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Abstract

The paper deals with the selection process of beadteror testing and comparing efficient flexiblelti
body formalisms. The existing benchmarks are brisfljnmarized. The purposes for benchmark selectien a
investigated. The result of this analysis is thenialation of the criteria of benchmark selection flexible mul-
tibody formalisms. Based on them the initial seswitable benchmarks is described. Besides thaghleiation
measures are revised and extended.
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1. Introduction

Dynamic simulation of multibody systems (MBS), esp#ly more of flexible multibody
systems (FMBS) is very important not only for salyidynamics of traditional mechanical
systems, but even more for investigation of mecimitrsystems where MBS is usually the
kernel of the model. Precise, reliable and efficemmputer simulation of FMBS is the basis
for their optimized design and for the design afetle control system.

Standardized problems, so called benchmarks, of MB$ FMBS are of great interests
for the development of new advanced formulation sintulation techniques. The new meth-
ods must be compared with the previous ones regardany features. The compared prop-
erty of different formulations and implementatiaasisually the computational efficiency re-
sulting into the ultimate CPU time necessary fa simulation of particular benchmark prob-
lem. The other important properties to be comparedliscussed later.

A certain set of benchmarks for MBS and some FMB&iktion has been proposed and
defined in the past. However, the new developmentiexible multibody system formalisms
and the new developments of multibody formalisnrsuigage on parallel processors require
to develop suitable set of benchmarks and suitaelhods of their comparisons.

In this paper it is described the way of selectbbenchmarks for testing and comparing
efficient flexible multibody formalisms with resgeto their parallelization. The paper is or-
ganized as follows. The section 2 deals with thenaew of existing MBS benchmarks. The
description of the suitable comparison criteriat thge used for the benchmark selection is
provided in section 3. The proposed list of sugdinchmarks is the content of section 4. Fi-
nally the conclusion is in section 5.
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2. Overview of existing benchmarks

The benchmarking of different multibody formulatiohas originated in robotics. The
used benchmark was the robotic structure of Stdrdam, but then the comparison was done
on the open loop kinematical chain consistingh @bnsecutive bodies connected by revolute
kinematical joints of general orientation. The cangtional complexity of such chains gave
rise of the so-calle®(n) formalisms. An overview of historical improvemeuwit computa-
tional efficiency is in [11].

However, the first comprehensive comparison of lasée general purpose MBS formal-
isms was done in [10] where also two benchmarksgid MBS have been specified. They
were a 6 DOFs serial robotic manipulator and ank Andrew’'s mechanism. But these
benchmarks were evaluated just qualitatively. Thet important effort was carried out by
IAVSD (International Association of Vehicle Systddynamics). Two benchmarks for road
vehicles and two benchmarks for rail vehicles wagéned [7] and the results were qualita-
tively evaluated [8] whether a certain formalisrmyauter code can solve the benchmark. The
road benchmarks consist of five-link wheel suspgmsnechanism and 4x4 Bombardier lltis
vehicle. The rail benchmarks were more devotedch& ghenomena of rail contact than to
general MBS problems.

Then many other authors have proposed and usestafitffbenchmarks mainly for testing
the capability of new simulation methods to copthwiertain phenomena in MBS dynamics.
An overview of these efforts has been summarizdd]inThe list of these phenomena is im-
portant for our further consideration of proper ¢tamark selection. The majority of them be-
longs to the area of rigid MBS. These phenomenagal MBS were the singularity during
the MBS motion, undergoing singular positions, leigimumber of constraints, very small
time scale, stiff dynamic system.

In the area of flexible MBS the list of investigdtbenchmarks is significantly smaller.
They consist of single flexible robotic arm [3,@&]hinged beam [2], planar and spatial slider
crank mechanism [5, 6] and four bar mechanismsH&gide that many authors have studied
the rigid-flexible mechanisms where for example mhiedle link of four bar or slider crank
mechanisms is flexible and other links are rigitie Tundamental difference between rigid
and flexible MBS benchmarks is that the compariaod validation of results is for flexible
MBS much more difficult. If for rigid MBS it is tharetically possible to compare and validate
the equations of motion symbolically with clear idance of equation correctness. It is
based on the fact that rigid MBS have finite numiifeDOFs and the equations of motion are
exactly formulated in the coordinates of these DOMss is completely different for flexible
MBS which have infinite number of DOFs and the dgumes of motion are always assembled
as approximative equations of motion. Very différapproximations can lead to very close
results. On the other hand for flexible MBS it ighly advisable to conduct real experiments
and to compare the numerical results not only antbam but also or even primarily with the
experimental measurements. This fact decreasesuthber of available suitable benchmarks
for flexible MBS.

Finally recent efforts for establishing a suitabkt of benchmarks are described in [4].
The previous benchmarks are summarized, the prabtgrbenchmarks described and a re-
vised set of benchmarks proposed and developedettwthe developed set of benchmarks
is oriented towards rigid MBS and the main perfano®index is the computational complex-
ity in relationship with accuracy of simulation v#s. This is important but it is not enough
especially for flexible MBS. The simulation of fiée MBS meet with the problems whether
certain dynamical phenomena are at least quakdgticorrectly modeled and simulated. Be-
sides that the proposed set of benchmarks dodgsalotle flexible MBS at all.
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3. Suitablecriteriafor benchmark selection and evaluation

The suitable set of benchmarks must fulfill certaniteria in order to comply with the ex-
pected purpose. The purpose of the set of benchlnthak are to be assembled is to develop
and test different formalisms for flexible MBS ati@ simulation of flexible MBS on parallel
processors with high number of units.

Therefore the criteria for benchmark selectionfaliewing:

* Dynamic phenomena occurring during the simulatibrrigid MBS: kinematical loops
leading to constraints, singular MBS through whoietion, MBS undergoing through
singular positions, very small time scale, stif®ms.

* Dynamic phenomena occurring during the simulatibfiexible MBS: small/large defor-
mations, small/large rotations, stiffening, prisimgint between flexible bodies.

* General computational complexity: long kinematiclahins, increased number of kinema-
tical loops - constraints, difficult time integrai — stiff, very small time scale.

« Computational complexity with respect to the salnton parallel processors: different to-
pologies of MBS — parallel loosely/tightly connettdBS parts.

The other problem of benchmarking is to develop asel suitable evaluation criteria. In
[4] the computational complexity of MBS formalisis proposed to be measured in the rela-
tionship with the achieved accuracy of the benchknsatution. The accuracy of the bench-
mark solution is evaluated by the relative errameen the achieved and referenced outputs
of the investigated MBS benchmark. It is importdnatt the outputs can be not only positions,
but also velocities, accelerations, forces or duether specified quantities. For flexible MBS
especially important sensitive quantity is the ssme of eigenfrequencies maybe together
with eigenmodes. This measure of accuragy is computed by the formulas
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solution for the variablg at the timet;, ytjhreShO'd(ti )is a threshold introduced in order to

where yj (tj) is the obtained solution for the variafplat the timet;, y;~ (tj)is the reference

overcome singularities if the variable goes thromgio value. The drawback of this measure
is that its values become large just by small plsisié at oscillatory motions. The solutions
in such cases would not be evaluated as largeelifte if the same behaviour is obtained.

Therefore other measures are necessary to evahmtdifference between solutions in
cases of phase (time delay) differences betwedmn riesults. The measusg,, that would be
insensitive to these differences is the maximunnetation

€cor =MaxCor(y; (t+7), ;7 (1) ) (2

Between the reference solution and the obtainadisalshifted by some time shiftthat cor-
responds to average phase shift or time delay skgcliabove.
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Another measure is derived from the comparisomefenvelopes of the reference and ob-
tained solutions. This is helpful again in the casdiighly oscillatory solutions. The com-
puted envelopes are compared using the formular({2). The goal is to develop a measure
for similarity of two solutions that are differelmtit man would judge them as similar.

The other not very precise measure is the evaluaticcomputational complexity by the
total CPU time necessary for the solution of theestigated benchmark on the given com-
puter. It is the ultimate objective quantity, bwuiot problems are associated with that. First,
this makes difficult to compare two different haates and this is necessary in the case of
parallel processors that are always compared Wwélsblution on a single processor. Second,
this brings the influence of selected integraticgtimd although some choice is dependent on
formulation of equations of motion (e.g. ODE or DAE

Therefore further measures of computational comtyleare necessary and helpful. The
traditional measure was the number of operationddi{ian/subtraction, multiplica-
tion/division, trigonometric function) necessary the computation of accelerations that are
then numerically integrated. The problem of thisaswge is that it neglects the different effort
necessary by the integration procedure for thegmteon of minimum coordinates and of re-
dundant coordinates. The other neglected effdtiespossible correction of coordinates after
the integration step (by projection, Newton-Raphsogthod) in order to satisfy the con-
straints.

This measure must be improved in such way thahtimeber of operations is extended by
the effort of integration procedure and of corr@ttprocedure in one time step. This can be
done either by the direct computation of the nundferperations necessary for the time inte-
gration and correction procedure by really useccg@dares or by the computation of some
equivalent number of operations, e.g. computingntlvaber of operations of typical integra-
tion and correction procedures, certainly in thenbar of integrated coordinates. It is the
same as the consideration of Gauss eliminatiorthersystem of linear algebraic equations
accounted for in the traditional computational meas as in [11].

4. Proposed set of benchmarksfor efficient flexible multibody system for malisms

Based on the criteria for benchmark selection thial suitable set of benchmarks for
flexible MBS can be proposed. It is useful to conebthe traditional benchmarks for rigid
MBS with the new ones for flexible MBS.

The computational complexity of rigid MBS has beéavestigated on the N-ary pendulum
(planar, spatial) that is a N-ary kinematical chaitth revolute joints (Fig. 1). The depend-
ence on the increasing length N of the chain isoirtgmt. The other parametric set of bench-
marks can be based on the structure with 1 DORnaiidthe increasing number of kinemati-
cal loops where the parameter of the structuréasléngth of the kinematical loop with the
minimum length. Example of such structure is on. RgThe length of the minimum loop
(kinematical loop with the minimum length) as treraameter is 5. The structure has 0 DOFs,
but removing one body from the frame creates a am@sm with 1 DOF and the same prop-
erty. These parametric structures should be inya®td as rigid MBS as well as flexible
MBS.

The other set of benchmarks is the set of elemermianar and spatial flexible mecha-
nisms such as slider crank, four bar. The real ix@ats have been done with these flexible
mechanisms and they would be the basis for invetsbig of correct simulation of flexibility
of MBS. These mechanisms can be considered wititealble bodies and just with one mid-
dle flexible body. Solution results can be foundha literature for both cases.
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Fig. 1. N-ary chain with revolute joints. Fig. 2. Structure with increasing length ohimum loop.

Robotics offer several sources of benchmarks. €halkinematical structures suitable for
benchmarks include the serial robotic arms witlohate joints as already on Fig. 1. The other
important serial kinematical structures for benctksaof flexible MBS are those with pris-
matic joints. With the change of position of prigrogoints the eigenfrequencies change rap-
idly. There are two possibilities — just prismgtints or alternated with revolute ones — see
Fig. 3. The robotic parallel kinematical structubegh rigid and flexible are the other set of
benchmarks. This includes the hexapod, hexaslitapod, octaslide and other similar struc-
tures (e.g. [12]).

i i

Fig. 3. Two variants of serial robotic arm withgmatic joints.

The important set of benchmarks is the set of exasngf phenomena of geometric stiff-
ening in flexible MBS. The classical example is tafiter blade.

The other set of benchmarks includes the examgl&4B& with singularities. It can in-
clude Bricard’s [4] or Turbula [11] mechanisms fmrmanent singularity and the N-four bar
mechanism [4] for undergoing singularities durihg imotion. The examples of deployable
structures belong to this class of benchmarks.

The final group of benchmarks consists of MBS tinat difficult to be integrated as An-
drew’s mechanism [10] or flyball governor [4].
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5. Conclusion

In the paper the current state-of-the-art of beraskmfor MBS is summarized. The crite-

ria for benchmark selection for flexible MBS andadlized MBS formalisms are proposed.
The existing evaluation measures of MBS benchmaré&srevised and extended towards
flexible MBS. Finally the initial set of benchmarla fdevelopment of formalisms for flexible

MBS and parallel computers is described.
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