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Abstract— Manufacturing robots present a class of em-
bedded systems with hard real-time constraints. On the
one hand controller software has to satisfy tight timing con-
straints and rigorous memory requirements. Especially non-
linear dynamics and kinematics models are vital to modern
model-based controllers and trajectory planning algorithms.
Often this is still realized by manually coding and optimiz-
ing the software, a labor intensive and error-prone repeti-
tive process. On the other hand shorter design-cycles and a
growing number of customer-specific robots demand more
flexibility not just in modeling. This paper presents a model-
integrated computing approach to automated code synthesis
of dynamics models that satisfies the harsh demands by in-
cluding domain and problem specific constraints prescribed
by the robotics application. It is shown that the use of such
tailored formalisms leads to very efficient embedded soft-
ware, competitive with the hand optimized alternative. At
the same time it combines flexibility in model specification
and usage with the potential for dynamic adaptation and
reconfiguration of the model.

I. INTRODUCTION

Industrial processes and consumer products (e.g., robots,
washers, and cellular phones) increasingly rely on the use
of embedded software. This allows more functionality to
be implemented in software which is less expensive and
introduces more flexibility in design and optimization of
operation, e.g., because of functional redundancy in smart
sensors and fault detection, isolation, and reconfiguration
applications. The ultimate incarnation of this notion is
the System-on-a-Chip paradigm that supports high inte-
gration with a number of benefits: (i) shorter time to mar-
ket, (ii) less power consumption, (iii) higher reliability, and
(iv) lower cost [1].

Because embedded code is restricted to fit limited re-
sources and has to interface the physical world through sen-
sors and actuators, computer science software design con-
cepts (e.g., [2], [3]) do not apply [4]. In addition, whereas
the sense of time is thoroughly banished from the com-
puter science domain, it is one of the most important fac-
tors in embedded reactive systems given the harsh timing
constraints that mandate functionally correct, safe, and op-
timized code. All this has led to the common practice of
domain engineers being prevalently responsible for code de-
sign. These engineers are trained in their specific applica-
tion domain (e.g. mechanics, electronics) and because not
coding experts, a systems view on software as provided by

computer aided software engineering (CASE) tools based
on structured analysis methods [5], [6], [7] is invaluable.
This represents a paradigm shift from software engineer-
ing to systems engineering for which software architectures
and code synthesis tools are key enablers.

Embedded code will increasingly consist of interact-
ing software components [8], which requires generating
the most applicable domain specific software architectures.
This supports a model-based approach to program syn-
thesis, so-called model integrated computing (MIC) which
introduces a number of advantages over traditional manual
coding [9]:

o Because the physical environment and the synthesized
software, i.e., the information processing component, are
both described by models, the conceptual gap between
these two vanishes and a more comprehensive view on the
generated application becomes possible. This enables one
to deduce and manipulate run-time properties at the model
level, such as timing and system requirements, and recon-
figuration because of a changing environment.

o The use of models can be exploited by generating differ-
ent implementations of the same model to support various
analyses and computations. It also facilitates design and
evolution of the generated applications. The introduced
additional level of abstraction is amenable to formal anal-
yses. This is exploited, e.g., in analyses of synchronous
languages [10], [11] to ensure verifiably correct code, no-
tably in the aircraft industry.

¢ Coding is a labor intensive process and because error-
prone it requires many ‘debugging’ iterations. The use of
automatic synthesis minimizes this stage of manual inter-
action, and, therefore, results in much shorter lead times
on new products.

e The chance of introducing errors in software when mak-
ing a change is proportional to the size of the code, not
the size of the change [12]. This prohibits quick system
adaptation to new demands and requirements. Using auto-
matic code synthesis, model integrated computing supports
changes at the model level, which is much less susceptible
to errors.

In order to reap these benefits, efficient program synthe-
sis is paramount. In general, manual coding will have a
marked edge in terms of efficiency over automatically gen-
erated code. To mitigate this drawback, domain specific



constraints have to be included as much as possible in the
used modeling paradigm and, even more important, in the
involved model interpretation and synthesis steps.

This paper discusses a model integrated approach to
robot modeling for control systems. The software is synthe-
sized from a high level model specification using an ontol-
ogy of primitive and aggregate components in the robotic
domain. In this domain, the executable model is needed in
different forms for different tasks such as loop control, path
planning, calibration, fault detection, and reconfiguration.
This is facilitated by a carefully selected model and soft-
ware structure that results in code with (i) fast, (ii) modu-
lar, and (iii) reconfigurable characteristics. Section IT gives
an overview of the manufacturing robot domain and its
specific constraints. Section III presents a robot modeling
paradigm for real-time embedded models of the mechani-
cal part of an extensive class of robots. The realization of
a C++ library based upon the paradigm and results are
discussed in section IV.

II. THE CONTEXT OF THE ROBOTIC DOMAIN

Nowadays robots are used extensively in industrial and
hazardous environments to perform repetitive, dangerous,
unpleasant, and heavy works, and are more and more en-
tering everyday life as toys and service robots. Physically,
they consist of mechanical, electrical, and sometimes hy-
draulic components (e.g., links, drive trains, induction mo-
tors, hydraulic actuators, encoders), often controlled by
embedded software running on a central processing unit,
or a dedicated digital signal processor.

A crucial part in the control of a robot manipulator is
the model of its mechanical structure, providing the kinetic
and dynamical state of the robot, which is vital to control
functionality such as trajectory generation and loop con-
trol. This paper concentrates on implementing the model
as embedded code.!

A. Requirements for Robot Models

The design of manufacturing robots has to account for a
number of domain specific characteristics: The mass/power
ratio is one of the most important factors in robot design.
To increase precision and performance, manipulators are
usually overdesigned in terms of structural properties so as
to enable operation and analyses as stiff objects, causing
them to be overly heavy. To reduce power consumption,
it is desirable to have minimal robot weight, however, this
requires light-weight materials and actuators which in turn
affects performance. Optimal controllers can achieve simi-
lar performance while reducing weight, e.g. by compensat-
ing for elasticity in lighter drive-trains [13].

From an operational perspective, the sample rate at
which the controller operates strongly affects its perfor-
mance. The control bandwidth is not just constrained by
data acquisition resources, but also by the control output
computation time. For economic reasons low cost digital
processors are preferred, but this increases computation

1This definition is used consistently in the proceedings to refer to
the specific domain under investigation.

time and the sample rate puts strict demands on resources
available for control algorithm implementation. This prob-
lem is exacerbated by the desire to use model-based ap-
proaches, e.g., computed torque and path planning, be-
cause of their superior performance characteristics but re-
quired computing resources. All this pleads for models that
can be evaluated at a high sample rate and that can be
stored in little memory.

From a design and implementation perspective, there is
a frequently recurring need for model changes. These are
invoked by evolution of the robot manufacturer’s product
line, both in a rigorous sense when new robot designs are
introduced but also when smaller changes to a particular
type are made in case of accessories and options. The mod-
eling formalism must reflect this demand for modularity.
Furthermore, the trend towards more flexible production
units requires on-line reconfiguration of models in case of
e.g. multi-purpose tooling or cooperating robots.

B. Domain Specific Constraints and Model Aspects

This work focusses on the mechanical part of a robot.
This implies the mechanical domain is dynamically decou-
pled from the electrical and possible other physical do-
mains, a valid assumption given the design of sensors and
actuators. The first decouple power domains by transfer
into low power signals and the second have well determined
causal input-output behavior.

Treating the mechanical parts as a rigid or sometimes
elastic multi-body system (MBS) is a sufficient approxi-
mation for control purposes of most robotic manipulator.
Investigating the common MBS-model topologies of man-
ufacturing robots reveals that one can limit oneself to a
fixed base, and primarily tree-structured topology possibly
including some kinematic loops. These models consist of
a finite set of primitive components such as joints, links,
springs, and drives. Much of the strength of a formalism
stems from restricting its functionality to its application
domain. In our case, complex model computations such as
system simulation, task analysis or digital mock-up can be
ruled out to arrive at the dedicated formalism. In partic-
ular, a robot model is a small MBS that has to compute
non-linear kinematics and dynamics used in
« computed torque for drive control,

o path planning, and to some extent, in

« calibration and parameter identification.

These restrictions within the mechanical domain allow the
use of dedicated algorithms, such as recursive Newton-
Euler and related algorithms [14], [15] to operate on the
model.

The restriction to MBS also benefits hierarchical decom-
position of models. From a domain engineer’s point of view
this has several advantages: The modularity concept helps
reducing model complexity and offers a familiar system
view as being composed of parts and components. Coding
and testing efforts can be minimized by a model database
with reusable parts and submodels. From a code synthesis
perspective, the component view provides the potential to
generate code that easily adapts to changing environments,



even during run-time [16]. Finally, as the synthesized pro-
gram has to be embedded in different real-time environ-
ments the possible programming languages used for code
generation are de facto limited to Assembler, C and C++.

C. FEzisting Formalisms

Over the last decades, many approaches have evolved
that deal with the complex process of modeling MBS and
the numerical solution of the governing equations, espe-
cially in the field of robotics [17], [18]. State-of-the-art in
modeling complex systems applies object-oriented notions
such as inheritance and hierarchy. This is also included in
domain-specific formalisms for MBS as well as more gen-
eral formalisms for physical modeling [19], [20]. Those
formalisms often use graphical or textual model descrip-
tions to symbolically derive the differential and algebraic
equations of motion of the parts or to immediately gen-
erate executable applications. The physical properties are
obtained from object-oriented databases, including, e.g.,
computer-aided-design data. In case of equations these are
transformed to the desired input-output form and are fi-
nally converted to source code (e.g. C, Fortran). Utilizing
order(n)-formalisms is also a powerful technique for numer-
ical solution, as it can handle many possible mechanisms
and creates very efficient code [19], [15].

However, this approach is not completely satisfying for
embedded code in robot control. When fast reconfiguration
of the model is needed, e.g., when a change of robot tool-
ing occurs, the compile-to-code step may take too long in
a real-time system while the combinatorial explosion tends
to prohibit exhaustive analysis of all configurations and
storing these in memory. In fact, even for few configura-
tion changes, as memory resources are limited in embedded
systems, it is not practical to store models of all possible
configurations. This is aggravated by the fact that the gen-
erated executable models are usually available in one fixed
causal, input-output, form. If different exogeneous vari-
ables correspond to model input and output for different
tasks, a variety of models has to be run in parallel for the
different causal assignments.

To meet the needs for a multi-purpose and easily re-
configurable model the model-description can be directly
interpreted in terms of data flow and computations. Un-
fortunately, this approach lacks performance commensu-
rate with the real-time requirements as has been shown by
some MATLAB implementations [21].

An object-oriented programming language such as C++
can form the basis of a solution that meets most require-
ments. It can be used directly as embedded code and a
carefully chosen design allows computational performance
that satisfies the real-time constraints demanded by the
robotics application [22]. Detailed knowledge about the do-
main enables establishing a highly restricted yet sufficiently
powerful paradigm, needed to meet all requirements.

III. PARADIGM FOR A C++ EMBEDDED ROBOT MODEL

Model component interaction is based on the port con-
cept, a versatile technique that is sufficiently powerful to

handle the MBS domain. A component is called a trans-
mission object, a term coined in [23] to express the distinct
properties of MBS parts, when viewed as abstract kinemat-
ical and dynamical transformations. A transmission may
aggregate other transmission objects and contain several
connector objects, the ports.

The robot is restricted to be constructed from a finite set
of primitive domain components that is sufficient to cover
a large class of robots

« joints (revolute, prismatic, etc.),

o rigid links and bodies,

« springs, dampers, and external forces,

o drive-trains, and

» custom-specific or more abstract parts, e.g., a frame
parametrized by Denavit-Hartenberg convention [24].

Relations between transmission objects are established
by a connection between two or more ports. The MBS
interpretation of a connection is a modeled physical inter-
action between two or more components, e.g., the direct
physical contact of two bodies in one certain coordinate
frame. This interconnection of several components is illus-
trated in Fig. 1 for a generic robotic structure.
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Fig. 1. Left: A generic 3 degree of freedom robot. Right: One
possible corresponding graphical MBS model representation. The
boxes depict transmission objects (joints, etc.), the grey squares
the ports (narrow black rings), lines symbolize a (mechanical)
connection.

To alleviate the modeling burden, higher level compo-
nents, so-called assemblies, contain a hierarchy of aggre-
gate connected primitive objects. In turn, this composition
embodies the properties of a transmission. Along with the
primitives, these assemblies are made available to the mod-
eler as part of the domain library. In general, formalism
migration, i.e., the continuous change in modeling primi-
tives, is an important factor in the model integrated com-
puting approach. However, in the robotics domain the set
of primitives is not subject to much change. Therefore this
issue is not discussed any further.



A. Static Semantics

One of the goals of including domain specific constraints
is to prevent the definition or modification of models from
being not physical or not solvable. To this end, comple-
mentary connectors (A’ and 'B’) are introduced that only
permit connections between certain connectors of A and B
type. Figure 2 shows the relations between all entities in
the domain model in a UML-like class diagram [25]. Ev-
ery transmission object is composed of a certain number of
connector ports, where the A-typed are restricted to a num-
ber of two. This constrains the model graph to a directed
tree-structure with restricted types of loops, as required
by the Newton-Euler algorithm [14]. Note that there are
(currently) two different types of connectors, frame and
state. The first represents the contact of two or more com-
ponents in one 3-dimensional coordinate frame, the latter
a one-dimensional variant, e.g., for modeling drive-trains.
Every transmission contains variables and parameters de-
scribing some of its distinct physical properties, e.g., the
angle or the mass of a revolute joint.
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Fig. 2. UML-like meta-model specification of the robot domain model
formalism for an arbitrary transmission object.

Note that Fig. 2 includes objects that are not part of the
robot as such, e.g., an inertial system that relates the robot
movements to a certain coordinate frame.

B. Dynamic Semantics

Concepts from [23] were adopted to represent the phys-
ical components of the robot as primitives or assemblies
in the modeling formalism in order to map them onto a
software-architecture of well-defined C++ interfaces and
class-hierarchies. To be more explicit, the following code
fragment gives the definition of the generic robot in Fig. 1,
built of three rigid links connected by three revolute joints
each driven by some arbitrary drive. The ‘...’ arguments
furnish physical properties and the operator ‘<<’ has been
overloaded as a connection operator.
main() {

/* component definition */

InertialSystem base(0,0,9.81);
RevoluteJoint ri1(...);

DriveTrain di(...);
Link 11(...);
RevoluteJoint r2(...);
DriveTrain d2(...);
Link 12(...);
RevoluteJoint r3(...);
DriveTrain d3(...);
Link 13(...);
ToolTypel tooli(...);
ToolType2 tool2(...);
/* connections */
base << rl1 << 11 << r2 << 12 << r3 << 13 << tooll;
rl.axis << di.flange;
r2.axis << d2.flange;
r3.axis << d3.flange;
. // etc.

In order to synthesize a complete application from the
above model several steps are necessary. An additional
object is introduced, the Manipulator, that

o creates a set of run-time primitive objects and connects
them according to the model description given either by
code or by a textual representation,

o interprets the description to prohibit non-physical config-
urations in addition to the input-output semantics shown
in Fig. 2,

o detects special configurations such as kinematic loops
and singularities,

o forms a graph describing the connections between the
run-time primitives as required for the parametrization of
the domain specific solvers. These manage computations
and data-flow in the graph of executable instances of the
model primitives in order to compute the desired quanti-
ties.

This Manipulator is the domain specific code generator
that maps the model description to an executable appli-
cation as sketched in Fig. 3. A corresponding C++ code
fragment to create an instance of a manager object and to
perform the steps explained above might look like:
Manipulator ExampleRobot(base); ExampleRobot.init();

The necessary flattening of the model hierarchy down to the
level of executable primitives is performed by the compiler
or the internal model interpreter which operates on the
textual description. It makes use of the model database
and, e.g., decompresses the DriveTrain objects in motor,
gear and shaft objects.

C. FExecution Semantics

Execution is facilitated by a small set of routines de-
clared in the transmission interface that have to be imple-
mented in each transmission object primitive, which com-
prise the fundamental domain specific kinematic and dy-
namic computations (i.e., most prominently do_position,
do_velocity, do_acceleration, do_force). These primi-
tives capture the domain knowledge of a mechanical engi-
neer and implement highly optimized code to meet the real-
time demands and to significantly reduce the testing effort.
This is similar to the abstract functions in Ptolemy [26]
that have to be implemented in a user-defined way to facil-
itate simulation, but they are much more domain specific
in this implementation, leading to more efficient code.



In summary, a directed graph of computational nodes
(executable instances of transmission objects) and data-
flow edges, together with the solver objects prepared by
the manipulator, which in fact are mere data-flow man-
agers, forms the run-time computational model (see Fig. 3).
The manipulator keeps all structural information about the
model. It is therefore able to perform model reconfigura-
tion during run-time, a domain requirement, and to save
and recall the current status.
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Fig. 3. Stages of the domain specific code synthesis process.
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In other work [27], the Multi-Graph Architecture (MGA)
accomplishes similar tasks, but chooses a different point of
view. Three different levels are involved in the domain
specific code synthesis process. An application level that
represents a network of executable components to provide
fast adaption of applications. A program synthesis level
that comprises tools for building, storing and testing do-
main specific models and translating them to applications,
in order to facilitate evolution and re-synthesis of models.
A meta level provides the definition of modeling paradigms
for different domains. This definition is used to automat-
ically generate the tools utilized on the program synthesis
level from formal specifications. In contrast the approach
presented in this paper starts from the model definition to
include as many MBS specific constraints as possible, and
integrates several parts of the code generator in one object,
the Manipulator. This results in a small and handy library,
that is inherently applicable on all platforms providing a
C++-compiler and that can be integrated easily in existing
applications.

IV. AprpPLICATION TO A C++ LIBRARY

A C++ class library was built according to the paradigm
presented in Section III to investigate whether including
domain-specific constraints in the modeling formalism al-
lows automatic program synthesis of embedded software
that meets real-time control requirements.

Comparison with the standard solutions for robot-
models in terms of computational cost is presented in
Fig. 4. A typical benchmark is a single evaluation of rigid-
body inverse dynamics of a common 6 degree of freedom

manufacturing robot, comprising 6 revolute joints, 6 rigid
links including dense inertia tensors, and 6 simple drive-
train objects [22]. To produce the results in Fig. 4 a
200Mhz Pentium and the Microsoft Visual C+-+-Compiler
(Version 6.0) were used.

Used approach Time [us]
a) Symbolically generated code (C) 12

b) Manually coded C 23

¢) C++-ROBOOP library [22] 1200
d) Presented approach (C++) 36

Fig. 4. Comparison of the computational cost needed for one evalu-
ation of the inverse dynamics of a rigid MBS model (6 degree of
freedom manufacturing robot).

The comparison of computational costs in Fig. 4 shows
some remarkable differences:
a) The symbolically generated code represents a lower
boundary of the run-time for two reasons. On the one hand
the equations are optimized algebraically and therefore no
redundant intermediate variables are computed. On the
other hand the equations are reduced to one certain input-
output form of this model, which in general has superior
performance compared to a multi-purpose computational
approach as the one presented.
b) The hand coded C-program tailored to this model re-
lies on nested loops and circumvents the need for function
calls. This results in 50% less computing time compared to
the automatically synthesized code. This is to be expected
compared to the dispatches needed in the automated ap-
proach described in this paper: The solver object has to
access the code of the run-time objects through an inter-
face.
c¢) The other object-oriented library can fulfil the demands
of modern day controllers, but still lacks performance in-
dispensable for complex tasks such as path planning when
many evaluations are required. One reason for this is be-
cause not all domain specific constraints had been included
in the modeling paradigm. This results in insufficient flex-
ibility of the model description and therefore less potential
to use optimized code.
d) In the presented approach optimized code implements
the transmission interface of the different components to
gain maximum performance. The generated graph of
computational nodes was handled by a InverseDynamics
solver object to compute the joint torques. The obtained
performance shows that the MIC formulation can indeed
fulfil the real-time demands of modern controllers.
An additional benefit of the approach is that it allows run-
time reconfiguration as can be illustrated by the robot in
Fig. 1. The manager of the computational model, the Ma-
nipulator, holds all information about the run-time com-
putational model. Run-time reconfiguration of the model
(i.e., during execution time), e.g., to change the robot’s
tool, can be achieved by the following code fragment

13 | tooll; // cut off tooll

13 << to0o0l2; // connect tool2
ExampleRobot.init();



This describes that tooll is disconnected and a new con-
nection between tool2 and the robot has been established.
Also, the manipulator has checked, whether the changes
made resulted in a physically correct model. Fast dynamic
reconfiguration of a model can be exploited not only to
adapt model structure to a changing physical environment
but to adjust model complexity to specific applications or
computational resources. As in our domain no system sim-
ulation has to be performed, state information residing in
the objects is not relevant, and a mapping of information
while reconfiguration is facilitated, indicating this proce-
dure is practicable in a real-time system.

V. CONCLUSIONS

Embedded code is increasingly used in industrial pro-
cesses and consumer products. Software design, however,
is a notoriously difficult, time-consuming, and error-prone
process. Moreover, modern software design approaches
typically do not apply to the design of embedded code be-
cause of its specific requirements such as to fit into limited
resources.

The model-integrated computing approach avoids these
difficulties by automatically synthesizing programs from
their models. This bridges the conceptual gap between
information processing parts and the physical components
of an embedded system. It also allows high level analysis
to operate on the model to verify its functional correctness.
Note that timing constraints are a critical requirement to
ensure correctness, safety, and optimal implementation.

In this paper, model-integrated computing (MIC) con-
cepts are applied to the manufacturing robot domain. The
harsh real-time constraints in robot control demand highly
optimized code. To still automatically generate this from a
model, many domain specific constraints are incorporated
in the synthesis process. This results in code that is suffi-
ciently efficient to support model-based implementations of
such various tasks as loop control, path planning, and cal-
ibration, while facilitating run-time reconfiguration of the
robot. This can be exploited, e.g., when exchanging tools,
but also is conceivable when on-line adapting the level of
detail of the robot model to the desired precision of the
real-world task to perform.

An additional advantage of the model-integrated com-
puting approach is its support for smoothly migrating em-
bedded code between robot models and types without the
need for manually modifying and tuning existing software.
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