designed according to
this approach, interacts dependably with people and their
common living and working environment. It has shown
robust and safe behavior with novice users, e.g., at trade
fairs, television studios, at various demonstrations in our

, instructed by natural language commands: taking over a

bottle and aglass from a person (not shown), filling the glass with water from the bottle (a); driving to and placing thefilled glass onto
atable (b); interacting with the visitors (here: waving with both arms, visitors wave back!) (c)
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laboratory environment, and in along-term experiment car-
ried out in a museum and office environment.

The robot is basically constructed from readily available
motor moduleswith standardized and viable mechanical and
electrical interfaces. Duetoitsmodular structuretherobot is
easy to maintain, which is essential for system dependabil-
ity. A simple but powerful skill-based system architecture
integrating visual, tactile and auditory sensing and various
motor skills not relying on quantitatively exact models or
accurate calibration are the basisfor software dependability.
Actively controlling the sensitivity of the CCD cameras
makes the robot’ s vision system robust with respect to se-
vere illumination contrast and varying lighting conditions.
Consequently, safe navigation and manipulation even under
uncontrolled and sometimes difficult lighting conditions are
realized. A touch-sensitive skin currently covers only the
undercarriage, but isin principle applicable to most parts of
the robot’s surface. HERMES understands spoken natural
language speaker-independently, and can, therefore, be
commanded by untrained humans.

In summary, HERMES can see, hear, speak, and feel, as
well as move about, localize itself, build maps and manipu-
late various objects. In its dialogues and other interactions
with humansit appearsintelligent, cooperative and friendly.
In along-term test (6 months) at a museum it chatted with
visitorsin natural language in German, English and French,
answered questions and dependably performed services as
requested by them.

Although HERMES is not as competent as the robots we
know from science fiction movies, the combination of all
before-mentioned characteristics makes it rather unique
among today’ sreal robots. In contrast to today’ s robots that
are mostly strong with respect to asingle functionality, e.g.,
navigation or manipulation, our results illustrate that many
functionalities can be integrated within one single robot
through aunifying situation-oriented behavior-based system
architecture. Our results suggest that testing arobot in vari-
ous environmental settings, both short and long term, with
non-expertshaving different needsand different intellectual ,
cultural and social backgroundsisenormously beneficial for
learning the lessons that will enable usto build dependable
intelligent robots. We claim that these tests have to be car-
ried out “here and now” by usrobotics researchers, with the
computing power and other resources available today. We
hope that our results encourage others to include increas-
ingly integration, dependability and long-term experiments
in their research efforts.
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