
Abstract: Component-based real-time software speeds devel-
opment and lowers cost of robotics applications. It enables the
use of rapid prototyping or incremental software process
models. The Chimera Methodology is a software engineering
paradigm targeted at developing and integrating dynamically
reconfigurable and reusable real-time software components.
It is founded upon the notion of port-based objects. The focus
of this paper is how to apply the Chimera Methodology specif-
ically to the development of robotic applications.

1. Introduction

Component-based real-time software speeds development
and lowers cost of robotics applications. It enables the use of
rapid prototyping or incremental software process models.

The Chimera Methodology is a software engineering par-
adigm targeted at developing and integrating real-time soft-
ware components [8]. It is founded upon the notion of port-
based objects. It combines the port automaton computation
model of a concurrent process with object-based design of
software. The result is a software model for objects that can be
reused, statically integrated and dynamically reconfigured,
supports real-time applications, and can be used in a distrib-
uted shared memory environment.

The focus of this paper is how the component-based soft-
ware methodology can be applied specifically to robotic appli-
cation development. The focus is not on the Chimera Method-
ology itself.

Relevant details of the Chimera Methodology are summa-
rized in Section 2. Our classification of software components
and terminology are given in Section 3. Rapid software devel-
opment using component-based technology is described pri-
marily through use of examples in Section 4. The real-time
operating system requirements and current limitations of the
methods presented in this paper are discussed in Section 5. Fi-
nally, the research is summarized in Section 6.

2. Background

Theport-based object is an abstraction for real-time soft-
ware components that applies the port automaton computa-
tional model for concurrent processes [1][11] to object-based
design [13]. A port-based object has all the properties associ-

ated with standard objects, including internal state, code and
data encapsulation, and characterization by its methods. It also
has input, output, and resource ports for real-time communi-
cation. Input and output ports are used for integrating objects
in the same subsystem, while resource ports are used for com-
munication external to the subsystem, such as with the physi-
cal environment, a user interface, or other subsystems. Input
and output ports can contain eitherconstant or variabledata.
Constant data is used during initialization for configuring ge-
neric software. Variable data is updated every cycle. A port-
based object is shown diagrammatically in Figure 1

A task set is formed by linking multiple objects together to
form either an open-loop or closed-loop subsystem. Port-
names are used to perform the binding between objects. Each
object in the subsystem executes as a separate task on one of
the processors in a distributed environment. An example of a
fairly simple closed-loop subsystem is the PID joint control of
a robot, as shown in Figure 2. It uses three modules: thejoint
position trajectory generator, thePID joint position control-
ler, and thetorque-mode robot interface.

The port-automaton computational model states that every
task executes autonomously. To support this model, a task ob-
tains the most recent data available from its input ports at the
beginning of each cycle. At the end of the cycle, after perform-

Figure 1: Diagrammatic model of a port-based object
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Figure 2: Example of a PID joint control using port-based objects.
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ing any necessary computations, it places new data onto its
output ports. The task is unaware of the source and destination
of the input and output data respectively.

Autonomous execution is desirable because it allows a
task to execute independently of other tasks, and therefore
does not block because another task is using a shared resource.
Without blocking, the scheduling complexity is minimized
and processor utilization optimized.

Tasks are independent, and therefore each task may exe-
cute at any frequency. The frequency of a task is typically de-
fined by the control systems engineer. For example, the fre-
quency can be increased to improve sampling rates and
control system stability, it can be reduced to reduce processor
utilization requirements, or it can be based on the speed of in-
terfacing hardware.

In order to support the port-automaton model, communi-
cation between tasks is performed through a global state vari-
able table mechanism, as shown in Figure 3. Aglobal state
variable table is stored in shared memory. The variables in
this table are a union of the input port and output port variables
of all the objects that can be configured into the subsystem.
Tasks corresponding to each control module cannot access
this table directly. Instead, every task has its own local copy
of the table, called thelocal state variable table. Only the vari-
ables used by the task are kept up-to-date in the local table.
Since each task has its own copy of the local table, mutually
exclusive access to it is not required. Therefore, a task can ex-
ecute autonomously since it never has to lock the local table.
The local and global tables are updated to always contain the
most recent data, and the local table is never updated while a
task is using the table [9].

The Chimera Methodology is targeted towards distributed
shared memory hardware architectures, in order to support
real-time applications. Only Chimera is specific for dynami-
cally reconfigurable real-time systems implemented in a dis-
tributed shared memory environment. An in-depth compari-
son of the Chimera Methodology to other frameworks for
component-based software is presented in [8]. For sake of
brevity, it is not repeated here.

3. Reusable Software Components

A software component is a module or object which per-
forms a specific function according to a set of specifications.

Figure 3:  Structure of state variable table mechanism
for port-based object integration
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Its interface should be well defined, so that the component can
easily be integrated with other components. A software com-
ponent can have internal state. An external state can be shared
with another software component only if the shared state is it-
self an entity, such that each module can import or export any
part of it. Multiple software components can execute either se-
quentially or concurrently. In a concurrent system, appropriate
synchronization is required to ensure the integrity of any
shared state. The Chimera model of a port-based object satis-
fies all these requirements.

There are four types of software components: generic,
hardware dependent, application dependent, and integration.
These types are described next.

3.1  Generic Components

A generic component is a software module that is neither
hardware dependent nor application dependent. The compo-
nent can be configured for different types of hardware, and
can be used in different applications.

An example of a generic component for robotics is a mod-
ule that performs the forward kinematics using the Denavit-
Hartenberg (DH) parameters [2]. The DH parameters are used
to describe the link and joint characteristics of a robotic ma-
nipulator. A forward kinematics generic component can be
configured for any manipulator by obtaining these parameters
during initialization. It is the responsibility of hardware de-
pendent components to provide configuration information
such as the DH parameters.

3.2  Hardware Dependent Components

Hardware dependent (HD) components are software mod-
ules that can only be executed when specific hardware is part
of the system. There are two classes of HD components: inter-
face components and computational components.

An HD interface component is used to convert hardware
dependent signals into hardware independent states, such that
other generic components can make use of the information.
The functionality of these components is similar to a device
driver. A device driver is used by a real-time operating system
(RTOS) to provide hardware-independent access to I/O de-
vices, such as serial ports, parallel ports, analog/digital con-
verters, and frame grabbers. The HD interface components
create a hardware independent interface to the hardware that
is connected to these I/O devices, such as robotic actuators,
switches, sensors, and displays.

An example of an interface component is a robot interface
software module. Different robots require different signals to
control them. For example, a PUMA robot can be controlled
through a Trident Robotics Robot Control Board [12], while a
Robotics Research Arm is controlled through a Multibus-
based custom controller. In either case, however, these mod-
ules convert data read from the robot’s sensors into the current
measured position and velocity of each joint, and convert the
desired position or torque of each joint into control signals to
the robot’s actuators. Although the software component is



hardware dependent, it provides a hardware independent in-
terface so that it can be integrated with generic components.

An HD computational component does not communicate
directly to hardware. Rather, it provides similar functionality
as a generic component, but typically with better performance.
For example, the generic forward kinematics module de-
scribed above can be used with both the PUMA and Robotics
Research manipulators. It is also possible to create two other
software modules, one called thePUMA forward kinematics,
and the other called theRobotics Research forward kinemat-
ics. If the interface of these HD computational components is
the same as thegeneric forward kinematics module, then the
generic and HD components are interchangeable. Such inter-
changeability is an essential ingredient for rapid prototyping,
improving system performance, and fault tolerance, as dis-
cussed further in Section 4.2.

3.3  Application Dependent Components

Application dependent (AD) components are modules
used to implement the specific details of an application. As the
name implies, these components are not reusable across dif-
ferent applications. Ideally. AD components are not required,
since they must be redeveloped for each new application.

An example of an AD component is a module that in-
structs a robot to follow a specific trajectory.

Modules initially defined as an AD component can usually
be transformed into a generic component by converting hard-
coded information into variable input. The input can be ob-
tained from the user, a configuration file, or another module.

3.4  Integration Components

Integration components are used to integrate the generic,
hardware dependent, and application dependent components.
These components are often known as theglue code for an ap-
plication. Typical integration components include communi-
cation mechanisms, schedulers, and user interfaces. The com-
munication mechanisms are used to transfer data between
other software components. The schedulers are used to control
access to system resources. The command interfaces are used
to provide hooks into an application which allow a user to
modify application parameters or allow the application to co-
operate with other applications.

Integration components require interaction with all other
components in the system. As a result, these are often the most
time-consuming modules to create.

Much of the research in developing the Chimera Method-
ology addresses these integration components. The solution
that forms part of the methodology is to create a standard set
of integration components, and to incorporate them as services
provided by the underlying RTOS [8]. Therefore, the need to
write new integration components is eliminated and develop-
ment time and cost for new applications is significantly re-
duced. See Section 5 for a discussion of the RTOS services re-
quired to support the Chimera Methodology.

4. Rapid Development of Robotic Applications

Robotic applications can be developed rapidly by assem-
bling reusable software components. In this section, rapid de-
velopment is demonstrated through use of examples.

The development of an application can be performed in
three stages:

1. Development of reusable software components;
2. Assembling components to create a task set;
3. Sequencing task sets to create an application

These stages are now demonstrated through use of examples.

4.1  Stage 1: Development of Software Components

The first stage is to develop the software components.
Once a component is developed, it is placed into a library, and
does not have to be redeveloped again. Therefore, as the soft-
ware libraries become more complete, the need for creating
new components is reduced. Ideally, an application can be de-
veloped without the need for developing any new compo-
nents, in which case this stage can be skipped.

To create these modules, the programmer simply fills in
the blanks of a C-language template. The template code han-
dles all of the object’s interfacing, communication, and syn-
chronization. The programmer must only add the algorithms
to produce the output response based on the input response.
The template is defined in [10].

In preparation for the examples given to demonstrate the
next stage, suppose that the generic components shown in
Table 1 and the HD components shown in Table 2 are devel-
oped, and placed into a robotic manipulator domain library.
Assume that initially there are no application dependent com-
ponents required.

4.2  Stage 2: Assembly of Reusable Components

The second stage is to create a task set by assembling re-
usable components [7]. In this section, several examples of
task sets are given to demonstrate the use of the different types
of software components, and how they can all be interchanged
when defined using the port-based object model. The first ex-
ample is Cartesian teleoperation of a Reconfigurable Modular
Manipulator System (RMMS). In the second example, the
RMMS is replaced with a Puma 560. In the third example, the
performance of the Puma 560 is improved. In the fourth exam-

Table 1: Example of software components in a
hardware-dependent software library

 Name Function Description

gfwdkin Generalized
Forward
Kinematics

Compute Forward Kinematics based on
the DH-parameters obtained during
initialization of the module.

ginvkin Generalized
Inverse
Kinematics

Compute Inverse Kinematics based on
the DH-parameters obtained during
initialization of the module.

cinterp Cartesian
Trajectory
Interpolator

Given the current measured position
and the desired final position, compute
the intermediate reference positions



ple, an application dependent component is created to convert
the teleoperated system into an autonomous system.

The assembly of software components at this stage can be
performed either by a a command line interface, a graphical
user interface (GUI), or for autonomous assembly from a C-
program. Software assembly using a command line or C-pro-
gram is described in detail in [9]. The easiest method, how-
ever, is to use the GUI. To select a module is as easy as click-
ing on an icon representing a component in a library. The GUI
then shows not only the modules selected, but all the port con-
nections as well. An example of a task set displayed by
Onika[3], a GUI designed especially to support port-based
objects, is shown in Figure 4.

Cartesian teleoperation of an RMMS

The RMMS is a robot which can quickly be constructed
out of standard joints and links [6] . As such, it is the most
flexible robotic manipulator available. Due to its generality,
the configuration of the robot is not known until run-time, and
thus it is not feasible to use hardware specific control algo-
rithms. Rather, control algorithms such as the forward and in-

Table 2: Example of software components in a
hardware-dependent software library

 Name Function Description

rmms RMMS
Interface

Hardware dependent interface to the
Reconfigurable Modular Manipulator
System (RMMS)

puma Puma 560
Interface

Hardware dependent interface to Puma
robot, using the Trident Robotics
TRC004 [12] to bypass VAL

pfwdkin Puma Forward
Kinematics

Compute Forward Kinematics for a
Puma 560 Robot.

pinvkin Puma Inverse
Kinematics

Compute Inverse Kinematics for a
Puma 560 Robot.

tball 6-DOF
Trackball
Interface

A hardware dependent interface to a 6-
degree-of-freedom trackball.

Figure 4: Example of Onika’s engineer’s level for
graphically assembling port-based objects.

verse kinematics must be generalized, typically based on the
DH parameters [5] .

A task set for Cartesian teleoperation of the RMMS can be
created by using thetball, cinterp, gfwdkin, ginvkin, andrmms
components, as shown in Figure 5. The dotted lines represent
configuration constants, while the solid lines represent state
variables. Both the constants and variables are transferred be-
tween software components through the SVAR mechanism.

During initialization, thermms module reads the EPROMs
of the robotic manipulator, and determines thendof and theDH

parameters for the particular configuration of the RMMS.
Those parameters are then output as configuration constants.

Thegfwdkin andginvkin modules obtain the configuration
constants as input, and thus configure themselves for the robot
in use. Task frequency is also a configuration parameter for all
tasks. After initialization, each task executes at its pre-deter-
mined frequency, and the task set can be scheduled using any
popular real-time scheduling algorithm [9].

Thetball andcinterp modules do not require any configu-
ration constants from the RMMS, since it outputs data as Car-
tesian coordinates, which is independent of the robot in use.

Cartesian teleoperation of a Puma 560
Suppose that a Puma 560 robot is to be used instead of the

RMMS. Thermms module can be replaced with thepuma ro-
bot interface module, as shown in Figure 6.

Since the Puma 560 is a fixed configuration robot, itsndof

andDH parameters are constant. Instead of reading these val-
ues from the robot, they can instead be hard-coded into the
puma module, and output as configuration constants. There is
no need to change any other module, since thegfwdkin and

Figure 5: Example of Cartesian teleoperation of an RMMS
using generic software components.
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Figure 6: Example of Cartesian teleoperation of a Puma 560
using generic software components.

to robot:
joint move
command

from robot:
raw joint

pos/vel data

θm

xd

θr

xm

xr

xr

gfwdkin
xm

ginvkin pumacinterptball

ndof

DH
ndof=6

DH

θm

from trackball



ginvkin modules will configure themselves during initializa-
tion for the Puma 560 based on the new values ofndof andDH.

The reconfigurable device driver concept enables vendors
of robots and sensors to provide software to quickly integrate
their hardware into existing applications. If their software and
the target application are compliant with the same port-based
object interface, then replacing either the RMMS or Puma 560
with a different manufacturer’s manipulator is simply a matter
of changing the one robot interface module. For this reason,
HD interface components are also referred to asreconfig-
urable device drivers. Consequently, applications using new
robotic hardware can quickly be created by assembling a re-
configurable device driver with existing generic components.

Improving performance of a Puma 560

The primary drawback of generic modules is that they may
not be efficient. For example, the computation of the forward
kinematics based on the DH configuration constants and using
matrix operations will naturally be slower than performing
similar computations for a specific robot, such as the Puma
560, where the DH parameters are constant, and unnecessary
computations (such as multiply by zero or 1) can be elimi-
nated.

In order to improve the performance of an application, an
HD computation component can be created. Thepfwdkin and
pinvkin modules are examples of such components. They
compute the forward and inverse kinematics respectively for
a Puma 560, and are faster than their generic counterparts. It
is then desirable to replacegfwdkin with pfwdkin, andginvkin
with pinvkin, as shown in Figure 7.

In order for a HD computational component to replace a
generic component, it must provide at least the same outputs
as the generic component, and must not require any additional
inputs as compared to the generic component.

Even when an HD computational component is created to
replace a generic component, it does not eliminate the useful-
ness of the generic component. In order to improve fault toler-
ance of an application, the generic component can still be used
as a standby module, or it can execute in parallel with the HD
computational component, albeit at a lower frequency, in or-
der to provide consistency checks. Further research in this
area has begun, with the goal of rapidly developing fault tol-
erant applications.

Figure 7: Example of Cartesian teleoperation of a Puma 560
using hardware dependent computational components.
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Autonomous Execution of a Puma 560

As an example of an AD component, suppose that a cus-
tom trajectory modulectraj is created to replace the teleoper-
ation. Thectraj module can replace thetball module for con-
trolling the RMMS as shown in Figure 8.

This example shows how an AD component can be inte-
grated into the system by defining it as a port-based object.
Furthermore, even though a module is application dependent,
it does not have to be hardware dependent. Thus if the hard-
ware for the application is changed, the AD component does
not have to be change. Figure 9 demonstrates this by replacing
rmms with puma, but not having to changectraj.

4.3  Stage 3: Application Development

The third stage is to sequence task sets to create a sub-
system, where an application contains one or more subsystems
executing in parallel. Development at this level uses the dy-
namic reconfiguration capabilities of the Chimera implemen-
tation of port-based objects [8].

Every function to be performed by the manipulator can be
developed independently, by designing a task set for that one
function only. That configuration is then saved as an entity,
called ajob. Jobs for robotic applications can be simple func-
tions, such asmove to point X or pick-up object, or can be
more complex multi-sensor feedback loops, such asvisually
track destination and move to itor explore shape of object us-
ing tactile sensing. As shown in Section 4.2, separate config-
urations can also be created for switching between autono-
mous and teleoperated control or to use different hardware.

A subsystem is developed by sequencing jobs in order to
achieve the desired goal. This step is performed using a GUI,
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Figure 9: Example of autonomous execution of a Puma 560
using hardware dependent computational components.
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where a job is represented by an icon, as demonstrated in
Figure 10.

Each job icon represents a complete task set that can be an-
alyzed, tested, and timed independently. When the application
is run, the task set corresponding to the first job is initialized
and run. When that job completes, the subsystem dynamically
reconfigures such that tasks not needed are deactivated, and
new tasks are activated. Tasks that are common to both task
sets (such as the robot interface module, which would be com-
mon to all jobs in a subsystem) continue to execute.

The Chimera implementation of the task manager and glo-
bal state variable table implementation allow tasks to be acti-
vated and deactivated in real-time [9]. The primary concern is
maintaining stability of the hardware during reconfiguration.
Currently, this is achieved by using a pessimistic approach:
dynamic reconfiguration is only performed when the physical
hardware — i.e. the robot —is at rest. Using a more agressive
approach, dynamic reconfiguration can be performed while
the robot is still in motion, as long as input to the robot inter-
face module remains continuous through the transition from
one job to the other. Research into such more aggressive ap-
proaches is continuing.

5. Discussion

The Chimera Methodology is described in sufficient detail
for readers who want to replicate the model for their own use
in [8][9]. These documents define precise structures and inter-
faces for reusable software components, and describes the op-
erating system services that can be incorporated into a multi-
processor RTOS to support port-based objects. The minimal
services required include a distributed task manager, a global
state variable table communication mechanism, and global er-
ror handling. Optional services that improve the environment
include an advanced real-time scheduler which supports ape-
riodic servers and soft real-time tasks, automatic task profil-
ing, configuration file utilities, and a graphical user interface.
These services have all been implemented as part of the Chi-
mera RTOS, and is described in detail in [10].

Error handling is performed using a global error handling
paradigm. Whenever an error is encountered, an error signal is
generated. Any task, but typically the task manager, can catch
the error, and perform handling as necessary. If the task man-
ager catches the error, it may dynamically reconfigure the sub-
system to execute a pre-defined error handling task set.

The Chimera Methodology described in this paper makes
two basic assumptions: 1) the task set is to be executed in a
distributed shared memory environment; and 2) volume of
data transferred between port-based objects is small. Both
these assumptions are required for predictable communication

Figure 10: Example of Onika’s application level for creating
applications by sequencing jobs.

using the global state variable table. We are investigating al-
ternate communication mechanisms which would allow us to
relax both of these assumptions, and to use the Chimera Meth-
odology in other real-time applications.

6. Summary

This paper describes the development of robotic applica-
tions using component-based real-time software, based on the
Chimera Methodology. The combined use of generic, hard-
ware dependent, and application dependent hardware provide
an ideal environment for rapid prototyping and incremental
software process models.
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