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Abstract
 

Currently, research in multibody systems (MBS) dynamics lacks appropriate 

tools to support collaboration between different research teams. This thesis 

addresses that problem, making three contributions to streamline the 

development of MBS simulation software in a collaborative and flexible way: 

First, a study of the interoperability status in multibody systems simulation 

software is presented. Existing information modeling techniques have been 

evaluated as candidates to develop a neutral data format for MBS simulation, 

and a prototype of an XML-based data format have been proposed. Benefits and 

limitations of this new format are highlighted. 

Second, a benchmark for MBS dynamics has been developed. The 

benchmark includes a collection of test problems and a procedure to measure the 

performance of a given simulator. In addition, a web-based management system 

for benchmarking results has been implemented, and the commercial software 

ADAMS has been tested with the proposed benchmark. 

Third, a C++ prototype implementation of a modular and extensible MBS 

simulation software tool is proposed. Several Open Source development 

environments and Computer Aided Software Engineering (CASE) tools have 

been evaluated in the context of the development of such a library. 

The three components toghether allow sharing systems models, simulation 

results and software implementations, and made up the basis for a collaborative 

environment for the flexible development of MBS simulation software. 
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Resumen 

La investigación en dinámica de sistemas multicuerpo (MultiBodv Svstems, 

MBS) carece de herramientas que permitan la colaboración entre distintos 

grupos de investigación. Esta tesis hace tres contribuciones en este sentido, con 

el fin de facilitar el desarrollo de software de simulación de sistemas 

multicuerpo, de forma colaborativa y flexible: 

En primer lugar, se ha realizado un estudio sobre el grado de 

interoperabilidad existente en el software de simulación de MBS. Se han 

evaluado las técnicas de modelado de información existentes que son 

susceptibles de ser empleadas para desarrollar un formato de datos para la 

simulación de MBS, y se ha definido un prototipo de formato de datos basado en 

el lenguaje XML. 

En segundo lugar, se ha desarrollado un benchmark para dinámica de MBS. 

El benchmark incluye una colección de problemas y define un procedimiento 

para medir el rendimiento de un determinado simulador. Además, se ha 

implementado una aplicación web para la gestión de resultados del benchmark, 

y se han medido las prestaciones del software comercial ADAMS utilizando el 

benchmark propuesto. 

En tercer lugar, se ha propuesto un prototipo de software modular y 

extensible para la simulación de MBS, programado en lenguaje C++. Para ello, 

se han evaluado diferentes entornos de desarrollo Open Source y herramientas 

de diseño de software asistido por ordenador. 

La combinación de los tres componentes permite compartir modelos de 

sistemas, resultados de simulaciones e implementaciones de software, 

constituyendo la base de un entorno colaborativo para el desarrollo flexible de 

software de simulación de sistemas multicuerpo. 
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Chapter 1. 

Introduction 

1.1 Multibody system dynamics 

The principles of classical mechanics were established by Newton [ 1], Euler 

[2] and Lagrange [3] more than two hundred years ago. However, until the end 

of the 20th century, the process of analyzing systems of rigid bodies undergoing 

overall motions involving large amplitude rotations remained an intimidating 

task. First, one had to develop an idealized mathematical model of the real 

system. Then, one was faced with the difficult chore of manually formulating 

the equations governing the behavior of the model. This typically involved a 

considerable amount of algebraic manipulations, was prone to mistakes, and was 

virtually impossible to accomplish for any system having more than just a few 

degrees of freedom. Finally, if an analyst was skilled enough to complete the 

first two tasks, the obstacle of finding a closed-form solution of the equations 

was difficult enough to restrict the entire process to only the most skilled 

scientists addressing the very simplest mechanical systems. 

In the 1960s, the advent of the digital computer brought a new dimension in 

engineering problem solving. The computer not only made it possible to solve 

systems of equations, but also helped to formulate, in an automated way, the 

equations of motion governing the systems described by analysts and designers. 

This dramatic improvement in computational capabilities motivated the 

beginning of a new technical field of study referenced as multibody system 

(MBS) analysis. The new field focuses on more efficient and accurate 
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techniques to harness the power of computers to formulate and solve equations 

governing large overall motions of complex rigid and flexible systems. Various 

computational methods and computer formalisms for mathematical modeling 

and simulation of complex multibody systems have been developed over the 

past three decades; excellent reviews of past and recent developments by 

Schiehlen [4] and Shabana [5] were published in 1997. 

In recent years, MBS technology evolved in powerful computer analysis 

software, which became a valuable tool in industry and research areas, 

complementing the Finite Element Method for the simulation of systems 

undergoing large displacements in space. Such tools make possible to evaluate 

serviceability, robustness and behavior of a product design in all the situations 

that it will encounter during its life, prior to building a prototype. Its application 

reduces product development costs, allows the evaluation of more alternative 

designs, and shortens the time it takes to bring a new product to the market 

place. MBS dynamics has diverse applications in automotive (cars, light trucks, 

heavy trucks and off-road vehicles, railway), aerospace (airplanes, spacecrafts, 

defense, satellites), general machinery (manufacturing and assembly equipment) 

or electro-mechanical product industries (copy machines, magnetic and optical 

storage devices, laser and inkjet printers, etc.), among many others. 

Although multibody system dynamics is already a powerful and robust 

technique, and general purpose MBS software is ready available for production 

use, it has not reached a mature state yet [4]. The cutting edge research in this 

field is currently aiming towards developing new facilities related, on one hand, 

to include into the analytical formalisms the complex non-linear aspects like 

stick-slip friction, flexibility, contact and impact problems, extension to 

electronic and mechatronic systems, optimal system design, strength analysis 

and interaction with fluids, etc., and, on the other hand, to increase the 

computing speed in order to enable real-time simulation of complex systems. 

Multibody system dynamics has many challenging applications. A growing 

interest area for MBS in the near future is micro-engineering and nano

technology, in both of which the comfort of Newtonian physics that has been 

enjoyed thus far in engineering is challenged by the observed kinetic behavior in 
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very narrow conjunctions, leading to the field which is now universally referred 

to as many-body systems. There are many problems in biomechanics that are 

currently modeled and solved by multibody dynamics. The applications are 

ranging from vehicle occupants to sport sciences and prosthetics. Multibody 

dynamics is also a solid basis for non-linear dynamics. In particular, impact and 

friction induced vibrations show chaotic behavior. The noise generation in 

railway wheels due to rail-wheel contact forces can also be considered as a 

highly non-linear phenomenon. An up-to-date development includes also the 

control of chaos. The control aspects in multibody dynamics are becoming more 

important. Vehicle, aircraft and spaceship dynamics and reliability have always 

been challenging applications. In relation with the transportation systems, a 

contemporary application of multibody dynamics is the structural and occupant 

crashworthiness. 

In conclusion, multibody system dynamics is a very lively and promising 

research subject: many interesting and complex issues remain to be solved, and 

its range of applications is growing constantly. 

1.2 Motivation 

The product of research in the field of multibody system analysis is often a 

software system embedding the new developed capabilities. The research 

methodology is more or less the following: (a) a new simulation method is 

proposed; it can be designed to deal with a complex aspect (like contact-impact) 

or to provide better computing speed than existing methods; (b) that method is 

translated into an algorithm and implemented in a software system; (c) such 

system is used to solve a set of challenging problems that act as test cases to 

evaluate the performance of the proposed method; (d) performance (accuracy, 

robustness, efficiency, etc.) is measured and compared with existing simulation 

methods; (e) if the measured performance is better than the performance of 

existing methods, results can be published or the new method can be 

implemented in a industrial-strength tool; if not, the method must be redesigned 

and the process starts again. These steps are shown in Fig. 1.1. 
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Figure 1.1: Steps followed in multibody systems research. 

Most of the research on MBS is done at universities, using in-house 

developed codes to implement and test new simulation methods. Some of the 

tasks represented in Fig. 1.1, especially the development of models for 

multibody systems and the implementation of new simulation methods (and 

everything else a usable program needs, for example data input/output or 

graphic representation), need large investments in time and resources. Since 

research teams are scattered across different countries, and it does not exist 

adequate networking and cooperation among them, the same efforts are carried 

out by each team, resulting in a very low productivity. Some research centers 

with enough resources have developed comprehensive simulation tools that help 

to streamline the steps shown in Fig. 1.1, and can be used to tackle complex 
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industrial applications, but many others do not have these facilities and can only 

implement, after many hours of work, a proof of concept of their ideas. In 

addition, the proliferation of different in-house developed tools, with different 

data formats and interfaces, causes important interoperability problems when 

several teams try to collaborate. 

Research in the MBS field lacks the tools and methodologies to support 

collaboration, and collaboration is essential in today's world: applications of 

mechanical engineering (and, in particular, applications of MBS dynamics) have 

reached such a level of complexity that they require the participation of several 

research teams, so that each of them can provide knowledge and expertise in a 

particular aspect. Furthermore, today's knowledge-based societies are heavily 

dependent on their capacity to produce, transfer and utilize knowledge. This 

requires mobilizing cognitive resources, beginning with the research 

community. 

Governments realized soon about the importance of collaboration in research 

and the need to develop interoperable tools and technologies. For example, The 

European Commission has been supporting these developments through its 

various research programs since the early 1980s, and one of its instruments, 

Networks of Excellence [6], is specially aimed at integrating scattered groups 

related to a particular research topic into virtual organization.s, which share and 

develop common research equipment, tools and platforms, and work together as 

a single team using Information and Communication Technologies. These 

virtual organizations of researchers create synergies among the participants and 

avoid parallel or redundant development efforts. As a result, the productivity of 

the participants is increased and research and technological development in that 

field is accelerated [7]. 

Research in multibody system dynamics should take advantage of these new 

tools to set up an infrastructure that streamlines the collaboration among 

individual partners. Otherwise, MBS community will not be able to undertake 

challenging applications with the responsiveness, flexibility and efficiency 

demanded by the industry. 
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1.3 Scope and objectives 

The first step to set up an environment that supports the collaboration among 

different MBS research groups is to develop tools and standards that support this 

collaboration. Since most of the research resources are spent in modeling 

multibody systems and in implementing and testing new simulation methods, 

the tools should be designed to streamline such tasks. Particularly, three 

priorities have been identified: 

• Share multibody systems model.s. The lack of a standard data format to 

encode information about MBS models hinders the exchange and share of 

models between users of MBS software. The current interoperability status 

between MBS simulation tools should be evaluated, and available 

technologies should be explored in order to develop a robust yet easy-to-use 

neutral data format for multibody systems. 

• Share performance metrics of simulation methods. Currently, benchmarking 

of MBS simulation tools is done on an individual basis: different authors use 

different sets of problems to evaluate performance, and the procedures and 

conditions considered to measure computational efficiency are also different. 

Benchmarking in this field should be standardized, and performance metrics 

obtained by different teams for different simulation methods should be 

collected, managed and published in a collaborative, centralized platform, so 

that they can be accessed and monitored by all interested partners. 

• Share implementations of simulation method.s. The implementation of 

simulation methods is one of the most time-consuming tasks in MBS 

research. In addition, resulting implementations are hardly shared among 

groups, since they often use very different programming environments and 

techniques. An open, modular and extensible simulation software would 

help to integrate small contributions from different research teams, in order 

to build up a robust and comprehensive simulation suite. Collaborative 

development environments shall be used to accomplish this task. 

This thesis pretends to make contributions to these three priorities, presenting 

implementation prototypes that act as reference for future developments. 
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1.4 Organization 

This thesis is organized as follows: 

• Chapter 1: Introduction. 

• Chapter 2: Neutral data models for MBS simulation. 

• Chapter 3: Benchmarking of MBS simulation codes. 

• Chapter 4: An open MBS simulation suite. 

• Chapter 5: Conclusions and future work. 

Chapter 1 provides a brief historical review of multibody systems analysis, 

and presents the motivation, scope and objectives of this work. 

Chapter 2 presents a review of the standardization efforts in the field of 

engineering product data and, in particular, multibody systems data. Two 

popular technologies for building data models, STEP and XML, are evaluated 

and compared. Finally, a prototype implementation of an XML-based neutral 

data format for multibody systems simulation is presented. 

Chapter 3 presents a review of the benchmarking activities developed in 

MBS dynamic simulation and other related fields, showing that performance 

benchmarking is not a standardized practice in this field. Factors that contribute 

to the computational efficiency of a MBS dynamic simulator are identified and 

described, and a benchmarking suite for multibody system simulation software 

is proposed. The suite includes a web-based application to collect, manage and 

publish benchmarking results. 

Chapter 4 reviews existing technologies that facilitate the collaborative 

development of software products, like Open Source environments and 

Computer Aided Software Engineering (CASE) tools, and presents a C++ 

prototype implementation of a modular and extensible MBS simulation software 

tool. 

Finally, Chapter 5 presents the contributions and conclusions of this work 

and suggests some subjects for future research. 
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Chapter 2. 

Neutral data models for MBS 
simulation 

2.1 Introduction 

Over the past two decades there has been an enormous shift in product 

development caused by the advent of two factors. The first one is the availability 

of computer-aided design, engineering and manufacturing (CAD/CAE/CAM) 

tools, considered one of the best engineering achievements of the 20`^ century; 

the introduction of these tools represented tremendous productivity gains 

compared to the methods used before. The second factor is the emergence of 

low-cost communications and information technologies, which allow 

engineering organizations to interoperate with each other at large scale: 

companies form joint ventures to address business opportunities and work 

globally within multi-company consortia to perform design, analysis and 

manufacturing activities. Therefore, in today's world engineering products are 

often developed by geographically and temporally distributed design teams 

using heterogeneous CAx software [1]. This heterogeneity of engineering 

software exists even in single companies, since most of them find it difficult to 

enforce the use of a common set of CAD/CAE/CAM tools within the ĵ 

organization. 

In this scenario, the ability to share engineering information becomes a 

crucial factor for productivity. Industry spends billions of dollars as a result of 
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poor interoperability between CAD/CAE/CAM systems. A study performed in 

1999 by the National Institute of Standards and Technology (NIST) estimated 

that the economic cost due to the lack of interoperability in the United States 

automotive supply chain alone at one billion dollars per year [2]. The estimated 

cost in shipbuilding, aerospace and construction machinery industries is similar. 

This cost has tree components: avoidance costs, caused by the investments to 

prevent technical interoperability problems before they occur (redundant 

software, data translators, and outsourcing of data translation); mitigating costs, 

caused by the need to solve interoperability problems after they have occurred 

(manually repair or replace unusable data files); and delay costs, caused by the 

time-to-market delays due to mitigating tasks. Mitigating cost is the main 

component, and often represents more than 80% of the overall cost. 

(a) (b)
 

Figure 2.1: Number of bidirectional translators needed for data exchange: (a) without 
neutral data format, (N•(N-1))/2 translators; (b) with neutral data format, N translators. 

Standard neutral data formats are a solution to reduce interoperability 

problems. As shown in Fig. 2.1, a neutral format reduces from O(N2) to O(N) 

the number of bidirectional translators needed to communicate N different 

systems. This has several advantages for the users [3]: (a) since only one 

bidirectional translator per system is required, software development and 

maintenance costs are reduced and software quality increases because efforts are 

more concentrated; (b) vendors, instead of users, have the responsibility for 
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implementing translators; (c) vendors are more willing to develop translators to 

neutral formats because they do not require the disclosure of its proprietary 

code; (d) changes in one system do not affect translators developed for other 

systems. Standard neutral data formats also have advantages for long-term data 

archiving. In many industries, product data must be available throughout the 

lifecycle of the product (several decades in some cases); archiving using a 

standard format eliminates the need of keeping old versions of application 

systems just for accessing old application's native data files, and guarantees that 

data are accessible in the future, even if the application used to create the data 

has disappeared. There is an industry-wide agreement that a neutral data format 

holds the best solution for interoperability problems [4]. 

During the last decade, significant improvements have been made in the 

development of standard neutral data formats for product data [5]. However, 

these efforts have been concentrated on CAD applications, while most CAE 

applications still lack a neutral data format. This is the case for multibody 

system (MBS) dynamics, where data standardization is still an open research 

field [6]. Available simulation tools, commercial and from academic research 

groups, differ in model description and data formats. The reasons for this 

situation are in the MBS simulation market characteristics: (a) MBS simulation 

tools are technically in the early stages compared to mature tools as CAD or 

Finite Element Analysis (FEA), and therefore they are not widely used yet; (b) 

during the last years the market has been dominated by a single product, 

ADAMS [7], which owns more than fifty percent of the market share. The 

confluence of these factors has kept overall interoperability costs relatively low 

compared with the costs in the CAD segment, making unprofitable the 

development of a neutral data format. And vendors are not likely to undertake 

this effort alone because they often consider proprietary data formats as part of 

their competitive advantage. 

However, the situation is changing. While CAD has dominated the overall 

Product Lifecycle Management market since its beginning, market trends 

predict a boom of the CAE market for the next decade (see Fig. 2.2), reaching 

$8 billions in 2014 [8]. 
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Figure 2.2: Evolution of CAD and CAE market shares in the overall PLM (Product 
Lifecycle Management) market during the last 15 years [8]. 

Moreover, technologies like MBS dynamics and Computer Fluid Dynamics 

(CFD) will grow at higher rates than structural analysis, the most used CAE tool 

now, causing a proliferation of commercial tools and vendors for these 

applications. With this scenario, exchanges of CAE product data will increase 

significantly, and also the costs derived from poor interoperability. Therefore, 

developing standard neutral data formats for these applications is of great 

interest. Efforts have started for some CAE segments: a neutral format for Finite 

Element Analysis (FEA) of structural components, ISO 10303-209 [9], has been 

published in 2001 as part of the ISO 10303 standard for product data 

representation and exchange, also known as STEP [5]. A similar standard for 

CFD is under development [ 10]. Interoperability needs in MBS simulation have 

not been addressed yet, and the MBS community should start to do it as soon as 

possible. 

Standardization of MBS simulation data must provide neutral formats for two 

types of data: input data for simulation tools and output data from these tools. 

Standardization of input data would allow decoupling pre-processor and solver, 

increasing competitiveness in this market: engineers could perform multibody 

system modeling in their preferred pre-processor tool and then analyze it using 

the most suitable solver. Similar to the existing WWW-based CAD model 

libraries, MBS model repositories could be created to distribute components in 

neutral format. Benchmarks for MBS simulation could define the test cases in 
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that neutral format, ready to be used as input data for solvers. Standardization of 

output data (analysis results) would allow decoupling solver and post-processor, 

making easier to compare results generated by different solvers. 

A neutral data format for MBS would be a great benefit for the industry users 

of this technology, but also for the research community. As stated before, this 

CAE segment has not reached a mature state yet, and it is a very lively and 

promising research subject [6]. Most of the research is done using in-house 

developed codes that use custom formats for input and output data, making very 

difficult to share models and results between research groups. A neutral format 

would eliminate these interoperability problems, speeding up the research 

progress. 

This chapter is organized as follows: Section 2.2 presents a review of 

previous works in the area of standardization of engineering data. Section 2.3 

defines the requisites for a MBS neutral data format. Section 2.4 analyzes the 

current interoperability status in commercial MBS simulation tools. Sections 2.5 

and 2.6 describe STEP and XML, two popular standard data formats. Section 

2.7 evaluates and compares STEP and XML as candidates to develop a MBS 

neutral data format. Section 2.8 presents a XML-based prototype 

implementation of such a format, and Section 2.9 presents a pre-processor 

prototype for that format. Finally, Section 2.9 provides conclusions and areas of 

future research. 

2.2 State of the art 

The representation of product data has evolved slowly over these last 200 

years. Before 1800, products were described by tangible physical models. The 

invention of the engineering drawings in the early 1800s led to more precise 

product descriptions, and productivity was increased significantly. In the early 

1970s, computer-aided design (CAD) tools revolutionized product data 

representation again, with tremendous productivity gains over paper drawings, 

such as ease to revise and archive. But this revolution also generated an 

unexpected problem: the growing amount of information generated by these 

tools made impractical the use of manual methods to transfer data between 
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different software applications. Automatic exchange mechanisms were needed. 

By the same time, the idea that data should be described in a manner that was 

independent of particular users or computer technologies emerged, and started 

the research in formal methods for information modeling. 

This section starts with an introduction to information modeling, an essential 

tool for developing robust data formats, followed by a historical review of 

standardization efforts in the field of engineering product data, and in particular, 

multibody systems data. 

2.2.1 InformaNon modeling 

The goal in information modeling is to describe real world data so that it can 

be processed and communicated efficiently as information without knowledge 

of its source and without making any assumptions or interpretations. To achieve 

this goal, both the exchanged data and its interpretation rules need to be 

explicitly defined, and all parties in the communication process must operate 

with the same set of defmitions. Due to the high complexity of engineering 

product data, neutral data formats for this field must be designed using 

information modeling techniques. 

The development of a neutral data format using these techniques has two 

main stages: the first one is the design of the model, and the second one is its 

implementation. Fig. 2.3 shows the different components and software tools that 

can be present in the process of information modeling. 

2.2.1.1 Model design 

The model design task starts with the development of an informal model 

describing data structures, relationships and interpretation rules. This model is 

represented using a natural language, figures and diagrams; authors do not need 

special knowledge about information modeling techniques to write this kind of 

documentation. This informal description is enough for simple data models, but 

it cannot produce complete and unambiguous models for the complex 

information sets that appear in product engineering. That is why formal 

descriptions are needed. 
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Figure 2.3: The process of information modeling. 

A formal description for the model, called the information model, is built 

using some kind of modeling language, which provides a set of primitive 

concepts with precise meanings. The resulting model representation is complete, 

precise and unambiguous. Modeling languages can use graphical or lexical 

formal representations. Graphical representation.s use different icons for 
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representing major data structures, and connections between icons to represent 

relationships such as constraints, memberships, etc. Several languages based on 

graphical representation have been developed during the last decades [5]: NIAM 

(Nijssen Information Analysis Methodology), known today as ORM (Object-

Role Modeling), was rooted in linguistics; IDEFO (Integration Definition for 

Function Modeling) and its variants IDEF 1 and IDEF 1 X were developed by the 

United States Air Force between the 1970s and the 1980s, and they are well 

suited for developing database implementations. In the field of software 

engineering, several existing modeling languages converged into UML (Unified 

Modeling Language [11]), which today is the standard language for object

oriented analysis and design. 

Lexical repre.sentations (also known as .schema.s) use words and 

mathematical symbols to represent data and relationships within a model. 

Similar to programming languages, they offer built-in datatypes and capabilities 

to define new types and specify constraints on data values. The power of a 

modeling language is measured taking into account its capabilities to represent 

complex data structures in an intuitive way, and to impose constraints on data 

values. Constraints are very important for engineering data, because they 

enforce data integrity. For example, an input data file for a MBS tool may have 

a correct syntax but it is useless if it contains a negative mass; the model must 

impose the constraint "a mass value cannot be negative". Another important 

feature of lexical representations is that they are computer-interpretable; this 

capability delivers many advantages in the implementation stage. Some 

examples of lexical representation are EXPRESS [ 12] and XML Schema [ 13]. 

Graphical and lexical representations have advantages and disadvantages. 

Graphical representations are more friendly and easier to understand for the non

expert, but lexical representations have better modeling capabilities (especially 

for constraint definition) and they are computer-interpretable. In order to get the 

best from both worlds, some modeling languages originally based on lexical 

representations have developed auxiliary graphical representations (like 

EXPRESS-G for EXPRESS), and vice versa. However, lexical representations 

are still more precise and powerful. 
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Several software tools can be used to develop information models. Validators 

parse the model and check if it follows the syntax and grammar rules of the used 

modeling language, that is, if the model is valid. Editors help to create, view and 

modify models. Editors for lexical representations usually incorporate syntax 

highlighting (as editors used in programming environments) and model 

validation. Tran.sformation engines apply a set of given rules (which are 

formally defined in a special language) to an input model in order to generate an 

output model. This allows generating partial views, simplifications or extensions 

of a model, without loosing associativity: if the original model is updated in the 

future, the transformation can be applied again to generate updated derived 

models. 

Although an information model aims to be complete and unambiguous, an 

informal description is often necessary to provide contextual information, 

explain the overall model structure, justify modeling decisions, provide 

examples and define constraints that cannot are not supported by the modeling 

language. Therefore, both descriptions (informal and formal) and necessary for 

complex models. Some modeling languages allow inserting comments within 

the formal model definition, providing a hybrid description format. 

2.2.1.2 Model implementation 

The implementation of an information model involves two tasks: the 

definition of a data format for permanent storage of information, and the 

development of an Application Programming Interface (API) to manipulate the 

data from a computer program. 

Different approaches exist to provide a permanent storage for information: 

the database approach and the document approach. In the database approach, 

information is managed by relational or object-oriented databases. Relational 

databases are suited for big amounts of information that can be described with 

simple data structures; object oriented databases can deal with complex data 

structures, at the cost of lower performance and more software complexity. 

These solutions are quite efficient, provide concurrent access and, the most 

important feature, they use standardized techniques for information storage, 
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search and retrieval. However, when databases are used, complex software must 

be used to manage the information (database servers), and the user needs special 

tools to access to that information in an intuitive way (database clients). On the 

other hand, the document approach stores information in a file. Files are 

managed directly by the computer file system, and no special software is 

needed. The file format can be binary, which provides better processing 

performance and smaller sizes, or textual, which is human readable (a very 

valuable feature) and platform independent, at the cost of bigger size and slower 

performance. The document approach, especially when text formats are used, 

has all the advantages that databases lack: information is managed and accessed 

without special software and documents can be copied, e-mailed and printed 

easily. In addition, structured file formats can very well represent the structure 

of real systems without the complexity burden of object-oriented databases. But 

this approach has also disadvantages: information processing is difficult. Since 

there is wide variety of file formats (almost every application uses its own 

format), there are no standardized techniques for parsing the document syntax 

and custom programs must be developed. Moreover, if the document syntax is 

very complex, writing compliant parsers can be cumbersome. 

Once the data format for permanent storage is defined, a second problem 

remains to be solved: how applications will access data in that permanent 

storage. A naive solution is to let each application developer deal with this task 

independently; in this way, each application has its own code to read and write 

data. A better approach is to define a common Application Programming 

Interface (API) to manipulate the data from a computer program. This API is 

made up by a set of data structures that mimic the information model, and 

functions to populate these structures with data read from the permanent storage, 

manipulate them and write data back to the permanent storage. This common 

API can be used and shared by all kind of applications dealing with this data 

format, which makes software development easier. The API can be implemented 

in procedural programming languages, like Fortran or C, or in object-oriented 

programming languages like C++ or Java. 

The code for the API can be generated manually or automatically. Manual 

generation is time-consuming, because the programmer must study and fully 
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understand the information model and the data format for permanent storage, 

and then design and write code for the data structures and routines. Automatic 

generation is performed by a software tool that can interpret a lexical 

representation of the information model and generate the corresponding API to 

read from and write to a predefined format of permanent storage. These kinds of 

tools are available for some modeling languages, and provide a very significant 

improvement in softwaze development productivity. However, if the format for 

permanent storage is not the same predefined format for which the tool has been 

designed, the tool can seldom be used without modifications. These 

modifications are also time-consuming, and they only pay off if the information 

model is big and complex. Otherwise, manual generation is faster. 

APIs can use an early binding or a late binding. In late bindings, the API data 

structures represent the concepts supported by the modeling language used to 

describe the information model. In early bindings, the API data structures 

represent the concepts defined in the information model. As example, suppose 

that a modeling language that supports the concepts of "object" and "property" 

is used to describe an information model for a caz. The information model 

defines a"car" as an object, which have properties like "numberOfDoors", 

"color", etc. Then, a late binding would provide functions like getObject("car") 

or getProperty("numberOfDoors"), whereas an early binding would provide 

functions like getCarO or getNumberOfDoorsQ. It is clear that a late binding 

API generated for a given modeling language can be used to manipulate any 

information model described with that language. On the other hand, an early 

binding API must be generated specifically for a particulaz information model, 

thus delivering two advantages -better performance and ease of use- because the 

structures and functions used are related to the domain model (cars and number 

of doors), not to the information model (abstract objects and properties). 

Several kinds of softwaze tools exist to manipulate model data. They aze 

often built upon a previously defined API, as shown in Fig. 2.3. validator.s can 

check data integrity, ensuring that the structure and constraints defined in the 

information model aze followed. They are one of the most useful tools, since 

checking integrity of input data is one of the hardest and tricky parts of 

application development. Validators are specific for a particular lexical 
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modeling language and a data format. Editor.s help to create, view and modify 

models. Transformation engines apply a set of given rules to an input data set in 

order to generate an output data set. This allows easy updating of data to newer 

versions of the format for permanent storage, translation of data into other 

formats, etc. Finally, general-purpose applications (such a MBS simulation tool) 

use the API to read and write data, and the validator to check data integrity. 

2.2.2 Neutral data formats for engineering product data 

In the early 1970s, computer-aided design (CAD) tools revolutionized 

product data representation, and companies from automotive and aerospace 

industries were the first to incorporate this technology into their product 

development process. At the end of that decade, those industries were frustrated 

by the lack of exchange mechanisms between their CAD systems, and forced 

vendors to start standardization efforts. The need for neutral data formats 

fostered the development of information modeling, and in few years, the first 

standards were proposed. 

IGES (Initial Graphics Exchange Specification [ 14]), developed in the USA 

in 1981, was the first national standard for CAD data exchange. It is now one of 

the most widely used formats for CAD data exchange, and most major 

CAD/CAM systems support it. In parallel to IGES, a number of alternative 

national standards were developed. SET (Standard d'Echange et de Transfert 

[ 15]), driven by major manufacturing companies in the French automotive and 

aerospace industries, was established as a French national standard in 1985. 

VDA-FS (Verband Der Automobilindustrie-Flachen-Schnittstelle [ 16]) was the 

German effort to respond to the data exchange requirements of its automotive 

industry in the 1980s. It was specifically designed for exchange of surface 

model data, and has achieved considerable success in the automotive industry. 

Another interesting contribution was DXF (Drawing eXchange Format [ 17]), 

developed in 1982 by Autodesk, Inc. (the vendor of AutoCAD, the most used 

CAD software). Although it is a company standard instead of a national 

standard, it has evolved into the de facto standard for personal computer based 

low- and mid-range CAD systems. DXF translators have been implemented in 
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almost every CAD system and in many engineering analysis software as well. 

The European Commission also contributed to product data standardization with 

the ESPRIT project called CAD*I (CAD Interfaces), which involved six 

European countries. The project worked mainly in product model data exchange 

and on data exchange for finite element analysis (FEA). 

Similarly, other industries made efforts to develop data standards for their 

product segments, such as EDIF (Electronic Design Information Format [18]) 

and VHDL (Very High Speed Integrated Circuit (VHSIC) Hardware Description 

Language [ 19]), developed by The Institute of Electrical and Electronics 

Engineers (IEEE), and POSC (Petrochemical Open Software Consortium [20]) 

for oil and gas. The use of all these standards in 1995 was reported in [5] (Table 

2.1). 

Table 2.1: Use of standards per sector ( • = moderate; •• = widely) 

Sector IGES SET VAD-FS DXF EDIF VHDL POSC 

Aerospace • • • • 

Automotive • • • • • 

Building & Construction •• 

Process plant • • • 

Oil and gas • •• 

Shipbuilding • • 

Electrical / Electronic • • • • • 

Consumer goods • • 

In the middle of the 1980s, every major industry had its own neutral data 

format, so the interoperability problems seemed solved. However, the 

organizations that were responsible for the development of national and industry 

standards realized that the following factors required a common international 

standard: (a) global commerce and increased outsourcing made data exchange 

more critical; (b) some national standards had technical flaws that made them 

unsuitable to become international standards; (c) more complex products 

required coordination among multiple engineering disciplines; (d) multi-use 

software was required, e.g., design or engineering systems that apply to multiple 

industries and applications; and (e) need for lifecycle support. In 1984 started an 
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international effort to create an international standard that enabled the capture of 

information comprising a computerized product model in a neutral form, 

without the loss of completeness and integrity, throughout the lifecycle of a 

product. Ten years later, the ISO 10303 standard for product data representation 

and exchange, also known as STEP, was published. 
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Figure 2.4: Some milestones in the standardization of engineering product data. 

STEP was the first standard for product engineering data that used 

information modeling extensively: almost all components and processes shown 

in Fig. 2.3 are present in the STEP architecture. Today, STEP is the most 

advanced technology for engineering product data distribution and sharing. It is 

made up by a series of standards covering almost all the information needed for 

product lifecycle support. Within the STEP framework, there are neutral formats 

for CAD (STEP AP203 [21]), Finite Element Analysis of structural components 
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(STEP AP-209 [9]) and Computer Fluid Dynanúcs (STEP AP237, under 

development [ 10]). A new standard for CNC manufacturing, STEP AP238, also 

known as STEP-NC, is also under development to replace the old ISO 6983 (the 

popular G-Code). 

STEP is replacing other neutral data formats. Since the publication of STEP, 

no more national standards have been proposed for product data, and old 

standards like IGES, that have been updated regularly since its publication, are 

about to reach the imal revision, in favor of STEP equivalents. This is the 

general trend in the use of standazds: users are moving from company and 

national standards towards international standards (Fig. 2.5). 

national international \ 
company \ 

Past Present Future 

Figure 2.5: Trend in the use of standards for data exchange. 

2.2.3 Data formats in MBS software 

Product data standardization in multibody system analysis is in the early 

stages. While several CAD standards exist since the 1980s and some 

international standards for other CAE applications have been proposed during 

the last years, no official proposals exist for multibody system data. As 

explained in the introduction of this chapter, interoperability costs in MBS 

analysis are still low compazed with the costs in the CAD and some CAE 

segments (like FEA), making unprofitable the development of a neutral data 

format. In addition, mechanical engineers are not trained in data modeling, and 
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they often find information modeling technologies difficult to apply when 

solving interoperability problems. 

It may seem surprising, but many software applications currently used for 

MBS research do not even have any data input from an external source. This is 

true for many in-house developed codes that are used to implement and test new 

formulations. In these cases, the description of the multibody system (properties 

and equations for kinematics and dynamics) is hard-coded directly in the source 

code of the program and linked to a set of solver routines. The resulting program 

is a custom solver for a particular mechanism. Developing this type of 

applications has two advantages: knowledge on information modeling is not 

required, and the hard-coding of the system properties and equations reverts in 

very fast simulations. But this method also has important disadvantages: 

reutilization of code is difficult and users developing new models must have 

advanced programming skills. 

♦ _ 
^Data format for 
, permanent storage 

read Application 

• File (text) 

Figure 2.6: Simple data modeling in MBS codes. 

Research groups with more resources and programming skills have 

developed input data formats for their simulation codes. The input data describe 

the multibody system structure and properties, and a pre-processor automatically 

generates the equations of motion for that system. These applications use 

simplified modeling techniques (Fig. 2.6) compared with the ones showed in 

Fig. 2.3. A brief informal description of the model is provided in the program 
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documentation, together with the description of the data format for permanent 

storage (usually text files). In many cases, there is not an intermediate API to 

read and write data: this functionality is directly embedded in the application 

code. Data are read and used directly to populate the internal data structures 

used by the solver. Developing the simulation application without an 

intermediate API layer is probably easier and faster for implementing a given 

MBS simulation method: it tackles the core of the problem and does not have to 

take into account any aspects of API design and programming. But an input data 

format without an API is difficult to share: application willing to read and write 

to this format will need to develop its own set of reading and writing routines. 

Routines of the first application cannot be reused, because the internal structures 

used by the applications are probably different. Therefore, the lack of an 

intermediate API layer is an important obstacle to data exchange and share. 
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Figure 2.7: Structure of the DFG multibody system package, as described in [22]. 

Germany pioneered the use of information modeling and advanced software 

tools in the field of multibody systems: from 1987 to 1992, the German 

Research Council funded the nationwide research project "Dynamics of 

Multibody Systems" with the goal of developing a general-purpose multibody 

system software package [23]. A neutral, object-oriented data model for 

multibody systems was proposed (Fig. 2.7). The model can describe 

parameterized and modular multibody systems made up by parts (bodies and 
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reference systems) and interactions (joints, forces, etc.); integrity constraints can 

be imposed and checked. A detailed description of the model can be found in 

Otter et al [22]. Seybold et al described this data model using the EXPRESS 

modeling language [24], allowing the use of automatic code generators and easy 

permanent storage in an object-oriented database system. This system served as 

common data repository for a suite of multibody analysis tools: kinematics, 

dynamics, visualization, etc. Wallrapp extended the model to support flexible 

bodies based on a modal representation of small body deformations [25]. The 

original software package was implemented in Fortran 77, but later an 

implementation in C language called DAMOS-C (DAta model for MultibOdy 

Systems) was proposed by Daberkow and Schiehlen [26]. This C 

implementation provided a higher lever of reusability and better integration with 

CAD systems, as demonstrated by Daberkow and Kreuzer [27]. It was extended 

to support mechatronic systems, and translators to other data formats (ADAMS, 

SYMPACK, DADS, etc.) were developed. DAMOS-C used state-of-the-art 

technologies at the time of being developed, but this happened almost ten years 

ago, so it could not exploit modern technologies available now. As example, 

despite having an object-oriented data model, DAMOS-C was implemented in C 

(not object-oriented) instead of C++ (object-oriented) to assure portability and 

good integration with other systems (as CAD tools). Now C++ has very good 

portability and it is the standard interface for many CAD applications, so a C++ 

implementation would have many advantages. In addition, neither the DAMOS-

C software nor the corresponding detailed documentation is publicly available, 

so the system cannot be used as a neutral standard data format by other users. 

Another similar project was MechaSTEP, started in 1997 to provide a neutral 

data format for mechatronic systems to the German automotive industry [28]. 

The aim of this project was the development of an ISO 10303 STEP-conforming 

data model for simulation data of inechatronic systems, and therefore, four 

different individual disciplines had to be integrated: multibody systems, 

hydraulic and pneumatic systems, electrotechnics and control theory. The 

project was finished in 2000, but currently there are not proposals at ISO to start 

an international standardization process in this field. 
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Outside of Germany, coordinated efforts or contributions to standardization 

of multibody systems data are almost inexistent. An interesting approach was 

taken by Tisell and Orsborn with the development of MECHAMOS [29,30], a 

prototype of MBS analysis tool based on the object-relational database 

management system AMOS. Matlab and MapleV are used as computational 

engines to perform numeric and symbolic analyses, and the multibody system is 

described using AMOSQL, a database-oriented query language. The system has 

good capabilities to manage large amounts of data in an efficient way, but the 

input format is rather verbose and too database-oriented. 

2.2.4 Other data formats of interest 

Recently, XML (Extensible Markup Language [31]) has emerged as an 

increasingly popular format to encode information. XML is a simple, very 

flexible text format derived from Standard Generalized Markup Language 

(SGML, ISO 8879) which was developed in the 1970s for the large-scale 

storage of structured text documents. The XML specification was published in 

February 1998 [31] by the World Wide Web Consortium [32], the organization 

responsible for defming many internet-related standards, most notably HTML. 

Originally designed to meet the challenges of large-scale electronic publishing, 

XML is also playing an increasingly important role in the exchange of a wide 

variety of data on the Web and elsewhere. It has become the preferred format for 

transferring business information across the Internet, receiving widespread 

endorsement from industry and governments. 

2.2.5 Summary 

Interoperability has been a major issue in mechanical engineering since the 

birth of computer-aided design tools in the early 1970s. Information modeling 

has provided the tools and methodologies to design and implement neutral data 

formats. Today, robust and reliable standard formats exist to exchange 

information between CAD systems, and some CAE applications like FEA and 

CFD are already developing or implementing standard neutral formats. 

Interoperability needs in MBS simulation have not been addressed yet. Some 
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countries (like Germany) have made important standardization efforts and very 

interesting projects have been proposed, but results are far from being 

considered international standards and none of them have achieved a widely use 

in industry of research. 

Currently, STEP and XML are the most promising technologies for data 

standardization, and they should be considered as candidate frameworks to 

develop a neutral data format for multibody system analysis. Both technologies 

are described and evaluated in Sections 2.5, 2.6 and 2.7. 

2.3 Requirements for a neutral MBS data format 

Before evaluating the suitability of available technologies to develop a 

neutral data format for multibody systems, requirements for such a format must 

be clearly defined. Both the model and its implementation methods must be 

designed in order to accomplish three main requirements: (a) foster data 

reutilization, (b) foster data exchanging and sharing, and (c) streamline the 

acceptance into the research community. 

2.3.1 Foster data reutilization 

In multibody system analysis, as in other CAE applications, information is 

reutilized frequently. Engineers hardly design new products from scratch: they 

often redesign existing products. In order to evaluate the performance of a 

mechanism, the same model is simulated under different working conditions 

(initial states, applied loads, etc.). Researchers developing new formulations for 

multibody dynamics solve the same problem using different methods to 

compare their performance. In summary, multibody system data are reutilized 

constantly, and a neutral data format must provide effective reutilization 

mechanisms to avoid data duplication. Otherwise, reutilization is done by 

coping and modifying data manually, and problems arise soon: data is stored 

and duplicated in so many different places that one often cannot distinguish "up

to-date" data from "outdated". A neutral data model must: 
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• Split the description of a simulation into three logical sections: the model of 

the multibody system, the analysis to be performed on it, and the method to 

be used to perform the analysis. This organization provides maximum 

decoupling and allows easy combination of different methods to perform 

different analysis on different models. 

• Support submodels. With submodels, complex engineering systems can be 

decomposed into small modules to make them efficiently treatable: each 

module can be developed and tested by a different team of engineers, and 

then assembled with other modules to build the whole system. 

• Support parametric models. In a parametric model, any numerical quantity 

can be defined by a symbolic expression that depends on other quantities 

and a given set of parameters. Parametric models are essential for 

optimization analysis, but they can also increase the reusability of data: the 

combined support of submodels and parametric models enables to develop 

libraries of generic parametric components that can be adapted (by 

specifying values for the parameters) and used as submodels of more 

complex systems. 

• Apply units at local scope. If units are defined at global scope (the same unit 

system is used for the whole model), problems may arise when merging 

models that were created using different unit systems. 

• Provide flexible including and merging mechani.sms. The three previous 

requirements allow creating reusable models, but in order to use them to 

build new models, tools to include submodels or merge models must be 

available. These tools should be as flexible as possible, allowing, for 

example, to inclusion offragment.s of existing models instead of the whole 

model. 

2.3.2 Foster data exchanging and sharing 

As explained in the introduction, in today's world, engineering products are 

often developed by geographically and temporally distributed design teams 

using heterogeneous CAx software. The situation in MBS research is the same: 
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data needs to be accessed by different kinds of applications (pre-processors, 

solvers and post-processors), and each research team uses different software 

systems (commercial or homemade). Therefore, data exchange is essential for 

collaboration between teams. The goal of a neutral data format is to streamline 

the data exchange, but a higher level of collaboration can be achieved if the data 

format supports data sharing. Data sharing goes further than simple data 

exchange. Data exchange means that a given software system maintains the 

master copy of the data internally and exports a snapshot of the data, which is 

imported by other application. Since data imported into the second application is 

not synchronized with respect to the "master" copy of the data contained in the 

originating software system, problems arise. Data sharing means that a master 

copy of the data is stored in a centralized repository, and is accessed by all 

applications. Data is not duplicated in each application, and synchronization 

problems do not exist [S]. A neutral data model must: 

• Provide a neutral data model independent on the formalism or application 

used to perform multibody system simulations. Modeling concepts that are 

meaningful only to a particular formalism must be avoided. In this way, 

neutral data can be used as input for different simulation tools. This is the 

basis for data exchanging. 

• Provide distributed access to the data. Today the Internet provides a 

ubiquitous platform for connectivity and collaboration: data can be accessed 

in a transparent way using friendly and easy-to-use software (web browsers), 

regardless it storage format or localization. A neutral data format should 

provide tools to access data in a similar way. This is the basis for data 

sharing. 

2.3.3 Streamline the acceptance into the research community 

The previous requirements are technical requirements, but there is a third 

requirement much more important: usability. A neutral data format can meet all 

the technical requirements, but if it is too difficult to understand or implement, it 

will not achieve widespread use. Some of the proposals for multibody systems 

data formats described in Section 2.2 have very good capabilities to foster data 
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reutilization and sharing, but their implementation is too complex for 

mechanical engineers without extensive knowledge about object-oriented 

databases. It is very important to facilitate the acceptance into the research 

community, because researchers will be the first users of neutral data formats. 

Vendors of MBS analysis tools are not likely to provide neutral data formats 

without pressure from the users, because they often consider proprietary data 

formats as part of their competitive advantage. This barrier does not exist in the 

research community, which can get great benefits from data sharing. Therefore, 

a neutral data model must: 

• Be configurable. Not all users of MBS analysis tools need the same 

functionality. The range of phenomena that can appear in a multibody 

system is quite wide: flexibility, contact, impacts, friction, clearances, etc. If 

we try to develop a neutral data format able to support all these phenomena, 

its design would take years and the resulting model would be extremely 

complex and difficult to understand. A model made up by small, modular 

components is better than a big monolithic model. Users can adapt, 

configure or extend it to fit their particular needs. 

• Be easy to implement. Mechanical engineers are not experts on computer 

science, so the software tools required for working with a given data model 

must be ready available and easy to use. Application Program Interfaces for 

accessing and manipulating data should be ready available, in order to 

reduce software development efforts. 

• U.se low cost technologies. Many small academic groups and individual 

researchers have low economic resources. If the software tools needed to 

work with the data model have expensive licenses, the implementation of 

such a data model will be restricted to industrial companies and a few 

academic teams. 

• Provide free and good qualin^ documentation. This is essential for any data 

format that expects to become a true standard. 
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2.4 Evaluation of commercial MBS software 

After identifying the requirements for a MBS neutral data format, the data 

formats used by commercial MBS tools should be studied and evaluated against 

those requisites. This evaluation will provide understanding about the 

capabilities offered by current tools, which should be leveraged by a neutral 

format, and will identify problematic issues in data modeling, which should be 

avoided by the neutral format. 

2.4.1 Software selected for the evaluation 

Four commercial general-purpose MBS simulation tools have been selected 

for evaluation: ADAMS, DADS, SIMPACK and RecurDyn. These four 

products cover more than 70% of the market share, and all of them offer high

end capabilities: rigid and flexible bodies, contacts, user-defined functions, 

control, etc. Two of the applications (ADAMS and DADS) are based on 

reference coordinates and global formulations, while the others (SIMPACK and 

RecurDyn) are based on relative coordinates and recursive formulations. 

ADAMS (Automatic Dynamic Analysis of Mechanical Systems) is the most 

popular software for MBS analysis and dominates the market with more than 

50% of the market share. Based on the programs developed by Chace and 

Orlandea at University of Michigan in the early 1970s, ADAMS started to be 

commercialized in 1977 by the U.S. based corporation Mechanical Dynamics, 

Inc. (MDI). Currently, it is maintained and distributed by MSC Corporation [7]. 

DADS (Dynamic Analysis and Design System) was written in the late 1970s 

by professor Haug at The Universiry of Iowa, and commercialized by the U.S. 

based corporation CADSI. Version 9.6 was the last release of DADS as an 

independent application: its solver is now integrated into the LMS Virtual.Lab 

CAE suite and commercialized by LMS International under the name of LMS 

Virtual.Lab Motion [33]. 

SIMPACK was developed in the early 1980 by the group of Kortiim at the 

German Aeroespace Center (DLR). It was the successor of several MBS 
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analysis tools developed at DRL since the 1970s, like Fadyna and Medyna, and 

now it is maintained and distributed by Intec GmbH [34]. 

RECURDYN (RECURsive DYNamics) was released in 2000 by the Korean 

company Function Bay [35]. Its solver is based on recursive methods proposed 

by Bae at Hanyang University (Seul, Korea). RecurDyn is the newest tool of the 

four evaluated systems, and its market share is small (it has recently reached the 

100^ industrial user), but it is having a great success in Asia. 

2.4.2 Evaluation criteria 

Several criteria related to the ability to reuse, exchange and share data with 

other MBS analysis tools have been considered: 

• Format for data storage. 

• Import from and export to other MBS formats. 

• Formalism-independent modeling. 

• Support for sub-models. 

• Support for units systems. 

• Support for parametric models. 

2.4.2.1 Format for data storage 

ADAMS, DADS and RecurDyn use binary formats to store model data. 

Binary formats are more efficient in size and processing time than the equivalent 

text formats, but they cannot be reviewed or edited by hand; moreover, if 

documentation of the binary format is not available (this is the case for all 

reviewed systems) it cannot be reverse-engineered to develop translators to 

other formats. At least, ADAMS and DADS provide a secondary storage using 

text files with a well-documented format. RECURDYN does not document its 

binary format nor provides a secondary ASCII format, making almost 

impossible to translate its models to other systems. SIMPACK uses a text file 

system with a predetermined directory structure to store model information. 
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ADAMS provides two text-based secondary storage formats: the .ADM 

format and the .CMD format. The purpose of the .ADM format is to store 

commands executed in ADAMS preprocessor, while the .CMD format is 

targeted at serving as input for the solver. The data given to the solver are split 

into two files: the first one describes the multibody system, and the second one 

defines the analysis to be performed and the method used. Examples of both 

files are shown in Fig. 2.8. 

UNITS/, FORCE=NEWTON, MASS=KILOGRAM, LENGTH=METER, TIME=SECOND
 

PART/1, GROUND
 

MARKER/1, PART = 1
 

PART/2, MASS = 12, CM = 2, IP = 1.01, 0.02, 1.01
 

MARKER/2, PART = 2, QP = 0, 0.5, 0

(a)
 

MARKER/3, PART = 2, QP = 0, 1, 0, REULER = 90D, OD, OD
 

JOINT/1, SPHERICAL, I= 5, J= 6
 

ACCGRAV/, KGRAV = -9.81
 

END
 

INTEGRATOR/GSTIFF
 

INTEGRATOR/I3

(b)
 

INTEGRATOR/ERROR = 0.001
 

INTEGRATOR/HMAX = lE-2
 

Figure 2.8: Fragments of ADAMS input data files: (a) model description, (b) analysis 
description. 

DADS uses a similar text format as secondary storage format. ADAMS text 

format has several limitations: it uses integer numbers as identifiers for model 

elements, which is not very intuitive compared with text identifiers, and all the 

information is given in a single file and it is not structured. In addition, the 

information about the initial conditions for the analysis is mixed with the 

description of the system topology. This makes impossible to reuse a given 

topology to perform several simulations with different initial conditions. 

SIMPACK uses a keyword based data file format, where the model elements 

are referenced by names instead of numbers (Fig. 2.9). Information is more 

structured than in the ADAMS format: each kind of input data (rigid bodies and 
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joints, forces, contact information, flexible bodies) is stored under a different 

subdirectory. 

gravity ( 3) _ -9.810E+00 ! [m/s^2] g-vector
 
refsys ( $B_Isys) = 1 ! Type of kinematic movement
 
marker (1, $M_Isys) _ $B_Isys ! Assignment
 
! Bodies:
 

(a)
 
body.m ( $B_Bodyl) _ .10000E+01 ! [kg] mass
 
body.I (1,1,$B_Bodyl) _ .10000E+02 ! [kgm^2] I_Tensor
 
body.I (2,2,SB_Bodyl) _ .10000E+02 ! [kgm^2] I_Tensor
 
body.I (3,3,$B_Bodyl) _ .10000E+01 ! [kgm^2] I_Tensor
 

t = O.OOOOOOOO00E+00 ! Initial Time for TimeIntegration
 

tend = 1.0000000000E+00 ! EndTime for TimeIntegration
 

ntout = 101 ! Number of Communication Points
 

iintv = 8 ! Integration Method: SODASRT
 

(b) iatol = 1 ! atol & rtol: 1=scalars, 4=vectors
 
atolg ( 1) = 9.9999997474E-05 ! Absolute Error Tolerance Group
 
rtolg ( 1) = 9.9999997474E-05 ! Relative Error Tolerance Group
 
vipar ( 1) _-1.0000000000E+00 ! Maximal RightHandSide Calls
 
vipar (12) = 2.0000000000E+00 ! Using Root-Funktion (1=no, 2=yes)
 

Figure 2.9: Fragments of SIMPACK input data files: (a) model description, (b) analysis 
description. 

2.4.2.2 Import and export other MBS formats 

Only DADS and RecurDyn provide import capabilities for ADAMS text files 

in their preprocessors. SIMPACK can import models from other MBS analysis 

systems (CATIA Kinematics and Pro/Engineer), but they are not considered 

because these systems have a very low market penetration. None of the systems 

export models to other formats, obviously because the lack of a neutral data 

format. And none of the postprocessors can import result files generated in other 

tools. 

The current situation for data exchange in commercial MBS analysis codes is 

shown in Fig. 2.10: the data flow in each of the four evaluated systems is almost 

isolated from the rest of data flows. Only ADAMS files can be used as input in 

RecurDyn and DADS. This situation is far from the desired situation described 
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by Schiehlen [6], where a common neutral data format for input and output is 

shared across different simulation tools. 

ADAMS ADAMS ADAMS ADAMS 
input preprocessor solver results 

RECURDYN RECURDYN RECURDYN RECLJRDYN 
input preprocessor solver resulL 

D pDS (^ ^ p DADS ^ DADS \,^ DADS
 
in ut (^^^^ re rocessor solver f^ results
 

SIMPACK SIMPACK SIMPACK SIMPACK 
input preprocessor solver results 

Other Other Other Other 
input preprocessor solver results 

Figure 2.10: Current situation for MBS simulation software. 

ADAMS
 
postprocessor
 

RECURDYN
 
postprocessor
 

DADS
 
postprocessor
 

SIMPACK
 
postprocessor
 

Other
 
postprocessor
 

Figure 2.11: Desired situation for MBS simulation software, according to Schiehlen [6]. 

2.4.2.3 Formalism-independent modeling 

All tools except SIMPACK have a formalism-independent modeling 

procedure. SIMPACK uses a recursive formalism in its solver, and the modeling 

technique used in its preprocessor is highly dependent on such formalism: if the 

mechanical system has kinematically closed loops, the user must open the loops 

explicitly. 
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Each body is associated to one and only one joint element. This joint is 

automatically generated by SIMPACK every time a new body element is 

defined, and it cannot be deleted nor can new joints be defined. When defining 

the markers associated with a joint, it is necessary to follow the tree structure 

that starts from the inertial frame and moves outwards. If extra joints are needed 

due to kinematically closed loops, they must be applied as constraint elements. 

It is at the discretion of the user to decide which joints in a closed loop should be 

modeled as constraints. 

^ 

^ 3 C

' /////////////////////// 

2 

^ 3 ^ 

^///////////////////// %i 

Figure 2.12: Modeling of kinematically closed loops in SIMPACK. 

SIMPACK modeling approach makes easier to implement solvers based on 

recursive formulations, because the input data contains the kinematic tree 

structure of the system represented by an open, unambiguous vector chain. 

However, this approach mixes the information about model topology with the 

information about the method used to analyze the system. For example, Fig. 

2.12 shows how a four-bar mechanism is modeled in SIMPACK: if the user 

decides to change the joint that will be opened (which is a decision related to the 

method applied to solve the problem), two joint definitions and one constraint 

must be modified. This makes difficult to reuse the same model under different 

analysis methods. 
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RECURDYN is also based on a recursive formalism, but kinematically 

closed loops are processed in a transparent way for the user's point of view. This 

can be annoying for users that wish to take full control of the solution method. 

The best solution would be to provide users an option for specifying which 

joints should be substituted. 

2.4.2.4 Support for sub-models 

ADAMS and DADS do not support sub-models. Models can be merged, but 

the resulting models do not have a hierarchical structure. RECURDYN supports 

sub-models of any deep, but in order to use an existing model as a sub-model, a 

special pre-processing is needed. SIMPACK supports sub-models limited to one 

level. SIMPACK provides a useful capability for building symmetric complex 

models: a sub-model can be reflected about an axis when imported to another 

model. 

2.4.2.5 Support for units of ineasure 

All applications support different unit systems. ADAMS, DADS and 

RECURDYN are based on the MLT system (units are derived from the basic 

dimensions of Mass, Length and Time) and offer several predefined systems 

(MKS, CGS, etc.). SIMPACK is more flexible: it can assign a separate unit to 

each individual dimension; for example, length can be defined in m and velocity 

in mm/s. 

The important issue is that all of them define units at global scope, which 

means that the units system is set for the entire model and cannot be modified 

for individual modeling elements. This can be a source of trouble when the user 

tries to combine or merge sub-models that use different units systems, because 

conflicts may arise. 

2.4.2.6 Support for parametric models 

All evaluated applications support parametric models. DADS allows entering 

an algebraic expression at any place where a real number is expected. Others 

restrict the use of parameters to certain sets of properties. 
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2.4.3 Summary 

Results of the evaluation are summarized in Table 2.2. None of the data 

formats reviewed has good characteristics to foster data reusing and exchanging. 

Most of the formats mix information sets that should be kept separated: some of 

them mix the description of model topology with the initial conditions for 

analysis, while others mix the models descriptions with details of the method 

applied to solve the analysis. None of them can use units at local scope. 

Table 2.2: Evaluation of commercial MBS codes 

ADAMS SYMPACK DADS RecurDyn
Feature \ Preprocessor 

v.2003 v.8.6 v.9.6 v.5.2 

Model Primary Binary file Text files Binary file Binary file 

database 
format Secondary 

Text file 
(.adm or .cmd) 

_ Text file -

Imports MBS models 
in other formats 

No No 
ADAMS 

(.adm) 
ADAMS 

(.adm and .cmd) 

Exports MBS models 
in other forn ĵ ats 

No No No No 

Formalism-independent 
modeling 

yes No Yes Yes 

Sub-models No 
Yes 

(only 1 level) 
No 

Yes 
(needs special 
preprocessing) 

Units systems MLT based Not MLT based MLT based MLT based 

Units scope Global Global Global Global 

Parametric models Yes Yes Yes Yes 
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2.5 The STEP standard 

STEP (STandard for the Exchange of Product model data) is an international 

standard for the computer-interpretable representation and exchange of product 

data (ISO 10303). Its goal is to provide a neutral mechanism capable of 

describing product data throughout the lifecycle of a product, independent from 

any particular system. STEP development, conducted by the TC 184/SC4 

Industrial Data subcommittee [36] of the International Organization for 

Standardization [37], was (and still is) a giant effort: more than 200 persons 

from 15 countries were involved during ten years, and contributions and 

experiences form all other previous standards were collected and incorporated. 

2.5.1 Architecture 

STEP is much more than a standard: it is a complete framework for standard 

development and implementation. The STEP architecture (Fig. 2.13) is 

composed by a series of standards (called "parts") grouped in four main 

components: description methods, implementation methods, data specifications 

and conformance testing. 

Currently there are more than one hundred parts in STEP (Fig. 2.14 and Fig. 

2.15), and the number keeps growing. 

Description method.s (ISO 10303-10 series of parts) provide mechanisms for 

specifying the data models of STEP. They include a formal data modeling 

language called EXPRESS [ 12] based on a lexical representation and a variant 

called EXPRESS-G based on graphical representation. 

Implementation method.s (ISO 10303-20 series of parts) provide standard 

implementation techniques for the information model defined by STEP. Part 21 

describes the STEP physical file exchange structure, part 22 specifies a standard 

data access interface (the equivalent to the Application Program Interface 

explained in Section 2.2) and parts 23 to 29 specify several language bindings of 

that interface, including C, C++, IDL and Java. A Fortran binding was 

considered at the beginning, but participants involved in the development of 

STEP showed few interest on it, thus being rejected finally rejected. 
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Data Specifications 

Application Protocols 
Parts 2xx 

Description Application Interpreted Constructs Conformance
 
Methods Parts Sxx Testing
 

PartsOlx Integrated resources Parts 03x 
Methodology 

EXPRESS Application Resources 

language Parts 1 xx Parts 3xx 
and related Abstract Test 
information Generic Resources Suites 

Parts 04x and OSx ^ 

Implementation Methods 
Parts 02x^ ^ 

Figure 2.13: Overview of the STEP architecture 

Conformance testing series of parts is divided into two groups: the first 

group, conformance methodology and framework (ISO 10303-30 series), 

describes how to test the implementations of the STEP standard; the second 

group, abstract test suites (ISO 10303-300 series), provides test cases with input 

data to be used to test STEP implementations. 

Finally, data specifications are the information models defined by STEP. 

These models are grouped into three categories: integrated resources, 

application interpreted constructs and application protocols. Integrated 

resources (IR) define elementary reusable components intended to be used as 

the basis for developing application protocols. They are classified into generic 

resources (ISO 10303-40 and 10303-50 series) and application resources (ISO 

10303-100 series). Examples of generic resources are "point", "date", or 

"product name": they can be present in any type of application. Examples of 

application resources in part 104 (finite element analysis) are "element" and 

"node": they are present only in the application related with FEA. 
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Descri tions methods 
1 Overview and fundamental principles I 13 Architect. & Methodology ref. man. X 
I 1 EXPRESS language reference manual I 14 EXPRESS X Language ref. manual E 
12 EXPRESS-I lan ua e reference manual I 

Im lementation methods 
21 Clear-text encoding of the exch. struc. I 26 IDL language binding to the SDAI X 
22 Stand. data access interf. spec. (SDAI) I 27 JAVA language bind. to the SDAI I 
23 C++ language binding to the SDAI I 28 XML repr. for EXPRESS & data I 
24 C language binding to the SDAI I 29 Ltwt Java binding to the SDAI X 
25 EXPRESS to OMG XMI C 

Conformance testin methodolo and framework 
31 General concepts I 34 Abstract test meths. for Part21 impL I 
32 Requirements on testing labs. & clients I 35 Abstract test meths. for Part22 impL C 
33 Structure and use of abstract test suites X 

Int rated eneric resources 
41 Fund. of product des. & support I 50 Mathematical constructs I 
42 Geometry & topology repr. I 51 Mathematical description E 
43 Representation specialization I 52 Mesh-based topology W 
44 Product structure configuration I 53 Numerical analysis W 
45 Materials I 54 Classification aet theory C 
46 Visual presentation I 55 Procedural and hybrid repr. A 
47 Tolerances I 56 State W 
48 Form features X 57 Expression extensions W 
49 Process structure & ro erties I 58 Risk A 

Int rated a lication resources 
101 Draughting I 106 Building core model X 
102 Ship structures X 107 FEA definition relationships C 
103 E/E connectivity X 108 Parameterization & Constraints C 
104 Finite element analysis I 109 Assembly model for products C 
105 Kinematics I 110 Mesh-based CFD W 

A lication inter reted constructs 
501 Edge-based wireframe I 513 Elementary B-repr. I 
502 Shell-based wireframe I 514 Advanced B-repr. I 
503 Geom-bounded 2D wireframe I 515 Constructive solid geometry I 
504 Draughting annotation I 516 Mechanical-design context X 
505 Drawing structure & admin. I 517 Mech-design geom. presentation I 
506 Draughting elements I 518 Mech-design shaded present. I 
507 Geom-bounded surface I 519 Geometric tolerances I 
508 Non-manifold surface I 520 Assoc. draughting elements I 
509 Manifold surface I 521 Manifold subsurfaces I 
510 Geom-bounded wireframe I 522 Machining features E 
511 Topological-bounded surface I 523 Curve swept solid A 
512 Faceted B-re resentation I 

Figure 2.14: STEP base components. Legend for part status: 0=preliminary stage;
 
A^roposal stage; W^reparatory stage; C=committee stage; E=enquiry stage;
 

F=approval stage; I^ublication stage; X^roject withdrawn.
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Application Protocols
 
201 Explicit draughting I
 

215 Ship arrangement E
 
216 Ship moulded forms E
 

218 Ship structures E
 

220 Process planning, manufacture and, assembly of layered electrical prods. O
 
221 Functional data and their schematic representation for process plant C
 

233 Systems engineering data representation W
 

235 Materials information for description and verification of products W
 
236 Furniture product and project data W
 
237 Computational Fluid Dynamics W
 
238 Computer numerical controllers A
 
239 Product life-cycle support W
 
240 Process plans for machined products W
 

202 Associative draughting I
 
203 Configuration-controlled design I
 
204 Mechanical design using boundary representation I
 
205 Mechanical design using surface representation X
 
206 Mechanical design using wireframe representation X
 
207 Sheet metal die planning and design I
 
208 Life-cycle product change process X
 
209 Composite and metallic structural analysis and related design I
 
210 Electronic assembly, interconnection and packaging design I
 
211 Electronic P-C assembly: test, diag, & remanuf X
 
212 Electrotechnical design and installation I
 
213 Numerical control (NC) process plans for machined parts X
 
214 Core data for automotive mechanical design processes I
 

217 Ship piping X
 

219 Dimension inspection X
 

222 Design and manufacturing for composite structures X
 
223 Exchange of design and manufacturing product information for cast parts X
 
224 Mechanical product defmition for process plans using machining features I
 
225 Building elements using explicit shape representation I
 
226 Ship mechanical systems X
 
227 Plant spatial configuration I
 
228 Building services: HVAC X
 
229 Design and manufacturing product information for forged parts X
 
230 Building structural frame: steelwork X
 
231 Process-engineering data: process design & spec. of major equipment X
 
232 Technical data packaging: core information and exchange I
 

234 Ship operational logs, records, and messages X
 

Figure 2.15: STEP Application Protocols. Legend for part status: O^reliminary stage;
 
A=proposal stage; W^reparatory stage; C=committee stage; E=enquiry stage;
 

F=approval stage; I^ublication stage; X^roject withdrawn.
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Application interpreted constructs (AIC) (ISO 10303-500 series) define more 

complex models that may be used in several applications, like geometry 

representation. Finally, Application protocols (AP) (ISO 10303-200 series) 

provide an information model that satisfies the all product data needs of a given 

application. Application protocols are the central components of STEP, and all 

other STEP components are designed to support them. 

2.5.2 Modeling language 

When STEP was developed, none of the existing modeling languages met the 

requirements of expressiveness imposed by the special features of geometry 

(one of the first targets of STEP), and a new language called EXPRESS was 

defined [12]. EXPRESS is an object-oriented modeling language: several built

in datatypes are available, and capabilities to define new types (called "entities") 

are provided. Fig. 2.16 shows an example schema that models the information 

required to define points and circles in a plane. The syntax resembles object

oriented programming languages like C++ or Java, but EXPRESS is not a 

programming language: only data structures are defined. EXPRESS has a 

mechanism for specialization and generalization of entities, as other object

oriented languages, and several aggregate structures are available (LIST, LIST 

OF UNIQUE, BAG, SET and ARRAY). 

SCHEMA example_schema;
 

ENTITY point;
 

x : REAL;
 

y:REAL;
 

END ENTITY;
 

ENTITY circle;
 

center_point:point;
 

radius:REAL;
 

WHERE
 

RULE1: radius > 0;
 

END ENTITY;
 

END_SCHEMA
 

Figure 2.16: Example of simple EXPRESS schema. 
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One of the strongest points of EXPRESS is its capabiliry to define different 

rypes of constraints on data. Constraints may be applied to single datatypes ("a 

mass must be equal or greater than zero"), to datatypes belonging to a given 

entity ("this vector must be a unit vector"), or they may be applied across the 

whole model ("the name of a body must be unique" or "the body referenced by a 

joint must exist in the model"). Procedural functions may be written to support 

complex constraint definition. 

2.5.3 Implementation 

The file format for STEP data is defined in Part 21 of the standard [38]. It is a 

text format where the same information is never written twice, so that there is no 

possibility of any contradictions in the data. Fig. 2.17 shows an example file that 

encodes information about two circles in a plane, according to the EXPRESS 

schema in Fig. 2.16. Each entity instance in a Part 21 file begins with a unique 

ID and terminates with a semicolon ";". The ID is a hash symbol "#" followed 

by an integer and has to be unique within the data exchange file. It is followed 

by an equal symbol ("_") and the name of the entity that defines the instance. 

The name of the instance is then followed by the values of the attributes listed 

between parentheses and separated by commas. 

ISO-10303-21;
 

HEADER;
 

FILE_SCHEMA (( `example_schema'));
 

ENDSEC;
 

DATA;
 

#1 = POINT (30, 80) ; 
#2 = POINT ( 60, 30 ) ; 
#3 = CIRCLE(#1, 10);
 

#4 = CIRCLE(#2, 20);
 

ENDSEC;
 

END-ISO-10303-21;
 

Figure 2.17: Example of Part 21 file format. 
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2.5.4 Supporting tools 

It is possible to build a STEP implementation from scratch, but this requires a 

significant amount of time and effort developing support software. This 

approach may not be the most efficient use of resources because of the amount 

of work involved in setting up a physical file reader/writer, creating all of the 

classes by hand, creating all the necessary routines to handle traversal, memory 

management and so forth. 

The task of developing a STEP implementation can be considerably 

simplified by making use of pre-existing STEP development tools. A number of 

STEP development tools and environments are available, each with their own 

special features. They provide libraries of functions to create, destroy, access 

and update EXPRESS-defined data stored in text files with the format specified 

in Part 21. In addition, query and traversal functions, memory management, and 

other CASE-oriented services may be provided. Libraries of functions for 

specific information models might also be provided, such as translations and 

transformations of CAD data, solid modeling packages and so forth. Since the 

EXPRESS language is meant to be computer sensible, a compiler is often 

provided to transform the EXPRESS into a variety of useful forms, such as C++ 

classes or SQL database defmitions. Other tools may browse STEP physical 

files, help with constraint validation, provide assistance in EXPRESS model 

development, EXPRESS-G diagram development, etc. 

There are only four STEP development environments in the market (Table 

2.3), they are quite expensive (over 3,000 €), and some of them apply royalty 

fees to the produced applications. 

Table 2.3: Commercial STEP development environments. 

Product Programming language 

EPM DeveloperSeat [39] C,C++, Java, VB, C# 

LKSoft JSDAI [40] Java 

PDTech ECCO [41 ] C++, Tcl, C# 

ST-Developer [42] C++ and C 
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2.5.5 Applications 

Despite the big number of Application Protocols existing in STEP (see Fig. 

2.15), many of them have been withdrawn or are in preparatory stage. Only 13 

Application Protocols have been published as ISO standards, and only one of 

them, AP203, is widely available in commercial tools. AP203 [21] 

("Configuration controlled design") is dedicated to capture data from 3D 

geometry models and assemblies. It is implemented in more than 50 commercial 

CAD systems and it is estimated that more than 1 million CAD seats have an 

AP203 translator. Other APs are used in very concrete fields, like AP214 in the 

automotive industry. 

2.6 The XML data format 

XML, Extensible Markup Language [31] is a simple, very flexible text 

format derived from Standard Generalized Markup Language (SGML, ISO 

8879), which was developed in the 1970s for the large-scale storage of 

structured text documents. The XML standard was published in February 1998 

by the World Wide Web Consortium [32], the organization responsible for 

defining many Internet-related standards, most notably HTML. Originally 

designed to meet the challenges of large-scale electronic publishing, XML is 

also playing an increasingly important role in the exchange of a wide variety of 

data on the Web and elsewhere. 

2.6.1 Implementation 

While STEP is model-centered, XML is implementation-centered. All the 

XML technology is designed around the XML file format. The structure and 

syntax of an XML vocabulary is rather simple. This code fragment shows how 

to codify the inertial data (mass and center of gravity) of a rigid body using a 

given XML syntax: 
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<body id = "Body Name">
 

^ <inertia ^^
 

mass = "3 . 2537E-5"^
Elements 
cogx = "0.05185"
 

n Start/close tags cogy = "5.27520" 

n Nested elements cogz = "0.0"
 

/inertia>
 

</body>
 

Figure 2.18: Example of XML file. 

All XML vocabularies have a hierarchical structure composed of elements 

(like body or inertia in this example). Elements are the basic building blocks of 

XML markup and may have attributes (like name or mass) or nested elements. 

Each XML vocabulary defines the valid element names and structure, and the 

data type of each attribute. 

2.6.2 Modeling language 

XML is not a language itself, it is a meta-language: a language that can be 

used to create and describe other languages. These XML-derived languages are 

called XML vocabularies. Several schema languages are available to define the 

formal syntax of an XML vocabulary. This syntax specification defines an 

implicit data model. 

The most used schema languages are DTD (Document Type Definition), a 

part of the first XML specification [31 ], and XML Schema [ 13]. Both are 

developed and supported by the World Wide Web Consortium [32], the 

organization responsible for defming the XML format. Figs. 2.19 and 2.20 show 

data models expressed in both languages for the example in Fig. 2.18. DTD has 

many limitations, and XML Schema was designed as successor. 

One important advantage of XML Schema is that it uses an XML syntax, and 

therefore all XML-related technologies can be used to process these schemas. In 

STEP, the situation is different: EXPRESS syntax and Part 21 file syntax are 
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very different, so tools to work with them (parsers, validators, etc.) are 

duplicated. With XML Schema, the same tool can be used to work with the data 

model and the data itself. 

<!ELEMENT body (inertia)>
 

<!ATTLIST body id CDATA #REQUIRED>
 

<!ELEMENT inertia EMPTY>
 

<!ATTLIST inertia
 

mass CDATA #REQUIRED
 

cogx CDATA #REQUIRED
 

cogy CDATA #REQUIRED
 

cogz CDATA #REQUIRED
 

Figure 2.19: Example of DTD Schema. 

<element name="body">
 

<sequence>
 

<element name="inertia" >
 

<attribute name="mass" value="double"/>
 

<attribute name="cogx" value="double"/>
 

<attribute name="cogy" value="double"/>
 

<attribute name="cogz" value="double"/>
 

</element>
 

</sequence>
 

<attribute name="id" value="string"/>
 

</element>
 

Figure 2.20: Example of XML Schema. 

Despite this advantage, XML Schema syntax is rather complex and has 

several pitfalls: it cannot model some XMI. structures, and the same model can 

be defined in different ways, which causes confusion. Other schema languages 

for XML have been proposed, and one of the most robust and powerful is Relax 

NG [43-45]. 
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element body {
 

attribute id { text }
 

element inertia {
 

attribute mass { xsd:number }, 

attribute cogx { xsd:number }, 

attribute cogy { xsd:number }, 

attribute cogz { xsd:number } 

} 

} 

Figure 2.21: Example of Relax NG schema (compact syntax). 

<element name="body">
 

<attribute name="id">
 

<element named="inertia">
 

<attribute mass>
 

<data type="xsd:number"/>
 

<attribute/>
 

<attribute cogx>
 
<data type="xsd:number"/>
 

<attribute/>
 

<attribute cogy>
 

<data type="xsd:number"/>
 

<attribute/>
 

<attribute cogz>
 

<data type="xsd:number"/>
 

<attribute/>
 

</element>
 

</element>
 

Figure 2.22: Example of Relax NG schema (XML syntax). 

Relax NG, developed by Makoto and Clark as a simple alternative to XML 

Schema, does not enjoy the same level and usage support as XML Schema, but 

it has a good balance between simplicity and expressiveness. It has two formats: 

the text format, very easy to read and write (Fig. 2.21), and the XML format, 

which can be processed by XML tools. Schemas can be translated from one 

format to the other without loose of information. The draft standard ISO/IEC 
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19757, "Document Schema Definition Languages (DSDL)", includes Relax NG 

as grammar-based validation language (ISO/IEC 19757-2), and Schematron [46] 

as rule-based validation language (ISOlIEC 19757-2). Both languages can be 

used together to define the valid syntax of XML documents. 

2.6.3 Supporting tools 

XML is a rather new format (its specification was published in 1998), but a 

wide range of tools and technologies are available to work with it (see Table 

2.4). 

Table 2.4: XML technologies. 

Purpose Standard or Technology 

Authoring, structuring, and validating DTDs, XML Schema, Relax NG, Schematron 

Transfonning XSLT 

Formatting and publishing CSS, DSSSL, XSL-FO, XHTML 

Searching XPath, XPointer, XQuery 

Linking XInclude, XLink, XBase 

Programming SAX, DOM 

Associating RDF, XTM (XML Topic Maps) 

XSLT (Extensible Stylesheet Language Transformation, [47]), is a language 

for specifying transformations of XML documents. The transformation can 

generate a different view of the data in XML format, or data in any text format. 

XSLT is very useful to update files from old versions to newer versions of a 

given data format. If the transformation is targeted at publishing or producing 

good-quality, printable documents, other technologies like CSS (Cascading 

Style Sheets, [48]) or XSL-FO (XSL Formatting Objects, [48]) are specially 

designed to perform these tasks. XPath [49] and XPointer [50] allow to select 

fragments of data from XML documents, XQuery (XML Query Language, [51]) 

can access XML data like a database, and XInclude [52] is a general and flexible 

inclusion mechanism for XML data. Meta-data can be embedded in XML 

format using RDF (Resource Descriptor Format, [53]). In addition, all major 
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database products (relational and object-oriented) can export and import data in 

XML format, making XML a suitable transitory format to exchange information 

between databases with different data structures. 

In summary, XML has supporting technologies to perform almost any 

imaginable operation on XML data files and, most important, good-quality 

implementations are available for free: editors, parsers, validators, 

transformation engines, Application Program Interfaces (APIs) in several 

languages, etc. 

2.6.4 Applications 

XML is used massively to exchange business data over the Internet, but it 

also has been applied successfully to define languages in several fields of 

science and engineering. 

The World Wide Web Consortium is developing MathML [54], a language 

for displaying mathematic expressions in web-browsers with quality and power 

similar to LaTex. Murray-Rust proposed CML (Chemistry Markup Language, 

[55]) to encode molecular data, and Hedley proposed Ce11ML (Cellular Markup 

Language, [56,57]) for Biology. XML is also used in Geography (GML) [58,59], 

Bioinformatics [60,61] and health care [62-64]. 

In the field of engineering, several organizations are also working with XML: 

the National Institute of Standards and Technology (NIST) is working on 

MatML for material properties modeling [65,66]; Michopoulos et al [67,68] 

have developed femML for encoding fmite element models in XML format; the 

Petrochemical Open Software Consortium [69] and the NIST [70,71] are 

developing XML-based models for unit systems. Some commercial CAE tools 

start to use XML: Madymo [72] uses an XML input data file, and ADAMS [7] 

can write the results of a dynamic simulation in XML format. 

Recently there is an increasing awareness of the potential of XML and the 

Internet in the manufacturing community, and STEP developers are trying to 

make STEP technology compatible with XML. These efforts will be described 

in the next section. 
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2.7 Evaluation of STEP and XML 

STEP and XML are the most complete and powerful technologies for data 

modeling available at the moment. STEP was created specifically to address 

interoperability problems in product data exchange, while XML was designed as 

exchange format for the Internet, but both of them are good candidates to serve 

as framework to develop a neutral data format for multibody systems. Their 

capabilities and features for model design and model implementation have been 

evaluated and compared in the context of multibody systems. 

2.7.1 Model design 

In the model design stage, the comparison has been conducted according to 

the following criteria: 

• Modeling language 

• Availability of data models 

2.7.1.1 Modeling language 

It has been demonstrated that multibody systems data fits very well in the 

object-oriented paradigm [22,26,73]. EXPRESS, the modeling language of 

STEP, is object-oriented and can represent abstractions very well. In addition, it 

is independent of the format used for data storage. Modeling languages for XML 

(XML Schema, Relax NG) have a strong implementation bias, since they have 

been designed to define XML formats. They do not provide built-in facilities for 

object-oriented modeling, although this can be emulated using non-standard 

tricks and techniques. 

Despite being an object-oriented modeling language, EXPRESS models lack 

any explicit hierarchical structure. Object-oriented languages can represent two 

types of relationships between objects: associations (the two objects can exist 

independently) and part-whole relationships (one object can only exist inside the 

other). EXPRESS only supports associations; as a result, data are a flat 

collection of individual objects, connected by a network of associations. On the 

contrary, XML modeling languages can emulate both kinds of relationships. For 
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multibody systems data, a hierarchical structure with part-whole relationships is 

often more intuitive and easy to understand. For example, Fig. 2.23 shows a flat 

model of a train passenger car, while Fig. 2.24 shows a hierarchical model for 

the same system. It is clear that the hierarchical model, which provides a view of 

the system based on nested components, is easier to understand from the 

engineering point of view. 

Front bogie 

Passenger car Car body 

Wheelset]
 

I^
 
Rear bogie Wheelset2 

Suspension 

Figure 2.23: Train passenger car modeled with a flat data structure (no part-whole 
relationships, only association relationships between components). 

Passenger Car 

Front bogie Car body Rear bogie 

Wheelset I Wheelsetl 

Wheelset2 Wheelset2
 

Suspension Suspension
 

Figure 2.24: Train passenger car modeled with a hierarchical data structure (part-whole 
and association relationships between components). 
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EXPRESS has very strong capabilities to define rules and constraints on data. 

This feature is essential to create robust, industrial-strength information models. 

XML Schema and Relax NG can only apply constraints on single datatypes (like 

"mass >= 0"), but not on groups of data (like a unit vector constraint: 

"x2+^+z2=1"). Schematron [46], a rule-based language for XML, can define 

complex rules in a similar way to EXPRESS, but it is more difficult to use than 

XML Schema or Relax NG, and requires XPath [49] knowledge. The power of 

EXPRESS for rule and constraint specification comes at a cost in complexity: 

EXPRESS specification has 325 pages, while Relax NG specification has 30 

pages and Schematron specification has 35 pages. This makes EXPRESS much 

more difficult to learn, especially for people not used to information modeling 

techniques, like researchers working on multibody systems. 

2.7.1.2 Data models 

STEP already has a rich set of data models: it is estimated that more than 

1000 person-years of effort have been invested in defining and standardizing the 

10,000 concepts found in the STEP series of standards. They cover almost all 

aspects of engineering product data: geometry in different representations, 

assemblies, materials, units, tolerances, mathematical expressions, numerical 

analysis, finite element analysis, etc. 

If STEP is used to develop a neutral data model for multibody systems, part 

of the work is already done. For example, Part 105, "Kinematics", defines 

kinematic joints and its limits; fragments of Application Protocol 209, 

"Composite and metallic structural analysis and related design", could be reused 

to define external forces and flexible components; if contact-impact phenomena 

are considered, the data model for geometry definition is already defined. 

The availability of XML data models for engineering product data is much 

more limited. Some proposals exist for units, materials, geometry and finite 

element analysis; but many of them are only proposals and they are not tested. 

In addition, the limitations of the XML modeling languages (compared with 

EXPRESS) make XML data models less robust than STEP data models. 
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Not all the functionality required in a neutral data model for MBS is available 

in STEP. Parametric models, for example, are missing in the current STEP 

standard, because at the time of being published, CAD systems did not support 

this feature. Today, parametric models are essential to capture "design intent" 

and to perform optimization, two issues very important in multibody systems 

design and analysis. STEP has been extended with a new standard, Part 108 

[74], to include parametric models, but the result is not very friendly. Data 

models already defined in published STEP Parts cannot be modified, so they 

must remain non-parametric. The chosen solution was to wrap the non

parametric model with an outer layer that defines parameters and their 

connections with the quantities defined in that model. Therefore, the inner 

model can be considered as a particular instance of the family of parametric 

models defined by the outer model. Probably this was the only feasible solution 

to introduce parameters in STEP, but it is neither intuitive nor easy to process 

for software systems. 

Another negative aspect of STEP data models is the lack of modularity. Data 

models defined by Application Protocols are rather big, and many of them have 

duplicated functionality. This makes difficult to reuse fragments of existing data 

models to build new standards. 

2.7.2 Model implementation 

In the model implementation stage, the comparison has been conducted 

according to the following criteria: 

• Physical file format 

• API code generation 

• Supporting tools 

• Documentation 
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2.7.2.1 Physical file format 

The current standard format for exchanging STEP data, ISO 10303-21, is 

more a serialization format than a format designed for easy communication of 

data content and structure. Since names of object attributes are not written to the 

file (see Fig. 2.17), a receiver needs full knowledge of the EXPRESS model in 

order to fully understand the data represented in the file. 

Another disadvantage comes from the lack of part-whole relationships in 

EXPRESS (already discussed in the previous Section), which makes the STEP 

file format essentially a flat list of data objects without explicit hierarchy. This is 

an obstacle for reusing fragments of data. For example, with a hierarchical 

structure, when a data object is copied, all nested objects are also copied 

automatically; with a flat structure, all objects referenced by the copied object 

must be found and copied in a separate operation. 

The XML file format has several advantages. It provides information about 

the underlying data model: in addition to content, data structure (names of 

objects and attributes) is also written to the file. The resulting file has a bigger 

size, but it is almost a self-describing format. This makes XML human-readable: 

users can write files by hand easily using any text editor, or they can manually 

debug and fix problematic files. These two features are very valuable when 

developing and implementing new data model. In addition, the hierarchical data 

structure makes files easy to understand. 

2.7.2.2 API code generation 

Code generators are software tools that can interpret a lexical representation 

of the information model and generate the corresponding API to read from and 

write to a predefined format of permanent storage. These kinds of tools provide 

significant improvements in software development productivity. 

Code generation from data models can follow three possible paths, shown in 

Fig. 2.25: it can be performed in the STEP domain, in the software engineering 

domain, or in the XML domain. 
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In the STEP domain, data models are expressed in EXPRESS schemas. Since 

EXPRESS is a rich object-oriented language, very similar to programming 

languages, the resulting code is a perfect mapping of the data model. The 

disadvantage of this path is the lack of low cost tools. The only free EXPRESS 

code generator is the NIST STEP Class Library [75], which generates C++ 

classes. But this tool is no longer maintained, and it does not support the last 

version of EXPRESS. There are only four commercial STEP development 

environments (Table 2.3) with code generation capabilities, and they are rather 

expensive (over 3,000 € per seat). 

STEP Software engineering XML 
domain domain domain 

^^ XML
EXPRESS ^^ _ 

^^^/, ^^/ Schema 

1 1 
Source SourceSource 
code codecode 

Figure 2.25: Paths for automatic code generation from data models. 

A second possibility is to work in XML domain, generating code from XML 

modeling languages. Currently, code generators are available only for XML 

Schema. Since XML Schema is not object-oriented, the quality of the resulting 

code (and quality here means clarity, simplicity and ease of use) is, in general, 

worse than the quality of code generated from EXPRESS models. There are not 

free code generators, but commercial ones are cheaper than EXPRESS code 

generators. 
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Neither the STEP domain nor the XML domain is satisfactory: the first one 

uses expensive, non popular software tools, and the second one does not have 

enough quality. A third alternative is being explored now: working in the 

software engineering domain. It uses UML [ 11 ], a graphical modeling language 

designed for software modeling much more popular and known than EXPRESS, 

with good quality and moderate-priced code generation tools. The transition 

from the STEP domain to the software engineering domain (and vice versa) is 

possible by the EXFF (EXPRESS For Free) project [76] using the mapping 

between EXPRESS and UML defined in the recently developed Part 25 [77]. 

Currently, the translation only supports part of the EXPRESS language. UML 

models can also be generated from XML models [78], but since EXPRESS and 

UML are more powerful than XML equivalents, this option does not present 

advantages. 

2.7.2.3 Supporting tools 

As stated before, few tools exist to work with the STEP technology. The only 

free development environment is the NIST STEP Class Library [75], but it is no 

longer maintained. Commercial environments are quite expensive, and some 

open source alternatives are under development (like EXPRESS Engine [79]), 

but they are far from being a complete development environment. 

Good quality XML processing tools are available for free, and commercial 

development environments have a lower cost than STEP equivalents (less than 

1,000 é). In addition, many software systems originally non-related with XML 

are starting to support it: most web-browsers have XML syntax highlighting, 

they can navigate through the document structure easily, and have built-in 

XSTL [47] support, so they can render XML documents as HTML pages. 

Popular, low-cost office applications (databases and spreadsheets) can also 

import and export data in XML format. 

2.7.2.4 Documentation 

One the first bamers to adopt STEP is the cost of documentation. In order to 

protect ISO copyrights, ISO 10303 Part specifications are not free. The cost of 
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each document ranges between 100 € and 300 €. If a new Application Protocol 

for multibody systems analysis was going to be developed, at least 15 Parts 

would be necessary to start working, and the cost would be easily over 3,000 €. 

Users of the new Application Protocols would also need to get access to part of 

that documentation. 

Conversely, documentation for XML and all related technologies is available 

for free. Moreover, in addition to the official technical specifications, many 

tutorials and introductory books are available for the new user. This kind of 

documentation is not available for STEP standards. 

2.7.3 Summary 

The results of the comparison of STEP and XML technologies are 

summarized in Table 2.5: 

Table 2.5: Evaluation of STEP and XML (•= poor; ••= medium; •••= good). 

Feature STEP XML 

Support for object-oriented modeling ••• • 

Support for rule and constraint definition ••• •• 
c 

.°̂A Support for hierarchical structures in the data model • ••• 
a^ 

^° Modeling language easy to learn •• •••^ ^ 
^ Availability of data models for product data ••• • 

Availability of data models for MBS •• • 

Modular and configurable data models • •• 

Code generation • • • • 
_ .^ -° Human-readable physical file format •• ••• 
^. 
^ Support for hierarchical structures in the file format • ••• 

^,, Quantity and quality of available supporting tools • ••• 
^ 

^^ Cost of available supporting tools • •••
^ b 
^ Quantity and quality of available documentation •• ••• 

Cost of available supporting documentation • ••• 
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Results show that: 

• In general, STEP offers better capabilities than XML for model design. The 

only technical disadvantages are the lack of modularity and hierarchical 

structures in the data models. 

• For model implementation, XML outperforms STEP, except for API code 

generation from schemas. 

There is an increasing awareness of the potential of XML and the Internet in 

the engineering community, and STEP developers are making efforts to make 

STEP technology compatible with them. An ideal framework for information 

modeling would integrate STEP and XML. Work is being conducted in two 

directions: 

• Provide an XML file format for STEP data. STEP Part 28 Edition 1[80] was 

published in 2004 to translate the Part 21 data format [38] to XML. It offers 

three alternative mappings, but none of them is satisfactory. STEP Part 28 is 

under revision to provide a better and configurable XML mapping for 

EXPRESS data, and the new proposal is expected to be published in 2006. 

• Modularize STEP data models. STEP is under a modularization process in 

the hope of simplifying the standards by dividing the large Application 

Protocols into many small modules. In this way, existing data models would 

be easier to reuse in order to build new STEP-based standards in a"plug

and-play" modular environment. In addition, the technical documentation 

associated to each module is to be published on the Internet, so potential 

users can access it for free. These tasks are being carried out under the 

"STEP Modularization" project [81], coordinated by the NIST. 

With the current status of technology, neither STEP nor XML can be used to 

develop a neutral data model for multibody systems that fulfills all the 

requirements enumerated in Section 2.3. But when the initiatives to integrate 

STEP with XML and to modularize STEP models reach a production stage, the 

resulting technology will be an ideal framework for developing such a format 

(See Fig. 2.26). 
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STEP module repository 

^ ^ ^ ^ ^ 

^ ^ ^ ^ 0 

^ ^
 

EXPRESS 
Information model 

EXPRESS tools
for MBS 

Encoding rules 
Code generation

(ISO 10303-28) 

^ 
XML format Application Validators 
for Programming
 
permanent storage read Interface (API)
 

^N
 XML tools• XML files • Early binding 
• XML-enabled DB • C++ language 

Applications 
/ 

Figure 2.26: Ideal scenario for developing a neutral data model for MBS. 

Some of the components of Fig. 2.26, like the STEP module repository and 

ISO 10303-28 Edition 2, will not be available until 2006. For the moment, it 

seems reasonable to explore the possibilities of XML technology, since after the 

STEP-XML merge, XML will be used to store, access and transform data. The 

acquired experience could be used in the future for developing an industrial

strength yet easy-to-use data model for MBS, fully integrated with STEP, XML 

and the Internet. 
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2.8 Prototype implementation of an XML-based data model 

As explained in the previous Section, XML seems to provide significant 

advantages regarding the implementation of data models. This Section presents 

a prototype implementation of an XML-based data model for multibody systems 

simulation. The purpose of this work is to get experience with the XML 

technology and explore its possibilities for sharing and exchanging MBS 

simulation data. Therefore, the implementation has been designed under the 

following considerations: 

• The prototype is focused on the model implementation, not on the model 

design. Therefore, a small, simplified data model will be used to test the 

XML implementation. It is not under the scope of this work the development 

of a comprehensive and industrial-strength data model. 

• The scope is restricted to input data for MBS analysis software. Output data 

(results from analyses) are not considered. 

• The Application Program Interface (API) for the XML implementation will 

be generated manually, since the data model will be small. 

The proposed XML data format has been named MbsML (Multibody systems 

Markup Language). 

2.8.1 Overall model design 

The overall model design is shown in Fig. 2.27. The XML file that serves as 

input to the MBS simulation tool has a root object called job. The <job> 

element is made up by one <model> element and one or more <task> elements; 

each <task> is made up by an<analvsis> element and a <method> element, 

and tasks are performed sequentially (the final state of the system after a given 

task is the initial state for the next task). 

According with the requirements defined in Section 2.3, the description of a 

simulation is divided into three logical parts: the model of the multibody system, 

the anah^sis to be performed on it, and the method to be used to perform the 

analysis. This organization provides maximum decoupling and makes easy to 
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build and test combinations: different analysis for the same model, same 

analysis on different models, different methods for the same analysis, etc. 

<job id="job-1">
 
<model id="the model">
 

</model>
 

<task id="evaluate initial position">
 
<analysis>
 

</analysis>
 
<methocll
 

</method>
 
</taslc>
 
<task id="perform dynamic simulation">
 

<analysis>
 

</analysis>
 
<method>
 

</method>
 
</taslv
 

</job> 

Figure 2.27: Example of MbsML file showing the overall model design. 

The <model> element describes the multibody system. It can hold different 

types of components: ground (inertial frame), bodies, joints, applied forces, 

actuators, constraints, nested sub-models, etc. Fig. 2.28 provides an example of 

a model for a simple spatial pendulum. 

The <analysis> element describes the analysis to be performed on a 

particular multibody system model: type of analysis (kinematic simulation, 

forward or inverse dynamics, static equilibrium), conditions (for example, initial 

and final time), etc. The initial conditions of the system and the desired output 

are also described in this element. It only describes the kind of analysis, not how 

to perform it. 
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<model id="Pendulum">
 
<ground id="ground">
 

<geometry>
 
<point id="Origin">
 

<x>0.0</x>
 
<y>0.0</y>
 

<z>0.0</z>
 
</point>
 

</geometry>
 
</ground>
 
<body id="rod">
 

<geometry>
 
<point id="P1">
 

<x>0. 0</x>
 
<y>0.0</y>
 
<z>0.0</z>
 

</point>
 

<point id="P2">
 

<x>1.0</x>
 

<y>0.0</y>
 

<z>0.0</z>
 

</point>
 
</geometry>
 
<inertia>
 

<rod>
 
<mass>1.0</mass>
 
<fromPoint idref="P1"/>
 
<toPoint idref="P2"/>
 

</rocll
 
</inertia>
 

< /body>
 
<joint.spherical id="theJoint">
 

<body idref="ground">
 
<centerPoint idref="Origin"/>
 

</body>
 
<body idref="rod">
 

<centerPoint idref="P1"/>
 

</body>
 

</joint.spherical>
 
<load.gravity>
 

<direction bodyRef="ground" id="-Z">
 
<x>0.0</x>
 
<y>0.0</y>
 
<z>-1.0</z>
 

</direction>
 
<magnitude>9.81</magnitude>
 

</load.gravity>
 
</model>
 

Figure 2.28: Example of MbsML model for a simple spatial pendulum. 
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The <method> element describes the method to be used to perform a 

particular analysis: formulation, integrator type, algorithm parameters (like 

integration time-step, error tolerance, penalty value), etc. 

2.8.1.1 Identifiers and references 

Every component in a model is identified by an id attribute. In many 

architectures (for example, STEP Part 21 file format, ADAMS file format and 

most of the XML business data models), the identifier must be unique at file 

scope. Furthermore, the identifier is often an integer number. This approach 

simplifies the development of software for processing data, but presents two 

disadvantages: 

• Integer identifiers are not user-friendly. String identifiers, like 

"wheelCenterPoint" instead of "23", are more convenient for human 

interpretation. 

• The uniqueness constraint at file scope causes problems when models are 

reused as sub-models of a more complex model: if the same identifier exists 

in two or more sub-models (for example, two bodies named "wheel"), the 

uniqueness constraint is violated (due to the name clashing) and the resulting 

model is not valid. The problem cannot be anticipated when sub-models are 

developed, which makes it difficult to avoid. 

To overcome these problems, it was decided to follow an approach similar to 

computer file systems, where file names must be unique at directory scope, not 

at computer scope. Therefore, the identifier of each component must be unique 

at model .scope, not at file scope. This solution avoids name clashing problems 

when sub-models are used. Components can be referenced from other 

components using an identifier path, which can be relative or ab.solute. The path 

is built using the same rules as in the LTNIX file system: the identifier path of the 

parent model as a prefix, and the slash character ("/") as separator. The special 

identifier ".." refers to the parent model. For example, Table 2.6 shows different 

identifier paths for the two bodies shown in Fig. 2.29. 
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<model id="">
 

<model id="model-1">
 
<body id="wheel">
 

</body>
 

</model>
 

<model id="model-2">
 
<body id="wheel">
 

</body>
 

</model>
 

</model>
 

Figure 2.29: Example of nested models. 

Table 2.6: Identifier paths for bodies in Fig. 2.29. 

Identifier path Meaning 

/model-1/wheel Absolute path for wheel body in mode/-1 model 

/model-2/wheel Absolute path for wheel body in model-? model 

../model-1/wheel Relative path for /model-1/wheel from components in model-? 

wheel Relative path for/model-1/wheeJ from components in model-1 
or 
Relative path for /model-Z/wheel from components in model-? 

This approach needs a little more programming in the Application Program 

Interface for the data model, but supports sub-models without limitations in the 

nesting level. Even several instances of the same model can be used as sub

models. For example, the same wheelset model can be used several times to 

build a railway passenger car. Name clashing will not happen among wheelset 

components if each sub-model has a different name: wheelsetl, wheelset2, etc. 
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2.8.1.2 Units of ineasure 

Support for units of ineasure has been added following the recommendations 

of POSC (Petrochemical Open Software Consortium [20]), an organization that 

has investigated different ways of handling units of ineasure in XML-based data 

models [82]. Their recommendations have also been adopted by the OpenGIS 

Consortium [69]. 

By default, all quantities are given in the SI units system. When other unit is 

used in an element, the user must specify it with a uom attribute (units of 

measure): 

<mass uom="pound"/>10.5</mass>
 

The defmition of units at element scope leads to bigger files if the SI system 

is not used, since all quantities must be tagged with the uom attribute. But in this 

way, conflicts are avoided when models that use different units are combined or 

merged. For example, a model of a road vehicle can integrate a sub-model of the 

front suspension defined in SI units, and a sub-model of the rear suspension 

defined in English units. If a global scope were used for units of ineasure, 

problems would arise, as explained in Section 2.4.2. 

POSC has developed an XML dictionary of units (Fig. 2.30), which provides 

unique symbols (to be used as values in the uom attribute) and conversion 

factors to the corresponding SI unit. For the conversion, a linear-fractional 

transformation is considered (Eq. 2.1): 

Y_ a+b*X 
(2.1)


c+d *X 

This dictionary simplifies the implementation of units of ineasure in MBS 

simulation software: in order to perform a conversion between units, the 

software only needs to load the dictionary, find the corresponding 

transformation coefficients (a, b, c and d) and apply the transformation to the 

quantity. The current design of the dictionary has a drawback: for every multiple 

or sub-multiple of a unit (mm, cm, dm, km, etc.), a separate entry is needed. A 
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more advanced system to handle units of ineasure in XNII, data is currently 

under development at NIST [70,71]. 

^ ^ ^ ^ ^ ^ ^^ ^,.^ ^ ^ 

Archivo Edición Ver Favoritos Herramientas Ayuda 

» » 
^ ^ •, ^° ,,^-' Búsqueda Favoritos ^ ±^ínc^4as 

n 

<?xml version="1.0" ?>
 
<!DOCTYPE defineIDs (V1éw Souroe for full dactype.,.)>
 

+ c ! -- --> 
- <pr:UnitOfMeasureDictionary xmins:pr="http://tivwrv.posc.org/apps" 

xmins:xsi="http:/Jwwrv.w3.org%2001JXMLSchema-instance" 
xmins="http: J/rvww.posc.org/schemas" 
xsi:schemaLocation="http://www.posc.orgJapps 
http://www.posc.org/appSchema/unitDictlO.xsd"> 

+ <DocumentInformation> 
- <pr:UnitsDefinition> 

- <pr:UnitOfMeasure id="m" annotation="m"> 
<Name>metre</Name> 
<Quantit•;^7ype>length</QuantityType> 
<CatalogName>EPSG abbreviation</CatalogName> 
<CatalogSyrnbol isExplicit="True">m</CatalagSymbol> 

- <BaseUnit> 
<Description>The metre is the length equal to 1 650 

763.73 wavelengths in vacuum of the radiation 
corresponding to the transition between the levels 
2p10 and 5d5 of the krypton-86 
atom.</Description> 

<8 ascAuthority>ISO 1000<jBasicAuthonty> 
<JBaseUnit> 

</pr: UnitOfMeasure> 
+ <pr:UnrtOfMeasure id="rad" annotation="rad"> 
+ <pr:UnitOfMaasure id="unity" annotation="Eu ĵ '> 
- <pr:UnitOfMeasure id="ft" annotation="ft"> 

cMame>foot<jName> 
<QuantityType>length </QuantityType> 
<CatalogNarne>EPSG abbreviationcJCatalogName> 
<CatalogSymbol ^sExpliat="True">ft</CatalogSymbol> 

- <ConversionTr^BaseUnit baseUrnt="#m"> 
<Factor>.30$8</Facton 

</ConversionToBaseUnit> 
</pr:UnitOfMeasure> 

+ <pr:Un^tC^fMeasure id="ftUS" annotat^or^="US ft"> 
+ <pr.UnitOfMeasure id="ftCla" annotation="ft(Cla)"> 
+ <pr:UnitOfMeasure id="fathom" annotation="fathom"> 
+ <pr:UnitOfMeasure id="nmi" annotation="NM"> 
+ <pr:UnitOfMeasure id="glm" annotation="M Ger"> 

v+ <pr.UnROfMeasure id="chUS" annotation="ch"> 

^ hi PC 

Figure 2.30: XML units dictionary. 



70 Chapter 2. Neutral data models for MBS simulation 

2.8.2 Schema model 

In order to define the MBS data model in a rigorous way, an information 

model must be developed using a modeling language, as explained in Section 

2.2.1. Three major modeling languages are available for XML: DTD [31], XML 

Schema [ 13] and Relax NG [43]; they were briefly described in Section 2.6. 

DTD was rejected due to its poor capabilities, and the other two were tested, 

since it was not clear which of them would be more suitable. 

2.8.2.1 First design: XML Schema 

A preliminary design of the MBS data model was implemented using XML 

Schema. XML Schema is developed and supported by the World Wide Web 

Consortium [32] as the official modeling language for XML and, therefore, it is 

more popular and has more supporting tools than Relax NG. XML Spy [83], one 

of the best commercial development environments for XML and XML Schema, 

was used. This system allows developing and viewing schemas in textual form 

or in graphical form. For example, the structure of the analysis element shown in 

Fig. 2.31 was generated with this software. 

Despite the supposed superiority of XML Schema and its development 

environments, the following drawbacks were found: 

• XML Schema is too verbose. Its XML syntax has advantages for automated 

processing, but it is not nice to work with. As the schema grows, it becomes 

difficult to understand without a graphical representation. 

• Bugs are frequent in the software tools that support XML Schema, 

especially in validation tools. This is caused by the complexity of its 

specification, which makes difficult to implement a fully conforming 

application. During this work, several bugs were found in XML Spy and 

other applications. 

• It has been found very difficult to develop a modular schema. XML Schema 

design leads to monolithic data models. In order to add functionality or 

modify the content, users must understand the whole schema. 
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Figure 2.31: XML Schema design for the <analysis> element. 
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2.8.2.2 Second design: Relax NG schema 

To overcome the drawbacks of XML Schema, a second data model has been 

implemented using Relax NG. It has been designed with a modular philosophy 

inspired by XHTML [84], the successor of HTML in the Internet. The schema 

definition is split into modules: each module defines a particular construction (a 

body, a joint) or feature (parameters, support for units). Then, these modules are 

assembled together to build the final data model. This approach has many 

advantages, since it is very easy to customize the language by removing, 

substituting or adding modules: 

• If a new user wants to become familiarized with the data model, he can 

remove most of the modules to get a simplified and easy-to-understand 

version of it. Simplified data models can be used in education, or to 

implement first prototypes of MBS simulation software. 

• If an experienced user needs support for a particular phenomenon not 

supported in the data model (flexibility, for example), he can develop a new 

schema module and start to use it immediately. Later, the module can be 

included in the next official version of the data model and other researchers 

can benefit from it. In this way, the data model can evolve incrementally, 

driven by the needs of the community. 

The schema configuration is performed in the main schema module, which 

acts as a driver that loads the rest of the modules to build a given data model 

configuration. Fig. 2.32 shows the structure of that file: modules are included 

easily with an include directive. These directives are processed by tools that 

support Relax NG, so inclusion is performed automatically. As example, Fig. 

2.33 shows the module that defines the inertial properties of a rigid body: they 

are defined by a mass, the location of the center of mass, and the inertia tensor. 

The module employs datatypes defined in other modules. 

The schema has been developed using the Relax NG compact syntax [85,86] 

instead of its XML syntax, to improve readability. Data models can be translated 

between both formats without loss of information. 
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# ########################################################
 
# MbsML driver schema
 

# Module "mbsml.rnc"
 

# ################$#########$################R############
 

# Define namespace
 
default namespace = "http://lim.ii.udc.es/mbsml"
 

div {
 

# Include core modules
 

include "mbsml-structure.rnc"
 
include "mbsml-datatypes.rnc"
 
include "mbsml-common.rnc"
 
include "mbsml-model.rnc"
 
include "mbsml-model-coordinates.rnc"
 
include "mbsml-model-body.rnc"
 
include "mbsml-model-joints.rnc"
 
include "mbsml-model-loads.rnc"
 
include "mbsml-model-actuators.rnc"
 
include "mbsml-analysis.rnc"
 
include "mbsml-method.rnc"
 
include "mbsml-job.rnc"
 

# Include non core modules
 

include "mbsml-xinclude.rnc"
 
include "mbsml-parametric.rnc"
 
include "mbsml-units.rnc"
 
include "mbsml-metadata.rnc"
 

# MbsML driver
 

Figure 2.32: Driver schema module. 

## ^################^######################################
 
## Module "mbsml-model-body-inertia-standard.rnc"
 

## ######^k#####^k###ik#####^k####ik#####tk################ik####tk
 

^# Defined by the center of mass and the inertia tensor
 
Inertia.Standard.type = Common.attlist,
 
Common.content,
 

element mass { Quantity.type ),
 

element centezOfMass { Point.ImplicitBody.type ),
 
element inertiaTensor { Inertía.Tensor.type )
 

Inertia.Tensor.type = Common.attlist,
 
Common.content,
 
( element Ixx { Quantity.type },
 

element Iyy { Quantity.type },
 

element Izz { Quantity.type } ),
 

( element Zxy { Quantity.type ),
 

element Zxz { Quantity.type ),
 
element Iyz { Quantity.type ) )?
 

Figure 2.33: Example of schema module. 
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mbsml.rnc
 

mbsml-structure.rnc
 
mbsml-datatypes.rnc
 

mbsml-datatypes-id.rnc
 
mbsml-datatypes-idpath.rnc
 
mbsml-datatypes-quantity.rnc
 
mbsml-datatypes-xyz.rnc
 

mbsml-common.rnc
 
mbsml-model.rnc
 

mbsml-model-coordinates.rnc
 
mbsml-model-coordinates-point.rnc
 
mbsml-model-coordinates-vector.rnc
 
mbsml-model-coordinates-direction.rnc
 
mbsml-model-coordinates-distance.rnc
 
mbsml-model-coordinates-angle.rnc
 

mbsml-model-body.rnc
 
mbsml-model-body-geometry.rnc
 
mbsml-model-body-ground.rnc
 
mbsml-model-body-rigid.rnc
 

mbsml-model-body-inertia.rnc
 
mbsml-model-body-inertia-standard.rnc
 
mbsml-model-body-inertia-rod.rnc
 
mbsml-model-body-inertia-lumped.rnc
 

mbsml-model-joints.rnc
 

mbsml-model-joints-spherical.rnc
 
mbsml-model-joints-revolute.rnc
 
mbsml-model-joints-cylindrical.rnc
 
mbsml-model-joints-prismatic.rnc
 
mbsml-model-joints-universal.rnc
 
mbsml-model-joints-fixed.rnc
 
mbsml-model-joints-gear.rnc
 

mbsml-model-loads.rnc
 
mbsml-model-loads-gravity.rnc
 
mbsml-model-loads-concentrated.rnc
 

mbsml-model-actuators.rnc
 
mbsml-model-actuators-linear.rnc
 
mbsml-model-actuators-rotary.rnc
 

mbsml-analysis.rnc
 

mbsml-analysis-position.rnc
 
mbsml-analysis-kinematic.rnc
 
mbsml-analysis-fdynamics.rnc
 
mbsml-analysis-idynamics.rnc
 
mbsml-analysis-sequilibrium.rnc
 

mbsml-method.rnc
 
mbsml-method-optionset.rnc
 

mbsml-job.rnc
 
mbsml-xinclude.rnc
 
mbsml-parametric.rnc
 
mbsml-units.rnc
 
mbsml-metadata.rnc
 

rdfxml.rnc
 

Figure 2.34: Relax NG module dependencies. 
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The data model is made up by 51 modules, shown in Fig. 2.34. They are 

grouped into a hierarchical structure that shows the dependencies among them. 

The module mbsml (the driver module) is the root of the hierarchy, since other 

modules are included from it. 

Module structure defines the overall structure of the XML format: a job 

holding one model and several tasks, each one with an analysis and a method. 

Module datatype.s defines some basic types: identifiers, quantities, etc. Module 

common defines content that can be present in any component of the model. 

Initially this common content is empty, but it can be extended by other modules. 

Module model defines the structure of a MBS model, which is initially 

empty. Modules coordinates, body, joint.s, loads and actuators add content to 

this structure. Each of these models includes smaller modules that define the 

different components. Currently, the range of available components is limited: 

only rigid bodies are supported, with a limited number of loads and actuators. 

Module analy.sis defines five types of analyses: initial position, kinematics, 

forward dynamics, inverse dynamics and static equilibrium. Their data models 

are still under development, and the same happens with the method module. 

The rest of the modules provide additional capabilities to the data model. 

Module zinclude provides support for Xlnclude [52], a standard including 

mechanism for XML documents that will be explained in the following 

Sections. Module parametric adds support for parametric models, essential in 

optimization and very useful to build libraries of reusable components. This 

module extends the quantity datatype to support symbolic expressions involving 

parameters; these parameters must be declared at the beginning of the model 

element, and its value can be defined in the XML document or by the simulation 

software. Module units adds support for units of ineasure, as explained in 

Section 2.8.1. 

Finally, module metadata extends all components in the data model to 

include metadata using RDF (Resource Description Framework [53]). RDF is a 

XML language for representing information about resources in the World Wide 

Web. It is particularly intended for representing metadata of a document, such as 

title, author, modification date, copyright and licensing information, references 
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to other resources, etc. All components of a MBS model encoded in MbsML can 

carry this information, and when they are shared in a web environment, RDF

enabled search engines [87] can read and use it to classify the resource. This 

would allow, for example, searching a rail vehicle model developed in a 

particular date by a particular author, or embedding inside a model references to 

bibliographic resources consulted to build it. 

2.8.3 Application program interface 

An Application Program Interface for the previously defined data model has 

been implemented as a C++ library. The library maps the data model into C++ 

class definitions, and adds methods for reading from and writing to XML files. 

The mapping from the schema definition to C++ has been straightforward but 

slow, since the implementation process was carried out manually due to the lack 

of suitable code generators (see Section 2.7.2). For each datatype in the MBS 

data model, an equivalent C++ class has been written. Fig. 2.35 shows the UML 

class diagram for some of the classes in the MBS C++ library. Diagrams like 

this and documentation in HTML format have been generated automatically by 

the Doxygen documentation tool [88], from the code structure and comments 

embedded in the source code. 

The addition of the reading and writing capabilities for XML documents has 

been more complex. First, a suitable software library for XML processing was 

needed. Due to the popularity of XML, many free libraries exist, being difficult 

to know which one fits best in a particular project. The XML Benchmark project 

[89] provides updated comparisons of features and performance of different free 

XML software libraries. The benchmark showed that Libxml [90] and Xerces 

[91] are the most complete libraries available in C++ language, and after some 

testing, Libxml was chosen for its simplicity, better performance and improved 

support of XML technologies. Performance is not crucial when processing the 

simple data model defined in the previous Section, since data files are usually 

small. But if the data model is extended in the future to support flexible bodies 

or simulation results, file sizes will increase and performance could become 

critical for pre- and post-processing. 
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Figure 2.35: UML class diagram for some classes in the MBS C++ class library. 

The XML library parses XML documents into in-memory XML objects that 

replicate the document content. The information held in these XML objects 

must be used to create MBS objects that follow the structure of the MBS C++ 

class library, as shown in Fig. 2.36. This process is called deserialization. The 

inverse process, serialization, can be used to dump to XML an MBS data 

structure created in a program. 

XML document XML objects MBS objects 

Elements 
Elements 

and and 
Attributes ^ Attributes 

Lib^unl libran Serialization svstem 

Figure 2.36: Serialization of MBS data into XML fonnat. 
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For data models with nested hierarchies and circular references like the 

proposed MBS data model, designing and implementing a serialization system is 

not a trivial task, especially if the programming language does not have 

reflection capabilities, as in the case of C++ (Java or C# do have this capability). 

Several design patterns have been proposed to solve the problem: some of the 

most remarkable are the Serializer pattern proposed by Riehle et al [92], and the 

Boost Serialization Library [93]. The solution proposed by Riehle et al has been 

chosen for this work. 

The resulting API provides easy-to-use facilities for serialization and 

deserialization of MBS data, as shown in Figs. 2.37 and 2.38. 

XmlReader reader("doc.xml"); // create an XML reader for a file
 
Job job; // create an empty simulation job
 
reader.read(job); // fill the job with XML content
 

Model* m= job->getModel(); // examine job content
 

Figure 2.37: Code for deserialization of an XML file into C++ objects. 

// Create an empty model
 

Model* model = new Model("Pendulum");
 

// Create the ground
 

Ground* ground = new Ground("the ground");
 
Point* pl = new Point("P1",0,0,0);
 
ground->addPoint(pl);
 
mbs->addComponent(gr);
 

// Create the bar
 
Body* bar = new Body("a bar");
 
Point* p2 = new Point("P2",0,0,0);
 
bar->addPoint(p2);
 
mbs->addComponent(bar);
 

// Create the joint
 

Joint* jl = new SphericalJoint("the joint", pl, p2);
 
mbs->addComponent(jl);
 

// Write to XML format
 
XmlWriter writer;
 
writer.write(mbs,"model.xml");
 

Figure 2.38: Code for serialization of C++ objects into an XML file. 
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2.8.4 Support for data reuse, share and exchange 

Facilities for data reuse, share and exchange were identified as priority 

features for a MBS neutral data format. In the proposed XML-based 

implementation, these features are provided by the support for XInclude, HTTP 

and FTP. 

2.8.4.1 XInclude support for data reuse 

The developed API supports the XInclude standard [52] through the libxml 

library. XInclude is a mechanism to include fragments of an XML document 

inside other XML document. It is used as follows: 

<xi:include href="doc.xml" xpointer="pathToAnElement"/>
 

In this element, the href attribute references an XML document, and the 

xpointer attribute contains an expression, written in XPointer language [50], that 

selects a fragment of that XML document. When the xi: include element is read 

by the C++ library, it is substituted by the referenced fragment. XInclude is a 

powerful method to reuse existing data. For example, Fig. 2.39 shows how to 

reutilize the frame body defined in an existing road vehicle model to build a new 

vehicle model. 

newVehicle.xml 

IltisVehicle.xml
 
<model id="new road vehicle design">

! <xi:include <model id="Iltis vehicle"> 
^ href = "IltisVehicie.xml" 

- =•---- -------------------------• ^ xpointer = "tmodel/body[@id=`fr•ame']" ', <body id = "frame"> ^
i t> ,... 

I 
</body>--------------- ---'</model>
 

</model^
 ^ 

Figure 2.39: Use of Xlnclude to reutilize fragments of existing models. 



80 Chapter 2. Neutral data models for MBS simulation 

Models Analyses 

model-1.xml analysis-1.xml 

model-2.xml Driver XML document analysis-2.xml 

model-3.xml analysis-3.xml 
I <job> I 

<xi:include href="model-3.xml"/> 
\
 <task> _f 

<xi:include href="analysis-1.xml"/> 
<xi:include href="method-2.xmP'I> , 

</task> 
Methods

</job> 

method-1. xml 

method-2.xml 

method-3.xml 

MBS 
simulation
 
software
 

Figure 2.40: Use of XInclude to combine different models, analyses and methods. 

Another example is shown in Fig. 2.40, where different models, analysis and 

methods are combined to build an input file for an MBS simulation software. 

Since XInclude avoids data coping (the inclusion is resolved on-the-fly when the 

file is loaded by the API), synchronization problems derived from data 

duplication are avoided. Therefore, Xlnclude provides a simple yet powerful 

method for reusing and combining existing MBS data. 

2.8.4.2 HTTP and FTP support for data exchanging and sharing 

Facilities for data exchanging and sharing are provided by embedding 

support for the FTP and HTTP protocols in the API. The combination of 

XInclude with HTTP and FTP results in a powerful and flexible framework for 

sharing MBS data models, since the data referenced by an xi: include tag can be 

any re.source acce.s.sible through the Word Wide Web (see Fig. 2.41). This 

solution allows using the existing Internet infrastructure as transportation layer, 

and makes straightforward the application of standard WWW technologies: 

HTTP and FTP servers for storing data, security and encryption systems to 

protect private data, on-the-fly compression services to reduce bandwidth, etc. 
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Database
FTP Server HTTP Server 

Server 

^ 

<job> 
<modet> 
<xi:include href="http:/Iserver1.com/model-1.xml"/> 
<xi:include href="ftp:/lserver2.edulmodel-2.xml"/> 
<xi:include href="http:/lserver3.org/database.cgi?id=234"/> 

</model> 
<task> 

<analysis> ... </analysis> 
<method> . .. </method> 

</task> 
4job>
 

Figure 2.41: Sharing of MBS models through the Internet. 

This scenario for sharing and exchanging MBS data is far superior to the 

currently used methods (like sending data files as e-mail attachments). 

Moreover, MBS data stored in legacy database systems can also be shared 

within this framework by using a XML mediator service [94], which acts as a 

middle layer between the proposed XML-based data model and different MBS 

data models. 

2.8.5 Summary 

Availability of documentation and free and good-quality processing tools has 

made possible an easy implementation of the XML-based data model. The 

resulting data format and Application Program Interface support most of the 

features required for an MBS neutral data format, as explained in Section 2.3. 
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2.9 Prototype implementation of an XML preprocessor 

The previous Sections presented a prototype implementation of an XML

based data model, but nothing was said about how data in such format could be 

created. Writing MBS models by hand is a time-consuming and error-prone 

task. If flexible bodies are considered in the MBS and graphic visualization is 

required, three models must be developed for a mechanism: (a) an MBS model; 

(b) a CAD model for each body in the system; and (c) a Finite Element model 

for each body considered as flexible. Usually, three different software tools are 

used (MBS simulation tools, CAD systems and FEA tools), and researchers 

must manually gather and combine the generated data in order to prepare input 

files for a home-developed MBS simulation software. 

Using an integrated CAD/CAE system to build the tree mentioned models, 

and a custom pre-processor capable of automatically generating data files in the 

proposed XML format, would revert in great time savings. Currently, all major 

CAD/CAE packages (I-DEAS, Unigraphics, Catia and Pro/Engineer) implement 

client-server communication using distributed object computing technologies 

like CORBA [95], so that users can develop software that customizes, automates 

and extends the standard capabilities of the system. This feature has been 

explored to implement a prototype of such a pre-processor. 

I-DEAS has been selected as the CAD/CAE system, and the pre-processor 

(called Ideas2MbsML) has been written as a Java plug-in that communicates 

with I-DEAS using CORBA. The plug-in accesses the in-memory data 

structures of the CAD/CAE system, retrieves information about them, and 

writes an MbsML file. It has been found that the capabilities offered by I-DEAS 

are very limited. Only CAD information can be accessed easily; joints and 

applied forces of an MBS model cannot be accessed, and extracting information 

and results from FE models (stiffness matrix or static and dynamic deformation 

modes, for example) needs a considerable programming effort. Therefore, the 

implemented prototype can only extract information about the geometry and 

inertial properties of an MBS. 

The pre-processor is integrated in the I-DEAS user interface as an additional 

menu command. When it is executed, an XML file for the current MBS model is 
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generated. Fig. 2.42 shows the MBS model used to test the pre-processor: the I-

DEAS CAD model is shown in Fig. 2.43, and the generated XML file is shown 

in Fig. 2.44. 

The prototype pre-processor is of little use due to the described limitation in 

the I-DEAS API, but serves as a proof-of-concept of the idea. In the future, 

other CAD/CAE systems must be tested (CATIA, Unigraphics or Pro/Engineer). 

Another option is to use a mid-range CAD system (SolidWorks or SolidEdge) 

with integrated modules for FE analysis and MBS simulation, which would 

constitute a very affordable solution. 
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Figure 2.42: Slider-crank mechanism modeled in natural coordinates. 
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Figure 2.43: Slider-crank mechanism: (a) I-DEAS model; (b) XML file generated by 
the preprocessor. 
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2.10 Conclusions and future work 

Chapter 2 presents a review of the standardization efforts in the field of 

engineering product data and, more specifically, in the fields of multibody 

systems data. It also evaluates and compares the existing technologies for 

building data models, and describes a prototype implementation of an XML

based neutral data format for multibody system simulation. The following 

deliverables were generated: 

• Definition of requirements for a neutral format for MBS data. Three 

major requirements were identified: (a) foster data reutilization, (b) foster 

data exchanging and sharing, and (c) streamline the acceptance into the 

research community. 

• Evaluation of data formats used by commercial MBS tools. Four major 

commercial tools (ADAMS, SIMPACK, DADS and RECURDYN) were 

evaluated. It was found that none of the data formats reviewed presents good 

characteristics to foster data reusing and exchanging, and the interoperability 

level among these tools was quite poor. ADAMS's file format, despite 

lacking some important features, was the only way to exchange information 

between some of the systems. 

• Evaluation of STEP and XML technologies as frameworks for 

developing an MBS neutral data. STEP has strong capabilities for model 

design and a huge collection of already defined data models for engineering 

products, but model implementation, one of the most difficult and resource

consuming tasks when using STEP, makes it difficult to adopt for the MBS 

research community. It was found that model implementation can be 

significantly simplified and enhanced if XML is applied. Therefore, STEP 

and XML can be considered as complementary technologies, and an ideal 

neutral data format for MBS should take advantage from both of them. 

• Prototype implementation of an XML-based data format for MBS. In 

order to explore the characteristics and features of XML implementations, an 

XML-based data model was defined using a modular and flexible schema 

design, and an Application Program Interface was developed in C++ 
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language. The resulting system is simple yet powerful, and shows excellent 

capabilities for data reusing and exchanging. It has been demonstrated that 

XML provides a suitable framework to implement a neutral data format for 

multibody systems data. 

• Prototype of XML pre-processor. A pre-processor capable of generating 

XML data files from CAD models was implemented using the CAD/CAE 

tool I-DEAS. Limitations in the I-DEAS API prevented the extraction of 

information about the MBS model (joints, applied forces, etc.) and about the 

FE models for flexible bodies. 

In relation to the design of an MBS data model, some guidelines for future 

work are: 

• To define a robust and comprehensive data model for MBS data using the 

EXPRESS modeling language. Existing data models (the German DFG 

MBS model [22], MechaSTEP [28], etc.), which provide schemas for MBS 

model definition but not for analysis or method, should be taken as a 

reference. They should be extended and enhanced to support these three 

concepts (model, analysis and method) in a decoupled way, in order to 

maximize reusability of data. 

• To reuse as much as possible the standardized data models of the STEP 

module repository [81], currently under development, to incorporate in the 

MBS neutral data format support for materials, geometry, PDM data, etc. 

• To explore the capabilities of EXPRESS schema for developing modular 

and configurable data models, similar to the Relax NG schema models 

developed in this work. EXPRESS does not provide built-in facilities for 

that purpose, but it could be emulated in some way. A modular and 

configurable MBS data model could be extended and adapted by different 

users depending on their particular needs. 

In relation to the implementation of an MBS data model, some guidelines for 

future work are: 

• To use the upcoming STEP Part 28 Edition 2(expected to be published in 

2006) to define a mapping from EXPRESS data models to XML. This 
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mapping is essential to merge the robust EXPRESS data models with the 

powerful, cheap and easy-to-use XML technologies. 

• To contribute to the development of free or low cost software for API code 

generation from EXPRESS schemas. A good starting point could be the 

NIST STEP Class Library [75]. It could be updated to: (a) support the last 

EXPRESS revision; (b) generate portable C++ code; and (c) support reading 

and writing XML files. 

• To explore the possibilities of XML-enabled relational databases to store 

MBS data. 

• To explore the possibilities of the APIs provided by CAD/CAE systems, in 

order to implement a pre-processor tool to automatically generate XML files 

from CAD-MBS-FEA models. 

Some of these tasks will need important efforts and resources to be 

accomplished. International cooperation would be required. 
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Chapter 3. 

Benchmarking of MBS simulation 
codes 

3.1 Introduction 

Dynamic simulation of multibody systems (MBS) is of great interest for 

dynamics of machinery, road and rail vehicle design, robotics, biomechanics and 

spacecraft control. Computer simulations and analyses performed by MBS 

simulation tools lead to more reliable, optimized designs and significant 

reductions in cost and time of the product development cycle. 

Computational efficiency of these tools is very important for two reasons. 

First, there aze some applications, like hardware-in-the-loop settings or human

in-the-loop devices, which cannot be developed unless MBS simulation is 

performed in real-time, and this is not yet possible for complex problems unless 

large costly computers are used. And second, when MBS simulation is used in 

virtual prototyping, faster simulations allow the design engineer to perform 

what-if-analyses and optimizations in shorter times, increasing productivity and 

the interaction with the model. The power of available computers increases 

constantly, but also does the size and complexity of the problems being solved. 

Therefore, computational efficiency is an active azea of research in multibody 

systems, and a great variety of inethods to improve simulation speed have been 

proposed during the last years [ 1-6]. 
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Despite the existing interest in fast MBS dynamic simulation tools, there is a 

lack of standard benchmarks to measure performance of these kind of software 

applications. Benchmarking is done on an individual basis: different authors use 

different sets of problems to evaluate the performance of the new proposed 

methods; the procedures and conditions considered to measure computational 

efficiency are also different. When results are published, complex test problems 

are usually described briefly and in a qualitative way due to space limitations; 

detailed model data (dimensions, inertias, forces, ...) are not always available 

and therefore, other authors cannot replicate the problems in order to use them 

in future comparisons. In addition, results are scattered across different sources 

(textbooks, proceedings, journal papers and reports) and difficult to collect. In 

this scenario, it becomes almost impossible to compare the performance of the 

different available methods in an objective and quantitative way. 

Table 3.1: Benchmarking of MBS dynamic simulation in conference papers. 

2003 2003 
Number of papers ASME DETC ECOMAS TOTAL 

Chicago, USA Lisbon, Portugal 

At the conference 30 82 112 

Presenting new methods for dynamic sim. 17 31 48 

Measuring computational efficiency 9 18 27 

Through number of operations 4 4 8 

Through CPU-times 3 10 13 

Through CPU-times compared with others 2 4 6 

Table 3.1 presents some figures to illustrate this situation. Papers presented in 

two recent symposia on multibody system dynamics (a symposium at the ASME 

2003 Design Engineering Technical Conferences in Chicago, USA, and the 

ECOMAS 2003 Conference in Lisbon, Portugal) have been reviewed to check 

how simulation performance was measured. In total, 48 out 112 papers 

presented new dynamic simulation methods, but only 27 (56%) measured their 

computational efficiency. Some of them measured the number of arithmetic 

operations employed by the methods (8 papers) and other measured the 

computer CPU-time needed to solve a particular problem (13 papers), but very 



99 3.1. Introduction 

few characteristics about the computer and the implementation were provided. 

Only 6 papers out of 48 (12%) compared the computational efficiency (CPU

time) of the presented method with other existing methods. 

This situation has also negative effects for the industrial consumers of MBS 

dynamic simulation technology. Many of the available commercial solvers are 

advertised as "the world's fastest", despite being far from state-of-the art in the 

field: recent works show that current dynamic simulation methods for rigid or 

flexible systems are more that one order of magnitude faster than popular, 

widely-used commercial MBS and non-linear FEA tools [7,8]. 

A benchmarking system for MBS dynamics is required. This system shall 

achieve two goals: (a) standardize the problem set and procedures used to 

measure computational efficiency; in this way, researchers could measure the 

performance of their proposed methods using the same approach and obtained 

results would be comparable; (b) provide a collaborative, centralized platform to 

collect, organize and share information about performance of different existing 

methods. Today the Internet provides a ubiquitous platform for connectivity and 

collaboration, and it should be exploited to achieve this goals. 

Such a benchmarking system for MBS dynamics simulation would speed up 

research progress in this field and benefit industrial users of this technology. 

With a centralized repository of comparable performance metrics for simulation 

methods, the research community could easily detect which methods have low 

performance, so giving up its development, and which ones offer better-than

average performance, in order to concentrate efforts in their improvement. 

Resources would be optimized to work on the most promising research lines. 

Vendors of commercial simulation tools could use the information provided by 

the benchmarking system to monitor progress achieved by the research 

community, and incorporate the best and state-of-the-art methods into their 

tools. Industrial users of these tools could use the benchmark to evaluate them, 

and get unbiased information about their real performance. In summary, this 

benchmarking system would transform the scattered, non-comparable 

performance data available now into valuable knowledge for all the users of 

MBS dynamics. 
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A standard benchmark will be even more important and necessary in the next 

years. Schiehlen [9] identified many open fields in MBS research (dynamic 

strength analysis, contact and impact problems, interaction with fluids, 

nonholonomic systems, DAE integration, etc.) and several challenging 

applications (biomechanics, robotics and mechatronics, etc.). Therefore, MBS 

dynamics will be an active area of research in the upcoming years and new 

simulation methods will be proposed. A benchmarking system would help to 

compare them. 

This chapter is organized as follows: Section 3.2 presents a review of 

previous work in the area. Section 3.3 identifies and describes factors 

influencing simulation performance. Section 3.4 proposes a problem set and 

measurement procedures for a standard benchmarking system. Section 3.5 

describes a prototype of an Internet based management system for the proposed 

benchmark. Section 3.6 shows results from applying the benchmark to a 

commercial MBS simulation tool. Finally, Section 3.7 provides conclusions and 

areas of future research. 

3.2 State of the art 

This section presents a review of the available benchmarks related to 

multibody system dynamics. The benchmarks have been grouped into four 

categories according to the benchmarked item: multibody system codes, 

simulation tools in the field of inechanical engineering, ODE/DAE solvers and 

computing systems. 

3.2.1 Benchmarking of MBS simulation codes 

The first comprehensive comparison of available MBS simulation codes was 

published in the handbook by Schiehlen [ 10]. Two benchmark problems were 

used: a planar seven-body mechanism of one degree of freedom, known as the 

Andrew's squeezing mechanism, and an open chain spatial robot with five 

degrees of freedom. Detailed model descriptions and reference solutions were 

provided for both of them. The handbook collected contributions from 17 

research groups, providing descriptions of the formalism, structure and 
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capabilities of 20 commercial codes (Table 3.2) and the solutions obtained for 

the benchmark problems. A feature matrix offers a qualitative comparison on 

modeling capabilities, formalism, pre- and post-processing, implementation and 

applications. However, the handbook does not compare the computational 

efficiency or accuracy of the codes, and most of them are not commercialized 

any more. 

Table 3.2: MBS simulation codes compared in the handbook by Schiehlen. 

NUBEMM NBOD & DISCOS DYMAC & DYSPAM 
SYM DADS MESA VERDE 
CAMS MEDYNA ADAMS 

AUTOLEV AUTODYN & ROBOTRAN PLEXUS 
UCIN-DYNOCOMBS SIMPACK 
SPACAR COMPAMM 

Another effort to compare multibody simulation codes was carried out by the 

International Association for Vehicle System Dynamics (IAVSD), which 

investigated the applicability of multibody system codes to vehicle system 

dynamics. These activities were initiated in 1989 at the llth IAVSD 

Symposium held at Queen's University in Kingston, Canada, followed in 1990 

by a workshop in Herbertov, Czechoslovakia [ 11,12]. Benchmarks for road and 

railway vehicles were proposed. They included precise model and analysis 

descriptions and a standard format to present plots of the solutions. The results, 

reported in [ 13,14] by Kortĵm and Sharp, included comparisons of the solutions 

generated by several codes, but no information about computational efficiency 

was provided. 

The IAVSD road vehicle benchmark was made up of two benchmarks. The 

first one described the inertial and suspension properties of the 4x4 Bombardier 

Iltis vehicle [15] and five simulation test cases [16]: static equilibrium, 

eigenvalues, stochastic vertical ride quality, large vertical disturbances and 

handling performance. The second benchmark used a five-link wheel suspension 

with a road excitation model described in [ 17]. These benchmarks have been 

used in subsequent works to evaluate the performance of multibody system 

formulations using the Iltis vehicle [3,18-23] or the five-link suspension [24-27]. 
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The original IAVSD railway benchmark proved to be inconclusive and a new 

set of benchmarks were agreed in 1997 at the International Workshop 

"Computer Simulation of Rail Vehicle Dynamics", celebrated at Manchester 

Metropolitan University [28]. The benchmark comprised two railway vehicles 

and four track cases. Results submitted for several simulation codes 

(ADAMS/Rail , MEDYNA, GENSYS, NUCARS, SIMPACK and VAMPIRE) 

were published in [29], and full problem statements and further updated results 

are publicly available in a web site [30]. This benchmark offers only qualitative 

comparisons to assess the effect of the various techniques and approximations 

made, and many of the participant codes are specific for railway simulation. 

The previous benchmarks were developed and proposed by international 

organizations, but many more problems have been used by other authors to test 

the performance of new simulation methods (see Table 3.3). Bayo and Avello 

[31] used a planar double four-bar mechanism as example of system undergoing 

singular positions, reused by Cuadrado et al [3]. Anderson and Critchley [6] 

generalized this example to build heavily constrained ladder systems, used to 

test recursive formulations. García de Jalón and Bayo [2] compared the 

computational efficiency of different formulations using a human body model as 

example of open kinematic chain, a heavy truck suspension and steering system 

as example of closed kinematic chain, and the Bricard's mechanism as example 

of over-constrained closed-chain system. All the examples were reused by 

Rodríguez [26]. Von Schwer7n [24] employed a long insulator chain to compare 

the performance of different sparse solvers used in dynamic formulations. In the 

field of flexible multibody systems, Jahnke et al [32] used a flexible slider crack 

mechanism as test problem. Variants of the same model were used by Simeon 

[33], Cuadrado et al [7] and Schaub and Simeon [34]. Bauchau and Theron [35] 

employed a hinged beam, and Bauchau and Bottasso [36] proposed a four bar 

crooked mechanism. These two examples were also reused by Cuadrado et al [7] 

and Bottasso et al [37], among others. 
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Table 3.3: Some benchmarks proposed for MBS dynamic simulation. 

Author(s) Test Problem References 

Schiehlen (1990) Planar seven body mech. [3,10]
 

Schiehlen (1990) Serial robot [ 10]
 

Tregenza & Anderson (1990) Bombardier Iltis vehicle (IAVSD) [3,15,16,18-23]
 

Hiller & Frik (1993) Five-link suspension (IAVSD) [ 17,24-27]
 

Bayo & Avello (1994) Double four-bar mech. [3,31]
 

García de Jalón & Bayo (1994) Bricard mechanism [2,26]
 

García de Jalón & Bayo (1994) Human body [2,26]
 

von Schwerin (1999) Dielectric chain insulator [24]
 

Jahnke et al (1993) Flexible slider crack mech. [7,32-34]
 

Bauchau and Theron (1996) Flexible hinged beam [7,35,37]
 

Bauchau and Bottasso (1999) Flexible four bar crooked mech. [7,36,37]
 

Although some of the proposed problems have been reused by several 

authors, it is very difficult to compare their results: 

• Some authors only use the test problem to show that a certain method can 

solve that kind of problem, but they do not provide information about 

computational efficiency (elapsed CPU-time, for example). 

• Some authors introduce minor modifications in the original problem 

statement (initial conditions or actuating forces) that make results not 

comparable. This is the case for the IAVSD Iltis benchmark, which have 

been used in at least 9 papers: many authors modify or does not take into 

account the tire lateral forces, and the analysis conditions (road profile and 

maneuver) are also modified. 

• Even if the same model is used, problems arise because an authoritative 

reference solution is missing. In MBS dynamic simulation (as in other 

numerical methods that use discretization schemes), the CPU-time employed 

to get the solution is proportional to the required accuracy. The accuracy can 

be controlled by adjusting the method parameters, like time-step (for 

constant-step integrators) or error tolerance (for variable-step integrators). 

Therefore, if different authors solve the same problem with different 

accuracies and provide CPU-times, they are not comparable. 
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In addition to these benchmarks, some commercial MBS simulation codes 

provide their own set of simple test problems, like the ADAMS Verification 

Guide [38]. But they are usually designed to verify the accuracy of the 

mathematical formulation and solution methodology used, and they are not 

suited to become performance benchmarks. 

3.2.2 Benchmarking of other simulation tools in Mechanical Engineering 

ARGESIM, a member of the Federation of European Simulation Societies 

EUROSIM [39], performs comparisons of simulation software since 1990. The 

comparisons are designed to evaluate the features of different simulation 

environments: modeling techniques, event handling, numerical integration, 

steady-state calculation, distribution fitting, parameter sweep, output analysis, 

animation, complex logic strategies, submodels, macros, statistical features, etc. 

Thirteen test cases have been defined, and three of them are related to multibody 

dynamic simulation (Table 3.4). Case descriptions are results collected during 

years are published in the ARGESIM website [40] and in Simulation News 

Europe, the news journal of EUROSIM. Despite the name of the benchmark, 

"ARGESIM Comparisons", results generated by different codes are only 

described, not compared. 

Table 3.4: ARGESIM benchmarks related to multibody system dynamics. 

Problem Sofiware tested 

DESIRE/X, SIMUL_R, ACSL, STEM, SimuSolv, 

i dC tons ra ne 
Pendulum (1993) 

SIMPLEX II, PSIMOS, Simnon, Mosis, DYMOLA, 
SLIM/Parsytec, MATRIXx, Mathematica, ANA, ASCET-
RS, ModelMaker, ESL, SDX, MATLAB/SIMULINK, 
Maple, AnyLogic 

SCARA Robot (1998) ACSL, DYMOLA, MATLAB/SIMULINK, AnyLogic 

Collision in Rows of ACSL, MATLAB/SIMULINK, Maple, SLX, FORTRAN, 
Spheres (1999) DYMOLA 

In the area of finite element analysis (FEA) software, NAFEMS, the National 

Agency for Finite Element Methods and Standards in U.K. [41], has developed 
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since 1985 several sets of benchmark problems to test and validate all types of 

finite element analyses. The benchmarks cover many areas of application, 

including linear statics, geometric and material non-linear behavior, contact 

problems, gapping and sliding, vibration and acoustics problems, creep, fracture 

mechanics, damage and delamination simulations, composites and thermal 

analyses. Each benchmark case provides a description of the problem, modeling 

guidelines (element type, mesh size, etc.), and a reference solution. The main 

purpose of the cases is to measure accuracy, not computational efficiency. 

NAFEMS benchmarks are updated and reviewed as FEA technology advances 

and have become standard benchmarks, commonly used by vendors of 

commercial FEA software as a part of their testing procedures. However, results 

are neither collected nor published for public review. 

As IAVSD did MBS simulation codes, the American Society of Mechanical 

Engineers (ASME) has conducted several benchmarks for commercial 

Computational Fluid Dynamics (CFD) codes using both laminar and turbulent 

flow problems [42]. All simulation results were evaluated against existing 

experimental data to ensure numerical accuracy. Research to develop general 

and application specific benchmarks for CFD codes continues [43,44]. 

3.2.3 Benchmarking of ODE/DAE solvers 

Dynamic formulations for multibody systems lead to an initial value problem 

(IPV) for a system of non-linear ordinary differential equations (ODEs) or 

differential algebraic equations (DAEs), depending on the selected formulation. 

These classes of numerical problems are quite common in science and 

engineering, so a wide range of numerical solvers are available [45,46], and 

several benchmarks to evaluate their performance have been developed. 

All benchmarks work in a similar way: they are composed by a set of test 

problems with reference solutions, a set of solvers, and routines to control the 

execution flow and generate statistical data. Each test problem is solved with 

every solver, using different tolerances (a tolerance sweep is performed). For 

each solution, the CPU-time and the error respect with the reference solution are 

measured. The obtained data for each problem is displayed as a work-precision 
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diagram in double logarithmic scales (Fig. 3.1). This diagram provides a 

comparison of the efficiency and accuracy of the tested solvers. Different 

benchmarks differ in the test problems and solvers available, the possibility to 

add new problems and solvers, ease of use, quality of documentation, 

presentation of results, etc. 

v,A,^, x;.^; 

Figure 3.1: Example of work-precision diagram. 

In 1987 Enright and Pryce developed NSDTST and STDTST, two Fortran 77 

packages to asses the efficiency and reliability of IPV solvers dealing with non

stiff and stiff ODEs [47]. The packages provided 30 non-stiff and 30 stiff test 

problems, divided into ten groups according to some of the fundamental 

properties of the ODEs involved. In 1991 Hairer and Wanner [46] developed the 

Geneva test set, a similar tool that provides 12 stiff ODE test problems; Fortran 

77 code and reference solutions are available online [48]. 
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A new test set called "Test Set for NP Solvers" was published in 1996 by the 

Centrum voor Wiskunde en Informatica (CWI) in The Netherlands [49]; a 

second version [50] was released in 2003 by the INdAM group at University of 

Bari, the current maintainers of the benchmark. The benchmark problem set is 

open to new contributions, and the current version provides 8 solvers and 21 test 

cases (11 ODEs, 9 DAEs and 2 IDEs, implicit differential equations), four of 

them are related to multibody systems (Table 3.5). Good quality documentation, 

Fortran source codes, reference solutions and work-precision diagrams are 

available online [51]. 

Table 3.5: Problems in the "Test Set for IVP Solvers" related to MBS. 

Contributor Test Proposed 

CWI parallel-IVP-algorithm group (1996) Andrew's mechanism 

S. Schneider (1996) Car axis 

B. Simeon (1998) Flexible slider crank 

B. Simeon, C. Fĵhrer and P. Rentrop (1996) Wheelset 

ODELab, developed in 1999 by Nowak and Gebauer [52], goes a step 

further: in addition to the test cases (20 problems, most of them taken from the 

Hairer and Wanner and the CWI test set) and the solver collection (25 in total), 

ODELab provides an online interactive WWW user interface to the test set [53]. 

From a web browser (Fig. 3.2) the user can select test cases and solvers, launch 

the computations, and compare the obtained solutions according to several 

performance criteria (CPU-time, number of function evaluations, etc.). 

3.2.4 Benchmarking of computing systems 

The benchmarking of computing systems has reached a high level of 

maturity. In addition to single author benchmarks, like the popular LINPACK, 

several standard and trusted benchmarks administered by industry associations 

and software vendors exist. 
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Figure 3.2: ODELab website: tools for online efficiency check. 

One of the most popular benchmarks during the last 25 years is the 

LINPACK benchmark, developed by Dongarra in 1976 [54]. It is used to build 

the TOP500 list, which maintains since 1993 an updated list of the 500 most 

powerful computer systems in the world. The benchmark is very simple: it 

solves a dense system of linear equations and measures the MFLOPS rate 

(Millions of Floating Point Operations Per Second) of the computer. It has 

evolved over time and now four variants exist, with different matrix sizes and 

optimization levels [55]. 

Computers scientists advertised that simple kernel benchmarks like 

LINPACK cannot predict the performance of real, complex applications, and 

application benchmarks were proposed. The Standard Performance Evaluation 

Corporation (SPEC), a consortium of hardware and software vendors, offers 

some of the most trusted application benchmarks to measure different aspects of 

hardware and software performance [56]. Some examples are shown in Table 

3.6. Results are stored in a centralized repository and publicly available at SPEC 

website [57]. 
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Table 3.6: SPEC Benchmarks. 

Name Measures performance of ... 

CPU2000 Computers running integer and floating point calculations 

High-end computing systems running industrial-style
HPC2002 

applications, especially parallel and distributed architectures 

jAppServer2004 J2EE 1.3 application servers 

JBB2000 Java Virtual Machine (JVM) Servers 

JVM98 Java Virtual Machine (JVM) clients 

MAIL2001 Mail servers servicing email requests 

Computers running applications based on the OpenMP
OMP2001 

standard for shared-memory parallel processing 

SFS97_R1 Network file servers (NFS protocol) 

Computers running a graphic application (3ds MAX, Maya,
SPECCapc 

Pro/ENGINEER, Solid Edge, Solid Works)
 

Graphics subsystem (graphics bus, drive and graphics

SPECViewperf 7.1 

hardware)
 

WEB99 Web servers running under high workloads (HTTP protocol)
 

3.2.5 Summary 

Performance benchmarking in MBS dynamics is not as evolved as in other 

disciplines. Some benchmarks have been proposed by international associations, 

but they are application specific (road and railway vehicles) and they have not 

achieved a widespread use, probably due to the complexity of some of the test 

models. Most of the comparisons are carried out using non-standardized test 

problems, and results are not measured neither presented in a consistent form. 

In the FEA field, NAFEMS standard benchmarks cover many applications of 

this technology. Since most of the problems are static, these benchmarks are 

designed to check correctness, not to measure the performance of numerical 

simulations. For ODE and DAE solvers, precision-work diagrams are used to 

show the different behavior of available methods. The most advanced 

benchmarking systems are used in computing science. Some standardized 

benchmarks exist, and they are widely accepted by industry and consumers. 

They are managed by international organizations, and results are publicly 

available in websites. 
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3.3 Factors influencing simulation performance 

Dynamic simulation of MBS is a complex process involving several factors. 

Information about them shall be collected and taken into account at the time of 

measuring the computational efficiency of different simulation methods. These 

factors can be grouped into four main components (Fig. 3.3): (a) the model to 

simulate, (b) the formalism chosen to perform the simulation, (c) the 

implementation of the formalism into a computer program, (d) and the computer 

used to run the program. These four components are highly coupled, and the 

right choice of each of them is crucial to get the best possible performance. 

Model Formalism 

Size Modeling 
Topology Dynamic formulation 

Numerical stiffness Numerical integration 
Singular configurations 

CPU( s) Programming language 
Motherboard Numerical libraries 

RAM Compiler 
Operating system Parallelization 

Figure 3.3: The simulator puzzle. 

3.3.1 Problem 

The problem to solve is a given component of the simulation process. The 

problem is characterized by many properties: the size (number of bodies, 



3.3. Factors influencing simulation performance I11 

number of constraitns, degrees of freedom) and topology (open loop vs. closed 

loop; fixed vs. changing configuration), the type of constraints (scleronomous 

vs. rheonomous; holonomic vs. non-holonomic), the presence of redundant 

constraints or singular configurations, the flexibility of the bodies (rigid vs. 

flexible), the presence of stiffness, the presence of discontinuous effects 

(impacts, clearances, friction, hysteresis), etc. 

3.3.2 Formalism 

The formalism used to solve the problem involves three important 

components: modeling, formulation and numerical integration. 

The first issue to consider, the modeling of the system, involves the selection 

of a set of parameters or coordinates in order to unequivocally define at all times 

the position, velocity and acceleration of the multibody system. The most 

important types of coordinates currently used are relative coordinates, reference 

point (or Cartesian) coordinates, and natural (or fully Cartesian) coordinates. 

Their definition is not a trivial problem; their features and influence on the 

solution process have been studied by García de Jalón and Bayo [2]. 

Another component is the dynamic formulation, obtained from the 

application of the principles in dynamics, that will lead to the final form of the 

equations of motion. Dynamic principles such as Lagrange's equations, 

Newton's laws, virtual power, Hamilton's principle, Gibbs-Appell equations, 

etc., constitute the basis for the formulations of multibody dynamics. Some 

formulations, like the widely used method of Lagrange's multipliers, lead to a 

representation of the equations of motion in its descriptor form, constituting a 

set of index-3 differential algebraic equations (DAE). The addition of 

stabilization techniques reduces the index and makes the solution tractable by 

means of standard ODE solvers. Other formulations, such as coordinate 

partitioning or Kane's method, transform the equations of motion to a minimum 

set of coordinates or state-space form, which is directly solvable by ODE 

methods. State-space representations may also be obtained by means of velocity 

transformations, typically used by recursive methods. Descriptions and 

references are provided in [3,21 ]. 
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The dynamic formulations produce a representation of the equations of 

motion either in its descriptor form, constituting a set of differential algebraic 

equations (DAE), or in its state-space form, constituting a set of ordinary 

differential equations (ODE). These sets of DAE or ODE must be solved using a 

numerical integration scheme, which is the third component of the formalism. 

It is important to say that there is not an optimal formalism for all kind of 

problems: the performance heavily depends on the size of the multibody system 

and its properties: changing topologies, singular configurations, stiffness or 

redundant constraints [3]. A particular combination of modeling, formulation 

and numerical integration scheme may give the best performance for a particular 

problem, and, however, provide poor performance (or even fail) for other 

problems. 

3.3.3 Implementation 

The implementation is the translation of the selected formalism into an 

executable computer program. This is a key factor for simulation performance, 

since a naive implementation can spoil the potential of a good formalism. 

Once the formalism has been chosen, the first decision is to select the 

programming language to be used. Fortran has been the common choice in 

numerical computing for many years due to its excellent performance, but 

continuous advances in compiler technology for other languages are closing the 

gap. Nowadays, C can compete with Fortran 77 in terms of efficiency [58], and 

C++ has become a rival of Fortran 90 due to the benefits of its object-oriented 

features and the maturity and availability of high-performance C++ compilers 

and libraries [59]. Moreover, recent works show that even Java and Matlab are 

getting closer to Fortran or C++ in terms of performance for scientific 

computing [60,61], so the range ofpossibilities is widening. 

Hardware aspects of modern computer architectures influence the design of 

sofiware for numerical simulations: each architecture has its own features and 

strengths, which must be exploited to get the best computational efficiency [62]. 

A portable way to accomplish this is using optimized compilers and numerical 

libraries. Modern compilers for commodity processors offer architectural 
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optimizations (generation of code optimized for a particular processor model), 

interprocedural optimizations (global optimization of the code, across several 

source files) and vectorization (evaluation of several floating-point operations in 

a single processor instruction), and can deliver 50% speed-up for numerical 

simulations compazed with poor compilers [63]. Tuned BLAS (Basic Lineaz 

Algebra Subprograms) libraries like ATLAS [64] can also help to increase 

performance, and research to increase the efficiency of matrix computations is 

still under progress [65-67]. Sometimes, good compilers and numerical libraries 

aze not enough, and simulation algorithms must be completely redesigned to 

exploit modern hardware designs [62]. 

Parallelization is another way to speed up MBS dynamic simulation. Its 

benefits have been already shown by Eichberger et al [68], Fisette and 

Peterkenne [69], Anderson and Duan [70] and Quazanta et al [71]. Moreover, 

parallelization does not require expensive hardware any more, since nowadays 

commodity, dual-CPU desktop workstations and computing cluster solutions are 

becoming quite affordable. For example, a computer equipped with two Intel 

Xeon 2.4GHz processors costs less than $3,000. 

3.3.4 Computer 

The computer is the last piece of the simulator puzzle. As explained in the 

previous section, its hardware characteristics have a strong influence in the 

implementation of formalisms. Some of these characteristics are processor 

model and number, motherboard model, memory type and size, operating 

system, etc. 

Similaz to what happens with dynamic formulations, there is not an optimal 

hazdware configuration for all kinds of numerical simulations: the performance 

of a computer depends on the characteristics of the running application. This is 

true even for CPU-bounded applications, like most of MBS dynamic simulation 

codes. One of the causes is the hierarchical memory model used in modern 

commodity processors, with a growing gap between local-memory and CPU 

clock speeds (Fig. 3.4). Before an arithmetic operation between two variables 

can be performed, the memory block where these variables aze stored is copied 
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from the local memory to the cache. If the next arithmetic operation uses 

variables stored in a different memory block, the copy must be performed again. 

Since the copying operations are much slower than floating-point operations, it 

is very important to avoid them. If all the application data fit inside the cache, 

the application runs quite fast; otherwise, blocks of data are moved between 

local-memory and cache while the application is running, resulting in a 

significant performance degradation. 

CPU
 

Fast ^ 
Registers < 128 KBytes 

Cache (L1, L2, L3) 256 - 2048 KBytes 

Local Memory (RAM) 256 - 4096 MBytesSlow v 

Figure 3.4: Memory hierarchy of modern desktop computers. 

The effect is shown in Fig 3.5: some CPU models (like AMD Athlon) offer 

fastest floating-point operations and perform best for applications with small 

data sizes ( speed-ups closer to 60%); others (like Intel Pentium) offer fastest 

data transfer and performs best for applications with medium or big data sizes 

(speed-ups closer to 80%). In MBS dynamic simulation, the data size of the 

simulation code depends on the model size (number of bodies, constraints ...) 

and the formulation used (global formulations usually need more matrix 

storage). Therefore, when performance is critical (as in human-in-the-loop or 

hardware-in-the-loop simulators), the computer must be selected taking into 

account the characteristics of the model and the formulation. 



3.3. Factors influencingsimulation pe^formance I15 

Linpack perfonnance
 
soo
 

Pentium 4 2GHz 
Athlon XP 1800+ 
Athlon 1.4GHz 

700
 Pentium III 1 .2GHz 
Duron 1.1 GHz 
Athlon 1 GHz 
Celeron 1.1 GHz 

600
 

1
 

S00
 

300
 

200
 

100
 

O 1^ ? 1^ f'7 M U7 O U7 O U'1 Ol M 1^ ^fi OO V' 
N U7 OD M OD l!1 M N 47 00 M OD Q Ñ O 

^ ^ N M ^ ^fi (D fti 00 01 N ^ ^D 00
 

Matrix Size (KB) 

Figure 3.5: LINPACK benchmark results for different matrix sizes and CPU models. 

There is a different approach to measure the performance of a dynamic 

simulation method without taking into account the implementation or the 

computer. This can be done by counting the number of floating-point arithmetic 

operations per function evaluation (computation of accelerations from positions 

and velocities). In the 1980 this seemed to be the most reasonable criterion, and 

it was usual to read asserts like "the proposed method only needs 56894 

multiplications + 53752 additions per function evaluation for this problem". 

This procedure does not make sense any longer: in modern computers, floating

point units are so optimized that the CPU cost of floating-point operations is of 

the same order as integer operations. In these new machines, the logic of the 

algorithm and an efficient use of the cache memory can be more important than 

the number of floating-point operations [2]. 
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3.4 Proposed benchmark 

As stated in the introductory section, a benchmarking system for MBS 

dynamics is required. This section proposes a prototype for that benchmark. 

Several test problems have been selected from examples used by authors during 

the last years, while others are new proposals. Reference solutions have been 

calculated. For problems taken from other authors, the obtained reference 

solution has been contrasted with the published results, provided they exist. In 

addition, a normalized procedure to measure performance is defined. In the next 

section, a web application to manage the benchmark results is presented. 

3.4.1 Problem set 

Very different types of problems have been used as benchmarks for MBS 

dynamics. Some of them are quite complex, like the Iltis vehicle; others are very 

simple, like the double four-bar mechanism. Industry demands demonstrations 

with complex, real-life problems, but on the other hand, small and simple 

problems offer several advantages: 

• They can isolate a specific characteristic of multibody systems (stiffness, 

presence of singular positions, etc.), and therefore evaluate the response of 

the simulation software to that particular characteristic. A complex problem 

contains many of these characteristics; if the simulation software cannot get 

the right solution, it is difficult to find out which one is the responsible. 

• Users need to invest little time to solve them. This feature is very important, 

because it contributes to the adoption of the benchmark as a standard. If 

problems are too time-consuming, users will measure performance using 

their own benchmarks. 

• Analytic solutions are more likely to exist, or at least invariants (like total 

energy in conservative systems) are easier to evaluate and check. 

It seems reasonable to split the problem collection into two main categories. 

The first category, named "Basic Problems", would include small, specialized 

problems of MBS simulation. Each of these problems should be designed to 

measure the ability of different simulation methods to deal with a particular 
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chazacteristic of multibody systems (stiffness, singularities, etc.). They can be 

classified into several groups, according to the kind of multibody system: 

systems with rigid bodies, with flexible bodies, undergoing contact-impact, etc. 

This first category would serve to test new proposed methods and compaze their 

performance with existing methods. The second category, named "Industrial 

Applications", would include complex, real-life problems, probably involving 

several phenomena in a single system. This category could also be divided into 

several groups. It would serve to test MBS simulation tools and show results to 

the industrial users of them. The overall structure of the problem collection is 

shown in Fig. 3.6. 

Basic Problems ^ Industrial Applications 

Rigid bodies
 

Flexible bodies
 

Contact-impact
 

Figure 3.6: Structure of the benchmark problem collection. 

Two groups are proposed in this work: group A, in the category "Basic 

Problems", is composed by simple, academic problems using rigid multibody 

systems (Table 3.7). Group B, in the category "Industrial Applications", is 

composed by real-life problems with rigid multibody systems (Table 3.8). 

Models and test cases have been fully defined for problems in group A. The 

following paragraphs provide a brief description of them (full descriptions aze 

provided in the benchmark documentation). 
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Table 3.7: Proposed problems for Basic Problems - Group A(rigid MBS). 

Code Name Characteristic
 

A00 Double pendulum (planar) Example, entry-level problem
 

A01 Double pendulum (spatial) High accelerations
 

A02 Double four bar mechanism Singular positions
 

A03 Andrew's mechanism Very small time scale
 
A04 Bricard's mechanism Redundant equations
 

A05 Bicycle with rear suspension Stiff system
 

Table 3.8: Proposed problems for Industrial Applications - Group B(rigid MBS). 

Code Name Application
 

BO1 Iltis vehicle Automotive
 

B02 Dornier's antenna Aerospace
 

B03 Human body Biomechanics
 

B04 PUMA robot Robotics (serial)
 

BOS Stewart platform Robotics (parallel)
 

In problem A00 (Fig. 3.7), considered as entry-level example, a planar 

double pendulum composed by two lumped masses of 1 kg and two massless 

links of 1 m length is under gravity effects (9.81 N/kg acting in the negative Y 

direction). Initially, the system is at rest (all velocities are zero) and in horizontal 

position: the values for the x-coordinates of points p 1 and p2 are +1.0 and +2.0 

m. A dynamic simulation of 15 seconds must be performed, and the time-history 

of the position of point p2 (x and y coordinates) must be obtained. 

In problem A01 (Fig. 3.8), a spatial double pendulum is composed by two 

links of 1 m length with a uniformly distributed mass of 1 kg, and two spherical 

joints. The system is under gravity effects (9.81 N/kg acting in the negative Z 

direction). The analysis to be performed is a dynamic simulation of 15 s, and the 

time-history of the position of point p2 (x, y and z coordinates) must be 

calculated. This problem is much more difficult than the previous one. The high 

accelerations combined with a long simulation time make it a tough problem: 

small numerical errors accumulated during the integration make the simulation 

diverge, even if the total energy seems to remain constant. Therefore, very stable 

and accurate formulations and integrators are needed. 
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In problem A02 (Fig. 3.9), a one degree-of-freedom assembly of two four-bar 

linkages is composed by five links of 1 m length with a uniformly distributed 

mass of 1 kg. The system is under gravity effects. Initially, the system is at the 

position shown in the figure and the velocity of the x-coordinate of point p 1 is 1 

m/s. The analysis to be performed is a dynamic simulation of 15 s, and the time

history of the position and velocity of point p 1 (x and y coordinates) must be 

calculated. This problem has been proposed by Bayo and Avello [31] as an 

example to test the performance in cases where the mechanism undergoes 

singular configurations: when the mechanism reaches a horizontal position, the 

number of degrees of freedom instantaneously increases from 1 to 3. Many 

formulations have problems to overcome this situation. 

In problem A03 (Fig. 3.10), a planar mechanism composed by seven bodies 

interconnected by revolute joints is driven by a motor located at point O, which 

provides a constant drive torque of 0.033 Nm. Initially, the system is at rest, and 

the [3 angle has a value of -0.0620 rad. The analysis to be performed is a 

dynamic simulation of 0.15 s, and the time-history of the position of points p3 

and p4 (x and y coordinates) must be calculated. This system, proposed by 

Schiehlen as a benchmark problem [ 10], has a very small time scale, thus 

making it difficult to simulate for solvers that can't reach small time steps. 

In problem A04 (Fig. 3.11), known as Bricard's mechanism, the system is 

composed by five rods of 1 m length with a uniformly distributed mass of 1 kg, 

and six revolute joints. The system is under gravity effects. Initially, the system 

is at rest in the position shown in the figure. The analysis to be performed is a 

dynamic simulation of 10 s, and the time-history of the position of point p3 (x, y 

and z coordinates) must be calculated. Bricard's mechanism is a classic example 

of overconstrained system: Griibler's formula gives 0 degrees-of-freedom for it, 

but the particular orientation of the revolute pairs yields a system with 1 degree

of-freedom. 
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Figure 3.7: Problem A00 - Double pendulum (planar). 
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Figure 3.8: Problem A01 - Double pendulum (spatial). 
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Figure 3.9: Problem A02 - Double four bar mechanism. 

Figure 3.10: Problem A03 - Andrew's mechanism. Reproduced from [ 10]. 
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Figure 3.11: Problem A04 - Bricard's mechanism. 

Figure 3.12: Problem A05 - Bicycle with rear suspension. 
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In problem A05 (Fig. 3.12), a cyclist is riding a bicycle with rear suspension 

on a road with a slope of 6%, under gravity effects. The suspension has a 

stiffness of 73,900 N/m. The analysis to be performed is a dynamic simulation 

of 30 s, and the time-history of the position of point pl (x and ^^ coordinates) and 

spring displacement must be calculated. This model was proposed and studied 

by Good and McPhee [72]. 

For problems in group B, detailed models and test case definitions are 

available only for two of them: problems BO 1 and B02. 

Problem BO1 (Fig. 3.13), the 4x4 Bombardier Iltis vehicle, is the famous 

IAVSD road vehicle benchmark. The vehicle model is described in [15], and 

five simulation test cases are proposed in [ 16]. The vehicle model contains 22 

bodies, several non-linear springs and dampers, and a CALSPAN tyre model. It 

has 11 degrees-of-freedom (6 for the cabin, 1 for each suspension and 1 more 

for the steering mechanism). The selected simulation case is the third one 

(responses to large vertical road profile features), where the vehicle runs over an 

in-phase cosine road profile at 10 m/s. 

Problem B02 (Fig. 3.14) is the Deployable Antenna Integral System 

(DAISY) developed by the European Space Agency (ESA) and Dornier GmbH 

[73]. It consists of a central hub with rigid curved panels, arranged as radial 

petals. Each panel is connected to the central hub by a revolute joint, which 

allows the panels to fold by nesting in front of the hub. The system, with a mass 

of 95 kg and a diameter of 4.7 meters, has only 1 degree-of-freedom. The 

analysis to be performed is a dynamic simulation of the deployment maneuver, 

which lasts 15 minutes (Fig. 3.15). 

The rest of test problems in group B are not completely defined yet. 

Approximate models and test cases have been built, but they need further 

checking and validation. As will be explained later, difficulties have been found 

to find reference solutions for problems BO1 and B02, and therefore the 

complete definition of problems B03, B04 and BOS has been postponed. 



124 Chapter 3. Benchmarking of MBS simulation codes 

Figure 3.13: Problem BO1 - 4x4 Bombardier Iltis vehicle. 

Figure 3.14: Problem B02 - Dornier's antenna. 
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Figure 3.15: Problem B02 - Deployment maneuver. 

3.4.2 Reference solutions 

Dynamic simulation methods, as other numerical methods, do not generate 

exact solutions. Numerical errors introduced in the time discretization and 

solution process make the numerical solution differ from the exact solution. 

These numerical errors can be reduced by adjusting the method parameters 

(such as integrator time-step, integrator tolerance, etc.) at the price of a higher 

computational cost. Computational efficiency of a particular method is a 

function of the desired accuracy (as shown in the work-precision diagram of Fig. 

3.1), and therefore, when comparing the performance of two different methods 

for a certain test problem, the same precision level must be required. Otherwise, 

the comparison is unfair. The only way to ensure that the solutions generated by 

both solutions have the same precision is by comparing them with a reference 

solution. The comparison must be quantitative, and the error between numerical 

values of time-histories must be evaluated. A visual comparison of solution 

plots does not provide a quantitative measure of the precision. 
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Reference solutions are not easy to obtain. For very simple problems, 

analytical solutions may exist. If not, the problem can be solved using different 

methods, adjusting the method parameters to increase the precision level; if the 

generated solutions converge to the same value, this value can be considered as 

the reference solution. For very complex problems, solutions generated with 

different simulation codes may not converge, and experimental test must be 

conducted. This case is frequent in Computational Fluid Dynamics (CFD). 

Reference solutions for problems in group A were obtained using the 

commercial MBS software ADAMS/Solver [38]. This solver is integrated in 

some high-level CAD/CAE/CAM applications, like I-DEAS. For each test 

problem, the corresponding model was build and solved using different 

combinations of formulations and numerical integrators. (Section 3.6 provides 

more information about the available methods in ADAMS/Solver). For each of 

these combinations, several dynamic simulations were performed decreasing 

integrator tolerance and time step. Some methods failed or did not converge; 

others converged to the same values, and this solution was taken as the reference 

solution. Fig. 3.16 shows the graphical representations of the models, and Fig. 

3.17 shows some of the convergence plots generated for the problems in group 

A: solution values (positions or velocities of points) are represented along the y

axis, and integrator tolerance is represented along the x-axis. In addition, some 

of the test problems in group A(A00 and A05) were solved using custom 

dynamic simulation codes programmed in Matlab, to verify the correctness of 

the ADAMS/Solver solution. Solution for problem A03 was also verified 

against published results. 

For problems in group B, reference solutions are much more difficult to 

obtain due to the problem complexity. Problem BO1, the Iltis vehicle, was 

modeled following the information given in [ 15], in order to be solved using the 

same software, ADAMS/Solver. Non-linear expressions for springs, dampers 

and tyre forces were introduced using compiled user functions (implemented in 

C language) instead of symbolic expressions, in order to increase the 

computational efficiency. To check the accuracy of the model, a static 

equilibrium analysis was performed and the solution was compared with the 

results published by Frik et al [74]. Table 3.9 compares the solution obtained 
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through ADAMS/Solver with the published solutions, obtained through the 

simulation codes FASIM, NEWEUL and SIMPACK. Discrepancies exist for the 

cabin pitch angle, with a difference of 8% between the value in ADAMS/Solver 

solution and the average value of the other solvers. The remaining values show 

better agreement (differences lower than 1%). 

Next, the proposed test case was solved. A road profile with an in-phase 

cosine bump was considered, with an initial vehicle speed of 10 m/s as 

described in [ 15]. The solution was obtained using an index-3 formulation 

combined with the ADAMS GSTIFF integrator, with an integrator tolerance of 

10-; and a maximum time step of 0.01 s(Section 3.6 provides more information 

about available dynamic simulation methods in ADAMS/Solver). Fig. 3.18 

shows the animation of the movement. Fig. 3.19 shows the trajectory of the 

center of gravity of the cabin, and Fig. 3.20 shows the results for the same 

coordinate published by Frik et al [74J. Trajectories show good agreement, but 

the amplitudes of peaks and valleys are slightly different. 

Since the published results are available only as plots, it is not possible to 

evaluate the error in a quantitative way. Currently, ongoing work is being 

carried out to solve this problem ( and the rest of problems in group B) with a 

solver other than ADAMS, in order to compare solutions. Probably, these 

solutions will not achieve the excellent convergence found for problems in 

group A: an average value of the time-histories obtained with the different 

solvers could be taken as the reference solution. 
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Figure 3.16: Graphical representations of the models in group A. 
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Figure 3.17: Convergence of the solutions for the test problems in group A.
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Table 3.9: Problem BO1 - Results for static equilibrium. 

lnteraction Dim. FASIM NEWEUL SIMPACK ADAMS 

Cabin: vert. displacement mm -7.230 -7.100 -7.094 -7.182 

Cabin: pitch angle rad 0.1767 0.1509 0.1468 0.1456 

Tyre, right front N -3831.46 -3834.63 -3831.32 -3828.99 

Tyre, right rear N -3591.74 -3588.60 -3591.91 -3594.27 

Shock absorber, right front N -335.24 -336.54 -335.51 -336.58 

Shock absorber, right rear N -242.34 -240.43 -241.76 -244.07 

Leaf spring, right front (force) N -3068.50 -3071.13 -3069.15 -3071.42 

Leaf spring, right rear (force) N -2885.79 -2883.07 -2885.75 -2889.41 

' n ̂ ' ^ 
^ ^ 

time = 0.00 s time = 0.15 s 

i n ^ i n ^ 

time = 0.30 s time = 0.45 s 

^ nn 
^ ^ .- _ 

^ 
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Figure 3.18: Iltis vehicle - Animation of the simulation test case.
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Figure 3.19: Vertical coordinate of the lltis cabin, obtained with ADAMS/Solver. 
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Figure 3.20: Vertical coordinate of the Iltis cabin, reproduced from [74]. 
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3.4.3 Performance measurement 

Once models and simulation test cases are completely defined, the only 

remaining element in the benchmark problem collection is the definition of the 

procedure used to measure computational efficiency. Since computational 

efficiency is a function of precision, the measurement procedure for the 

benchmark is as follows: solve each problem with the required accuracy, and 

measure the CPU-time employed by the computer in solving the simulation. 

The required accuracy is defined for each problem as a maximum error 

between the reference solution and the obtained solution. In general, solutions 

are time-histories of several components (positions, velocities, forces, etc.): 

y^ (t; ) obtained solution for component j 
(3.1)


y^el (t; ) reference solution for component j 

A natural definition of the error in a component at a given point is given in 

Eq. (3.2), where y^ (t; ) is a weighting factor: 

yĵ ( tr ) yÍef ( tr ^I 
e (t.)= (3.2)
J f ti^
 

y j ti
 

Different expressions for the weighting factor yield to different error 

concepts: Eq. (3.3) yields to a pure absolute error, and Eq. (3.4) yields to a pure 

relative error. Eq. (3.5) can be used in situations were a pure relative error is 

desired, but the reference solutions takes values very close to zero. In these 

cases, a threshold value is used. 

y, (r;)=1 (3.3) 

rey; ( )_ y^ ( t^ ) (3.4) 

y^ef ( t)^ y hreshold ^
y^^ ( t; )= mai^^ , (3.5) 
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The errors in each component during the simulation must be aggregated to 

obtain a single error measure. This makes easier to compare the accuracy of 

several solutions. The aggregation is done using vector norms. With the usual 

definition of the L^-norm for vectors shown in Eq. (3.6), the result increases 

with the number of components in the vector, which produces undesired effects: 

the aggregated error would increase if the number of time samples increases or 

more components are added to the time-history of the solution. Therefore, a 

modified L2-norm shown in Eq. (3.7), or the L^-norm shown in Eq. (3.8), are 

more suitable. 

„ 
^ ^z (3.6) _II^I ^ 
r=1
 

n 
_ _ v2 (3.7)


IVII2 n ;_, 

Ilvll^ = max{ v; } (3.8) 

Different combinations of these norms to aggregate components and time 

samples yield to the expressions for aggregated error shown in Eqs. (3.9), (3.10), 

(3.11) and (3.12): 

ex ^ = max{ e^ ( t; )} (3.9) 
^.Í 

e'-., = (3.10)1 ^ 1 ^^ei ̂ t, ^),m ;_, n ^_, 

m 

exr = m^(max{e^(t;)}^ (3.11) 

n ^
 

e^7 =max -^(e^(t;)) (3.12) 
` n i=^ 
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Some authors proposed the use of integral type error to reduce the influence 

of the distribution of the integration points. This definition can be combined 

with LZ-norms or L^-norms for components: 

(3.13)ez, 1 ^^^ei ^t^ ^^^dt^^J tend - t0 t^ n j=1 

1 r ,^ 

e f = ^ max{ej ^t; ^}dt (3.14) 
tend - t0 r^^ ^ 

The application of the trapezoidal rule with t_, = to and t,,,+, = tn, yields after 

some elaboration to: 

^` ,
t;+^ ^ tr-^ ej t; ^^ (3.15)ñ^^ ^^- t^ L^ tend 0 i=0 j=1 

m 
e = 1 ,^ tr+^ - tr-^ lriñx{ ej ^ tr ^^ ^ (3.16) 

- t^ ^=p ĵ Í
^ tend 

These different expressions to measure the aggregated error were compared 

using problem A00 as test case. Simulations were run using ADAMS/Solver and 

different simulation methods; results were compared to the reference solution 

using different groups of components and time samplings. Results showed that 

the L^-Lz-norm given in Eq. (3.10) provides the best results. In addition, 

numerical experiments showed that 100 time samples are enough to capture the 

solution for all the proposed problems. 

After defining the error expression and the number of time samples to use, 

the required precision level (maximum error allowed) must be determined. From 

the user point of view, the precision level desired for a MBS simulation tool 

depends on the type of application. For some applications, like human-in-the

loop road vehicle simulations, the required precision is not very high. However, 

for other applications like simulation of surgery robots, the accuracy of the 



135 3.4. P^-oposed benchmark 

results must be high. In addition, the required precision must be determined after 

testing the capabilities of existing methods. Without this information, the value 

could be established too high (none of the available tools can reach it) or too low 

(even poor tools can reach it easily). 

In order to establish reasonable levels of precision, work-precision diagrams 

like the one shown in Fig. 3.21 were generated for all problems in group A, 

using different simulation methods available in ADAMS/Solver. It was decided 

that two precision levels could be established for all problems: a low precision 

level with an allowed maximum error of 10-I (10% aggregated error) and a high 

precision level with an allowed maximum error of 10-; (0.1% aggregated error). 
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Figure 3.21: Work-precision diagram for problem A03. 
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With the required precision levels defined, the benchmark allows to get 

comparable metrics to measure computational efficiency of a given combination 

of problem, method, implementation and computer. If a user wants to measure 

the performance of a particular simulator, the following steps must be followed: 

(a) model the system and simulation test case according to the given 

descriptions; (b) solve the problem using different method parameters and 

measure CPU-time and error with respect to the reference solution for all of 

them, to get several points of the work-precision diagram; (c) interpolate these 

points to find the CPU-times that give the specified low and high precision 

levels. These two CPU-times are directly comparable to times for the same test 

problem obtained with other simulators. 

However, comparing CPU-times has two problems. First, in many situations 

it is desirable to compare performance without taking into account the power of 

the computer. And second, since CPU-times are proportional to simulation 

times, they cannot be compared between problems with different durations. 

^^^`Cammanci Prar^pc 

D;^MBS.bonchaark.^hweual)h^oval
 

I MBS Banchaark I
 
I HarduarQ Parfornance Evaluatian I
 

Running simulation 1 of 3.,.
 
Runninq siwulation 2 of 3...
 
Running siaulation 3 of 3...
 

Simulation time ( s^ . 20.008 
Real tiae per simulbti^ (s ĵ : 8.786 
Hard•earo performance ratio , 2,276 

u
 

Figure 3.22: Application to evaluate computer performance. 

To solve the first problem it is necessary to measure the performance of the 

computer. Some benchmarks to accomplish this have been commented in 

Section 3.2, but none of them is suitable: simple kernel benchmarks, like 
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LINPACK, cannot predict the performance of complex applications, and 

application benchmarks like SPEC are not free. It was decided that the best 

solution is to develop a custom computer benchmarking utility. The utility is 

quite simple: a dynamic simulation of a road vehicle (the reference problem) is 

performed by a custom solver implemented in Fornan 77 (the reference solver). 

The simulation last 20 seconds, and the utility measures the averaged CPU-time 

of 3 simulation runs (Fig. 3.22). 

The utility calculates a Hardware Performance Ratio (H.P.R.) using Eq. 

(3.17). This ratio measures the power of the computer when used to run MBS 

dynamic simulations: 

.simulation time ,rt^,^e a^,^H.P.R. _ (3.17) 
CPU-time"'°`M`'°`"'

.^ v.,oe,^ 

Then, the performance of a given combination of simulation method and 

implementation can be calculated for a given test problem with a Softrvare 

Performance Ratio (S.P.R.) defined in Eq. (3.18): 

1 simulation timetest problS.P.R. em i (3.18) 
""°'°"`"' - H.P.R. } CPU-timeIest problem i 

This ratio is fully independent from the problem simulation time, and 

partially independent from the computer. The partial dependency from the 

computer comes from the H.P.R., which depends on the problem solved in the 

simulation: as explained in Section 3.3, the performance of a given computer 

depends on the particular characteristics of the running application. Therefore, 

even if the same MBS dynamic solver is used, the H.P.R. will suffer minor 

variations from problem to problem, depending on its size. To be fair, the H.P.R. 

should be evaluated for each problem in the benchmark, using a reference 

.sol ver: 

.simulation time 
H.P.R. _ °^`"' (3.19)prob/cm i 

CPU-time ,de^. ,d.^. 

^.
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In this way, the S.P.R. would be fully independent from the computer. 

Measuring H.P.R. for each problem implies using a generic reference solver that 

can handle all kinds of problems, and this kind of software is not available yet. 

Therefore, for the moment Eq. (3.17) will be used. 

3.4.4 Documentation 

Finally, documentation for the test problems in group A of the benchmark 

has been published in a dedicated website (Fig. 3.23). Documentation for 

problems included in the "Industrial Applications" category is not ready yet, 

because well designed test cases and good reference solutions cannot be 

obtained using a single MBS tool: problems must be solved using different tools 

and more checking is needed, as explained in Section 3.4.2. 

For problems in group A, the following information is available in the 

website: 

• Problem specification. This document contains author contact information, a 

brief description of the multibody system and the analysis to be performed, 

and links to other pieces of documentation. 

• Detailed model in MbsML format, the XML file format described in Chapter 

2. All models are also available in ADAMS/Solver format. 

• Reference solutions. Time-histories of selected variables are provided in 

numerical form (ASCII data file in tabular form) as well as in graphical 

form. In addition, an animation of the resulting motion is available. 

Problem specifications for problems in group A are shown in the following 

pages (Fig. 3.24 to 3.29). 
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,:^.^ll.^ 
Aytde 

Benchmark Specifications 
Here you will find speclflcations and models for Nte benchmark ixoblem 
collectlon. Speclficatlons are published in XML and PDF format. Dlodels are 
available in P1bsML and ADAMS/Solver format. 

Flease note that the zurrent specifications and nt^Klels are not stable. They al.^ 
suL^}eet to minor changes due to erratas or acijustem:^nts. 

ID ProblemName 8pecificetions Models ^. All 

A00 Doble pendulum ( planar) .^ML ^ MhsML aC,.4M5 yjP_ 

AOI Doble pendulum (spaUal) >In ^1' 1F MbsML AGAMS ^ 

A02 Two four-bar hnkages ^ SF M65Mt, [+yAp]@ ,^ 

A03 Andrew squeezmg mechanlsm ^ .^ML PQF M^.M A AM '^, ?^P 

AOa Bncard mechanism YML PJj^ M6sML ADAMS ^^P 

A05 Blcycle wrth rear suspenswn x^M^ ^ ^i^ ^ ?IP 

BO1 Iltis Vehicle XML POF MbsML ADAMS ZIP 

B02 Dom^er an[enna XML PDF MbsML ADAMS ' ZIP 

603 Human body XML PDF MbsML ADAMS ZIP
 

B04 PVMA IObOt XML PDF MbSML ADAMS ZIP
 

BOS 5[ewart platform XML PDF MbsML ADAMS ZIP 
.._.... __ ............ ........ . _.. ...
 

.__. ____ __. _____.

Complete Benchmark ^ ^. ^ 

Cag^Ri^l[ ® 2004 kT^isenicd Er^rre^^ng Leborexory A# ri^s res^vetl. - L.as[ Pt^sfled: t21J21t2tm5 00:27:40---...._ . __.._..._.- . _ ____.._._ _...__.... _ . _._ __ ...._ __ 
^ M P_ 

Figure 3.23: Website for benchmark documentation. 
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Multi-F3ody Systems Benchmark - Yroblem Specification 

A00 : Double pendulum (planar) 
['M)•1-(19-30 ] httpJ'Iim.iLudc.cs^mbxbcnchmark^disvA00.-A00_spccification.xml 

D^mamic simulation of a ptanar double pendulum 

Author. Manuel (ionzákz C:^ tro 15^1o^a^cdt:udc.cx 

Univer.idad de La Cnruda - LaMxaturiu Je Ingeni^du Mecánica
 
^lendi^alrel ^^n. Fcrrol. I?403, Spuin.
 
hrtp:!: tini.iLudc.cs 

Multibody System Description: 

Thc planar double pcndulum is composed by hvo lumped masses of 1 k^ and twu masslcss links 
of I m length. The system is w^der gravity effects (9.31 N/kg acting in the negative y direction). 
The position of the global reference frame is shown in the figure: 

y ^
 

-'.-;-^r=-------, z 

Analysis Description: 

The analysis to be perfbrmed is a dynamic simulation with a duration of IS s. Initially, the 
systcm is at rest (all vclocitics arc zcro) and in horizontal posiuon: thc calucs fór thc .r
coordinata-s of points pl and p3 arc +LO and +ZO m. 

Reference solution: 

Thc rcfcrcncc solution tor this problcm is thc timc-history of thc posítion of point p2 (.r and y 
coordinates). The maximun allowed zrrors are IAf.-1 (luw precis,ion) and I.OE-3 (high 
precission). See hurr to measure errors for more inl^rmation. 

1,
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The follow•ing information is provided: 

1. Time-history of the position of point p2, as text data file: A00 solution data.dat 
2. Time-history of the position of point p?, as image: 

ay._av^_uxaum 
- a.-^rx, ^;.c.

> _ crsK^^_u»e:^r 

is 
aner^_ ^ ;,w. lUtill^^r.^i; «: x 

3. Animation of the system, as AVI movie: .A00 s^lution mc^^íe.avi 
4. Reference solution at the end ofthe simulation 

Rcfcrence solution
 

Coordinate Value L^nits 

Positíon of x-coordinate of point p2 -5.9tW75E-01 m̂ 

Posi[ion of v-coordinate of point p2 2.49305E-01 m 

Multi-Body System Model: 

A full quantitative description ofthe problem is available in MbsML fonnat: 

http:'aim. i i.udc.cc'mbsbcnchmark'dist/A00'Al)n_modcl_mbsml.xml 

Measures: 

Name I)escription
 

Time CPU-time spent by the software to solve thc problem ( in sl^ 

2•'2 

Figure 3.24: Specifications for problem A00. 
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Multi-E3ody Systems I3enchmark - Yroblcm Specificatíon 

A01 : Double pendulum (spatial) 
( 2004-(19-30 ] hrt^ ^9im.ii.udc.csmbsbcnchmark^dist.'A01!A01_spccification.xml 

Dynamic simulation of a double pendulum 

Auihor Manucl Gonrr•'Icz Castro lolo!ricdf.ud...cti 
Uni^^-nidad tle La Coruña - Lalxrcatorio de Ingenieria Mee:ánica
 
^tcndi^abal 4-n. Fcrrul, 1 Sq03, Spain.
 
http;//lim.ii.udc.c. 

Multibody System Description: 

Thc spatial doublc pcndulum is composcd by 2 links of 1 m Icngth with a unifi^nnly distnbuted 
mass of 1 kg and 2 spherical joínts. "I7te system is under gravity effects (9.ft1 N.1:g acting in the 
negative _ direction). 

pl
 

, y
 

^^r^^y 

. 

P=
 

Analysis Description: 

T'he analysis to be perfonned is a dynamic simutation with a duration of IS s. Initially, the 
system is at rest (all velocities are zero) and in the pnsition shown in the figure. 

Reference solution: 

I'he reference wlution for this problem is time-history of the pnsition of point p2 (x, ^• and = 
coordinates). The maximun allowad errors aze LOL-1 Qow precissionl and LOG-3 (high 
precission). See how to measure errors Ybr more information. 

1,
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The following informatíon is provided: 

1. Time-history of the position of point p2, as text data filc: AOl solution data.dat 
2. Time-history of the position of point p2, as image: 

3. Reference solution at the end of the simulation 

Rcference sohUion 

Coordinate Value Units 

Position of x-coordinate of point p2 -6.97871 E- t m^ 

Position ofy-cxx^rdinatc of puint p2 -3.02^342E-1 m^ 

Position of _-coordinatc of point p2 -1.78395 [:+0 m^ 

Multi-Body System Model: 

A full quantitative description ofthe problem is available in MbsML fotmat: 

http;;aim.ii.udcxs'mbsbenchmark'dist'AO L ,AO l _mcx3el_mbsml. rml 

Measures: 

Description
 

CPU-time spent by the softw•are to solve the problem (in s ĵ .
 

2`2 

Figure 3.25: Specificarions for problem A01. 
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Multi-Body Systems I3enchmazk - Problem Specificatíon 

A02 : Two four-bar linkages 
( '_(1(W-09-30 ] hrtp:^'lim.ii.udccs'mbsbcnchmark^disUAOZ^A02_spccification.xml 

Dynamic simulation of an assembly of tw•o four-bar linkages 

Author. \lanuel (ion-r.álct CasM^ lolo!a:cdLudc.^s 
lJniversidad dc la Coruña - Laboratoño de Ingenieria M^^;única 
Mcndírahsl s^n, Fcrrul, 15403, España. 
http: ^-1im. ii.udc.cs 

Multibody System Description: 

Thc onc dcgrcc-of-frccdom asscmbly of two four-bar linkagcs is composcd by fivc links of l m 
length with a uniformly distributed mass of 1 kg. The systetn is under gravity effects (9.81 NJkg 
acting in the negative t• direction). 

r' p ^;O
 

This systcm is a typical example of inechanism that undergoes singular configurations. When 
the mechanism naches the horizontal position, the number ol' degrecs of freedom 
instantaneously incneases from 1 to 3. 

Analysis Description: 

Thc analysis to bc pcrfotmcd is a dynamic simulation with a duration of 15 s. Initially, the
 
system is in thc position show•n in the figure, and thc velocity of the x-cewrdinatc of point pl is
 
1 m/s.
 

Reference solution: 

T'he reference solution for this problem is the time-histor}• of the position and velocity of point 
pl (z and r etwrdinates). The maximun al(owed errors are 1.0E-1 (low precission) and 1.0E--^ 
(high precission). See how to mea,ure e>TCirs for more information. 

1 '3 
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The t^illowing information is provided: 

I. Time-history of the }wsition and velocity of point pl. as text data file: 
A02 solution data.dat 

2. Time-history of thc position and velocity of point p 1. as imagc: 

3. Reference solution at the end of the simulation 

Reference solution 

Coordinate ^'alue 

Posítion of x-coordinate of point p 1 -7.739?(lE-1 

Position of i^-coordinate of point pl 6.332R3F.-1 

Velocity of s-coordinate of point pl 1.94100Ei0 

Velocity of r-coordinatc of poínt pl 2.37205E+0 

Multi-Body System Model: 

A full quantitative description of the problem is available in hlbsMt, formar. 

httn:-aim.ii.udc.cs!mbsbenchmark:dist;'A02iA0? modcl mbstnl.xml 

Measures: 

Units 

m^ 

m^ 

m s 

m,%s 

Namc 

Time 

Descriptiun 

CPU-time spent by the software to solve the problem (in s). 

2`2 

Figure 3.26: Specificarions for problem A02. 
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Multi-Body Systems 13cnchmazk - Problem Specification 

A03 : Andrew's Mechanism 
['_004-09-30 ) http:/!lim.ii.udc.es'mbsbcnchmark'díst/A03iA03_spccification.xml 

Dynamic simulation of the Andrew's squeezing mechanism 

Author: Manuel (ion-rález Cmtro lolo/i^dLudc e+' 
Universidad dc la ('orufla - Latxmttorio de Ingeniería U^ánica 
Mrndilnb•el a n, Fcrrul, 15403, Eapaña. 
http_':7 im.ii.udc.cs 

Muftibody System Description: 

This planc mechanísm is composcd by 7 bcxlics intcrconnectcd by rcvolutc _joints. Thc asscmbly 
is driven by a motor located at point O, with a constant drive torque of 0_033 Nm. This system 
has a very small time scale, thus making it difficult to simulate for solvers that cadt reach small 
time-steps. 

Analysis Description: 

Thc analysis to bc pcrformcd is a dynamic simulatíon with a duratíon of 0.15 seconds. Initially, 
the system is at rest and the L^ angle has a value of -0.0620 red. 

Reference solution: 

The reference solution for this problem is the time-history of [he position of points p3 and p4 (.r 
and ^• ctwrdinates). The maximun allowed errors are I.OF-1 (low precission) and 1.0E-3 (high 
precission). See how to measurz errors for more information. 

1/2
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The following information is provided: 

l. Timc-history of the position of points p3 and p4, as text data file: :103 solution datti.dat 

2. Time-history of the position of points p3 and p4, as image:
e,, •,^.. ^ n-^rA. 

0 
c ^^ 

z.am^e ^,^_n .,A^vra. Lr:: R.^ - ^w.e 

3. Reference solution atthe end ofthe simulation
 

Reference solution
 

Coordinate Value Units 

Position of.r-coordinatc of point p3 2.42036L-3 m 

Posi[ion of c-coordinatc of point p3 6.56835E-3 m 

Position of x-coordinate of point p4 -2.47282E-2 ^m 

Position of i^-coordinate of point p4 -2.84147E-4 
^ 

Multi-Body System Model: 

A full quantitativc dcscription of thc pmblcm is availablc in MbsML format: 

http:i:1im. ii. udc.cs'mbsbenchmark.'dist: A03; A03_modcl_mbsml.xml 

Measures: 

tiame Descriplion 

Time^ CPU-time spent by the software to solve the problem 1 in sl. 

2'2
 

Figure 3.27: Specifications for problem A03. 
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Multi-Body Systems Bcnc}unark - Problem Specification 

A04 : Bricard Mechanism 
[ 'OfW-09-30 ] hrtp:!.1im.ii.udc.es'mhsbcnchmark^disdA04: A04_specificañon.xntt 

Dynamic simulation nf the Bricard mechanism 

Amhor: Manucl Gonzálcz Caatro lolu ii^cdf.udc.^, 
tínivcrsidad dc la Cnruñu - Latuirewrio de Ingenieria M^roánica 
Mcndí^atzil s-n, FcTrul, I5403, España. 
http::^: I im. ii. udc.es 

Multibody System Description: 

Thc Brícard mcchanism is a classic cxamplc uf ovcrconstraíned systcm. It ís composed by 5 
rods of 1 m len^th with a uniformly distributed mass of 1 kg, and 6 revotute joints. The system 
is under ^ravity effects (9.R I Nrkg acting in the negative ti direction). 

Griibler formula gives 0 dcgrces-of-frecdom ti^r this mechanísm, but the particular orientation 
of the rcvolutc pairs yiclds a system with 1 dcgrec-of-freedom. 

Analysis Description: 

Thc analysis to bc pcrtórmcd is a dynamic simulation with a duration of 10 s. lnitially, the 
system is at rest in the position shown in thc figurc. 

Reference solution: 

The reference solution for this problem is the time-history of the position of point p3 Lr, r and _ 
coordinates). The maximun allowed emtrs are I.OF-I (low precission) and I.OF.-3 (high 
precissiun). See huw_(g._mce+ure._err..u.r.s fur mure information. 

12
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The following informa[ion is provided: 

1. Time-history of the position of point p3, as uxt data file: A04 solution data.dat 
2. Time-history of the position of point p3, as imaee: 

3. Animation of the system, as AVl movie: A(Y4 solution movie.avi 
4. Referenee solution at the end of the simulation 

Kefcrcncc solution 

Courdinatr Value 

Positiun of.r-coordinate of point p3 QA9265E- l 

Position of r-coordinatc of point p3 -1.(?OOWL+Q 

Posítion of r-conrdinatc of point p3 -7.35105E-4 

Multi-Body System Model: 

A fĵ ll yuanhtative description of the problem is available in NfbsR1L furmat: 

htto: 1im.ii.udc.es.'mbsbcnchmarL dist.:A(34 .40J malcl mbsml.xml 

Measures: 

Units 

m^ 

m^ 

m 

tiamc 

7ime 

rkscription 

CPU-time spent by the software to soh e the problem l in s). 

2'2 

Figure 3.28: Specifications for problem A04. 
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Multi-I3ody Systems Bcnc}unark - Problcm Specification 

A05 : Bicycle 
[ _'004-09-30 ] http:/'Iim.iLudc.es'mbsbcnchnwk'dist/A05: A05_spccification.xml 

Dynamic simulafion of a bic^^cle with rear suspension 

Author: Manucl (ionr6lcz Cactro Ittlo^iicdCudc.^s 
Universidad dr Ia Coruña - Laluir•atorio dc Ingcnicría M^tiánica
 

^lcndi^atrel s-n, Fcrrul, 15403. Es^uf^a.
 

http: ^aim.ii.udc.cs 

Multibody System Description: 

A cyclist is ridine a bícyclc with rcar suspc.rosion on a road wíth a slopc of 6°r^. Thc suspcnsion 
has a stiffness of 73.900 Nim. The system is under gravity effects (9.R1 N/kg). Detailed 
infiirmation atxtut geometry and applied fitrces is available in the rnt^(^el of the multib(xiy 
svstem. 

Analysis Description: 

The analysis to be perfurmed is a dynamic simulation with a duration uf 30 s. 

Reference solution: 

The relérence solution for this problem is the time-history of the position of point pl (x and r 
coordinates) and spring displacement. The maximun allowed crrors are I.OL-1 ( low precissionl 
and I.OE-3 ( high precission). See h^wĵo mcasurĵ çrrors for more information. 

I :'2 
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The following infotmation is provided: 

1. Time-history of the spring displacement. as text data file; AOi solution data.dat 
2. Time-history of the spring displacement. as image: 

4CS h^.:il.^ 

^+_t^: M^ 
---ft:M M^ N 

YJfi 0 ^ 

1^A0 i 

,^^j 
^ / 

wu // ',. 

/
 

. .,. -c . ?vu _'. V 

4'wr a^t - ^^^ u , 

3. Animation of the system, as AVl movie: AOi_..solution_movic.avi 
4. Refercncc solution at the end of the simulation 

Rcfcrencc solution 

Coordinate ^'alue Units 

Position of.r-coordinalc of puint pl 2.1 1429E-3 
^ 

Position of rcoordinate of point pl 1.18^SOli-2 m^ 

Spring displacement -8.48828f:-3 
^ 

Multi-Body System Model: 

A full yuantitativc dcscriptiun of the prublem is availablc in Mb,ML forma[: 

http:' lim.íi.udc.es mbsbenchmarlddisuQ.05;'A05_model_mbaTnl.xml 

Measures: 

Figure 3.29: Specifications for problem A05. 
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3.5 Management of benchmark results 

A problem collection is not enough to build a benchmarking system for MBS 

dynamic simulation. As stated in the introduction of this Chapter, such a system 

must also provide a collaborative, centralized platform to collect, organize and 

share information about performance of different existing methods. This kind of 

platform is essential to publish results in a homogeneous format and to make 

them available to the MBS community. Today the Internet provides a ubiquitous 

platform for connectivity and collaboration, and it should be exploited to 

achieve these goals. 

This Section presents a prototype of a web-based management system for the 

proposed MBS benchmark. With this management system, users can: 

• Submit performance results of a given simulator. These results are stored in 

a centralized database, with detailed information about the simulator used to 

solve the problems. 

• Retrieve performance results stored in the database. Users can run several 

types of queries to get and compare the performance results that have been 

submitted to the database. 

JSP page 

^ ^
 
^^ >^ ^ ^ ^n 
Bro^ser DatabaseBeans 

InternetJintranet 

Web serverwith JSP engine 

Figure 3.30: Overall design of the benchmark web application. 

Users perform these tasks using a conventional web browser, so they do not 

need to install any special software in their computers, and the system is 

accessible from all over the world during all the time. The interface is quite 
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simple and intuitive. All these features contribute to the adoption of the 

benchmarking system by new users. 

The overall design of the system is shown in Fig 3.30. It is made up of three 

software components: 

• A relational database manager. This component holds and manages the 

database where information about simulators and performance results is 

stored. 

• A web-based application. This component is the link between the users and 

the database. It receives, interprets and executes the commands given by 

users through a web browser, and presents results as HTML web pages. 

• A web server. This component serves the web site to the Intemet and 

provides an execution environment for the web application. 

The technologies selected to implement the system have been chosen 

according to two criteria: low cost and ease of use. These features allow a 

simple and cheap deployment of the benchmarking system. 

The selected solution uses MySQL [75] as relational database system; it is 

one of the most popular relational database managers. The web-based 

application has been implemented using Java Beans and JavaServer Pages (JSP) 

[76], two technologies based on the popular Java programming language. The 

selected web server is Apache Web Server, combined with the Tomcat JSP 

server to provide support for the web application [77]. The three components run 

on a Silicon Graphics Octane workstation under the IRIX operational system (an 

iJNIX variant), but they can be installed on any commodity desktop PC running 

under Linux or Windows. This solution can be fully deployed at cost zero (all 

components are freely available), and it is robust and scalable enough to allow a 

future implementation of the proposed prototype as an industrial-strength system 

suitable to be used for production. 

In the following subsections, the database structure and the procedures to 

submit and retrieve results are explained in detail. 
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3.5.1 Results database 

When a user submits performance results measured for a given simulator, all 

the information is stored in the results database. Data are classified into eight 

tables. Table 3.10 shows the database structure and the main fields in each table. 

The first field in each table acts as primary key (or unique identifier), and fields 

in italics are links to other tables. 

Table 3.10: Structure of the relational database for holding benchmark results. The first 
field in each table acts as primary key. Fields in italics are links to primary keys of 
other tables. 

Table Fields 

Problems ProblemID, Name, URL 

Organizations OrganizationID, Name, Adress, City, Country, URL 

Users UserID, OrganizationlD, FirstName, LastName, Email, Password 

ComputerID, OrganizationlD, Nickname, Brand, Model, Motherboard,
Computers 

CPUmodel, CPUnumber, Memory, OSname, PerformanceRatio 

Softwares SoftwareID, Name, Author, URL 

Builds BuildID, SoftwarelD, Version, BuildSystem, BuildOptions, Libraries 

Methods MethodID, SoftwarelD, Name, Coordinates, Formulation, Integrator 

ResultID, ProblemlD, UserlD, ComputerlD, SoftwarelD, BuildlD,
Results 

MethodlD, Tags, IntegrationStep, CPUtime, RelativeError, Comments 

The first table, Problems, holds information about each problem (problem 

name and web-address of its documentation). Tables Organization.s and U.ser.s 

hold contact information about the organizations and persons that submitted 

results to the system (result submission is not anonymous). Table Computers 

holds information about the hardware and operational system of the computer 

used to solve the test problems. In order to compare performance results 

produced in different computers without taking into account the computer 

power, this table also stores the Hardware Performance Ratio of the computer 
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(see Section 3.4.3). Information about the simulation tool is split into three 

tables. Table Softwares holds general information about the software 

implementation (name, author and website). Table Builds holds technical 

information about the software implementation; for commercial codes this 

information is the application version; for non-commercial codes, information 

about source code version, programining language, compiler, optimization flags 

and numerical libraries can be entered. Table Methods holds information about 

the formalism (modeling technique, fonnulation and integrator) used to solve 

the problem. This information is not integrated with the software technical 

description, because the same software can provide several methods. Finally, 

table Results holds the performance results for a particular problem using a 

given combination of computer, implementation ( software and build) and 

method. Fig. 3.31 shows the existing relations among tables. 
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Figwe 3.31: Database tables and relations. 
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3.5.2 Results submission 

Information is submitted to the central database by filling HTML forms from 

a web browser. Results submission is allowed only for registered users. In the 

registration process, users must provide contact information for them and their 

organization (university or company). Before submitting results, users must 

login providing name and password. 

Results submission has three steps (Fig. 3.32). In the first step, the user 

chooses the test problem for which results are to be submitted, and the computer 

and software used to solve it. At the present moment, only problems in group A 

are available. Information about new computers or software systems can be 

entered at this stage. When the user enters information about the computer, the 

Hardware Performance Ratio of that computer must be provided. In the second 

step, the user chooses the build environment for the software and the method 

used to perform the dynamic simulation. Again, information about new build 

environments or methods can be entered. Finally, the user enters the measured 

CPU-time and the reached error (high precision or low precision, as specified in 

the problem documentation). The user can also enter several optional fields: the 

number of integration steps, the error in the obtained solution (measured as 

explained in Section 3.4.3), annotations giving details about how the results 

were obtained, and a tag to allow an easy retrieval of this result in the future 

(results can be filtered by a particular tag value, like "experiment_10"). 

In addition, a user can delete results that were submitted previously. This is 

useful if errors in the procedure to measure performance are detected after the 

results have been submitted, or to update results due to performance gains in the 

simulator. 

3.5.3 Results retrieval and comparison 

Users can retrieve performance results stored in the database. Results 

retrieval is anonymous. Users can run several types of queries to get and 

compare the performance results that have been submitted to the database: 
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Submit Results 
Step 1 of 3 

Problem: ADi - Double Pendulum (spatial) ^j 

Pla[form. {33) - Sihcon Graphics 1 x Intel P4 2400MHz 7 512 Solaris 6 5 
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^^ Ad new 
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Step 2 of 3 

The selected problem ID is A01, platform ID 33 and software ID 2049. c^-^an e] 
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Build: {2) - 11 ^ Ad n w 

Mett^od: {1}-Method 1 ^: Add new 

Next -> 

Step 3 of 3 

The selected problem ID is A01, platform ID 33 and software 1D 2049. 

The build ID is 2 and method ID L ch n ] 

^.han e] 
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Integration 
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Error 
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Figure 3.32: Steps for submitting results. 
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Figure 3.34: Query of performance results: basic query. 



159 3.5. Management of benchmark restilts 

,,. ..,^n^^.^,...^.,,,^., 
.,e,.. ee^ ..^.^ ,.,a^^ ,„d. 

s.w..c..w...r 
c.R.... n.uw a...e.. 
.,^,•, 

: nwiw aw.aa az naowa. •.o m^a^ E^ 
, anc .aw^ .+
 

<a.^. n.r.oel
 

• wnae aw.aa u n.eiee e ^nea w 41
 

Wal
 

i
 

®
 

Iq 

^ IrtenRLMÚ.i. . _... . _.. . . _._._^-^ 

Figure 3.35: Query of performance results: aggregated performance. 

Compare performance of 2 enviorments on problems A00, A01 

S^t^vttae sas^ls as C^. n*^ Ma• OS l^ 3`. ++9slr•91 J9.99+ 

haw an W sa^acbtl a^^^qmNn[a 

Sshw.r^ aeMen Yeaswl craVNer 

a i ^+M.ee s ^ 

Z waMa S Y1D ae^bn Y^ 

"rc aM ^ie 3rJ ^m. sncw C^• t•^^T^an.a H eam _es'lpnawn_ tM!a^T ^vr sn.vs Sse .^^n ^r Cera^'. ^ EaaMnnnse^s I .^-.a.5.. _. 

aMYwMt [.taa1•a 
(\^
 

Ea 

A00 I
 

CaI/b^OZRa as^.^s EMV^^ iaa•s^l^yli ̂ w^W - W Ms^.^^t OâM]OM sl.Zf ^ 

Figure 3.36: Query of performance results: aggregated performance. 



160 Chapter 3. Benchmarking of MBS simulation codes 

• Basic query shows all the results submitted for a test problem. Information is 

presented in tabular form and in graphical form using a bar graph (Fig. 

3.34). The bar length represents the Software Performance Ratio of each 

simulator. 

• Aggregated performance shows the aggregated performance of different 

simulators for a selected set of problems. As in the previous query, 

information is presented in tabular form and in graphical form using a bar 

graph (Fig. 3.35). The bar length represents the average Software 

Performance Ratio of each simulator over the selected problems, and the bar 

color represents the percentage of problems that can be solved by that 

simulator. 

• Compare two simulators shows the average performance of two selected 

simulators over a given range of problems (Fig. 3.36). 

In all types of queries, filters can be applied to restrict the result range: the 

iilters can be applied on any of the database fields showed in Table 3.10. In 

addition, detailed information about a particular result can be examined, 

including author contact information. 

3.6 Application to ADAMS 

In order to test the validity of the proposed benchmark, it was applied to 

measure the performance of the commercial MBS simulation tool 

ADAMS/Solver [38]. ADAMS/Solver is distributed in two forms: as an 

independent analysis tool, and integrated into some CAD/CAE/CAM suites like 

I-DEAS (available at University of A Coruña). This software provides a wide 

range of dynamic simulation methods and it is the most popular MBS simulation 

tool, with more than 50% of the market share. The performance results 

generated from these tests can be used as a baseline for future comparisons of 

other MBS analysis codes. 
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Table 3.11: Available formulations in ADAMS/Solver. 

Solver language F77 C++ 

ADAMS version v.l l v.12 v.2003 v.l l v.12 v.2003 

GSTIFF - I3 

WSTIFF 13 I3 _ SI2 
ó S^ SI2 
á CONSTANT BDF_ SI1 - - -
dn 
.^ DSTIFF - - -
a 
~ ABAM CP 

CP - - -
RKF45 - - - -

ADAMS has two solvers: the Fortran 77 solver and the new C++ solver. 

They provide several formulations and integrators: the possible combinations 

are shown in Table 3.11. Six integrators aze available. Four of them (GSTIFF, 

WSTIFF, CONSTANT_BDF and DSTIFF) aze stiff, variable-order, variable

step, multi-step integrators based on Backwazd-Difference Formulae (BDF) and 

use a predictor-corrector scheme. The default integrator is GSTIFF, based on the 

DIFSUB integrator developed by Geaz [78]. It uses Taylor's series to perform 

the prediction and constant BDF coefficients, calculated by assuming that the 

step size of the model is mostly constant. WSTIFF uses Newton Divided 

Differences to perform the prediction and its BDF coefficients are function of 

the integrator step size. DSTIFF is based on the DASSL integrator written by 

Petzold [79]. CONSTANT_BDF is a modification of the DIFSUB integrator, to 

make it behave like a stable, fixed-step integrator. ABAM and RKF45 aze non

stiff, variable-order, variable-step integrators that use coordinate partitioning 

(CP) to reduce the system of differential algebraic equations (DAE) to a 

condensed set of ordinary differential equations (ODE). ABAM (Adams 

Bashforth-Adams Moulton) is a multi-step integrator based on a code originally 

written by Shampine and Gordon [80]. RKF45 (Runge-Kutta-Fehlberg 4-5) is a 

single-step integrator that is based on DDERKF integrator, originally 

implemented by Watts and Shampine [81 ]. Three formulations are available: I3 

(index-3 formulation), SI2 (stabilized-index two) and SI1 (stabilized-index one). 
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Detailed information about them can be found in the ADAMS/Solver User's 

Guide. 

Several experiments were carried out using the proposed benchmark: (a) 

formulation and integrator comparison, (b) solver version comparison, (c) solver 

language comparison, and (d) hardware comparison. These experiments and its 

results are described in the following subsections. 

3.6.1 Formulation and integrator comparison 

In this experiment, all test problems in group A were solved to measure CPU

times for low and high precision levels, following the benchmark specifications. 

Simulations were performed using different combinations of integrators and 

formulations under ADAMS/Solver version 12, Fortran language. 

Work-precision diagrams like the one shown in Fig. 3.21 were generated for 

each problem, and results for low and high precision levels are shown in Table 

3.12 and Table 3.13. The lowest CPU-time in each problem is highlighted with 

bold font. If the lower precision obtained with a method is higher than the 

required precision, its CPU-time is between parentheses. Fig. 3.37 shows the 

best CPU-time for each problem, and Fig. 3.38 shows results for problem A03. 

For low precision, two combinations of integrator and formulation 

(GSTIFF+I3, the default method, and WSTIFF+I3) are the fastest methods. For 

high precision, the ABAM integrator wins in difficult cases, like problems A01 

and A03. Results show that problem A05 can be solved easily with all tested 

methods, and some methods reach accuracies even higher than the high 

precision level. This suggests that A05 is not a good candidate for a test 

problem, and should be retired from the benchmark collection. On the other 

hand, problem A01 appears to be one of the most difficult ones from the 

collection. 
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Table 3.12: CPU-time ( s) for different simulation methods (low precision, error < 10^'). 

Problem A00 A01 A02 A03 A04 A05 

GSTIFF + I3 0.38 - 0.68 2.61 0.48 (3.35) 

GSTIFF + SI2 0.47 - 1.22 2.52 (28.40) (5.16) 

GSTIFF + SI1 0.47 - - 2.56 2.15 (5.16) 

WSTIFF + I3 0.41 1.19 0.78 1.39 0.61 (3.38) 

WSTIFF + SI2 0.52 1.58 1.12 2.80 0.91 (5.45) 

WSTIFF + SI1 0.56 1.72 - 2.84 - (5.50) 

CONSTANT BDF + I3 90.33 - 34.10 - 37.45 1.68 

CONSTANT BDF + SI2 2.73 33.57 - 4.87 - 2.72 

CONSTANT BDF + SI1 2.82 33.93 - 5.50 45.73 2.72 

ABAM (1.63) 1.50 2.07 2.58 - (6.83) 

RKF45 0.87 3.47 (3.27) 3.79 1.51 (7.12) 

Succeeding methods 100% 64% 64% 91% 73% 100% 

Table 3.13: CPU-time (s) for different simulation methods (high precision, error < 10-3). 

Problem A00 A01 A02 A03 A04 A05 

GSTIFF + I3 0.72 - 0.88 - 0.50 335 

GSTIFF + SI2 0.65 - 1.28 - 28.40 5.16 

GSTIFF + SI1 0.61 - - - - 5.28 

WSTIFF + I3 0.55 - 0.76 - 0.65 (3.38) 

WSTIFF + SI2 0.69 - 1.16 4.80 0.92 (5.45) 

WSTIFF + SI1 1.28 - - 4.97 - (5.50) 

CONSTANT BDF + I3 - - 47.09 - - 3.72 

CONSTANT BDF + SI2 - - - - - 6.19 

CONSTANT BDF + SI1 - - - -  6.17 

ABAM 1.63 1.72 - 3.56 - (6.83) 

RKF45 1.66 8.52 3.27 8.42 2.83 7.12 

Succeeding methods 73% 18% 55% 36% 45% ] 00% 
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Figure 3.37: Best CPU-time for each problem. 
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Figure 3.38: CPU-times for problem A03. 
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Results also show that, except for problem A04, the winner methods for low 

and high precision levels are different. In these cases, the work-precision curves 

for both methods have an intersection point (Fig 3.39). This fact shows the 

importance of specifying the required accuracy when comparing the 

computational efficiency of different simulation methods. In some cases, the 

CPU-time has a week dependency from the precision, but in other cases the 

CPU-time increases by a factor greater than 2 when moving from low precision 

to high precision (Fig. 3.38). 

♦ 

Precision 

Figure 3.39: Work-precision diagram with intersecting curves. 

3.6.2 Solver version comparison 

In this experiment, three Fortran solver versions were compared using 

problem A03. Results for different simulation methods are shown in Table 3.14. 

The lowest CPU-time in each version is boldfaced. 

Results show a significant improvement in the robustness of available 

methods in version 12: with version 11, only 45% of the methods could reach 

the required precision, but with version 12, 91% of the methods succeeded. 

There is also a constant performance improvement for the fastest method, the 

combination of WSTIFF integrators with the I3 formulation (Fig. 3.40). 

However, other methods suffer important performance degradations (WSTIFF 

+ SI2) or variations (CONSTANT_BDF + SI2). These effects are probably 

caused by optimizations applied in the program implementation (better 
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algorithms, compilers, etc.): a given optimization may increase the performance 

of some methods and decrease the performance of others. Of course, it is evident 

from the results that developers concentrate efforts in improving the methods 

that perform best for most cases, like WSTIFF+I3. 

Table 3.14: CPU-time (s) for different solver versions (problem A03, low precision). 

ADAMS version (Fortran) 11 12 2003
 

GSTIFF + I3 - 2 .61 2.62
 

GSTIFF + SI2 2.96 2 .52 2.41
 

GSTIFF + SI1 - 2 .56 2 .38
 

WSTIFF + I3 1.49 1 .39 1.34 

WSTIFF + SI2 1.50 2 .81 2.71 

WSTIFF + SI1 - 2 .84 2.69 

CONSTANT BDF + I3 - - -

CONSTANT BDF + SI2 4.2 8 4 .87 4.00 

CONSTANT BDF + SI1 - 5 .50 4.19 

ABAM 2.82 2 .58 2 .55 

RKF45 - 3 .79 3.73 

Speed-up (best method) 6,7% 1 0,1%
 

Methods that can reach the precision level 45% 9 1 % 91 %
 

---------^
 

1,25 

v.l 1 v.12 v.2003 

Figure 3.40: Best CPU-time for each solver version (problem A03, low precision). 
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3.6.3 Solver language comparison 

In this experiment, the Fortran and C++ versions of the solver were compared 

using problem A03. The original ADAMS/Solver is programmed in Fortran 77 

language and has been enhanced during the past thirty years. The additional 

functionality has raised the complexity of the solver such that its data structures 

and top down design are impeding further development and maintenance. Since 

the late 1990s, ADAMS developers are working on a new solver version 

implemented in C++ language. The C++ solver takes full advantage of the 

object-oriented programming paradigm, and it is expected that development 

time and maintenance costs will be reduced. The C++ solver was first released 

in ADAMS version 12 and its capabilities are not yet comparable with the old 

Fortran version, but in the future the development activity on the Fortran solver 

will be reduced in favor of the more extensible C++ Solver [82]. 

Results for different simulation methods are shown in Table 3.1 S and Fig. 

3.41. The lowest CPU-time in each version is in bold font. 

Table 3.15: CPU-time (s) for different solver versions (problem A03, low precision). 

ADAMS version 12, F77 12, C++ 2003, F77 2003, C++ 

GSTIFF + I3 2.61 3.32 2.62 2.65 

GSTIFF + SI2 2.52 3.40 2.41 2.69 

WSTIFF + I3 1.39 2.41 1.34 1.87 

WSTIFF + SI2 2.81 4.07 2.71 3.45 

Speed-up in fastest method (C++ vs. F77) - -40.0% -13.2% 

The new C++ solver, released in version 12, is slower than the traditional 

Fortran 77 (F77) solver, but its performance is improving at a much higher rate. 

Results confirm the policy of ADAMS developers, who are moving from 

Fortran to C++ to gain flexibility and ease of use [82]. While the difference 

between both solvers was a 40% in version 11, in version 2003 it is only a 13%. 

If results are extrapolated, the C++ solver could reach the Fortran solver in the 

next release. 
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Figure 3.41: Best CPU-time for different solver versions (problem A03, low precision). 

3.6.4 Hardware comparison 

In this experiment, the performance was measured using two different 

computers. The characteristics of the computers are described in Table 3.16. 

Problem A03 was solved using different simulation methods on both computers 

using ADAMS/Solver version 2003 (Fortran), and results are shown in Table 

3.17. 

Table 3.16: Computer characteristics 

Computer name Characteristics 

P4 
1 x Intel Pentium IV 1700 MHz processor, ASUS P4T-E motherboard 
with 256 MB RDRAM 400 MHz, Microsoft Windows 2000 Pro. 

DUAL 
2 x AMD Athlon XP1600+ processors, Tyan Tiger MP motherboard 
with 256 MB registered DDR 266 MHz, Microsoft Windows 2000 Pro. 

Results reveal that the simulation performance in the computer equipped with 

two CPUs is only slightly higher than the performance in the single-CPU 

computer. This fact demonstrates that ADAMS/Solver code is not parallelized, 

and therefore cannot take advantage of multi-processor computers. Fig. 3.41 

shows the CPU usage history in this machine during the simulations: the work
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load oscillates in both processors, but in overall only 50% of the computer 

power is used. 

Table 3.17: CPU-time ( s) for different computers (problem A03, low precision) 

Hardware P4 DUAL Difference 

GSTIFF + I3 2.62 2.27 13 % 

GSTIFF + SI2 2.41 2.11 12 % 

GSTIFF + SI1 2.38 2.15 10 % 

WSTIFF + I3 1.34 1.20 10 % 

WSTIFF + SI2 2.71 2.36 13 % 

WSTIFF + SI1 2.69 2.36 12 % 

CONSTANT BDF + I3 - - -

CONSTANT BDF + SI2 4.00 3.49 13 % 

CONSTANT BDF + SI1 4.19 3.51 16 % 

ABAM 2.55 2.19 14 % 

RKF45 3.73 3.21 14 % 

Figure 3.42: CPU usage of ADAMS/Solver in a dual-CPU computer. 

The Hardware Performance Ratio (H.P.R.) of both computers was measured 

using the method proposed in Section 3.4.3, and then the Software Performance 

Ratio (S.P.R.) of the method WSTIFF+I3 for problem A03 was evaluated 

according to Eq. (3.18). Results are shown in Table 3.18. 
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Table 3.18: Software Performance Ratio of inethod WSTffF+I3 for problem A03. 

Computer name H.P.R. CPU-time (s) S.P.R. 

P4 3.23 1.34 0.035 

DUAL 2.30 1.20 0.054 

The H.P.R. of the computer equipped with the Pentium IV CPU, "P4", is 

40% higher than the H.P.R. of the computer equipped with the dual AMD 

Athlon CPUs, "DUAL", but the CPU-time of the DUAL computer are a 10% 

lower than the corresponding time of the P4. As a result, S.P.R. of the same 

simulation software changes significantly from one computer to other. These 

results may seem contradictory, but they can be justified using Fig. 3.5. 

As explained in Section 3.4.3, the H.P.R. is measured by solving a dynamic 

simulation of a road vehicle using a custom solver. The vehicle is modelized in 

natural coordinates, and the solver implements an index-3 formulation; this 

formalism leads to an algorithm that operates with several vectors and matrices 

(some of them sparse) of dimension 150. With this data size, during the dynamic 

simulation the CPU operates on the right side of Fig. 3.5, where the P4 computer 

outperforms the DUAL computer. On the other hand, problems in group A are 

quite small, so they lead to vectors and matrices of very small dimension, and 

the CPU operates on the left side of Fig. 3.5, where the DUAL computer 

performs better than the P4 computer. This is the reason why P4 needs more 

time for solving problems in group A, despite having a higher H.P.R. than 

DUAL. Results in Table 3.18 demonstrate that the performance of a given MBS 

simulation software at solving a particular problem heavily depends on the used 

computer architecture. 

To be fair, the H.P.R. should be evaluated for each problem in the benchmark 

using Eq. (3.19), but this is not possible yet due to the lack of a generic 

reference solver that can handle all kinds of problems. 
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3.7 Conclusions and future work 

This chapter presented a review of the benchmarking activities developed in 

MBS dynamic simulation and other related fields, showing that performance 

benchmarking is not a standardized practice in this field. Factors that contribute 

to the computational efficiency of a MBS dynamic simulator were identified and 

described, and three deliverables were generated: 

• Benchmark for MBS dynamics. The structure of the benchmark problem 

collection was defined, and several test problems were proposed. A 

procedure to measure the computational efficiency of a simulator in a 

comparable way was described. For problems included in the group "Basic 

Problems", documentation and reference solutions were generated. For one 

out of the five complex problems included in the group "Industrial 

Applications", a model was build and solved successfully, obtaining very 

good agreement with the published results. 

• Web-based management system for benchmark results. This prototype 

demonstrator allows to store benchmark results in a relational database and 

manage them using a friendly web interface. From a web browser, users can 

submit results to the database and retrieve submitted results to compare the 

performance of different simulators. Information is presented in an intuitive, 

graphical form. The system can be used locally, to monitor progress of a 

given simulation tool during its development cycle, or globally, to compare 

commercial and academic simulators developed by geographically distant 

teams. 

• Evaluation of ADAMS/Solver performance. This study used the "Basic 

Problems" group to measure the performance of different simulation 

methods available in the commercial product ADAMS/Solver. Since this 

tool is the market leader, results can be used as a baseline for future 

comparisons. All problems except one (it will be replaced with a diffetent 

problem) were able to reach the limits of some methods, and therefore they 

can be considered good benchmark problems. Experiments also 

demonstrated that computational efficiencies measured under different 

accuracy requirements are not comparable. In addition, it was found that 



172 Chapter 3. Benchmarking of MBS simulation codes 

ADAMS code is not parallelized and therefore does not take advantage of 

multi-processor computers. 

In relation to the benchmark for MBS dynamics, some guidelines for future 

work are: 

• To obtain good reference solutions in numerical form for problems in group 

"Industrial Applications". Due to the complexity of these problems, this task 

requires the use of several simulation tools and the participation of several 

teams, to ensure that the problem specification is unambiguous. 

• To define new groups of "Basic Problems" to benchmark simulator 

performance when dealing with other phenomena like flexibility, contact, 

impacts, etc. Some good test problems of these types have been proposed 

during the last years: reference solutions must be obtained and standardized 

problem documentation must be generated. 

In relation to the web-based management system for benchmark results, some 

guidelines for future work are: t 

• To find a better way to compare the performance of different simulators over 

a selected set of problems. Currently, this is done in the aggregated 

performance query by averaging the S.P.R. of every simulator for the 

selected problems. Since the S.P.R. values can be of very different 

magnitudes, a simple average is not enough to compare overall performance. 

• To develop software tools to automate the benchmarking procedure. Some 

tasks that should be automated are: (a) the evaluation of the error in a given 

solution compared with the reference solution (this goal requires a standard 

data format for simulation results); and (b) the submission of results to the 

central database, avoiding the manual work of filling HTML forms. In this 

way, developers of MBS simulation software could use the benchmarking 

system to control the quality and monitor the improvements in every new 

release: without human intervention, all problems in the benchmark would 

be solved and performance results would be computed and submitted to the 

central database automatically. In few minutes, developers would get an 

overall view of the performance of the new software release. 
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In relation to the evaluation of ADAMS/Solver performance, similar 

evaluations should be conducted with other commercial MBS simulation tools, 

especially for problems in group "Industrial Applications". Results would be of 

great value for industrial users of these tools. 

3.8 References 

[1] Haug, E., 1993, "High Speed Multibody Dynamic Simulation and Its 
Impact on Man-Machine Systems," in Advanced multibody system 
dynamics: simulation and software tools, W.Schiehlen (ed.), pp. 1-18. 

[2] García de Jalón, J., and Bayo, E., 1994, Kinematic and Dynamic 
Simulation of Multibody Systems - The Real-Time Challenge, Springer-
Verlag, New York. 

[3] Cuadrado, J., Cardenal, J., and Morer, P., 1997, "Modeling and 
Solution Methods for Efficient Real-Time Simulation of Multibody 
Dynamics," Multibody System Dynamics, 1(3), pp. 259-280. 

[4] Bae, D. S., Lee, J. K., Cho, H. J., and Yae, H., 2000, "An Explicit 
Integration Method for Realtime Simulation of Multibody Vehicle 
Models," Computer Methods in Applied Mechanics and Engineering, 
187(1-2), pp. 337-350. 

[5] García Orden, J. C., and Goicolea, J. M., 2000, "Conserving Properties 
in Constrained Dynamics of Flexible Multibody Systems," Multibody 
System Dynamics, 4(3), pp. 225-244. 

[6] Anderson, K. S., and Critchley, J. H., 2003, "Improved 'Order-N' 
Performance Algorithm for the Simulation of Constrained Multi-Rigid-
Body Dynamic Systems," Multibody System Dynamics, 9(2), pp. 185
212. 

[7] Cuadrado, J., Gutierrez, R., Naya, M. A., and Morer, P., 2001, "A 
Comparison in Terms of Accuracy and Efficiency Between a MBS 
Dynamic Formulation With Stress Analysis and a Non-Linear FEA 
Code," International Journal for Numerical Methods in Engineering, 
51(9), pp. 1033-1052. 



174 Chapter 3. Benchmarking of MBS simulation codes 

[8] Cuadrado, J., Dopico, D., Gonzalez, M., and Naya, M., 2004, "A 
Combined Penalty and Recursive Real-Time Formulation for 
Multibody Dynamics," Journal of Mechanical Design, 126(4), pp. 602
608. 

[9] Schiehlen, W., 1997, "Multibody System Dynamics: Roots and 
Perspectives," Multibody System Dynamics, 1(2), pp. 149-188. 

[10] W.Schiehlen (ed.), 1990, Multibody Systems Handbook, Springer-
Verlag, Dordrecht. 

[ 11 ] Sharp, R. S., and Kortiim, W., 1991, "Report on the Herbertov 
Workshop on Multibody Systems Applications to Problems in Vehicle 
Dynamics," Vehicle System Dynamics, 20(1), p. 56. 

[ 12] Kortum, W., and Sharp, R. S., 1991, "A Report on the State-Of-Affairs 
on Application of Multibody Computer Codes to Vehicle System 
Dynamics," Vehicle System Dynamics, 20(3-4), pp. 177-184. 

[13] Kortum, W., 1993, "Review of Multibody Computer Codes for Vehicle 
System Dynamics," Vehicle System Dynamics, 22, pp. 3-31. 

[14] Kortum, W., and Sharp, R. S., 1993, Multibody Computer Codes in 
Vehicle System Dynamics, Swets and Zeitlinger Publishers. 

[ 15] Tregenza, J. E., and Anderson, R. J., 1990, "Iltis Data Package," 
DL/SPEC/90/1, Dep. of Mechanical Engineering, Queen's University, 
Kingston, Ontario, Canada. 

[ 16] Anderson, R. J., 1990, "Iltis Benchmark Proposal," Dep. of Mechanical 
Engineering, Queen's University, Kingston, Ontario, Canada. 

[ 17] Hiller, M., and Frik, S., 1993, "Road Vehicle Benchmark 2- Five-Link 
Suspension," Vehicle System Dynamics, 22(suppl.issue), pp. 254-262. 

[ 18] Quirt, R. C., and Anderson, R. J., 1992, "Comparisons of A Linear 
With A Nonlinear Multibody Simulation of An Off-Road Vehicle," 
Vehicle System Dynamics, 20, pp. 490-503. 



175 3.8. References 

[ 19] Langlois, R. G., Hanna, D. M., and Anderson, R. J., 1992, 
"Implementing Preview Control on An Off-Road Vehicle With Active 
Suspension," Vehicle System Dynamics, 20, pp. 340-353. 

[20] Schiehlen, W., 1992, "Prospects of the German Multibody System 
Research-Project on Vehicle Dynamics Simulation," Vehicle System 
Dynamics, 20, pp. 537-550. 

[21 ] Cuadrado, J., Cardenal, J., Morer, P., and Bayo, E., 2000, "Intelligent 
Simulation of Multibody Dynamics: Space-State and Descriptor 
Methods in Sequential and Parallel Computing Environments," 
Multibody System Dynamics, 4(1), pp. 55-73. 

[22] Schwab, A. L., and Meijaard, J. P., 1999, "Dynamics of Flexible 
Multibody Systems Having Rolling Contact: Application of the Wheel 
Element to the Dynamics of Road Vehicles," Vehicle System 
Dynamics, 33, pp. 338-349. 

[23] Schumann, A. R., and Anderson, R. J., 2002, "Optimal Control of an 
Active Anti Roll Suspension for an Off-Road Utility Vehicle Using 
Interconnected Hydragas Suspension Units," Vehicle System 
Dynamics, 37, pp. 145-156. 

[24] von Schwerin, R., 1999, Multibody System Simulation: Numerical 
Methods, Algorithms and Software, Springer-Verlag. 

[25] Minaker, B., and Anderson, R. J., 1999, "Modelling the Dynamics of a 
Vehicle With Active Geometry Suspension," Vehicle System 
Dynamics, 33, pp. 716-727. 

[26] Rodríguez, L, 2000, "Análisis Eficiente De Mecanismos 3D Con 
Métodos Topológicos y Tecnología De Componentes En Internet," 
Ph.D. Dissertation, Universidad de Navarra, San Sebastián, Spain. 

[27] Simeon, B., 1996, "On the Numerical Solution of a Wheel Suspension 
Benchmark Problem," Joumal of Computational and Applied 
Mathematics, 66(1-2), pp. 443-456. 

[28] Iwnicki, S., 1998, "Manchester Benchmarks for Rail Vehicle
 
Simulation," Vehicle System Dynamics, 30(3-4), pp. 295-313.
 



176 Chapter 3. Benchmarking of MBS simulation codes 

[29] Iwnicki, S., 1999, "The Manchester Benchmarks for Rail Vehicle 
Simulation," Vehicle System Dynamics, 31, p. 1. 

[30] Rail Technology Unit, Manchester Metropolitan University, 1998, 
"The Manchester Benchmarks for Rail Vehicle Simulation," 
http://www. sci-eng.mmu. ac.uk/rtu/. 

[31 ] Bayo, E., and Avello, A., 1994, "Singularity-Free Augmented 
Lagrangian Algorithms for Constrained Multibody Dynamics," 
Nonlinear Dynamics, 5(2), pp. 209-231. 

[32] Jahnke, M., Popp, K., and Dirr, B., 1993, "Approximate Analysis of 
Flexible Parts in Multibody Systems Using the Finite Element 
Method," W.Schiehlen (ed.), Kluwer Academic Publishers, Dordrecht, 
Netherlands, pp. 237-256. 

[33] Simeon, B., 2001, 'Tlumerical Analysis of Flexible Multibody 
Systems," Multibody System Dynamics, 6(4), pp. 305-325. 

[34] Schaub, M., and Simeon, B., 2002, "Automatic H-Scaling for the 
Efficient Time Integration of Stiff Mechanical Systems," Multibody 
System Dynamics, 8(3), pp. 329-345. 

[35] Bauchau, O. A., and Theron, N. J., 1996, "Energy Decaying Scheme 
for Non-Linear Beam Models," Computer Methods in Applied 
Mechanics and Engineering, 134(1-2), pp. 37-56. 

[36] Bauchau, O. A., and Bottasso, C. L., 1999, "On the Design of Energy 
Preserving and Decaying Schemes for Flexible, Nonlinear Multi-Body 
Systems," Computer Methods in Applied Mechanics and Engineering, 
169(1-2), pp. 61-79. 

[37] Bottasso, C. L., Borri, M., and Trainelli, L., 2001, "Integration of 
Elastic Multibody Systems by Invariant Conserving/Dissipating 
Algorithms. II. Numerical Schemes and Applications," Computer 
Methods in Applied Mechanics and Engineering, 190(29-30), pp. 
3701-3 733. 

[38] MSC.Software Corporation, 2004, "ADAMS," 
http://www.mscsoftware. com/. 



177 3.8. References 

[39] 2000, "EUROSIM," http://eurosim.tuwien.ac.at/eurosim/. 

[40] 2000, "ARGESIM," http://www.ar es^g_/. 

[41] 2004, "NAFEMS," http://www.nafems.org_/. 

[42] Freitas, C. J., 1995, "Perspective: Selected Benchmarks From 
Commercial CFD Codes," Journal of Fluids Engineering, 117(2), pp. 
208-218. 

[43] Horvat, A., Kljenak, I., and Marn, J., 2001, "On Incompressible 
Buoyancy Flow Benchmarking," Numerical Heat Transfer Part B-
Fundamentals, 39(1), pp. 61-78. 

[44] Hillier, R., Boyce, R. R. et al. 2003, "Development of Some 
Hypersonic Benchmark Flows Using CFD and Experiment," Shock 
Waves, 12(5), pp. 375-384. 

[45] Hairer, E., Nersett, S. P., and Wanner, G., 1987, Solving Ordinary 
Differential Equations I. NonstiffProblems, Springer-Verlag. 

[46] Hairer, E., and Wanner, G., 1991, Solving Ordinary Differential 
Equation.s II. Stiff and Di^erential-Algebraic Problems, Springer-
Verlag. 

[47] Enright, W., and Pryce, J., 1987, "Two FORTRAN Packages for 
Assessing Initial Value Methods," ACM Transactions on Mathematical 
Software, 13(1), pp. 1-27. 

[48] Hairer, E., 2002, "Testset of Stiff ODEs," 
http: //www.uni ge.ch/math/folks/hairer/testset/testset. html. 

[49] Lionen, W. M., de Swart, J. J. B., and van der Veen, V. A., 1996, "Test 
Set for IVP Solvers," Report NM-R9615, CWI, Amsterdam. 

[50] Mazzia, F., and Iavernaro, F., 2003, "Test Set for Initial Value Problem 
Solvers," Report 40, Department of Mathematics, University of Bari, 
Italy. 



178 Chapter 3. Benchmarking of MBS simulation codes 

[51 ] Mazzia, F., 2003, "Test Set for Initial Value Problem Solvers," 
http://pita^ora. dm.uniba. it/^testset/. 

[52] Nowak, U., and Gebauer, S., 1997, "A New Test Set for Ordinary 
Differential Equation Solvers," Preprint SC 97-68, Konrad-Zuse-
Zentrum fiir Informationstechnik, Berlin. 

[53] Nowak, U., Gebauer, S., Jurkschat, H., Púhle, U., and Weimann, L., 
1999, "ODELab," http://newton.zib.de:8001/public/odelab/. 

[54] Dongarra, J. J., 1988, "The Linpack Benchmark - An Explanation," 
Lecture Notes in Computer Science, 297, pp. 456-474. 

[55] Dongarra, J. J., Luszczek, P., and Petitet, A., 2003, "The LINPACK 
Benchmark: Past, Present and Future," Concurrency and Computation-
Practice & Experience, 15(9), pp. 803-820. 

[56] Dixit, K. M., 1991, "The Spec Benchmarks," Parallel Computing, 
17(10-11), pp. 1195-1209. 

[57] Standard Performance Evaluation Corporation, 2005, "SPEC," 
http://www. spec .org/. 

[58] Theurich, G., Anson, B., Hill, N. A., and Hill, A., 2001, "Making the 
Fortran-to-C Transition: How Painful Is It Really?," Computing in 
Science & Engineering, 3(1), pp. 21-27. 

[59] Cary, J. R., Shasharina, S. G., Cummings, J. C., Reynders, J. V. W., 
and Hinker, P. J., 1997, "Comparison of C++ and Fortran 90 for 
Object-Oriented Scientific Programming," Computer Physics 
Communications, 105(1), pp. 20-36. 

[60] Bull, J. M., Smith, L. A., Ball, C., Pottage, L., and Freeman, R., 2003, 
"Benchmarking Java Against C and Fortran for Scientific 
Applications," Concurrency and Computation-Practice & Experience, 
15(3-5), pp. 417-430. 

[61 ] Almasi, G., and Padua, D., 2002, "MaJIC: Compiling MATLAB for 
Speed and Responsiveness," Acm Sigplan Notices, 37(5), pp. 294-303. 



179 3.8. References 

[62] Becker, C., Kilian, S., and Turek, S., 1999, "Consequences of Modern 
Hardware Design for Numerical Simulations and Their Realization in 
FEAST," Euro-Par'99, Parallel Processing, Sth International Euro-Par 
Conference, Proceedings (Lecture Notes in Computer Science 
Vo1.1685), pp. 643-650. 

[63] Yu, J. S. K., and Yu, C. H., 2002, "Recent Advances in PC-Linux 
Systems for Electronic Structure Computations by Optimized 
Compilers and Numerical Libraries," Journal of Chemical Information 
and Computer Sciences, 42(3), pp. 673-681. 

[64] Whaley, R. C., Petitet, A., and Dongarra, J. J., 2001, "Automated 
Empirical Optimizations of Software and the ATLAS Project," Parallel 
Computing, 27(1-2), pp. 3-35. 

[65] Aberdeen, D., and Baxter, J., 2001, "Emmerald: a Fast Matrix-Matrix 
Multiply Using Intel's SSE Instructions," Concurrency and 
Computation Practice & Experience, 13(2), pp. 103-119. 

[66] Valsalam, V., and Skjellum, A., 2002, "A Framework for High-
Performance Matrix Multiplication Based on Hierarchical 
Abstractions, Algorithms and Optimized Low-Level Kernels," 
Concurrency and Computation Practice & Experience, 14(10), pp. 805
839. 

[67] Chin Sim, L., Leedham, G., Chin Jian, L., and Schroder, H., 2003, 
"Fast Solution of Large N* N Matrix Equations in an MIMD-SIMD 
Hybrid System," Parallel Computing, 29(11-12), pp. 1669-1684. 

[68] Eichberger, A., Fuhrer, C., and Schwertassek, R., 1993, "The Benefits 
of Parallel Multibody Simulation and Its Application to Vehicle 
Dynamics," Advanced multibody system dynamics: simulation and 
software tools, pp. 107-126. 

[69J Fisette, P., and Peterkenne, J. M., 1998, "Contribution to Parallel and 
Vector Computation in Multibody Dynamics," Parallel Computing, 
24(5-6), pp. 717-728. 

[70] Duan, S., and Anderson, K. S., 2000, "Parallel Implementation of a 
Low Order Algorithm for Dynamics of Multibody Systems on a 



180 Chapter 3. Benchmarking of MBS simulation codes 

Distributed Memory Computing System," Engineering with 
Computers, 16(2), pp. 96-108. 

[71 ] Quaranta, G., Masarati, P., and Mantegazza, P., 2002, "Multibody 
Analysis of Controlled Aeroelastic Systems on Parallel Computers," 
Multibody System Dynamics, 8(1), pp. 71-102. 

[72] Good, C., and McPhee, J., 1999, "Dynamics of Mountain Bicycles 
With Rear Suspensions: Modeling and Simulation.," Sports 
Engineering, 2, pp. 129-143. 

[73] Guest, S. D., and Pellegrino, S., 1996, "A New Concept for Solid 
Surface Deployable Antennas," Acta Astronautica, 38(2), pp. 103-113. 

[74] Frik, S., Leister, G., and Schwartz, W., 1993, "Simulation of the 
IAVSD Road Vehicle Benchmark Bombardier Iltis With Fasim, 
Medyna, Neweul and Simpack," Vehicle System Dynamics, 22, pp. 
215-253. 

[75] MySQL AB, 2005, "MySQL," http://www.mysql.com/. 

[76] Sun Microsystems, Inc., 2005, "JavaServer Pages Technology," 
http://j ava. sun.com/products/1sp/. 

[77] The Apache Software Foundation, 2004, "Apache HTTP Server 
Project," http://httpd.apache.org/. 

[78] Gear, C. W., 1971, Numerical Initial Value Problems in Ordinarv 
Differential Equation.s, Prentice-Hall, New Jersey. 

[79] Brenan, K. E., Campbell, S. L., and Petzold, L. R., 1989, Numerical 
Solution of Initial Value Problems in Differential-Algebraic Equations, 
Elsevier. 

[80] Shampine, F. L., and Gordon, M. K., 1974, Computer Solutions of 
Ordinary Differential Equation.s, W.H. Freeman and Co. 

[81 ] Watts, H. A., and Shampine, F. L., 1979, "DEPAC - Design of a User 
Oriented Package of ODE Solvers," Report SAND-79-2374, Sandia 
Laboratories, Albuquerque, New Mexico. 



181 3.8. References 

[82] Óttarsson, G., 2001, "Introduction to the ADAMS C++ Solver," 1óth 
European ADAMS User Conference, Berchtesgaden, Germany. 



Chapter 4. 

An open MBS simulation suite 

4.1 Introduction 

As explained in Chapter l, research on multibody system dynamics is closely 

related to software development: the product of research is often a software 

system embedding the new developed capabilities. The steps followed in this 

research process were shown in Fig. 1. L Chapter 2 proposed a solution to share 

data processed by these software systems, and Chapter 3 proposed a solution to 

compare their performance. But the task that consumes most of the resources is 

the implementation of such software systems. 

A software system for MBS simulation can become rather complex. Even the 

most basic MBS research tool must provide the following modules: 

• A library of reusable MBS components. At least rigid bodies, several kinds 

of joints and external applied forces should be supported. The library can be 

extended with additional constraints, spring-damper elements, flexible 

bodies, etc. 

• Tools to formulate the equations of the system for different kinds of 

analyses. At least initial position analysis, kinematics and forward dynamics 

should be supported. More advanced MBS simulation tools also support 

static equilibrium analysis, inverse dynamics or optimization. 

• A library of numerical algorithms to solve the generated equations: methods 

for linear algebra (LU factorization, Cholesky factorization, etc.), methods 



184 Chapter 4. An open MBS .simulation suite 

for non-linear algebra (Newton-Raphson and its variants), integrators for 

DAE or ODE, etc. 

Most research teams working on MBS simulation implement proof of 

concepts of their new ideas using simple software systems made up only by the 

three mentioned components. They often use Fortran (in its several variants: 77, 

90 or 95) or Matlab [ 1] as development environments, mainly due to their good 

numerical capabilities, and they design programs using a procedural approach. 

Some of these software systems lack of data input, so that the description of the 

multibody system must be hard-coded directly in the source code, and the 

resulting program is not a general tool, but a custom solver for a particular 

mechanism. Since neither Fortran nor Matlab support object-oriented 

programming, adding new functionality to the software system is slow and 

error-prone, specially in Fortran. Matlab provides a more friendly development 

environment, very well suited for rapid-prototyping of algorithms, but it is a 

very expensive, proprietary tool and the computational efficiency of MBS 

simulation codes running on it is slow. 

A general and comprehensive MBS simulation system could be used as 

development environment for MBS research, increasing the productivity of 

researchers when they implement new simulation methods. In addition, it would 

be able to tackle complex industrial applications. Such a system should include 

the following features: 

• Handling of data input and output, preferably using structured formats like 

the XML-based data format proposed in Chapter 2. 

• A friendly error reporting system. If an unexpected problem raises during 

the analysis (for example, a dynamic simulation fails at a point where the 

multibody system reaches a singular configuration), the software should 

inform the user with a message describing the cause of the problem, and 

giving hints to solve it. 

• Computer algebra engines to perform expression evaluation in parametric 

models, and symbolic differentiation for components defined using symbolic 
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expressions (for example, a used-defined constraint or a time-varying 

applied force). 

• Geometry kernels to support phenomena where the geometry of the involved 

bodies must be taken into account: contact-impact, clearances, etc. 

• Animation of the movement of the multibody system, and displaying of 

deformation and stress fields in flexible bodies. 

• Pre-processing tools to build MBS models using a friendly graphical user 

interface. 

• Post-processing tools to examine simulation results (plot generation, etc.). 

• Code parallelization. Some MBS applications, like real-time simulation of 

complex systems, or the interaction between fluids and multibody systems, 

need considerable computational resources. The CPU-time needed to 

perform these simulations can be reduced significantly if parallelization is 

applied. 

• Interfaces to communicate with external simulation tools in order to perform 

co-simulation. For example, communication with Matlab/Simulink to take 

into count control systems is very common in commercial MBS simulation 

systems. 

A rather long list of capabilities is needed in a comprehensive MBS 

simulation system. Their implementation requires knowledge and skills related 

to computer science that are out of the cumculum of academics working on 

MBS, and most research teams at universities lack of enough time and resources 

to develop a product of this complexity. The only way for MBS researchers to 

develop such a software system, is to use and apply, at the same time, open 

source software, modern software engineering techniques, and collaborative 

development. 

This Chapter is organized as follows: Section 4.2 describes open source 

software and presents a collection of open source software libraries that could be 

useful to implement a comprehensive MBS simulation tool. Section 4.3 

describes software engineering tools and methodologies that can be used to 
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design and develop complex software systems, and evaluates its applicability to 

MBS software development. Section 4.4 presents a review of available tools that 

support collaborative software development. Section 4.5 presents a prototype of 

a open source MBS simulation library, currently under development. Finally, 

Section 4.6 presents conclusions and areas of future research. 

4.2 Open source software 

The term open source software (OSS) refers to software that is made freely 

available (binaries and source code) to all that adhere to its licensing terms. 

OSS development projects are generally Internet-based networks or 

communities of software developers. Every user of the software can become a 

developer and contribute to the project with his experience and skills, and all 

other users are benefited from these contributions. 

OSS and related development processes have spread rapidly and widely 

during the last years, and many thousands exist today [2]. The number of 

developers participating in each project ranges from a few to thousands, and the 

number of users of the software produced by open source projects range from 

few to many millions. Well-known examples of OSS having many users are the 

GNU/Linux computer operating system [3], the Apache HTTP server [4] 

(currently, the most used web-server), and the Perl programming language [5]. 

4.2.1 Characteristics 

OSS projects have some distinguishing characteristics compared with 

traditional software development projects [6]: 

4.2.1.1 Licensing system 

Licensing issues are very important in open source software. Currently, there 

are more than 50 different types of open source licenses [7]. Generally speaking, 

they can be classified under three categories: 

• GNU Public License (GPL). The GPL is the most important open source 

license, and most OSS is distributed under its terms. It requires any other 
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software linked with the GPL software to be distributed also under GPL 

terms (this is called the virus effect). This prevents people from exploiting 

free software resources without giving back to the community their 

achievements as free software, too. As a result, any software system linked 

to GPL software (directly or indirectly) cannot be commercialized. 

• Permissive licenses, like the MIT license and the Berkeley license. They do 

not restrict the software or its handling (it can be even re-sold by third

parties). The only condition is to include the copyright and permission notice 

in all distributed copies. 

• Other licenses, like the GNiJ Lesser General Public License, are situated 

between the two above mentioned. They allow the protected software to be 

linked and redistributed, under some restrictions, with commercial software 

systems. 

Most open source licenses may seem to restricting for software users, 

specially the popular GPL license. However, this restriction is probably the main 

responsible of OSS succeed: expert developers are disposed to donate their free 

time to OSS projects because the license prevents anybody from getting 

economic profit from their work, and guaranties that their contributions will be 

freely available to other colleagues. 

4.2.1.2 Management system 

OSS projects are administered and managed in several ways: 

• Small projects are managed by their creators, usually a very small team. 

Despite they take the decisions about the software's future, they do not own 

it, since any person can take the source code and start a new alternative 

project from it. 

• Projects that have achieved a moderated size are managed by its user 

community. Everybody can become part of the management team, and 

decisions about development are taken in a more-or-less democratic way. 

• Some private companies have released versions of their software products as 

open source software for non-commercial use. The business model behind 
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this license is interesting: in this way, companies benefit from a large user 

community (beta-testers working for free to detect bugs and suggest 

improvements), and the software can become de facto standard. This is the 

case, for example, of MySQL [8], a popular relational database manager 

system. 

4.2.1.3 Quality and support 

Open source software comes without any kind of official support or 

guarantee. Therefore, it might seem that including OSS as part of complex 

software systems would decrease the system's overall reliability. However, the 

experience indicates that this is incorrect. 

As example, the author has used the OSS library libxml [9] during the 

development of the XML-based data format presented in Chapter 2. Its quality is 

rather good, and the support and responsiveness from the leader developer and 

the user community is excellent. Several problems were found in the library, and 

they were fixed few days after being reported to the developers. OSS has been 

also used in mission-critical environments, like the NASA's Mars Exploration 

Rover Mission [ 10], demonstrating high levels of quality and support. 

4.2.2 Open source MBS software 

The advantages and disadvantages of open source software in the context of 

MBS dynamics were discussed by Masarati et al [11]. They are the developers 

of MBDyn [ 12], an OSS tool for the integrated analysis of multibody systems 

including aeroelastic, hydraulic, electric and control systems. 

Other relevant contributions to OSS in this field are the OROCOS project 

[ 13] and DynaMechs [ 14], both of them oriented towards robot simulation, and 

Open Dynamics Engine [ 15], a high performance library for simulating rigid 

MBS oriented to computer games and 3D authoring tools. 

Some of these software systems, like MBDyn and OROCOS, have 

remarkable capabilities, but they are application-oriented, instead of research

oriented. For example, they provide a single formulation and a single numerical 
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integration scheme, while research-oriented tools should provide a wide range of 

different simulation methods. 

4.2.3 Open source libraries for MBS software 

Finding the right OSS component is the main trouble when using OSS. These 

pieces of softwaze can accelerate development and reduce costs, but the 

consequences of selecting a wrong component can erase these benefits. It is 

important to consider two characteristics when evaluating OSS: 

• Maturity, which can be measured by the number of software releases made, 

the amount of time invested in the project, and the use of quality testing 

procedures. 

• Longeviry, which can be guazantied if there the project has a lazge user 

community and developers belong to different, non-related organizations. 

Thousands of OSS projects can be found in the Internet, but most of them are 

dead or do not have the required maturity and longevity. Even though, excellent 

OSS projects are available. Finding them is a time-consuming task, since they 

are neither advertised nor reviewed. This Section presents a review of open 

source programming libraries and toolkits that can be used to implement a 

comprehensive MBS simulation system. 

4.2.3.1 Numerical methods 

Numerical methods aze needed even in the most basic MBS simulation tool. 

A huge but a bit chaotic collection of free numerical methods can be found in 

NetLib [ 16]. Dongarra maintains a better organized, updated directory of freely 

available softwaze for linear algebra [ 17]. Support routines for matrix and vector 

manipulation, dense solvers, and spazse direct and iterative solvers can be used 

to provide most of the lineaz algebra routines needed in MBS analysis. 

4.2.3.2 Computer algebra engines 

If parametric models aze supported, the pazameter values must be used to 

resolve every parametric expression to a number before proceeding to analyze 
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the system. For this task, a simple math calculator like Rascal [ 18] or SPAR [ 19] 

can be used. Both of them support common math functions (like trigonometric 

functions). 

A step further is to allow the use of symbolic expressions to define properties 

and components of the model. For example, the magnitude of an applied force 

could be defined as 20.0*sin(TIME), or a user-defined constraint could be 

expressed as 2*z-3*y = 0. The derivatives of these symbolic expressions must 

be computed and introduced in the system equations. GINAC [20], an open 

source computer algebra system, could be used for this: it offers extensive 

capabilities for symbolic manipulation (differentiation, symbolic linear algebra, 

simplification, etc.). Its disadvantage is that it is a rather large and complex 

library. 

4.2.3.3 Visualization systems 

In MBS dynamic simulation, one of the most used post-processing 

procedures is the animation of motion of the components that made up the 

system. Rendering libraries like OpenGL [21], the industry standard for 3D 

rendering, are not suitable for developing 3D visualization applications, since 

they have a low-level programming interface that hinders software development. 

To overcome this problem, several visualization toolkits have been built atop the 

OpenGL to offer a higher level of abstraction and ease-of-use. 

Open Scene Graph [22], offers portability, scalability and a good balance 

between rendering performance and developer productivity. Open Inventor, a 

similar commercial product from SGI, also has an open source version for Linux 

[23], and a third-party windows port is also available [24]. 

If flexibility of the bodies in the MBS is considered, visualization becomes 

more complex, since the deformation and stress fields in flexible bodies must be 

represented during the animation, superposed to body geometries. These data 

fields require more elaborated representation techniques. The Visualization 

ToolKit (VTK) [25], a system for 3D graphics, image processing and 

visualization, is specially indicated for this purpose. It supports different data 

grid formats (for example, unstructured grids derived from finite element 
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meshes) and different visualization algorithms for surface and volume rendering 

(for example, contour plots, iso-contour curves, etc.). VTK allows building 

applications for MBS visualization with features comparable to post-processors 

of high-level CAE systems. 

Realism of graphics is crucial for some MBS applications, like human-in-the

loop simulators used for operator training purposes. These applications demand 

photo-realistic scenarios with high resolutions and refresh rates. Specialized, 

real-time render engines are required, like the commercial product OpenGL 

Performer [26] from SGI. OpenGL Performer is available as open-source for 

academic use under Linux. 

If virtual reality techniques are required to enhance the interaction with the 

model and the immersion in the scene, virtual reality libraries like VR Juggler 

[27] can be integrated with the visualization system. 

4.2.3.4 Graphic user interfaces 

Visualization systems do not include facilities for developing graphical user 

interfaces (GUIs) with friendly windows and menus. In addition, different 

operating systems (MS Windows, Unix, Linux, MAC, etc.) have different native 

programming interfaces for building GUI applications, so applications based on 

this native interfaces are not portable. Several open source, cross-platform GUI 

toolkits exist to solve this burden. 

QT [28] is a complete C++ application development framework, which 

provides not only cross-platform GUI tools, but also file handling, networking, 

process handling, etc. QT is a commercial product, but it is released as OSS for 

non-commercial use. Other alternatives are wxWidgets [29], which is very 

popular among OSS projects, or FLTK [30], which is the best option if small 

size and modularity is required. 

4.2.3.5 Geometry kernels 

Geometry kernels are needed to support phenomena where the geometry of 

the involved bodies must be taken into account, like, for example, contact
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impact phenomena. Visualization toolkits cannot be used for this: they work 

with tessellated surfaces that do not contain information about geometry 

primitives (spheres, cylinders, etc.), which makes them unsuitable due to 

performance reasons. For example, detecting a collision between two spheres 

using tessellated surfaces instead of geometry primitives is very slow. 

The two dominant geometry kernels (Parasolid from Unigraphics, and ACIS 

from Dassault Systemes) are not available in open source versions, but Open 

Cascade [31], an open source toolkit for building CAD/CAE applications, 

includes a simple geometry kernel based on the STEP Part 203 data model that 

can serve for this purpose. Open Cascade also includes tools that can simplify 

the development of MBS pre-processors and post-processors. 

4.2.4 Summary 

OSS is a good alternative for academic research projects, due to three 

reasons: (a) the use of OSS components helps to accelerate software 

development: researchers only need to implement code related to the problem 

domain (for example, a new dynamic formulation), since code related to 

software infrastructures (data input/output, error detection, etc.) is taken from 

OSS projects; (b) project costs are reduced if expensive commercial tools are 

replaced by theĵ open source equivalents; and (c) if the resulting software is 

released with an open source license, other researchers can contribute with 

enhancements and new capabilities. 

A review of available OSS projects revealed that most of the functionality 

needed in a comprehensive MBS simulation tool can be provided by OSS tools. 

These OSS have been used successfully in other kind of applications, so there 

are no doubts about their quality and effectiveness. However, the integration of 

such a number of different open source software to build a general and 

comprehensive MBS simulation system requires expertise and careful planning. 

Tools and methodologies that can help in this task are discussed in the following 

Section. 



193 4.3. Software engineering tools and methodologies 

4.3 Software engineering tools and methodologies 

As explained in Section 4.1, developing a general MBS simulation tool can 

become a rather complex software project. Such complex projects need the use 

of suitable software engineering tools and methodologies: otherwise, the project 

success would be compromised. 

4.3.1 Programming languages 

It has been demonstrated that multibody systems data fits very well in the 

object-oriented paradigm. Applications of object-oriented programming to 

multibody system simulation were made by Kecskemethy and Hiller [32J and 

Kecskemethy [33,34]. Later, Kecskemethy et al extended the same system to 

support impacts [34]. Wasfy and Noor applied object-oriented techniques for the 

visualization of flexible multibody systems [35]. Han et al applied them to 

develop human-in-the-loop and hardware-in-the-loop simulators [36], and 

Kromer et al did the same for the finite element method [37]. 

All of these MBS simulation tools have been implemented in the C++ 

programming language, since it provides the best compromise between 

performance and data abstraction. In addition, most of the open source software 

projects suitable to be used in a MBS software system are developed in C++. 

When developing object-oriented software, special attention must be paid to 

the software design. Design pattern.s [38] are standardized and proven object

oriented design idioms that solve recurrent software design problems. Applying 

design patterns to object-oriented software leads to more robust and elegant 

solutions without having to reinvent the wheel. 

4.3.2 Software processes 

Poor management practices have been identified as one of the main causes of 

failure in complex software projects. To overcome this problem, various 

software development methodologies, known as software processes, have been 

proposed. Two main software process approaches exist. The first one is a 

discipline-based engineering process, where most of the activities to be 
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performed are planned from the very beginning: the main principle is that efforts 

made in initial planning activities will result in lower overall cost, timely 

product delivery and better software quality. The Rational Unified Process [39] 

is the most representative process in this approach. The other approach, called 

Agile Software Development [39], promotes quick response to changes in 

requirements as well as extensive and ongoing collaboration between the 

developers and customers. It is based on the assumption that one cannot truly 

anticipate project requirements right at the beginning of a software development 

project, and that the proper way to deliver timely and quality software is to build 

flexibility within the development activities. Extreme Programming [40] is the 

most representative process in this approach. 

Research has shown that Extreme Programming (XP) is more suited for 

academic software projects, since the creativity inherent to any research activity 

makes difficult to anticipate the requirements [41 ]. In addition, its emphasis on 

collaboration (daily meetings, programming in pairs, etc.) contributes to the 

dissemination of knowledge among the developers, which is one of the goals of 

academic research environments [42]. 

4.3.3 Computer aided software engineering tools 

Since the early days of writing software, there has been an awareness of the 

need for automated tools to help the software developer. Currently, complete 

Computer Aided Software Engineering (CASE) tools are available. These tools 

are based on model-driven development techniques: developers do not write 

code directly, but they build a graphic model of the program using the Unified 

Modeling Language (UML) [43]. From this model, the CASE tool automatically 

generates the corresponding source code skeleton in the selected programming 

language. It is supposed that this model-driven development provides higher 

productivity than traditional code writing. 

IBM's Rational Rose [44], one of the most comprehensive CASE tools, has 

been evaluated to verify the advantages of CASE tools: a simplified MBS data 

model has been developed (Fig. 4.1), and the corresponding C++ code was 

generated. 
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Figure 4.1: UML model developed in Rational Rose. 

The following conclusions were found: 

• The CASE tool is rather difficult to learn. It took nearly 100 hours to get 

familiarized with the UML language, the tool user interface and the options 

for code generation. Getting in-deep knowledge about them would require 

much more time. 

• The generated code from the LJML models is hardly usable without manual 

modifications, and it does not take advantage of certain C++ language 

features (initialization lists, templates, etc.) that revert in better performance. 

Code generation can be customized, but this involves a considerable amount 

of time and resources. 

These drawbacks, combined with the high cost of CASE tools, make them 

not suitable for academic software projects in the field of MBS simulation. 
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In addition to CASE tools, other kind of tools can help developers working in 

a software project. For example, XPlanner [45] is an open source tool designed 

to manage projects that follow the Extreme Programming software process. The 

tool provides a simple web-based planning model with time and task tracking 

and metrics generation (task progress, project velocity, etc.), see Fig. 4.2. 
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Figure 4.2: Project statistics generated by XPlanner. 

Other tools very useful in software projects are automatic documentation 

generators. They parse the source code, scanning the program structure and 

reading comments entered using special tags; then, this information is used to 

generate documentation in several formats (HTML, PDF, etc.) for the different 

constructs found: datatypes, functions, classes, etc. 
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4.4 Concurrent development tools 

When several developers work together on the same software project, a 

Software Configuration Management (SCM) system must be used to share and 

synchronize source code. The SCM maintains a centralized repository of source 

code; developers can get a local copy of it, make and test modifications, and 

submit the changes back to the repository. The SCM records all modifications 

realized on each file since the project beginning, and includes metadata 

information (modification date, reason, author, etc.). 

Today, the de facto standard SCM system is the open source Concurrent 

Versions System (CVS) [46], but its technical limitations have propitiated the 

development of many alternatives. The most promising one is Subversion 

(SVN) [47]. 

4.4.1 Open source project hosts 

Open source project hosts are organizations that offer hosting services for 

OSS projects. In addition to SCM systems, they provide several web-based tools 

essential for concurrent development: 

• Bug tracking database, where users can report discovered problems. 

• Task management, to assign tasks to developers. 

• Web pages to publish project documentation. 

• Communication tools: e-mail addresses for developers, web forums and 

mailing lists with searchable archives. 

• Automated backups. 

The most popular open source project hosts are Sourceforge [48] (with more 

than 65,000 hosted projects), Savannah [49] (almost 2,000 hosted projects), and 

Berlios [50] (almost 2,000 hosted projects). They have been evaluated by the 

author, in order to find which one fits best in a open source project related to 

MBS dynamics: user accounts were opened, and the offered services were tried 

and tested. 
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Figure 4.3: Berlios open source project host. 

SourceForge showed bandwidth problems, probably due to the high number 

of users and its geographic position (its servers are places in the U.S.A.). In 

addition, the number of advertisements and banners is increasing constantly, 

which is not nice for the users. Savannah suffered several hacker attacks while 

this evaluation was conducted, so its administrators have raised the security 

level so much that the system has become rather hard to use. Berlios (Fig. 4.3) 

showed the best characteristics: (a) it is located in Germany, so cor^nections 

from Spain and other European countries are fast enough; (b) it is the only host 

that offers the more advanced SVN as alternative to CVS; (c) its functionality is 

increased constantly; and (d) system documentation is available in German, 

English and Spanish: these three languages cover a important number of 

researchers working on MBS. 
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4.5 Prototype of an open source MBS library 

Knowledge and experience generated from the reviews and evaluations 

presented in Sections 4.2, 4.3 and 4.4 have been used to develop a prototype of 

an open source MBS library. 

This library pretends to be a software framework for developing a general 

MBS simulation system that can be used as research tool to implement and test 

new methods for MBS analysis. Therefore, two main design requirements were 

considered: 

• Modularity, to clearly separate, and possibly hide, implementation details 

from abstract and general interfaces. 

• Versatility, to allow different researchers and developers to implement their 

own methods without affecting or interfering the work of others. 

These two features have priority over other features like software 

performance. 

4.5.1 Development environment 

C++ has been chosen as the main programming language, but parts of the 

library could be implemented in C or Fortran if performance is crucial. Daily 

work is done using the Microsoft Visual Studio compiler under the Microsoft 

Windows operative system, since many developers are already familiarized with 

it, and its friendly user interface makes it easy to learn for new developers. 

However, the intention is to develop a platform-independent software system; to 

check this, the code is compiled on a regular basis with the open source GNU 

GCC compiler, available in a wide range of operative systems. 

Keeping code portability requires an extra development effort, but has two 

advantages: (a) scalability, since the software system can run in commodity 

computers under the Windows operative system, or in high performance 

computers equipped with other O.S. like LTNIX or Linux; (b) availability of 

open source software, since some applications (for example, the Intel Fortran 
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and C++ compilers [51], and the OpenGL Performer visualization system [26]) 

only offer free, non-commercial licenses for thee Linux operative system. 

The project has been registered in the Berlios open source project host to take 

advantage of its services, and SVN has been chosen as SCM system. Doxygen 

[52], an open source documentation tool, is used to generate HTML 

documentation and UML models from source code. 

The Extreme Programming software development process [40] is used to 

manage the project. In the future, the XPlanner tool [45] will be used to perform 

thistask. 

4.5.2 Overall design 

The overall system design is shown in Fig. 4.4. The software uses the XML

based neutral data model proposed in Chapter 2 as input format. Input data iiles 

are deserialized into a MBS application program interface, made up by a 

collection of C++ objects that represent the structure and components of the 

multibody system. The XML reading and writing system has been implemented 

using open source software, as explained in Chapter 2. 

The proposed neutral data model is not translated to a different format for 

internal use; instead, it is used directly to generate the equations of motion for 

the MBS. Different simulation methods can be used: all of them use the same 

data model to extract information about the MBS, but they lead to different 

equation sets. These equation sets are solved using numerical methods 

implemented in a solver module. During the simulation, changes in the system 

state are reflected immediately in the neutral data model. 

The library makes extensive use of standard de.sign pattern.s discussed in 

[38]. The Visitor pattern is used to process the components in a MBS model 

(bodies, joints, etc.) in order to build the corresponding equations of motion; the 

Model-View-Controller pattern is used to decouple the MBS data model from 

the solver routines; the Strategy pattern is used to interchange simulation 

methods easily; the Singleton pattern is used to provide global access to 

common application data, avoiding global variables; Smart Pointers are used to 
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make dynamic memory easier to manage, etc. Some implementations for this 

design patterns have been taken directly from the open source library Loki [53]. 
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Figure 4.4: Overall design of the MBS library. 

In addition, the library provides some general facilities: 

• An easy-to-use error reporting system based on C++ exceptions. 

• A logging system, capable of registering error messages and classifying 

them according to their severity. 
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4.6 Conclusions and future work 

The development of a general and comprehensive MBS simulation tool 

cannot be accomplished by academic teams without the combined use of open 

source software, software engineering tools and methodologies, and tools for 

supporting collaborative development. This Chapter presented three 

deliverables: 

• A review of available open source software projects, suitable to be used 

as part of a MBS simulation tool. It was found that good quality, open 

source software components are available for almost every feature needed in 

a comprehensive MBS simulation system. 

• A review of existing tools for software engineering and concurrent 

development. Some of them have been evaluated from the perspective of an 

engineer working on MBS with little experience on software engineering. 

Computer Aided Software Engineering (CASE) tools have been rejected due 

to its excessive complexity, and Extreme Programming and the Berlios open 

source project host have been identified as very helpful tools for 

collaborative software development in the field of MBS. 

• A prototype of an open source MBS library. This prototype aims to 

become a research framework for developing new simulation methods, and 

uses a development environment made up mostly by open source tools for 

software engineering and concurrent development. 

This prototype MBS library is part of the research project Collaborative tool.s 

for multibody system dynamics (2004-2006), supported by the Spanish Ministry 

of Science and Technology. From now to the end of 2006, two research teams, 

one located at University of A Coruña, and the other located at University of 

Seville, will use this library as a research tool. Ten researchers will collaborate 

using and evaluating the proposed development environment. Different 

simulation methods will be added progressively, and available open source 

components will be integrated with the library, in order to improve its 

functionality. 
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Chapter 5. 

Conclusions 

5.1 Conclusions 

Research in multibody systems (MBS) dynamics lacks appropriate tools to 

support collaboration between different research teams. This thesis has 

addressed this problem, making three contributions to streamline the 

development of MBS simulation software in a collaborative and flexible way: 

First, Chapter 2 presented a study of the interoperability status in multibody 

systems simulation software. Existing information modeling techniques have 

been evaluated as candidates to develop a neutral data format for MBS 

simulation, and a prototype of an XML-based data format have been proposed. 

Benefits and limitations of this new format are highlighted. 

Second, Chapter 3 proposed a new benchmark for MBS dynamics. The 

benchmark includes a collection of test problems and a procedure to measure the 

performance of a given simulator. In addition, a web-based management system 

for benchmarking results has been implemented, and the commercial software 

ADAMS has been tested with the proposed benchmark. 

Third, Chapter 4 proposed a C++ prototype of an open source MBS 

simulation library. Open source projects, software engineering methodologies 

and concurrent development tools have been evaluated in the context of MBS, in 

order to select the right components to define a software development 

environment for such a library. 
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Contributions and obtained conclusions have been already described at the 

end of each Chapter. Some of the proposed methods and techniques are 

commonly used in other domains, but they have never been applied to 

multibody system simulation. 

The three resulting products (data model, benchmarking system and 

simulation library) are used together to develop and test new methods for 

multibody system simulation. Different researchers implement new formulations 

and algorithms within the open source MBS library; their performance is 

measured with any of the problems from the benchmark collection, and results 

are stored in the central database. Then, the alternatives developed by different 

researchers can be compared easily, and results guide future developments. 

5.2 Future work 

This thesis should not be considered as the end of a research work; 

conversely, it is the foundation of a collaborative research tool for MBS 

simulation that will need several years to reach a mature state. 

This work fits into the research projects A unified simulation environment for 

real-time multibody systems dynamics with stres.s analv.si.s and control (2001

2003), and Collaborative tools for multibody system dvnamics (2004-2006), 

supported by the Spanish Ministry of Science and Technology. From now to the 

end of 2006, two research teams, one located at University of A Coruña, and the 

other located at University of Seville, will use the proposed data model, 

benchmarking system and open source library in their daily research activities. 

A total number of ten researchers will collaborate using and evaluating the 

proposed development environment. Part of the future work described at the end 

of Chapters 2, 3 and 4 will be carried out during this period. Inevitability, some 

of the proposed tasks are out of the scope of this research project, due to its 

resource demands; they will be postponed to future projects. 






