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Perception System for Naturally
Interacting Humanoid Robots

Karsten Berns, Norbert Schmitz

The development of humanoid robots rises many challenges in the areas of mechatronics, control and sensor pro-
cessing. Several partial solutions in the mentioned areas are available but still many unsolved problems do exist. This
paper presents a basic concept for a sensor processing system for humanoid robots. The proposed perception system
consists of three basic components: information capturing, information memory and information extraction. The cap-
turing module interprets the measurements of the sensors and generates basic statements about the environment.
This information is combined to a compact description of objects of interest which is stored in a short term memory.
The short term memory is used to extract time depended information from the object descriptions. Experimental
results performed with the humanoid robot ROMAN and a behavior-based control architecture show the capabilities
of the proposed approach.

1 Introduction

Humanoid robots as accepted members of society with
human-like skills can be found in fiction since many years.
The demand for such multi-functional robots is high since
the application areas are spread over a wide variety of activi-
ties like entertainment, house keeping or elderly care. Never-
theless current developments of humanoid robots can only
cover small aspects in the development process of such a
robot. The mechanical construction of a human-like robot
alone is a challenge which could not be completely solved
yet and the complex environment of humans poses a great
challenge for the control and sensor system. But even with
a perfect mechatronic and sensor solution the interpreta-
tion and reaction on given environment situations is a highly
complex task. Psychologists [9] are analyzing the behavior of
interacting humans but the complexity of the communica-
tion process does not allow a complete model yet. Never-
theless some reduced models do exist which can be used to
improve the behavior of a humanoid robot in a robot-human
communication scenario.

The development of the humanoid robot ROMAN
(RObot-huMAN interaction machine) at the University of
Kaiserslautern focuses on the aspect of natural interaction
between humans and robots. The robot as depicted in Fig.
1 shows the current skeleton which can be covered with a
silicone skin and clothes. With a height of about 180cm, the
skin and the clothes the robot creates the impression of an
upright standing human being. Overall the robot has 24 de-
grees of freedom (DOF): 3 in the spine, 4 in the neck, 3 in
each eye and 11 for facial expressions. Further details con-
cerning the mechanical construction can be found in [8].

The control system is implemented using a behavior-
based emotion architecture. The emotional space as central
object influences the three main parts of the control archi-
tecture: habits, motives and percepts. The percepts of inter-
action will be discussed in detail now whereas further in-
formation concerning the habits, motives and the emotional
space can be found in [6].

Figure 1: The skeleton of the humanoid robot ROMAN with-
out clothes and silicon mask

2 State of the Art

The manipulating robot ARMAR III [1] is implemented using
a hierarchical planning-coordination-execution architecture.
The sensor system is not explicitly represented in the archi-
tecture so that the information gathered from the sensors is
directly used in each layer. In contrast to this approach RO-
MAN realizes a specific perception module which uses the
basic sensor information to generate abstract high-level in-
formation to reduce the sensor complexity for the habits and
motives.

For any human-robot interaction scenarios a stable ap-
proach for tracking humans over time is necessary. Marker
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less motion capture systems as presented in [2] are well
suited for humanoid robots. The use of multiple cues like
edges and regions is a promising approach and increases
the robustness. This approach does not provide any informa-
tion how the tracking data is used to control the interaction
process. The perception system of the robot ROMAN realizes
a similar tracking system with further information about the
interaction partner and a mechanism for the extraction of
time-dependent information.

The humanoid robot QRIO [5] implements a sensor sys-
tem with long and short term memory. It basically uses color
information like skin and object color gathered from the
cameras to influence the interaction process. The concept
of capturing and memorizing can also be found in the archi-
tecture of ROMAN although the concept of QRIO is extended
by the information extraction group.

The benefits of the proposed perception system will be
discussed in detail in the following section.

3 Perception System

A perception system for humanoid robot fulfills the chal-
lenging task of sensor data abstraction. Sensors like cameras
and microphones are constantly providing a large amount of
data. This data must be used to extract all required informa-
tion about the environment of the robot which are neces-
sary for an interaction scenario. The selection of relevant and
necessary information is complex since it is not possible to
represent all aspects of inter-human communication.

The interaction process itself should be “natural” which
does not allow environmental changes like markers and
includes verbal and nonverbal interaction signals. The fol-
lowing discussion will be limited to non-verbal interac-
tion signals since they are an important part of natural
interaction.Non-verbal interaction signals are complex and
can often only be detected by analyzing changes over time.
An example for such a signal is nodding which cannot be
detected in a single picture but a video stream reveals the
movement. Therefore a sensor system with abstraction layer
and time-dependent analysis is required.

The perception system of the humanoid robot ROMAN
realizes the described requirements. Basically it is divided
into three basic groups: information-capturing, -memory and
-extraction. These groups can be developed and integrated
independently and allow a modular system design. The cap-
turing recognizes simple information in the sensor data and
combines them to a model of the environment. The memory
module stores these models over time to allow a compari-
son with previous capturing and the extraction groups uses
this “time-memory” to extract time dependent information.
Fig. 2 shows the three basic parts and the information flow
between the modules.

3.1 Information Capturing
The information capturing system uses the data from the
physical sensors, divides them into several “virtual sensors”
and combines the knowledge a simple model of the envi-
ronment. These models are then passed to the information
memory.

The notion of “virtual sensor” has been introduced to de-
scribe a module which analyzes the real sensor information

Figure 2: The perception system of the robot with the ba-
sic capturing group, the short term memory module and the
high-level information extraction group. The data flow is al-
ways directed from capturing to extraction.

in respect to a specific property. This concept allows a mod-
ular integration of additional sensors for a specific type of
information. The perception system for the humanoid robot
ROMAN currently has the following virtual sensors:

Face Detector The face detector uses a trained haar cascade
classifier to localize frontal faces in an image. It provides
information about size and position of a face.

Skin Color Detector The skin color detector assigns a prob-
ability value of skin color to each pixel. The classification is
based on manually classified training images and a fitting
of gaussians into the RGB color space. The probabilities for
each pixel can be obtained using a look up table. [7]

Optical Flow Detector This virtual sensor calculates the op-
tical flow between two successive images. It provides in-
formation about the direction and distance of a movement
in an image.

Emotion Detector The emotion detector uses a haar cas-
cade classifier to localize important features in the human
face. The feature points are directly mapped to Ekman’s
action units [4]. Based on the distance of the feature to
each other it is possible to calculate the activities of each
unit. These activities are analyzed to deduce the emotion
of a person in an image.

Color Detector This detector classifies each pixel of the in-
put images and combines connected color regions to
color blobs using the CM Vision library. This detector can
be used to separate regions with a specific color although
it is not suitable for skin color detection. [3]

Motion Detector The motion detector generates difference
images of successive pictures to extract regions with high
motion activities. This detector does not provide any infor-
mation about the direction of the motion in an image.

Sound Localizer The sound localization provides 3D infor-
mation about the most prominent source of sound in the
environment of the robot. (work in progress)

The basic information of the capturing system cannot be
used directly to extract high-level information. False detec-
tions and the missing connectivity between sensor informa-
tion and object of interest requires the introduction of a
multi-object filter. This filtering is realized using a particle
filter on the image plane. The output of the filter and the
accoring information from the virtual sensors are combined
to a general description of every object in the focus of the
robot.
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3.2 Information Memory
The information memory consist of a short term memory
storing the 100 most recent capturings. One element of the
memory itself is a vector with up to 10 elements. This enables
simultaneously tracking of multiple objects. The memory is
internally designed as a ring buffer to reduce the time for
memory allocation. Each element stores information of type,
state and the according time stamp.

3.3 Information Extraction
The information extraction group uses the data stored in the
short term memory to extract time dependent high level in-
formation. This extraction is necessary since actions like nod-
ding, head shaking or hand waving are hard or impossible to
detect in a single image. Another challenge for the informa-
tion extraction is the question which behaviors are important
and possible to detect.

Each of the extracted behaviors is realized as a behavior-
based module according to the iB2C-framework. The activ-
ity of each extraction module represents the probability that
the described behavior has been detected in the memory.
Two examples of extraction modules are nodding and head
shaking which can be used to realize a non-verbal dialog
using the vision based detection of agreement or disagree-
ment.

The activity a of the module nodding is calculated by

a = s·  (amply − amplx) · 10  ·  amply  (1)

while  •  indicates a limitation to the interval [0, 1] and
amplx, amply are the average amplitude of the optical flow
in x and y direction. The activity of the module nodding is
high when the amplitude in y-direction is high and the differ-
ence between the amplitude in y and x direction is positive
and high. These heuristics describe the typical observations
when a person is nodding. The head shaking behavior is im-
plemented similar to the nodding behavior with inverted am-
plitudes in x- and y-direction.

4 Experiments

The experiment is performed on a standard PC with an In-
tel(R) Core(TM)2 Duo CPU E4500 with 2.20GHz. The captured
images are scaled to a size of 320x240pixels with a frame
rate of 10fps. The perception system with capturing, mem-
ory and extraction runs in a cycle time of about 100ms with
a CPU load of about 50percent. The particle filter uses 2000
particles.

The experiment was performed in a standard office envi-
ronment with the standard lightning conditions. A test per-
son has been asked to sit in front of the robot and randomly
perform head nodding and shaking actions. During this time
the activities of the nodding as well as the shaking behavior
has been recorded over time.

Figure 4 show a representative part of the logs during
the experiment. The first two graphs show the activity a ∈
[0, 1] of the nodding and the shaking behavior. A high activity
indicates a high probability that the person in the focus of
the robot is performing the corresponding action. The third
and fourth diagrams show the average optical flow in x and
y-direction in pixels. The x-axis in all diagrams indicates the
number of the recorded sample.

It can be seen that the person starts nodding at about
sample index 3000 leading to a rising activity of the nodding
behavior. The activity is high as long as the nodding exists
in the ring buffer. The head shaking action starting about
sample 19000 does not have any influence on the nodding
activity but increases the activity of the head shaking behav-
ior. The response time of both behaviors is mainly influenced
by the size of the ring buffer. A large buffer leads to a long
time of activity.

Figure 3: Experimental results of a nodding and head shak-
ing behavior. The x-axis indicates the index of the recorded
sample. The first two plots show the activity of the nodding
and the shaking behavior. Both behaviors are stimulated dur-
ing the hole experiment. The third and fourth plot show the
average optical flow of the person’s face in x- and y-direction
in pixels.

5 Summary and Outlook

The paper has introduced a modular sensor system for hu-
manoid robots which is able to extract elementary high level
knowledge from high dimensional sensor information. With
the help of this concept it is possible to separate the percep-
tion system from the rest of the control architecture with-
out limitations in flexibility. The specification of an interface
between sensor and control system reduces the amount of
transferred data and reduces the complexity of the control
system.

The perception system proposed here is subdivided into
the three main components capturing, memory and extrac-
tion which realizes a modular concept. The capturing uses
the physical sensor information to generate basic informa-
tion like skin color or face position. This information are used
as input to a filtering system which generates an abstract
view on the observed objects. This abstract information is
stored in the memory to reveal time dependent knowledge.
The third modules, the extraction uses the memory to gen-
erate high level information which are passed to the control
system.

A final experiment shows the extraction group with the
nodding and head shaking behavior extracted from the in-
formation of the average optical flow.

Further developments on the perception system will in-
crease the amount of observable behaviors. To achieve this
goal it is necessary to extend all three basic components of
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the perception system. The capturing system will include au-
dio information in the filtering process and extend the obser-
vations to 3D space. The memory system will be extended in
a way that long and short term memory are coexisting in a
common data structure. And last but not least the extraction
system will be extended with more behavior modules and
the influence of the emotional state in the extraction system
will be added.
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