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This paper describes the procedure followed for using third-party tools and applications,

avoiding the development of complex communication software modules for data sharing. A

common practice in robotics is the use of middlewares to interconnect di®erent software
applications, hardware components, or even complete systems. It allows code and tool reuse

minimizing the development e®ort. In this way, applications developed for one middleware can

be shared with others by means of establishing communication bridges among them. The most
extended procedure is the development of software modules that use the low-level communi-

cation resources that middlewares provide. This procedure has many advantages but a clear

disadvantage: the complexity of development. The procedure proposed is based on the use of cloud

technologies for data sharing without the development of middleware bridges. The way of inter-
relate di®erent middlewares is by means of the development of a compatible robot model. This

procedure has enabled the use of the ArmarX middleware tools and the application of the results

obtained to the humanoid robot TEO, that uses the YARP middleware, in an easy and fast way.

Keywords: Middleware; cloud computing; humanoid robot.

1. Introduction

The complexity of the research in robotics makes it desirable to use the best tools

available to improve and develop applications. Many tools exist and new develop-

ments are continuously launched into the market. All these applications help the

researchers to achieve their investigation goals. But they usually ¯nd the barrier of

the time to develop or integrate new tools in the existing system they are working
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with. Another barrier is the incompatibility among software systems. Due to this, the

researchers cannot easily use the existing tools for improving their works. But

nowadays, there are many ways of collaboration and one of them is the knowledge

sharing through new ICT technologies, like the cloud data sharing and computing.1

But this data sharing is performed inside their own working environment.

In the robotics ¯eld, the main software environment that provides intercommu-

nication and integration of tools is the middleware. This special kind of program

was de¯ned by Bakken in 20012 as \a class of software technologies designed to help

to manage the complexity and heterogeneity inherent in distributed systems. It is

de¯ned as a layer of software above the operating system but below the application

program that provides a common programming abstraction across a distributed

system."

The middleware behaves like an operating system for the distributed components

usually found in robotic platforms. The analogy refers that, in the same way, an

operating system allows communication between di®erent components at very low

level and organizes them, a middleware is responsible for establishing communication

and coordination between the di®erent distributed elements of a robotic platform

that can include numerous sensors and actors, like motors, cameras and several PCs.

It is evident that the use of a middleware solves a large number of problems

related to robotics development, but it has several inconveniences as well. On one

side, the middleware provides the basic infrastructure to enable robotic applications,

tools for development, communication channels, etc. In summary, it provides an

adequate environment to operate a robotic system. But sometimes, the use of a

speci¯c middleware can be a cause of research and development delays. There are

many factors that favor this kind of problem: lack of standardization, lack of ap-

propriate tools for application development, missing desirable properties of the tools,

etc. These problems force the researchers to develop their own tools to continue with

the work, even when tools with the same features are available for other middlewares.

But luckily, it is possible to interconnect middleware to share tools and data.

Mainly it can be done developing bridges between systems, but this is a complex

programming task. An alternative way is the use of cloud systems for data sharing,

and the appropriate robot software model (kinematics, dynamics, etc.) acting like the

bridge or mean of inter-relation for systems.

2. Development of Humanoid Tasks Using Multiple Software Systems

In the past years, various middlewares have been developed such as ROS3 or RT-

Middleware,4 some of them rely on standard communication libraries (e.g., CORBA

or ICE5). However, robotic platforms are far from standardization, thus making

sharing knowledge very di±cult. Another important question is the duplicity of

e®orts to develop tools for each middleware. It is easy to state, reviewing the existing

tools for each middleware, the existence of many tools with the same function

available in them (simulator, planning tools, etc.). Researchers could bene¯t
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from using the existing tools but usually it cannot be done. The main reason is the

barriers of interoperability (communication channels, protocols, etc.) among tools

and systems.

One possible option when we have two di®erent middlewares is to make a

software bridge between them.6 Connecting two middlewares is not just solving the

communication di®erences, it is also important to consider the discrepancies in

performance or total possible incompatibilities. Also, we have to keep in mind that

the task is not to open a socket in one middleware and connect it to another socket in

the second, but to translate the structures to be understandable between completely

di®erent communication protocols.

An example of middleware-bridging that was studied previously for this work has

been the bridge made between ArmarX and YARP.7 It was used for transferring

knowledge between the robots ARMAR and iCub.8 The bridge allowed the use of the

ArmarX environment without the need to develop a complete working platform of

this middleware in the target robot ArmarX-iCub.7 This work successfully allowed

the iCub robot to use Armar-III prior knowledge to implement a grasping skill. The

bridge was responsible for preparing the input data from iCub to be used in the

ArmarX middleware. Then, ArmarX will use its internal tools to create an output

response. This answer will be translated by the bridge again to the robot, in order to

be executed. The work°ow of this approach is simpli¯ed in Fig. 1.

Analyzing the work performed to obtain the intercommunication depicted in

Fig. 2, we come to several conclusions. The ¯rst one is the huge amount of work

needed to develop the intercommunication between both sides. This is caused not

only by the necessity of adapting the communication channels, but also of estab-

lishing common protocols and structures. Second, the goal of establishing the

infrastructure depicted is the interconnection of systems in real-time, but rarely the

Fig. 1. Armar-III-iCub approach.
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feature is needed in a development phase. It is most commonly used once an appli-

cation has been developed or if it is an imposed requirement. Finally, the last con-

clusion is that the bridge is usually unique and it cannot be used to interface with

other systems, or even with other tools inside the same middleware, without adap-

tation in an easy way.

3. Enabling Middleware Interoperability

Therefore, this work exposes a solution based on trending technologies, like cloud

data sharing, to solve the intercommunication of systems and make it easier and

increase resources for researching. This last reason is one of the main motivations to

foster the use of tools already developed and fully operative. Humanoid robotic

researchers can really bene¯t from the use of interesting and powerful applications

existing in di®erent middlewares. In the authors' case, they can be used to improve

abilities, capacities, and tasks of the robot platform Task Environment Operator

(TEO). TEO humanoid robot software infrastructure is based on YARP middle-

ware. It provides intercommunication tools, libraries and applications that enable

the research in biped walking, body balance, manipulation, etc. Thanks to these

capabilities many applications have been developed for this humanoid robot (Fig. 3),

such a waiter application in which the robot is able to balance bottles on a tray9 while

using the robot vision system to analyze the object movement,10 as can be observed

in https://youtu.be/Ai1WZgg6aKw;11 or the ironing application in which TEO

robot is able to iron wrinkles of a shirt.12 These applications have been developed not

only by using the existing resources in the YARP middleware,13 but also by applying

a huge e®ort to develop new tools. This e®ort could be avoided using the existing

tools in other software architectures and the results could be obtained faster.

YARP middleware enables the operation and integrates the computation system

of the robot TEO. The hardware architecture is composed of several computers

dedicated to di®erent tasks. TEO integrates three computers, each one in charge of

the vision, manipulation, locomotion; all connected by means of the YARP infra-

structure. Moreover, YARP provides the mechanisms to interface with other sub-

systems such as motor drivers, sensors, and even remote control devices. TEO's

architecture is depicted in Fig. 4.

Fig. 2. Proposed approach for TEO.
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Due to the previous collaboration between the High Performance Humanoid

Technologies Lab (H2T) from the Karlsruhe Institute of Technology (KIT) and the

RoboticsLab from the University Carlos III of Madrid (UC3M), authors have

knowledge about the existing tools in the middleware ArmarX. It is a framework that

implements simulation, working management, dynamic and kinematic calculations,

robot-task management14 and ¯nally, a middleware built over ICE.15 ARMAR

robots' family has distributed architecture for operating and controlling robotic

systems.

It is detailed in Fig. 5.16 The architecture is organized in three di®erent layers.

The top layer is dedicated to high-level task planning. The middle layer contains all

modules and tools needed to enable the processing of information from the robotic

Fig. 4. TEO computer architecture.

Fig. 3. The humanoid platform TEO from the RoboticsLab.
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hardware such as vision processing, grasping planners, localization, etc. The bottom

layer contains the low-level controller that interfaces directly with the robotic

hardware.

4. Development of a Multisystem Application

The most interesting layer for this work is the coordination layer and the tools

integrated inside it. Due to the experience of the H2T laboratory, many powerful

tools for planing, grasping, and simulation are available but they depend on the

ArmarX middleware. But the knowledge of both systems (TEO and ARMAR) has

been the key to ¯nd an alternative way of interfacing between them: the robot model.

4.1. TEO robot model

TEO is an anthropomorphic robot designed by the UC3M, it is 1.70m high and

weights 56 k due to its aluminum structure. This robot is the next link in the RH

family: TEO is the upgraded version of its predecessors RH-0 and RH-1. With 28

DOF and multiple sensorial systems, it is able to perform elaborated tasks resembling

humans, including grasping and manipulation of objects.20 TEO is composed of

several mechanics elements, from top to bottom. It has a head with RGB and depth

cameras. The trunk, where the main processors and power supply are located, has 2

DOF allowing upper body movement. The arms have 6 DOF each. They have a

force–torque sensor at the wrist and a gripper allows grasping capabilities. The legs

have also 6 DOF, similar to the arms, and have force–torque sensors in the ankles.

This kinematic structure has been designed using CAD software whose outputs are

3D computer models of its parts. The relation of these 3D models is the kinematic

chain. Besides, these models contain the dynamics of the parts (inertia axes, mass,

etc.) that are very easy to compute in the CAD software. Then, these 3D models and

Fig. 5. ARMAR computer architecture.
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the related information are the basis for building any kind of model for any of the

middlewares commented.

In order to use TEO in a new software environment, it is necessary to create a

compatible computer model for it. YARP and ArmarX share the same ¯le format for

modeling robots: XML ¯les in which the kinematic structure is de¯ned and any

individual part of a robot is described in a RobotNode. The concatenation of these

RobotNodes will create a kinematic chain. The union of di®erent chains creates

¯nally the complete robot structure. This architecture also holds additional infor-

mation such as the visualization, dynamics, or joint declarations.

The H2T has developed several robot development tools, not only the ArmarX

middleware. These include Simox, a C++ tools package that provides algorithms for

3D simulation. It also calculates grasping positions and collision-free trajectories.17

They have also created the Master Motor Map (MMM). This project includes several

applications for capturing human motions and transform them to be reproduced by

humanoid robots.18 MMM provides the tools to capture human motions and the KIT

has created a database with over 3000 recorded human motions.19 These tools use as

main input the XML robot model which constitutes e®ectively the way of collabo-

ration between platforms. The di®erence between the XML de¯nition in ArmarX

environment and OpenRAVE, the one previously used in TEO, can be seen in

Listings 1 and 2.

The model hierarchy and structure starts from the root of the robot placed at the

center of the hip. It coincides with the location of the Center of Mass (CoM) and

allows the study of its behavior, specially for gait control. From the hip, there are

three child sub-assemblies: one for the body and two for the legs. Each leg is a 6 DOF

open chain that begins in the axial hip joint. The arms open chains are child of the

body, in the same way than the legs. The XML ¯le of the robot model represents this

hierarchy.

Listing 1. Part of the XML de¯nition in Simox (Left Axial Shoulder).
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One of the capabilities from ArmarX framework that has motivated its use is the

capacity of performing powerful dynamic simulations for TEO robot. With that

purpose, all dynamic information about TEO (e.g., Com, inertia matrices) have been

added to the XML de¯nition. Besides, the robot model supports direct de¯nition of

the robot's sensors and cameras.a Figure 6 shows the results of TEO loaded in the

Simox environment.

Listing 2. Part of the XML de¯nition in OpenRAVE (Left Axial Shoulder).

Fig. 6. TEO loaded in the Simox environment. The second image shows a test to check the joint

articulations.

ahttps://github.com/roboticslab-uc3m/teo-simox-models.
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5. Implementation of Multisystem Interactive Applications

The following procedure, once a model of the actual robot is de¯ned, is to create a

task to be executed by TEO. For illustrating the process, a movement task has been

designed, simulated in the ArmarX framework environment, and shared to the real

environment through TEO's cloud.

In this simple task, one movement pattern from the H2T database has been

adapted to TEO kinematics by means of the MMM application. This task consists of

moving the robot's arm waving.b This back and forth movement is repeated four

times and when done, TEO will return its arm to its initial resting position.

Fig. 7. Joint angle values comparison between the simulated model and the real robot. (a) Joint angles

values during the simulation in ArmarX. (b) Joint angles values exported after executing the task in TEO.

bhttps://youtu.be/KeIoJu5xmDk.
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Therefore, this tool links a general movement captured from humans with the TEO

robot model developed in ArmarX format.

Then, to create an executable task inside ArmarX architecture, it is necessary to

create a state chart to de¯ne its behavior, its inputs, and its outputs. This operation

has been programmed using the StateChart application. This step has two main

objectives. The ¯rst one is to check the task using the simulation environment in

ArmarX, and the second one is to generate a text ¯le with the low-level information

that can be executed directly by TEO humanoid robot [Fig. 7(a)].

The StateChart is a graphic way to program ¯nite states machines, that is based

on Harel's formalisms21 and allows high modularity and reusability, in addition

disclosing the system state.22 After creating the logic states, they have been imple-

mented in the ArmarX simulation environment using TEO as a proxy. The suc-

cessful simulation sequence can be seen in Fig. 8.

The output from the StateChart application is then exported to a text ¯le as list

of joint movements including timestamps. The ¯le is automatically uploaded to

TEO's cloud and it can be read directly from TEO's interpreter and then the

movements are executed. This process is done directly from the YARP network

already implemented in TEO [Figs. 7(b) and 9].

6. Conclusions

This work has presented a method for enabling the use of multiple tool from multiple

robotic software platforms to be applied in a humanoid robot. It opens the possibility

of using fully developed tools even when they belong to incompatible systems. This

Fig. 8. TEO waving simulation in ArmarX. From left to right, the simulation of TEO waving.

Fig. 9. TEO waving simulation in ArmarX (from left to right, the complete sequence).
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procedure allows to extract data and share it to the robot without creating a new

software interface. This is similar to the concepts exposed in the fourth industrial

revolution (Industry 4.0) regarding cloud computing, data sharing, and big data. In

Industry 4.0, the use of the cyberspace is key for the development of technologies and

process data. In the same way, robotic environment can gain the advantage of using

the capabilities that the cyberspace o®ers.

ArmarX has been presented as an outstanding robot framework. It provides a

huge range of opportunities to the developer: database of movement patterns, task

planners, simulators, etc. In this work, only a slight fraction of its potential was used.

YARP middleware is also a good framework for developing the software for a hu-

manoid robot system. But the maturity of the tools developed for both systems is

very di®erent. Then, the possibility of using the best tools from both middlewares is a

very good reason to research in methods of intercommunication. The idea of data

sharing between the software development environment and robotic hardware

through a cloud provides an easy way of intercommunication. But, actually, it is not

performed in real-time. Future development and technologies will enable the com-

munication using a cloud in real-time applications. Then, remote control loops running

in other environments could be used in the humanoid robot TEO for new researches.

Finally, this methodology is a way of empowering the collaboration between

research groups and a very good way of sharing knowledge.
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