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ABSTRACT
This paper describes a service- and scenario-driven soft-
ware architecture for the ambient assisted living infra-
structure currently under development in the Robot-Era
project. Involving the end-users from the start, the project
integrates an ambient sensor network with an advanced
knowledge-representation and planning system and three
different robots for outdoor, condominium, and indoor ser-
vice roles. We explain the design decisions for the user-
friendly and medium-cost service robot, with a focus on the
integration of the ROS-based sensing and manipulation ca-
pabilities with precise indoor navigation and the PEIS mid-
dleware for ubiquitous robotics.
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1. INTRODUCTION
Due to the increasing number of elderly people, societies in
Europe and overseas are facing severe challenges, including
an ageing workforce, a growing number of older people liv-
ing alone and in need of care, but also a number of wealthy
senior citizens ready to enjoy their third age. Technology
that can support or augment this care at home is often re-
ferred to as assisted or independent living technology and is
increasingly accepted as a key for the continuous support of
our ageing population. Examples are communication aids,
remote rehabilitation and telecare systems, vital sign mon-
itors and reminder systems. Smart homes equipped with a
multitude of sensors are an active research topic and might
become reality soon, and the so-called ambient intelligence
provides elderly users and their caregivers with a multitude
of information from the collected data, detecting and track-
ing activities and monitoring health. Also, robotics tech-
nologies have significantly advanced, permitting the imple-
mentation of service robotic systems able to perform differ-
ent service tasks also for “ageing well” applications, which

Figure 1: The Robot-Era system for assisted living:
different robots for outdoor, indoor transportation,
and manipulation tasks provide their services to the
users. The apartment and areas are equipped with
an ambient sensor network under control of an ad-
vanced planner and human control center.

are conceived to improve the independent living and quality
of life of elderly people and to provide efficient care.

Robotic services can be defined according to the level of
autonomy of the end-users. Here, the autonomy not only
depends on pathologies and possible motor/cognitive im-
pairments with their obvious impact on the overall health
condition, but also on environmental and contextual condi-
tions, e.g. adverse weather. For our software development,
three levels of user autonomy have been defined: users with
a high level of autonomy do not have particular deficiencies
and the robot system should try to keep them active in their
daily activities. People with medium level of autonomy are
characterized by slight motor or cognitive limitations, while
a low level of autonomy applies to persons with bad health
and motoric limitations who require regular help for their
activities of daily life.

In this paper, we describe the user-driven software design
approach and the resulting software architecture developed
in the Robot-Era project. The paper is organized as fol-
lows: first, related work is summarized in section 2 while an
overview of the Robot-Era project is presented in section 3.



The user-driven software design approach and the resulting
architecture is described in section 4. Early results from the
recent first experimental phase of the project are also pre-
sented. The paper concludes with a summary and the list
of references.

2. RELATED WORK
There are many research projects aiming to enable elderly
people to live independently in their familiar home as long as
possible using technological devices. Typical approaches are
developing smart homes, wearable sensors and robot tech-
nology, or using a combination of those.

An overview of smart homes and their application in the field
of elderly care is given in [4]. The devices in a smart home
can be divided into two groups: Some can be classified as
traditional home automation (e.g. air conditioning), while
others are especially well-suited to monitoring and maintain-
ing the wellbeing of the inhabitants. Typical sensor devices
installed in a house to monitor the user include IR-sensors
to track their activity [3], weight sensors [6], or usage sensors
in typical household appliances to generate activity patterns
[23]. In contrast to sensors installed in the house, wearable
sensors can directly monitor the health of the user. Typical
instances measure vital functions like heart rate and blood
pressure [17] or generate activity patterns [12].

Mobile service robots can also be used to assist elderly users
in their daily life. The Fraunhofer Institute of Manufactur-
ing Engineering and Automation is working on robots to
assist people in their homes. The Care-O-Bot 3 is the third
version of their robot platform [21], featuring a sensor head,
a manipulator including a gripper and a tray for safe han-
dover operations. The platform is intended to perform fetch
and carry tasks including subtasks like navigation, object de-
tection and manipulation. The robot platform is evaluated
in the national project WIMI-Care, where it is operated in
an old-age home and serves water to the residents.

Mobiserv is another project developing mobile robots for
elderly care. A detailed description of the architecture is
given in [18]. The mobile robot intended for elderly care is
controlled by a tablet PC. The system interacts with sev-
eral sensors and devices in the smart home, e.g. a blood
pressure device or cameras, using different network technolo-
gies (Bluetooth, LAN, WAN). CompanionAble is a similar
project, also focusing on home assistance for elderly people,
combining robot technology and an intelligent environment.
A system description and recent progress can be found in
[10]. The smart environment provides IR motion sensors
to track the position of the users. As these sensors only
provide rough information about their position, the mobile
robot can be used to determine the position more precisely.
One additional focus of this project is on the communication
between the user and the robot system [22]. The authors of
[13] present evaluation results of the autonomous platforms
developed in CompanionAble and Mobiserv. These tests are
evaluated under several aspects, including usability and user
acceptance. As a result, the authors state that there are sev-
eral challenges for future assistance-robots, especially in the
field of intelligent and context-aware behavior. They further
postulate that ambient intelligence in the smart home can
contribute to this goal.

In [20] a robot platform used in the ALIAS-project is intro-
duced. The robot provides mainly monitoring and commu-
nication services and is intended to improve the quality of
life of the elderly users. Similar to Robot-Era, one impor-
tant aspect of the developed system is the user-acceptance
and the creation of an easy to use user-interface. Aim of
the Florence-project [15] is to develop a general-purpose
mobile robot platform for the well-being of elderly people
and therefore targeting a similar approach like the ALIAS-
project mentioned above. The main services provided by the
Florence-platform are communication, gaming, home moni-
toring, calendar reminders and fall handling. The platform
is built based on low cost components and is evaluated in
tests with end-users.

The main difference between Robot-Era and the ALIAS- and
Florence-projects is that Robot-Era also focuses on provid-
ing complex robot services (involving manipulation, sensing,
interaction between different robots) and on the integration
into a smart environment.

An architecture for intelligent environments based on OSGi
[1] is proposed in [8]. The authors emphasize the advantages
of having an infrastructure that is able to support the im-
portant standards for home automation, for example KNX.
The OSGi middleware is also used in the system for assisted
living described in [11]. The authors describe a concept
to exchange data between a health institution and different
assistance systems at home. Wireless sensor devices can be
discovered and connected dynamically during run-time. The
system was tested successfully in the three scenarios reha-
bilitation, service for hearing impaired, and ambient health
monitoring.

3. THE ROBOT-ERA APPROACH
Despite significant progress towards ambient assisted living
and individual success stories, turn-key systems are not yet
available on the market. The aim of the Robot-Era project,
started in 2012 and funded by the EC, is to provide elderly
people with services conceived to extend their autonomy and
independence by improving their quality of life and preserv-
ing their health. The main objective is to develop a fully
integrated solution, demonstrating the general feasibiliy, ef-
fectiveness, social and legal plausibility and, most impor-
tantly, the acceptance of complete robotic services by end
users. The project is interdisciplinary, bringing together re-
searchers and people from industry, as well as usability ex-
perts and operators of elderly care homes.

Concentrating on the services provided by the overall sys-
tem, common off-the-shelf modules are used for most of the
robot and sensor hardware, with research focusing on the
software development and integration. The overall system
consists of the following components, including three robots
with different roles and capabilities:

• the pilot sites with dedicated ambient assisted apart-
ments, equipped with a variety of networked sensors,
including medical monitoring sensors;

• the domestic robot, an indoor service robot with sensor
head and robot arm that supports object manipulation
in addition to carrying tasks;



Service name devices and location description
Communication tablet-PC Skype (video) call to caregiver or contact person
Reminding planner reminding the user, e.g. to take prescribed drugs
Surveillance any robot, sensors sensors or robot checks for and identifies people
Walking support any robot walking support, tele-operated or autonomous
Escort at night any robot walking support and guiding light
Laundry 2 robots moving laundry to and from apartment
Food delivery 2 robots bringing food to the apartment
Drug and shop 3 robots selecting goods for shopping
Garbage collection 3 robots indoor robot collects garbage and gives to outdoor robot
Object transportation domestic robot pick&place tasks performed by the domestic robot
Cleaning domestic robot autonomous cleaning performed by the domestic robot

Figure 2: Robot-Era Services for the first experimental phase

• the condominium robot, an indoor transportation
robot, based on the same mobile platform as the do-
mestic robot, but without the robot arm;

• the outdoor robot, a transportation robot;

• a multimodal user interface consisting of a tablet-PC
with advanced speech recognition and synthesis;

• the ambient network middleware that manages the sen-
sors. It combines a knowledge base and an advanced
planner for controlling the robots;

• a control center for monitoring all sensors and robots,
and to evaluate system performance during experi-
ments and tests.

A sketch of the system is shown in figure 1. One key aspect
is the availability of different specialized robots, optimized
for their specific roles and services. Another is integrating
classical in-door activities as well as services that span mul-
tiple rooms inside a building as well as outdoor services. For
example, the outdoor robot is designed as a transport robot
with high payload for shopping and carrying services; it op-
erates over a large area (“town”) and also provides walking
support to users. In contrast, the condominium robot navi-
gates the building, exchanging goods with the outdoor robot
and bringing them to the individual apartments. The do-
mestic robot is designed as a classic service robot with a
robot arm to perform a variety of transport and manipula-
tion tasks.

3.1 User-driven Development
From the start, the overall system and software design ap-
proach has been based on the actual needs and wishes of el-
derly people, determined using a variety of techniques rang-
ing from interviews and questionnaires to observation of be-
havior and evaluation of literature and experiments in previ-
ous projects [14]. The project focuces on a specific group of
elderly people, male and female over 65 years old, with mod-
erate health problems and minor motor or cognitive deficien-
cies, living either alone or with their relatives (but without
a dedicated caregiver). This choice was motivated by the in-
terest in investigating the interaction between older people
and technology and its integration in their daily lives, in or-
der to support and not substitute the relationship between
elderly and their family or caregivers. It should be noted
that caregivers are also considered as end-users of the sys-
tem, as they will also interact with its various technologies,
influencing their acceptance.

To identify and refine the activities of daily living (ADLs),
a study involving 100 elderly people (age 75-90) was per-
formed by project partners in Italy, Sweden, and Germany at
the beginning of the project. Usability, acceptance, as well
as the expectations and system requirements were studied
using interviews, meetings and focus groups with younger
elderly people (age 65-75).

From these studies, a set of robot services was selected for
the system and broken down into detailed storyboards that
describe the actors (humans, robots, sensors, planners) and
their interaction; see figure 8 for an example. The table
in figure 2 lists the prototype services defined for the first
experimental phase of the project. We expect to update
the list and scope of the services based on feedback from
the users as well as lessons learned from observations made
during the long-term experiments.

3.2 User Interface
To hide the complexity of the overall system, the user-inter-
face was kept intentionally simple and has been tailored to-
wards the needs of elderly users. A common tablet-PC in
combination with a webserver provides graphical access to
all services (see figure 3), while a speech interface also al-
lows the users to control the system. Both the graphical
user-interface and the speech interface are fully localized,
and are currently available in English, Italian, and Swedish.
A service requested by the user can be canceled at any time,
and progress information about task execution is shown to
the user. The tablet PC can be kept within reach of the
user or it can be mounted easily on the robot. Despite the
simple layout of the main user-interface screens with large
buttons, many users preferred to use the speech commands.
For the case that the tablet PC is not in reach of the user or
any malfunction occurs, the robot platform itself provides an
emergency stop button that can be used to stop operation.

Figure 3: Tablet-PC based user interface



3.3 Ambient Sensor Network
Another key feature of the system is the tight integration be-
tween the ambient sensor network and the different robots
controlled by the PEIS middleware. PEIS [2] is a decentral-
ized and lightweight framework for the communication be-
tween different devices in a smart home (see also section 4).
The project has access to two pilot sites for its experimenta-
tion, the DomoCasa Lab in Peccioli near Pisa, and the Läns-
garden Living Home in Örebro, Sweden. Both sites include
several apartments on multiple floors, connected by hallways
and elevators accessible to the robots, and are equipped with
a variety of fixed and mobile sensors. In addition to stan-
dard environmental sensors (e.g. temperature, humidity),
apartment doors and windows are partially equipped with
switches for monitoring state, while fixed cameras and IR-
cameras provide images that can be used for user tracking.
RFID tags mounted on the floor and furniture can help with
robot localization and navigation, as well as object recogni-
tion. Finally, the system comprises a set of wireless health
and biomonitoring sensors to be used by the elderly as re-
quired. Information by all sensors is published to the PEIS
middleware and can be queried by all nodes in the system,
including the global planner, all robots, software developers
and end-users.

3.4 Condominium and Domestic Robots
Both the condominium and domestic robots are based on a
low-cost but validated mobile platform [9]. Due to their
small diameter, the robots can pass standard doors and
are capable of navigating standard apartments. Yet, the
platforms are robust and stable enough to provide walking-
support and guidance. Both robots include a moveable
sensor head with classic and RGB-D cameras. The con-
dominium robot is equipped with a motorized tray for auto-
matic goods and object exchange between itself and either
of the other robots; it is also able to enter elevators and
can therefore move through whole buildings. The domes-
tic robot is equipped with a Kinova Jaco manipulator [16],
which integrates a 6-DOF robot arm with a three finger
robot hand (see figure 4). The arm has a reach of about
one meter and supports payloads of about 1.5 kg. Originally
designed for wheelchair use, the arm is already certified for
medical/health operation and is considered safe even when
operated by impaired users. The robot control software,
described in detail below, is based on the ROS [19] middle-
ware and the core components are shared between all three
robots.

4. SOFTWARE ARCHITECTURE
As described above, our target system includes several
robots as well as hundreds of ambient sensors, all part of a
network and interacting with the end-users and caregivers.
Obviously, the resulting complexity can only be managed
by a layered software architecture with carefully designed
interfaces, abstractions, and code-reuse wherever possible.

For Robot-Era, the PEIS middleware was selected to con-
trol the ambient sensor network, while ROS [19] was chosen
for robot control. PEIS is short for ”Physically Embedded
Intelligent Systems” and is a middleware that aims to ease
implementations of ambient intelligence. Because ambient
sensors are usually optimized towards small size, cost and
power consumption, they are computationally constrained

Figure 4: Domestic robot and the Kinova Jaco arm
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Figure 5: The software architecture of the domestic
robot platform and the planning components: The
robot software is mainly based on ROS and pro-
vides interfaces to the industry-proven navigation
stack MIRA/Cognidrive and the planning and am-
bient intelligence framework PEIS.

so much that running a common robotics-middleware like
ROS is not feasible. PEIS allows for spanning a peer-to-
peer network between all these systems and enables infor-
mation exchange using so-called tuples. A tuple consists of
a name (key) and a data field (payload), both of which can
be defined by the developer to implement notifications and
services particular to a given sensor or actuator. The system
provides an auto-discovery service and allows new nodes to
enter the network and to create tuples. Nodes can search for
tuples based on the publishing node, and can subscribe to
tuples originating from a specified source to monitor updates
to the tuples.



Skill Level Description
Emergency Stop L safe stop of all robot motion
GetCameraImage L sends an image from the selected camera to PEIS
GetKinectImage L reads one Kinect image and 3D point-cloud data
GetLaserScan L reads one laser scan for navigation and docking
MoveTo L drives the robot to the given pose (x,y,θ) on the same floor
MovePtu L moves the robot head to the given direction
MoveJacoArm L moves the robot arm to the given position
RetractJacoArm L moves the arm to the save park position
. . .
DetectKnownObject I find position and orientation of the requested object
GraspKnownObject I move the hand to the object and grasp it
PlaceObjectOnTray I puts a grasped object onto the robot’s tray
MoveHingedDoor I arm motion to grasp and open a door
HandoverObjectToUser I move the arm towards the user, wait for voice command

(confirmation), then release the object
. . .
DetectPerson H look for and identify a person from camera images
WalkingSupport H move towards the user, rotate for easy grasping by the user,

then drive the robot according to the user movements.
CleanTable H detect all objects on a table, put onto the robot tray,

carry to kitchen, then put into kitchen sink.
. . .

Figure 6: Example skills defined for the domestic robot. L: low, I: intermediate, H: high-level.

Within just five years since its introduction, the Robot Oper-
ating System (ROS) [19] has established itself as a powerful
and versatile tool for the implementation of complex robot
systems. The basic idea behind ROS is to create complex
systems and behavior from a collection of simple individ-
ual software modules. It may be noted that this aspect of
the ROS middleware is quite similar to PEIS; however, it
it offers a far more feature-complete infrastructure and was
designed for high throughput and low latency, as required
in real-time robotics. The system also provides a power-
ful mechanism to define and use structured messages with
complex data-types, in turn facilitating the development of
new ROS modules ranging from low-level device drivers to
high-level modules like motion planning and human-robot
interaction. Almost all commercially available sensors and
most robot arms and platforms are now supported by ROS,
and the flexibility of the software implies that new compo-
nents can be added easily to an existing robot. For example,
the software architectures for the WillowGarage PR2 [5] and
Care-o-bot [21] service robots are completely based on ROS.
Using ROS for all robots in the Robot-Era project permits
re-using large amounts of code for solving common prob-
lems like perception as well as motion planning and obstacle
avoidance for the manipulators.

Figure 5 shows a simplified block-diagram of the software
architecture designed for the domestic robot. Most of the
high-level functionality including perception and manipula-
tion planning is provided by a large number of ROS nodes
and interfaces to key software libraries (PCL for 3D point-
cloud processing, OpenCV and GStreamer for image pro-
cessing, OMPL for collision aware motion planning). The
two bottom layers indicate the major hardware components
and the corresponding required device drivers. These are
the Scitos mobile platform with laserscanners, Kinect 3D
camera, standard video-cameras, and the Kinova Jaco robot

arm. The software blocks on the left (doro-GUI, rviz, and
MIRA-center) indicate the different user-interface compo-
nents provided for the robot and service developer.

While ROS provides comprehensive support for robot nav-
igation and localization, we currently rely on the vendor’s
MIRA and Cognidrive modules to actually drive the con-
dominium and domestic robots. MIRA (Middleware for
Robotics Applications) is a direct competitor of ROS. While
ROS has its roots in the acedemic community, MIRA has
a more commercial background and was created to over-
come some shortcomings of ROS and guarantee stability
and safety as required in industrial and medical applica-
tions. Some components — like localization — use the
same approaches as found in ROS, while other parts are
implemented differently. One such example is motion plan-
ning and control: the dynamic window approach [7] used
in MIRA’s CogniDrive modules exhibits a much more sta-
ble and predictable behavior for the differential-drive robots
found in the project. Because safe driving turned out to
be key to end-user acceptance, it was decided to delegate
driving to MIRA’s CogniDrive.

4.1 Three Levels of Robot Skills
Of course, neither the end-user nor the PEIS system should
ever be aware of the software complexity described above.
Instead, the complexity is carefully hidden and all function-
ality of the domestic robot is encapsulated in a set of basic
robot skills. As described below, the ambient sensor net-
work and the multi-robot planner create and update PEIS
tuples to trigger and monitor those robot actions. A se-
quence of basic skills is then combined to provide the high-
level services originally requested by the user using spoken
commands or the tablet-PC.

Figure 6 lists the basic skills designed and implemented



Figure 7: State-machine transitions for each action
service (courtesy of www.ros.org).

for the domestic robot. For convenience, they are sorted
into three levels of complexity, where the lowest level cor-
responds to primitive operations that access a single sensor
or actuator, like GetCameraImage to read one camera im-
age, MovePtu to move the robot head via its pan-tilt-unit,
MoveJacoFingers to open or close the fingers on the Jaco
arm, or MoveTo to drive the robot to a given location. The
intermediate skills integrate information from several sensors
and provide task-oriented functions, e.g. DetectKnownOb-
ject to check camera and sensor data for the position and
orientation of a given object, or GraspAndLiftKnownObject
to move the arm towards and then grasp a known object,
while HandoverObjectFromUser tries to detect a person, and
then move the arm to take an object handed to the robot.
Finally, high-level services correspond to skills that combine
state-of-the-art perception and manipulation functions. For
example, CleanTableService requests the robot to detect all
dishes and cups on a table, to grasp them and to carry them
to the kitchen sink for cleaning.

4.2 Actionlib Interface
While some of the robot skills described in the last section
execute quickly and reliably, most of the robot actions need
several seconds for planning and execution, and there also
is a certain chance that a requested action will fail. Fortu-
nately, ROS includes the Actionlib software module, which
provides a very flexible abstraction of pre-emptable remote
procedure calls. Instead of using a simple blocking proce-
dure call, the interaction between and actionlib client and
server is split into several phases and can be interrupted

by both sides when necessary. This is a great help for the
implementation of long-running complex robot tasks.

The client first sends a request message to the server, which
in turn can accept or reject the request. The request mes-
sage includes all relevant parameters for the call. Once ac-
cepted, the server begins to send customized feedback mes-
sages which inform the client about the progress of the ac-
tionlib call. In this phase, the client can decide to interrupt
the ongoing service by sending a cancel message, which in
turn is accepted or rejected by the server. As soon as the
service is complete, a final status message is sent back to the
client, which also includes the final state, indicating success
or detailed reasons for failure. See figure 7 for an overview
of the most important state-transitions for a singleActionlib
service.

4.3 Integration of PEIS and ROS
One of Robot-Era’s contributions is the integration of large-
scale ambient intelligence with robotics and high-level plan-
ning. Since the first two modules are implemented using
PEIS and the remaining ones using ROS, a bi-directional
bridge was designed. It consists of a set of extendable C++
classes, unifying both frameworks:

• an arbitrary number of so-called TupleHandlers can be
instantiated and subscribe to the desired tuples with
the PEIS ecology. Whenever corresponding PEIS tu-
ples are either generated or updated by any other PEIS
node, the TupleHandler is notified and can cause any
action in the ROS network, like publishing a message
or calling a service.

• to accomodate communication from ROS to PEIS, the
bridge allows for subscribing to ROS topics and ad-
vertising multiple services. When such messages are
received (or services invoked), PEIS-tuples can be gen-
erated and published.

The interaction between PEIS and ROS is visualized for
the bring-object service (see figure 8). The planner com-
municates with the ambient intelligence and the robot using
PEIS-tuples. On the robot, these tuples are received by ROS
nodes instantiating tuple-handlers. These ROS-nodes then
communicate with other ROS nodes or in case of motion
planning and execution with the MIRA framework. Fig-
ure 9 lists the corresponding PEIS-tuples relevant for this
example.

Using the software components described above, it was pos-
sible to successfully operate the domestic robot platform
during the first experimental loop (see figure 10). A de-
tailed analysis of the experiments will be presented in an
upcoming publication.

5. CONCLUSIONS
We present a novel software design approach for elderly-care
service-robots, based on storyboards and services developed
in close cooperation with actual end users. In first tests
the systems was able to fulfil most of the basic tasks. The
studies showed the users to be very interested in robotics
and to accept the scenarios well.



Figure 8: Sequence diagram for the bring-object service

Activity Tuple
Move to(location) robot name.moveto.id =

robot name.moveto.id.parameters = LOCATION
robot name.moveto.id.command = ON/OFF
robot name.moveto.id.state = IDLE / RUNNING / COMPLETED / FAILED

Detect(object) robot name.detect.id =
robot name.detect.id.parameters = OBJECT NAME
robot name.detect.id.command = ON/OFF
robot name.detect.id.state = IDLE / RUNNING / COMPLETED / FAILED

Grasp(object) robot name.grasp.id =
robot name.grasp.id.parameters = OBJECT NAME
robot name.grasp.id.command = ON/OFF
robot name.grasp.id.state = IDLE / RUNNING / COMPLETED / FAILED

Handover(object) robot name.handover.id =
robot name.handover.id.parameters = OBJECT NAME
robot name.handover.id.command = ON/OFF
robot name.handover.id.state = IDLE / RUNNING / COMPLETED /
FAILED

Object location context.object.name = OBJECT NAME
context.object.pose = <X,Y,Z,R,P,YAW>

Robot location context.robot name.position = <X,Y,PHI>
User location context.user.location.room = ROOM X

Figure 9: Example for PEIS tuples sent in the object delivery scenario

Figure 10: Photos from the first experimental loop



The moderate-cost domestic robot forms part of a larger sys-
tem integrating three different robots with a sensor-network
for ambient assisted living. Based on an advanced speech
and tablet-based user-interface, the system provides support
for a variety of monitoring and household activities.

Future work includes the design and implementation of more
advanced manipulation capabilities, in particular regarding
autonomous cleaning tasks. In addition, lessons learned dur-
ing the recent first experimental phase of the project are ex-
pected to improve the benefit of the robot services for the
elderly users.
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