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touch and natural language are major components in realizing
human-friendly robots they have been studied rather independ-
ently because they constitute research areas in themselves.
Therefore, not much work on autonomous robots with human-
like manipulation capabilities operating in real environments
and integratingl! three components has been reported.

Abstract

In the personal or service robotics domain a very close interac-
tion between humans and robots is crucial. To facilitate such a
closeinteraction we propose to design the robot according to an
anthropomorphic model, to combine visual and tactile sensing
and to base human-robot communication on natural language.

Furthermore, we argue that integrating these key technologies
into a robot requires a certain kind of a behavior-based system
architecture that relies on an understanding of situations for the
selection of the behaviors to be executed. A robot implementing
this architecture allows a human interface to be realized that
makes the robot appear intelligent and easy to communicate and

Jijo-2, a talking mobile robot without manipulators, is able to
build a probabilistic map of its office environment by acquiring
missing location information through conversational dialogues
with people. A multi-microphone array has been developed to
enhance the speech recognition rate under noisy real-world
conditions [Matsui et al. 1996].

The dual-arm mobile robot KAMRO has been augmented with
a natural language interface for specifying assembly tasks. Spa-
. cial relations between components to be assembled on the ro-

1Introduction bot's workbench are identified by an overhead camera. Thus, a
Man-machine interfaces are a key part of today’s and futurecomplete world model can be maintained. It may be used to
technical systems, especially in the personal or service roboticemplement or correct operator utterances that may be incom-
domain. Future personal or service robots will have to interagilete or inaccurate [Laengle et al. 1995].

closely with humans, and specifically, with humans who are nothe primary testbed of the collaborative research program
robotics experts and often not even interested in robotics andjtuated Artificial Communicators” at the University of Biele-
other technical matters. It is considered unlikely that such pefeld is a static assembly cell consisting of two cooperative robot
sons will use interfaces like mouse or keyboard for instructing &rms equipped with multiple video cameras and force/torque
service robot to perform specific tasks. sensors [Knoll et al. 1996]. Typed natural language is used to
Studying how humans could possibly interact with such robotsonduct the conversation between the machine and a human
in a flexible manner leads to the conclusion that any commundperator. A hybrid behavior-based system architecture has been
cation and interaction should be as natural as possible. In otrdgveloped that integrates language, perception and action. It
words: Communication with a robot should take place on &andles situated references to actions and objects which could
human-like level of abstraction and be conveyed via acoustitiot be interpreted on the basis of the dialogue context alone
visual or tactile communication channels that are employed Hi¥lilde et al. 1997].

most humans and, thus, yield the highest possible degree phe most sophisticated system up to date in terms of multimodal
user-friendliness. If we consider, for instance, situations involvgser interaction has been presented by [Thérisson 1998]. He
ing cooperative manipulation of objects by the robot and a higreated a prototype of a communicative “humanoid” that con-
man, both visual and tactile sensor information are indispensists of a voice, a hand and a face which appear on a small mon-
able: vision-based perception is necessary for navigation and f@r in front of the user. It is capable of real-time face-to-face
extracting relevant environmental information relating to distan§jjalogues with human users including various hand gestures,
objects, while tactile information augments the robot's percemacial expressions, body language and meaningful utterances. Its
tion for interactions with nearby persons or objects. To initiatginderlying architecture is a model of human psychosocial dia-
this cooperative task and to exchange information during taskgue skills that includes perception and interpretation of user
performance, speech should be used as it is the preferred m@ghavior with respect to the current dialogue state.

of human communication. . With respect to existing systems and reviewing the correspond-
Many researchers are working towards the goal of truly humaing literature we are able to identify three major problem areas

friendly robots that have a number of different senses and ca@fat need to be solved for developing truly human-friendly per-
be safely operated and intuitively instructed. Although visionggnal robots:

interact with. Results of first experiments are reported.
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1. Design and integration of the sensors and actuators neces-
sary for enabling arobot to sensein, and act on, its environ-
ment in a human-like way.

2. Redlization of a control structure that allows a robot to
generate useful and goal-directed behaviors, based on a
multitude of sensor inputs with regard to its actuation capa-
bilities.

3. Development of communication and interaction behaviors
to enable the robot to communicate intelligently and to
display a user-friendly and cooperative attitude.

Our proposition to solve these problems is to build the robot
according to an anthropomorphic model and to equip it with
universally applicable sensor modalities, such as vision, touch
and hearing, and building, thereupon, human-like sensorimotor
and communication skills and behaviors that allow the robot to
interact intelligently with persons and manipulate objectsin its
surroundings.

In the sequel, we explain these problems in more detail and
present our solutions with respect to the state of the art. In sec-
tion 3 we give an overview of the system architecture that al-
lows us to integrate various sensor modalities in the control of
our robot. Section 4 reveals some implementation details. Ac-
tual performance can be evaluated based on real-world experi-
ments (section 5).

2 Major Problemsand Solution Propositions
2.1 Designing Rabots for Human Environments

Regarding thefirst problem, the robot design, it seems plausible
to take a human as a design model. The best argument for such
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Figure 1: The role of situation as a key concept in the perception-
action cycle of a situation-oriented behavior-based robot.

2.2 Controlling a Humanoid Service Robot

To solve the second problem, controlling a robot with many —
partly redundant — degrees freedom in actuation and sensation,
we propose to ground the system on a behavior-based architec-
ture. Behavior-based system architectures are now generally
accepted as an efficient basis for autonomous mobile robots
[Arkin 1998]. Their main principle is the achievement of de-
sired goals by activating an appropriate sequence, or combina-
tion, of behaviors that are selected from a repertoire of pre-
defined behaviors.

The key problem in designing behavior-based robots is the
questionhow to choose at each moment the most appropriate

behavior. We propose to base this decision on a multitude of
factors that we summarize under the term “situation”. The con-
cept of “situation” here includes not only the objects in the
environment and their states of motion, but also higher-level
goals of both the human and the robot, overall tasks, and behav-

an approach isthat a personal or service robot shall perform its
tasks in environments where humans work and live, e.g., in
apartments, offices, laboratories, restaurants, or hospitals. These
environments are designed to meet special human characteris-
tics and needs. the space a human requires, his working and ¢ D
vision height and his strength and the number of degrees of  ioral abilities of the robot.

freedom available to manipul ate objects [Bischoff 1998]. Figure 1 illustrates how the concept of “situation” may be em-
Instead of adapting the environment to the robot’s needs it is §e¢dded in the perception-action cycle of a behavior-based robot.
better approach to enable the robot to adapt itself to the enviroh'® figure also makes it clear that the “situation” on which the
ment. Shaping the robot according to an anthropomorphic mofebot bases its behavior selection is, strictly speaking, only the
el and equipping it with human-like sensor and motor skills wilfobot's internal image of the actual situation. Due to imperfect
avoid subsequent and expensive changes of the infrastruct®@1sing or imperfect knowledge, this image may sometimes
and make the robot, in principle, suited for any environmerfliffer from the true situation, which will then result in a sub-
humans normally work and live in. Employing special purpos@ptimal, or even grossly inappropriate, behavior of the robot.
sensors, e.g., for distance measurement, may help in the sHoff further details see [Graefe, Bischoff 1997].

run with the development specific systems; however, a more 2.3 Communicating and I nter acting with Service Robots

generic approach with sensors on the basis of vision, touch andl user-friendly interface is a prime prerequisite for service
hearing will in the long run lead to more cost-effective solutiongobots that are aimed to help us in various activities in daily life.
and help to deploy future robots in massive numbers. Their design and implementation is a two-fold problem: First,
Another reason for an anthropomorphic design is that serviddéiman and robot have to agree upon a suitable communication
robots will have to interact, and to communicate, with humangnode (or channel), second, utilizing the agreed-upon mode,
If a robot has a humanoid form and exhibits human-like behagommunication and interaction have to be grounded on a com-
ior, humans are able to interact with it in a more natural waynon understanding or reference frame.

Also, movements of an anthropomorphic robot can more easifince natural language is the easiest and most desirable mode of
be predicted even by humans who are not interested in rob@mmunication for a human it is desirable to integrate speech
technology. Finally, humanoid size and shape of a robot can ecognition and output into most service robots. Language can
advantageous for its representation of knowledge of the envbe used to instruct the robot with higher level goals or to inter-
ronment in such a way that it may easily be accessed by, ag@ne certain behaviors and modify their execution. However, to
shared with, humans as a basis for communication. The closgs accepted as cooperative partners, robots must not only have
the contact with humans the more humanoid the robot should ige ability to understand perfectly clear and complete com-
[Bischoff et al. 1998]. mands, but they must also resolve ambiguities and complement
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general, robots do not have the percep-
tual abilities of humans and, therefore,
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. . gigure 2: System architecture of a personal robot
salient features that he perceives \aeq on the concepts of situation, behavior and skills.

terruptive basis to enable a continuous
and timely situation update and error
handling.

sensor readings and build special representations that, in gefhe situation module fuses via skills data and information from
eral, do not conform with the way humans communicate angjj system components to make situation assessment and behav-
interact with each other. ior selection possible. Moreover, it provides general system
However, communication can nevertheless be made possible by
virtue of using common reference points in the environment and
employing a common labeling for these points. For instance,
language could be used to agree upon place or object names as
a basis for cooperation. This does not necessarily require an
understanding of the robot’s representations of the world as
long as the robot is able to refer to those agreed-upon points in robot behavior.
its own terms when needed. 3.2 Skills and Behaviors

A situation-oriented approach, as proposed in the previous Segccording to [Babcock 1976] a skill is the “knowledge of the
tion, .also seems to be adequate for solving this communicati@Reans or methods of accomplishing a task” or the “ability to use
and interaction problem. Since man and machine are sensigge’s knowledge effectively and readily in execution or perfor-

and acting in a common environment, they will perceive theimance” or the “dexterity or coordination especially in the exe-
current situation in a similar way. If the robot is endowed withytion of learned physical tasks”.

suff|c!en'tly powerfyl perceptual gnd cognitive abilties it ma.‘yAccording to psychological literature [Proctor, Dutta 1995],
base its interpretation and execution of commands on that situg-

tion as perceived by both the robot and the human operator.ﬂfms have several characteristics in terms of which they can be

- - efined: First, a skill is acquired through practice or training,
will then be able to accept orders of a similar form and abstrac-"" ..~ : X .
. . . i.e., it is learned, but not innate. Second, skill develops in re-
tion level as those which a human would give another humai

X . - sponse to some demand imposed by the task environment on the
and, thus, appear to be intelligent, cooperative and easy to conl-._ . hird. skill i id to h b ired when th
municate with. organism. Third, skill is said to have been acquired when the

behavior is highly integrated and well organized. Finally, cogni-

. tive demands are reduced as skill is acquired, freeing limited
3 System Architecture mental resources for other activities. | ’

Seamless integration of many different sensor modalities in&e derive our definition of skill from these characteristics,

complex robot body calls for a unifying approach. We haveycept that, for practical reasons, low-level skills need not to be

developed a system architecture that allows integration of mullja5rned (from scratch) but are pre-programmed and in-built

ple sensor modalities and numerous actuators, as well as knO\(«g-_g_' basic motor and sensor skills such as moving a joint or

edge bases and a human-friendly interface, with access to gllting joint angle, see below for some more examples). One
before-mentioned components on different levels of abstractiogqd refer to these low-level skills as the robot's bakitties

In its core, the system is behavior-based, which is now generally,on which high-level skills may evolve in response to some
accepted as an efficient basis for autonomous robots. Howevgkiernal demand. High-level skills may also be pre-pro-

to be able to select behaviors intelligently and to pursue longyammed, but may contain a learning component, that allows
term goals in addition to purely reactive behaviors, we havgeir continuous improvement over life-time. To summarize, we

introduced a situation-oriented deliberative component that igefine a skill as a goal-directed, well organized behavior that is
responsible for situation assessment and behavior selection. jn_pyiit, can be acquired and improved through learning, and is

3.1 System Overview performed with economy of effort.

Figure 2 shows the essence of the situation-oriented behavidn-this sense a skill can be the basis for an observable behavior.
based robot architecture as we propose it. The situation modwecording to [Babcock 1976] a behavior is an “observable

goal, i.e., it has to coordinate and initialize the in-bBit skills.

management, i.e., cognitive skills. Therefore, it is responsible
for planning an appropriate behavior sequence to reach a givel

activating and deactivating skills, a management process witt
the situation module realizes the situation-dependent concaten
tion of elementary skills that lead to complex and elaborate
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activity when measurablein terms of quantifiable effectsonthe  Data processing skills: The system’s knowledge bases are
environment whether arising from internal or external stimulus” organized and accessed via data processing skills. They return
or “anything that an organism does involving action and respecific information upon request and add newly gained knowl-
sponse to stimulation” or “the response of an individual, groupedge (e.g., map attributes) to its data bases. They can also pro-
or species to its environment”. Thus, behavior is more generaide means of more complex data processing, for exaplple:

than skill in a sense that it also includes purely reactive rehe shortest route (through a given network of corridorgy,o-
sponses to external or internal stimulations, e.g., reflexes sugtte next task description, etc.

as hard-wired emergency stopping, or may be evoked by emo-

tions such as anger or happiness. 4 Implementation

In general, most skills involve the entire information processing 1 Design and Realization of HERMES

system. However, at a gross level, they can be divided into thane designing our humanoid experimental robot NaMERMES

with primarily perceptual, motor or cognitive components. Re- ; . L .
arding the proposed system architecture, cognition takes place placed great emphasis on modularity and extensibility [Bi-
9 9 brop Y » €09 Plag&hoff 1998]. All drives are realized as modules with compati-

at the situation module. Selecting a specific behavior or skill I$ile mechanical and electrical interfaces: each drive module
therefore, an expression of a cognitive process. - . RN .

~contains a motor-transmission combination, power electronics,
All hardware components are accessed by the system via skidlgnsors, a micro-controller, and a communication interface
which can be classified into five categories: (CAN bus) that connects them with the main computer.

Motor skills: Motor skills are simple movements of the robot’s yERMES'driving mechanism is omnidirectional. The manipu-
actuators. They can be arbitrarily combined to yield a basis fQgtor system consists of two articulated arms with 6 degrees of
more complex control commands. Encapsulating the accessft@edom each on a body that can bend forward and backward.

groups of acturators, that form robot parts, such as wheelbaggrrently each arm is equipped with a two-finger gripper that is
arms, body and head, leads to a simple interface structure, agificient for basic manipulation experiments.

allows an easy generation of pre-programmed motion patter
Examples for motor skills arenove single module to a certain
position, set velocity of a single module, open/close grippers,

"Wrain sensors are two video cameras on a pan-tilt platform.
Numerous proprioceptors such as angle encoders, current con-
. " . verters or temperature sensors, are integrated in the motor mod-
move arm to a certain position, move arm relative to the cur- ules; additional sensors may be connected via available inter-
rent position, move robot into initialization position, etc. fac&'e A radio Ethernet interface allows to control the robot
Sensor skills: Sensor skills encapsulate the access to one @motely. Separate batteries for the motors and the information

more sensors, and prOVide the situation module with proprioceproc ng Wgen'] allow a continuous Operation of the robot for
tive or exteroceptive data. Angle encoders, motor current CORaveral hours without recharging.
verters and battery gauges would be useful proprioceptive sep-

sors giving feedback about the robots internal state. Visua ,'2 Control

tactile and olfactory sensor modalities could provide useful datd hierarchical multi-processor system is used for information

about the robot’s environment. Examples for sensor skills ar@0cessing and robot control. The control and monitoring of the
get position of module, get position of arm, get grasping force,  individual drive modules is performed by the sensors and con-
detect docking station, track person, detect touch etc. trollers embgdgled in each module. The main computer is a
. - . . . network of digital signal processors (DSP, TMS 320C40) em-
Sensorimotor skills: A sensorimotor skill combines both SeNsory ided in a standard industrial PC. Sensor data processing
and motor skills to yield sensor-guided robot motions. ViSion(including vision), situation recogniti(;n behavior selection and

guided motions skills are, e.dind object (by actively control- high-level mation control are performed by the DSPs, while the
ling the camera head according to a search pattern and SearE’E’provides data storage and the human interface (F’igure 3)

ing for the object in the imagedjxate/track object, visually ) , . i i '
servo the gripper to a goal location, etc. Tactile and force/ Overall control isrealized as afinite state machine that is capa-

torque-guided motion skills are, e.glace object onto table, ~ PI€ Of responding to events and interrupts and that can handle
maintain contact on a surface (with specified force during mo-
tion), take object from/give object to a person (moving the arm host computer
towards the person and subsequently detecting cordiaakjng
hands with person (conforming to person’s motions), etc.

Communicative skills: Communication takes place via various  [drive module M

different channels (acoustic, optical, tactile) and requires a
variety of communicative skills to pre-process user input and to
generate a valuable feedback for the user according to the cur-

multi-processor system

DsSP DSP | \’_D;P

CAN
controller

frame
grabber

rent situation and the given application scenario. Communica- i

tive skills depend on various sensor skills to receive the required '
information, e.g., hearing skills for understanding speech, vision CAN bus

skills for recognizing gestures or mimics, and even tactile skills, actuators and| proprioceptors || exterocepto

if braille reading were to be performed. Sending information t@ @@ @ @I@ @ @@ @ L—qg
a receiver can be as simple as switching a light on or off or @S opie | body leftam  rightam | camera oher | O
complex as producing speech. Examples for communicatiye Platfom manipulation system platform sensors || cameras

skills are:convert natural language into text (and vice versa), Figure3: Modular and adaptable hardware architecture for informa-
display status information, etc. tion processing and robot control.
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and exchange messages between the different processors in-  behaviors the robot’s data processing skills in combination with
volved. After powering up the robot finds itself in the state its cognitive skills must convert it into a sequence of in-built
“Waiting for next mission description”. A mission description is  behaviors which may then be executed (see section 5).

provided as a text file that may be either loaded from a disk @enavioral knowledge: The knowledge necessary for situation
received via e-mail or entered via keyboard. It consists of apycognition and robot control is represented partly in procedural
arbitrary number of single commands or embedded missiqgrm within the various algorithms, and partly in declarative
descriptions that let the robot perform a required task. All comyyrm in data bases, e.g., how to break down complex skills or
mands are written in natural language and passed to a parg@hayiors in more simpler ones that can be actually executed,

and an interpreter. If a command cannot be understood, 44 how objects can be recognized and manipulated.
under-specified or ambiguous the situation module tries to com-

plement missing information from its situated knowledge or 5 Experiments

asks the user via its communicative skills to provide it. ) ]
. . \We conducted a number of real-world experiments with the
In the current implementation 'commands .have to be typgd art]}%manoid roboHERMES to evaluate the concept presented in
s and st o ey o e precringsectons. An example hat may sene o show e
P 9 pu . T way, potential of the concept, but also the limitations of the current
end both written and spoken instructions will be understood. . . . . R :
me ) ) implementation, is depicted in Figure 4. The corresponding

implemented, except for those requiring force/torque sensi
[Bischoff 1999]. Motion skills are mostly implemented at the
microcontroller level within the actuator modules. High-levelBeing in a state to wait at its home base for the next mission to
motor skills, such as coordinated smooth arm movements, a#ecomplish or command to execute, HERMES situation chang-
realized by a dedicated DSP interfaced to the microcontolle®s as it receives this new command. After parsittERMES
via a CAN bus. Sensor skills are implemented on those DSPéans a route from its current location to the secretariat. The
that have direct access to digitized sensor data, especiafgute is planned by the appropriate data processing skill
digitized images. (Dijkstra shortest path algorithm) in terms of vision-guided
4.3 Knowledge Repr esentation navigation behaviors, e.g., leave home base, turn right, turn left
at the second intersection, turn right, stop at the second door to

For a situation-oriented behavior-based mobile robot, that has 9, right (no coordinates are used). Then, the planned behavior
pursue certain goals, in principle, three different types of know-equence is executed, and if nothing unplanned happens (e.g.,
edge bases are needed: one, a knowledge base containing in

. - o : or locked) the robot reaches a position in front of the secretar-
mation about the static characteristics of the environment, tWPat where it reports to the user

knowledge about the mission to accomplish and general goals to C | . . -
pursue, and three, knowledge on how a present situation collFRMES: “Hello! | am waiting for further instructions!
be changed to the desired one by executing appropriate beh&uman: “Take over tray.”

iors. An intelligent robot as we have it in mind should be able te;om its data base the robot knows what atray looks like and
communicate its knowledge to humans and to learn and extefgyy it has to be grasped so that the objects on it will not fall
its knowledge by interacting with the world. down. Since the robot is not skilled enough to perceive the cur-
Attributed topological map: The static characteristics of the rent pose of the tray it hasto bring its arm into a configuration
environment are stored in a topological map that is augmentedhere the human can easily hand over the tray.

by certain attributes [Graefe, Bischoff 1997]. Intersections anfierMES: “Place tray into my left hand, please!”
junctions as, well as task-relevant locations, such as dockirﬁ@/

I

uman: “Go to the secretariat and wait for instructions.”

stations, are modeled as points, and passageways connec HERMES waits for a touch event that it can recognize by

such locations as pairs of anti-parallel directed paths. Points affgProprioceptive sensors. A touch event |sdetectegl asan invol-
untary unexpected movement of one or more of its joints that

aths carry attribute lists that contain relevant information, e.g;,
gpproxima):e information on geometrical quantities (e.g., Iengtg ost propably results from extgrnal forces. As HERMEQS en-
of, and angles between, corridors), as well as descriptions B(Pders yield an angle resolution of better than 0.05° and can be
visible landmarks and hints to certain behaviors that are relat é\mpled atarate of up to 1.kHZ’ very small external forces can
to specific locations, e.g., “go slowly” or *keep right”. e detected and, thus, utilized to signal a touch event. After

. L ) . HERMES has successfully grasped the tray, it again waits for
Mission description: Depending on his preferences and on th,ther instructions.

abilities of the robot the user may define the robot’s mission in B . . . .,
more or less detail. A mission description may either consist &fuman: “Place it on the table in the kitchen, then go home.

a detailed list of actions (e.g., elementary behaviors) that are Tdis sentence invokes a number of different behaviors. First the

be executed sequentially by the robot, or only of a single contiobot has to find out what object the user has in mind when
mand if the user has enough confidence in the robot’s plannirigferring to “it”, then it has to check whether it knows the loca-
abilities. tion (the table in the kitchen) and finally has to plan its way to

Obviously, this type of communication with a robot on the basi€ location. If all parameters are known, the robot will break
of high-level task descriptions resembles instructions that miglWn the instruction into elementary behaviors. To verify if the
also be given to a person. However, only a mission descriptid?P0t has well understood what the user requested it repeats
that refers directly to the elementary in-built behaviors andhat it has understood and asks for confirmation.

skills of the robot can eventually be executed. If a mission dddERMES: “I will go to the kitchen, then I will dock to the
scription consists originally of other items than these elementatgible, then | will place the tray onto the table, then | will go
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home. Do you want me to do these tasks?”
Human: “Yes, please!”

By executing the before-mentioned behaviors HERMES is ful-
filling the tasks as required. A path is planned as a sequence of
elementary hallway navigation behaviors towards the kitchen.
Since the table within the kitchen might have been moved to a
different location, docking to the table is performed using a
visual servoing method [Bischoff, Graefe 1998]. The behavior
of placing an object onto another object is again performed
utilizing a sense of touch (similar to the one described above).
Thereafter, HERMES returns to its home base location.

This dialogue is a representative exampl e of some of the capa-
bilities of the robot. Natural language recognition is currently
restricted to written language and to imperative sentences that
have arelatively simple structure. Nevertheless, the robot shows
already fairly cooperative behavior.

6 Conclusions and Outlook

By integrating various sensor modalities including vision, touch
and hearing a robot may be designed that displays intelligence
and cooperativenessin its behavior and communicates in a user-
friendly way. This was demonstrated in experiments with a
complex robot designed according to an anthropomorphic
model. A specia kind of behavior-based system architecture has
been proposed to control the robot. I1ts main ideaisto select and
coordinate the behaviors based on an assessment of the situation
being perceived by both the human operator and the robot at a
particular moment. This concept places high demands on the

Bischoff, Graefe: Integrating Vision, Touch and Language

To improve the human-friendliness of the robot further, speech
recognition and sgech output capabilities will be added, based
on the existing grammar, and the grippers will be equipped with
tactile sensors.
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