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ABSTRACT

In this paper, approaches for artifact-behavior simu-
lation are reviewed. The motivation behind the sur-
vey is to explore available knowledge for the devel-
opment of a new form of computer support for con-
ceptual design to simulate use processes of consumer
durables. The survey covers the simulation of arti-
facts both as discrete systems and as continuous sys-
tems. Simulation approaches are characterized based
on the simulation models and reviewed based on cri-
teria including the range of behaviors covered, ease
of preparation and ease of interpretation. Based on
the criteria, simulations based on 3D discretized
models seem to have the most to offer, but they can-
not provide a complete picture of artifact behavior
and preparing models can be computation intensive.
Options for improvement are briefly discussed, but
the first next step will be to extend the knowledge
exploration by surveying approaches for simulation
that cover human behavior.
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1. INTRODUCTION

A key process of a product’s life cycle is the use
process. Use has been defined in various dictionaries,
as ‘to put into service or apply for a purpose’. During
product design, simulation is frequently used to gain
insight into the course of processes in which the
product is involved. The early phases of design form
an application area where deployment of various
simulation methods is expected to open up new op-
portunities to optimize products for use. A simulation
is an experiment performed on a model (Korn, G.A.
and Wait, J.V., 1978). In industrial product design,
the simulation model of a product is typically called
prototype. This can be a physical prototype, a virtual
prototype or an augmented prototype. In the begin-
ning of the design process, virtual prototypes are pre-

ferred because they are easier to create than physical
or augmented ones. A virtual prototype is a non-real,
digital prototype modeled and visualized using a
computer (Eggert, R.J., 2005). To gain insight into
use of products, in my particular case consumer dur-
ables, investigation of virtual prototypes of products
is not enough. In the literature there appears to be
agreement that a larger system should be taken into
account with three main components: the human
user, the product and the surrounding environment
(Roozenburg, N.F.M. and Eekels, J., 1995). These
components interact through mutual exchange and
transformation of matter, energy and information. In
this paper, the system will be referred to as the hu-
man-product-surroundings system, for short HPS sys-
tem or HPSS. My assumption is that simulation of HPS
systems can be a valuable addition to the currently
available methods and tools to support designing for
use, especially if it allows a designer to perform
comprehensive investigation of both human aspects
and system aspects.

Objectives and scope of the survey

This survey is part of the knowledge exploration for
the development of a new computer-based simulation
approach that can be applied in conceptual design to
investigate use processes and predict the behavior of
HPS systems. In the investigated literature, no exist-
ing approach that fulfills this purpose was found.
Only a scattered collection of separate approaches
partially covering the area of interest appears to be
available. Ideally, an integrated approach should take
advantage of the available scattered simulation
knowledge. With that objective in mind, a compre-
hensive survey would have to cover approaches for
the simulation of artifacts, artifactual systems, hu-
mans and human-artifact systems.

The paper covers the first part of what a comprehen-
sive survey of simulation approaches for use proc-
esses would cover, and thus focuses on simulation
approaches for artifacts and artifactual systems and
on how they can be deployed to investigate operation
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of the product and/or objects in the surroundings.
The survey focused on research achievements pub-
lished in scientific literature but relevant commercial
solutions have also been included; these are refer-
enced in footnotes. Priority was given to achieve-
ments and examples related to the use of consumer
durables. Contributions from other fields have been
included if no search results had been obtained from
the focus area. The reader has to be aware that, as a
consequence of the focus on artifact simulation, hu-
man-behavior simulation has explicitly been left out
and therefore, the direct relevance to use processes
will not be obvious in all cases. A successive survey
that includes simulation of humans has been planned
to complete the obtained results.

Assessment criteria

The various approaches to simulation will be as-

sessed based on their potential contribution to inves-

tigation of use processes. The following criteria will
be applied:

e Range of behaviors covered. A new tool for use-
process simulations should cover as many types
of artifact behavior as is reasonably possible. In
the next subsection a scheme is introduced to clas-
sify the various behaviors.

e Relevance of the scope. The overlap between the
scope of a simulation approach and the scope of
the application area, use of consumer durables,
should be as large as possible.

e FEase of preparation. The amount of time needed
to set up a simulation should be kept at a mini-
mum. Ideally, common artifact models created by
designers are also simulation models. My assump-
tion is that most designers of consumer durables
use solid-modeling CAD packages. If these models
cannot directly be used as a virtual prototype, a
second-best option is that available CAD models
can be converted to simulation models in an
automated way.

o Speed and computability. The time needed for a
simulation run on common hardware should be as
short as possible.

e FEase of interpretation. Traditionally simulation
output is numerical, e.g., tables or graphs show
the course of values in time. My assumption is
that, especially to designers, spatial 3D animation
of the simulated system is a valuable addition to
numerical output.

o Fidelity of the outcomes. The outcomes of the
simulation must sufficiently correspond to real
behavior.
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o Combination options and exchangeability of data.
Since no simulation approach covers all the as-
pects of use, it is worthwhile to consider if and
how various simulation approaches can be com-
bined to extend the scope.

Types of behavior in simulation

To classify the possible artifact behaviors a subdivi-
sion according to the common areas of physics can
be applied: mechanical behavior, acoustic behavior,
optical behavior, etc. (Figure 1). The effects of these
behaviors can be observed as flows and transforma-
tions of energy and matter. Information exchange can
also be simulated as an observable physical effect
because it is based on signals encoded as energy or
matter. However, as will be shown in the survey, cer-
tain simulation approaches disregard the physical
background of information exchange. They operate
on the interpretation of physical effects as informa-
tion. It is for that reason that I will distinguish inter-
preted physical behavior as a special type of behav-
ior alongside observed physical behavior (Figure 2).
Observed physical behavior has subcategories' ac-
cording to Figure 1, which can be simulated indi-
vidually or simultaneously (i.e., multiphysics). Inter-
preted physical behavior substitutes observable
physical behavior based on abstractions. For instance
if voltages produced by a device represent either ‘0’

PHYSICS
mechanics
solid mechanics —1— statics
fluid mechanics stability
deformation
hydrostatics stress and strain
hydrodynamics — Kinetics
Plleudmatlcs‘ ——— motion dynamics
aero 'ynamlcs collision
acoustics — vibration
optics — deformation
thermodynamics buckling .
5 stress and strain
electrics L .. .
3 kinematics
magnetics

Figure 1 Taxonomy of the areas of physics

physical /@— observed physical behaviour 9 Figure 1

penavion @ interpreted physical behaviour

Figure 2 Subdivision of behavior types into observed
and interpreted physical behavior

! For the assessment, statics is treated as a special case of kinetics
for which resultant forces or torques are zero. The subdivisions
of kinetics have been simplified to (i) flexible-body kinetics,
covering stress, strain, (elastic) deformations and buckling, and
(i1) rigid-body kinetics, covering the other sub-behaviors.
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or ‘1’, the output ‘100111” is the abstraction or inter-
pretation of a series of output voltages. If a system is
interpreted as purely informational, it is characterized
as discrete and if it is investigated through its ob-
served behavior it is said to be continuous (Bobrow,
D.G., 1984). If it is investigated by observing and
interpreting behaviors it is called hybrid (Zeigler,
B.P. et al., 2000).

Structure of the survey

The discussion of the various approaches to simula-
tion is structured based on the theoretical basis of the
models that are used for simulation. Figure 3 gives
the taxonomy of model types that I chose to use in
his survey. At the highest level, behavioral models
and object models are distinguished. These models
represent the behavior of the artifact or the artifact
itself, respectively. Behavioral models can be subdi-
vided into control models and processing models,
which represent the ‘whys’ and the ‘hows’ of simu-
lated behaviors, respectively. Control models are
logic-based or laws-based and processing models are
algebraic, algorithm-based or animation-oriented.
There are two types of object models: relationship
models and entity models. Relationship models de-
scribe logical or spatial relations. Entity models can
be abstract or concrete. Abstract entity models are
based on 2D-graphics or 3D-schematics. Concrete
entity models are typically boundary models, simpli-
fied boundary models, volumetric models or simpli-
fied volumetric models.

As the survey results will show, most simulations are
based on combinations of model types. Therefore,
the tree structure of Figure 3 cannot directly be used
to organize the survey. However, it is possible to use
the highest level, distinguishing models that concen-
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Figure 3 Taxonomy of model types used in simulation

A SURVEY OF ARTIFACT-SIMULATION APPROACHES FROM THE PERSPECTIVE

trate on behavioral aspects and models that concen-
trate on object aspects, respectively: in section 2, arti-
fact simulation approaches that concentrate on be-
havioral models are reviewed and in section 3 the
approaches that concentrate on object models are
reviewed. The discussion of the individual simulation
approaches loosely follows the right-hand side of
Figure 3 based on the key characteristics of each ap-
proach. Section 4 follows with the conclusions,
which include a comparative overview of the ana-
lyzed approaches, and addresses which open issues
remain and how they can be dealt with in future
work.

2. SURVEY OF SIMULATION AP-
PROACHES PRIMARILY BASED ON
BEHAVIORAL MODELS

Behavioral models for simulation are virtual proto-
types that represent artifact behaviors rather than arti-
facts. They are typically based on operational-logical
descriptions, algebraic descriptions or algorithms.
The algorithm-based behavioral simulations have
been subdivided into algorithm-based quantitative
simulation of continuous systems, algorithm-based
qualitative simulation of continuous systems, algo-
rithmic simulation of discrete systems based on finite
state machines and algorithmic simulation of hybrid
artifactual systems.

Simulations based on operational-logical de-
scriptions

Operational logic is a particular type of logic that
describes the decomposition of a process into sub-
processes. Operational-logical models are typically
applied in business process modeling (Aguilar-
Savén, R.S., 2004). Their application to artifacts
mainly concerns enterprise information systems (e.g.,
Chen-Burger, Y.H. and Stader, J., 2003) and manu-
facturing systems (e.g., Cutkosky, M.R. and
Tenenbaum, J.M., 1990). Simulations are limited to
prediction of interpreted behavior in business proc-
esses, for instance, process lead times or conflicts in
resource allocation. Since algorithms are commonly
attached to the models in order to make such predic-
tions possible (Poiaga, L., 2003) there is no sharp
distinction between operational-logic based models
with simulation capabilities and the finite state ma-
chines discussed later.

Simulations based on algebraic descriptions

In the algorithms that form the foundation for the
simulation approaches discussed in the remaining
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part of section 2 and throughout section 3, algebra is
applied together with logic. This subsection deals
with simulations purely based on algebraic descrip-
tions, i.e., the simulation model does not contain in-
structions for algorithmic processing. In the conven-
tional calculus-based approach to artifact simulation,
sets of symbolic equations specify a particular situa-
tion or a class of situations to which laws of physics
apply (Bryant, C.R. et al., 2001). Usually the artifac-
tual system, the situation and the involved laws are
idealized to reduce computing time. The physical
behavior is predicted by solving differential equa-
tions in the time domain. Many examples of applica-
tion of this classical and widely accepted simulation
approach to use processes are found in textbooks. For
instance, in a textbook by Shigley, J.E. and Mischke,
C.R. (1989) differential equations are solved to pre-
dict the time a clutch needs to stop a rotating shaft
and to calculate the generated heat flow. In Meriam,
J.L. and Kraige, L.G. (2003) numerous other exam-
ples from the subfields of solid mechanics can be
found. An example from a different field is the simu-
lation of aeroacoustic behavior of a vacuum-cleaner
fan by Jeon, W.-H. et al. (2003).

Predicting behavior based on deriving and solving
differential equations can be done completely manu-
ally. Computer support has been considered or is
available for (i) deriving differential equations and
boundary conditions based on given system descrip-
tions, (ii) finding analytical solutions for given dif-
ferential equations, (iii) solving differential equations
numerically and (iv) calculating the values of system
variables based on the time-dependent functions that
form the solutions of the differential equations.

Computer support to derive differential equations is
based on automated derivation from object models or
on catalogs. The only approach for automated deriva-
tion from object models I found in the literature is the
knowledge-based software introduced by Gelsey, A.
(1991), which was able to derive differential equa-
tions for kinematical behavior directly from CAD
models. I could not find references to further devel-
opments based on this approach. Catalog-based clas-
sification based on solution principles (i.e., subsys-
tems that fulfill given functions) has been proposed,
among others, by Roth, K., (1982). In these ap-
proaches, the computer merely offers the designer a
database with equations to choose from but it does
not solve them.

To solve differential equations analytically, commer-
cial software based on symbolic manipulation can be
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used, e.g., Maple (Baldwin, D. et al., 2004). To solve
differential equations numerically, for instance if no
analytical solution exists, several methods have been
developed, e.g., Newton-Raphson and Runge-Kutta
(Riley, K.F. et al., 1997), which have been included
in commercial mathematics software such as Maple,
Mathematica and MATLAB®. These packages are also
able to calculate the course of system variables based
on derived solutions of differential equations. The
simulation output is typically numerical.

Algorithm-based quantitative simulation of con-
tinuous systems

In general, algorithms combine algebraic expressions
with formal procedural logic describing the process
of computation, i.e., calculating values of simulation
parameters and evaluating conditions that determine
which algebraic expression is valid. Algorithms are
usually formally defined by using a programming
language such as C++ or SIMULA (Joines, J.A., &
Roberts, S.D., 1998), a specification language such
as XML or UML (Pllana, S. and Fahringer, T., 2002),
or a combination thereof (Pop, A. et al., 2005).

Adding logic to algebraic descriptions makes it pos-
sible to deal with behavioral laws that introduce dis-
continuities in the course of a process. This is the
case when conditions determine which physics laws
are involved. A change in the set of involved laws
causes a transition in the behavior, for instance when
objects collide in 3D space. Baraff, D. (1994) intro-
duces an algorithm for fast computation of collision
behavior of rigid bodies. Hummel, A. and Girod, B.
(1997) present an algorithm that is used for elastic
flexible bodies. These purely algorithm-based ap-
proaches do not offer support for conversion from
CAD files and they typically produce numerical simu-
lation output.

Algorithm-based qualitative and semi-
quantitative simulation of continuous systems

Qualitative simulation is based on the theories of
qualitative reasoning, qualitative physics and qualita-
tive process theory (Bobrow, D.G., 1984), (Forbus,
K.D., 1984). It has been developed for the investiga-
tion of incomplete system models, predicting behav-
ior based on qualitative differential equations (QDEs).
A QDE is an abstraction of an ordinary differential
equation. It is qualitative because (i) it describes the
values of variables ordinally (e.g. low — medium —
high) rather than in numbers and (ii) relations be-
tween variables are described as monotonic functions

2 maplesoft.com, wolfram.com, mathworks.com
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(e.g. y decreases if ¢ increases) rather than algebraic
functions. These descriptions can be augmented with
semi-quantitative bounding intervals (Kuipers, B.J.,
2001). Just like quantitative differential equations,
QDEs typically have to be drafted manually, and simi-
larly, catalogs have been proposed to provide prede-
fined QDEs for system components (De Kleer, J. &
Brown, J.S., 1984). It is also possible to derive quali-
tative simulation models automatically from object
models, in particular based on bond graphs (see sec-
tion 3) (Xia, S. et al., 1993) but from what I could
find in the literature, not from CAD models.

Visualizing the output of qualitative simulations is
difficult because of its qualitative nature. Figure 4
shows an example. Another drawback of qualitative
simulation is that for complex systems the simulation
frequently is intractable or results in a large, incom-
prehensible behavioral description (Clancy, D.J. and
Kuipers, B.J., 1994). Nevertheless, qualitative simu-
lations have been applied to a wide range of physical
phenomena appearing in artifacts. Kramer, G.A. et al.
(1989) patented a method for qualitative simulation
of kinematics in linkages. Bozzo, L.M. et al. (1998)
apply it to predict deformations in flexible beams.
Sokolsky, O. and Hong, H.S. (1987) describe a quali-
tative hybrid simulation of a control system for the
water level in swimming pools.
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Figure 5 Output of qualitative simulation of vegetation
growth with the simulation package VisiGARP
(Bouwer, A. and Bredeweg, B., 2001)

Algorithmic simulation of discrete systems
based on finite state machines

Finite state machines (FSMs) are mathematical con-
structs to describe behavior of discrete systems, thus
fulfilling the same role as ordinary differential equa-
tions for continuous systems (Branicky, M.S., 1995).
System behavior is discretely defined as states, each
of which describes the system for an interval of time.
A transition between states occurs if the FSM receives
specified input (Khoussianov, B. and Nerode, A.,
2001). Output can also be assigned to transitions or
states (Lee, D.-T., 2002). In physical artifacts, digital
circuits and embedded software are the typical dis-
crete subsystems for which FSMs are used. The input
corresponds to signals these subsystems receive from
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sensor components and the output to signals they
transmit to actuator components (Thompson, M.T.
and Heimdahl, M.P.E., 1999).

For modeling FSMs several formalisms have been
developed, most of which are visually enhanced,
typically based on directed graphs (Phillips, C.H.E.,
1994). 1 will discuss three formalisms that are used
for modeling and simulation of use processes: (i)
state transition diagrams, (ii) Petri nets and (iii) state-
charts. State tramsition diagrams (STDs) are basic
graphical representations with states connected by
transitions labeled with input-output pairs (Gill, A.,
1962). In a Petri net, a representation introduced in
1960 by Petri (Petri, C.A., 1996), states are depicted
as combinations of places populated with tokens that
can migrate through transitions. The distribution of
tokens over the net denotes the state of the system
(Heitmeyer, C. & Mandrioli, D., 1996). The distinc-
tion between states and places makes it possible to
model concurrency. Statecharts have been introduced
by Harel in the 1980s to support concurrency, hierar-
chy in processes and communication between sub-
processes. The statechart representation is claimed to
be compact despite the enhanced expressiveness
(Harel, D., 1987).

Use processes are one of the application areas of
FSMs. In some cases, they are used for computer-
based simulation of the discrete artifact behavior
with input from human subjects (‘human-in-the-loop’
simulations): Martel, A, (1998) uses an STD to simu-
late the user interface of a microwave oven. Chris-
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Figure 4 a (top): Petri-net (adapted from Koga & Ao-
yama;. b (bottom): Statechart (adapted from
Thompson & Heimdahl): boxes denote states,
arrows denote transitions and dashed lines sepa-
rate concurrent sub-processes.
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tensen, S. et al. (1997) use a Petri net to simulate a
linking device for networked audiovisual equipment.
Thompson, M.T. and Heimdahl, M.P.E. (1999) simu-
late a railway crossing based on a statechart (Figure
5b). In other cases, models are used in the require-
ments phase of design, as an extended function de-
scription. In this particular application of FSMs, the
model includes continuous behavior but only as a
linguistic description. Koga, T. and Aoyama, K.
(2004), for instance, use a Petri net to define the in-
tended use of a stapler (Figure 5a).

Various software packages exist for modeling and
simulation of STDs (Koznov, D.V. et al., 2004), Petri
nets’ and statecharts”. Inputs and outputs of some of
these systems can be connected to physical continu-
ous systems or to human interfaces. For physical arti-
facts with continuous behavior (like the stapler in
Figure 5a), I could not find forms of computer sup-
port to derive FSMs from artifact models. For discrete
(sub)systems however, it is possible to create hard-
ware designs and even fully functional (embedded)
software automatically from an FSM (Drusinsky, D.
and Harel, D., 1989), (Yakovlev, A.V. et al. 1996),
so that FSM modeling replaces artifact modeling in
the design process without any need to convert
(other) artifact models to FSMs.

Hybrid algorithmic simulation of artifactual sys-
tems

In hybrid systems, continuous and discrete behaviors
are investigated together, for instance in products in
which digital circuits and physical components oper-
ate together. A widely used formalism for modeling
and simulation of such systems is the ‘discrete event
and differential equation system specification’
(DEV&DEVS) proposed by Zeigler, B.P. et al. (2000).
It is used to create system models in which the dis-
crete-event behavior is modeled using an FSM called
DEVS diagram, and the continuous behavior is mod-
eled algebraically using dedicated differential equa-
tions (e.g., Nutaro, J., 2006). Prachofer, H., and Pree,
D. (1993) use DEV&DEVS to simulate the behavior of
an electric kettle: the switching of the thermostat and
the level sensor are simulated discretely, while tem-
perature and level variations are simulated continu-
ously.

Since DEV&DEVS requires dedicated differential
equations for continuous behaviors, manual prepara-
tion of the behavioral model is needed. The same

? informatik.uni-hamburg.de/TGI/PetriNets
4 e.g., Simulink Stateflow (mathworks.com)
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options for additional computer support as discussed
earlier for quantitative simulation of continuous sys-
tems are available to facilitate the job.

3. SIMULATION APPROACHES PRI-
MARILY BASED ON OBJECT MOD-
ELS

This category of simulations uses models that repre-
sent artifacts in the first place. Some models include
behavioral elements, but these are not visualized.
Models are typically based on block diagrams, bond
graphs, abstract entity models representing 3D sche-
matics, rigid 3D volumetric models, mesh models
and meshless models.

Simulations based on block-diagram and bond
graph models

Block-diagrams and bond graphs are abstract 2D
graphical entity models, with logical relations defin-
ing physical connections. Block diagrams are built up
from predefined blocks that algorithmically represent
physical laws determining the behavior of compo-
nents such as resistors, amplifiers, etc., including
components that perform interpreted physical behav-
ior (Karayanakis, N.M., 1995). Together with the
relations, behavior descriptions of components form
an algorithm for simulation of the behavior of the
system. Behavior descriptions do not have to be en-
tity-related, thus it is also possible to create behav-
ioral models with block diagrams. The diagrams are
mostly used to model and simulate signal-processing
and control systems, for instance servo mechanisms
in consumer durables (e.g., Shieh, M.-Y., & Li, T.-H

1

(2= | I I S

Integrator1 Position

Figure 6 Block diagram’ (bottom) of a mass-spring-
damper system (top left) created in SIMULINK with a
graphical plot of the simulated position as a function of
time (top right)

Sadapted from Stanciu, tinyurl.com/79fza
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Figure 7 SimMechanics model of the conveyor loader depicted on the left. The ‘Position Controller’ is a servo mecha-
nism modeled separately as a conventional block diagram. (Demo provided with the software).

1998), but block-diagram based simulations are also
applied to mechanical systems (Swider, J. and
Wszotek, G., 2004). Figure 6 shows a simple exam-
ple. Several commercial software tools are used to
create and simulate block diagrams. Examples for
general use are ACSL, SIMULINK and VisSim
(Karanayakis, N.M., 1995). In conventional block
diagrams, the relationships between blocks are de-
fined as a unidirectional energy flow, which defines a
procedural input-output treatment for the simulation
computation. A disadvantage of this approach is that,
although the diagram represents the object, there is
no visual resemblance (Fishwick, P.A., 1995), as is
illustrated in Figure 6. Feretti, G. al (2004) claim
that, additionally, the flow through the blocks does
not conform to our reasoning about observed physi-
cal behavior. They suggest adopting a block model-
ing approach based on declarative rather than proce-
dural relations, as is done in the commercial package
Dymola®. The result is a block diagram without
causal arrows, in which the blocks have the same
connections as the components they represent. This is
also true for SimMechanics’, a mechanical block-
diagram modeling environment for SIMULINK, as is
demonstrated in Figure 7. However, despite the vis-
ual improvement over conventional block diagrams,
the representation is still rather abstract.

Both Dymola and SimMechanics offer the possibility
to import components automatically from Solid-
Works CAD files. Joints, masses, moments of inertia
are translated, but some variables, such as spring and
damper constants have to be entered manually. The
geometry information that determines the visual ap-

®dynasim.se
"From the available information (mathworks.com) it is not clear
whether SimMechanics is based on a declarative approach.
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pearance of the artifact is lost. The standard output of
block-diagram simulations is numerical. Dymola and
SimMechanics can link the output to a 3D animation
of a CAD model, but the procedure is labor-intensive.

Bond-graph based simulations have been introduced
as an alternative to block diagrams by Paynter in the
1950s (Paynter, H.M., 1961). They can be converted
to block diagrams. Simulation is based on energy
flows between elements representing components
with basic physical characteristics (Finger, S. et al.,
2001). Analogies between different domains of phys-
ics allow for using the same building blocks for me-
chanical, electrical, hydraulic, etc. components and
perform multiphysics simulations (Fishwick, P.A.,
1995). As the connecting ports have been defined,
they correspond to physical connections in electrical
and hydraulic systems (Thoma, J. and Halin, H.J.,
1999). However, in the mechanical realm they do
not: Figure 8 illustrates the counterintuitive arrange-

electrical system

bond graph of electrical system
Ve

|

L—1 R R,

Figure 8 Bond graph models. Top: adapted from
Webster, P.M, (1994). Bottom: adapted from
Stramigioli, S. (1998).
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ment of blocks in mechanical systems. Another
drawback of bond graphs is that they have been de-
veloped with discrete-component systems in mind
(Yen, C. and Masada, G.Y., 1991). To study behav-
1ors of a continuum, such as deformations in an ob-
ject, it must be discretized. Yen and Masada apply
this as the ‘extended bond graph method’, to simulate
vibration in hyperelastic thin plates. In a comparison,
however, they found that the validity of results ob-
tained with the finite-element approach (see section
3) is better. Use of consumer durables is one of the
areas where bond graphs have been applied. For ex-
ample, Remmerswaal, J.A.M. and Pacejka, H. (1985)
used bond graphs to simulate forces during the han-
dling of a vacuum cleaner.

Various software packages are available to create and
simulate bond graph models. None of the packages
reviewed by Montbrun-Di Filippo, J. et al. (1991)
and by Samantaray® in 2001 appears to offer auto-
matic conversion from or to CAD models. Thus, cre-
ating bond graph models requires additional model-
ing efforts. The standard output of bond graph simu-
lations is numerical.

Simulation approaches based on abstract entity
models representing 3D schematics

Abstract entity models representing 3D schematics
use graphical elements that include part of the ge-
ometry of the object. We distinguish rigid 3D line
models and skeleton-like models. Rigid 3D line
models consist of connected edges (rods) and nodes
arranged in 3D space. The nodes define joints and
their degrees of freedom to enable kinematical simu-
lation of linkages (e.g., McCarthy, J.M., 2000). I will
not further discuss these models here, since they of-
fer a subset of the functionality of rigid volumetric
models (see next subsection) without apparent advan-
tages.

Skeleton-like models represent the geometry of ob-
jects by dimensionally reducing them to forms with-
out interior (Rusak, Z., 2003). Compared to line
models, skeleton-like models extend the functionality
of the nodes to areas of physics outside the mechani-
cal domain, even offering the possibility of mul-
tiphysics simulation. The modeling elements contain
knowledge about behavioral laws. Skeleton-like
models can be considered an alternative to block dia-
grams and bond graphs that allows a more intuitive
arrangement of mechanical components, and addi-
tionally, visualization of the main geometry. An ex-

$bondgraphs.com/software.html
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Figure 9 Skeleton-like model of a hand drill

ample of a modeling and simulation system based on
skeleton-like models is PREDES (Horvath, 1. et al.,
1995). Figure 9 shows a skeleton-like model of a
hand drill created with PREDES. Partial automatic
conversion of CAD models to the PREDES environ-
ment is possible, but conversion results are not
unique. The system has not been developed to a ver-
sion that can provide output in the form of anima-
tions.

Simulation approaches based on rigid 3D volu-
metric models

Simulation approaches for rigid 3D volumetric mod-
els have been developed for kinematical and rigid-
body kinetic behavior. Kinematical simulation is in-
cluded in the assembly modules of most of the com-
mercial solid-modeling systems (Lee, K., 1999).
Dedicated packages such as MSC VisualNastran4D
(Figure 10) and CosmosMotion’ can perform kin-
ematical simulation and rigid-body kinetic simula-
tion. Flexible-body kinetics is limited to discrete
components (springs, dampers)'’. Knowledge about
behavioral laws is not included in the virtual proto-

air
< >

& [E ] (| mHW ) E = @B rere & tne[ 2w

Simulation model of windscreen wipers in
MSC VisualNastran 4D (demo provided
with the software)

Figure 10

% mscsoftware.com; solidworks.com
12 Recent versions of VisualNastran offer analysis of heat flow
and stress and strain based on finite elements.
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type but in a separate simulation algorithm. Current
tools seem to be in the mature stage with no further
developments pending (Wang, S.-L., 2001).

An advantage of volumetric-model based simulation
is that it can be seamlessly integrated with conven-
tional solid-modeling tools for product design. The
output can typically be shown as an animation of the
object model.

Simulation approaches based on mesh models

A mesh in 3D is a simplified volumetric representa-
tion created by discretizing a geometric domain into
small simple shapes. Typically these are polygons,
such as tetrahedra and hexahedra (Bern, M. and
Plassmann, P., 2000). Several mesh-based ap-
proaches exist, such as the finite-element, boundary-

A
Figure 11  FE-based simulation of consumer durables.

Top-down: stress distribution in a lounge chair; deforma-
tions in a ball and bat; stress distribution in a teacup''.

element, finite-difference and finite-volume ap-
proaches. To keep the survey concise I will only dis-
cuss the finite-element (FE) approach, which is the
most widely used (Zeid, 1., 1991). The FE approach is
based on laws that assume energy minimization in
the object and on interpolation functions that are ap-
plied on the mesh. Knowledge of the behavioral laws
is not included in the object model itself. The FE ap-
proach was originally intended for static stress analy-
sis (Zienkiewicz, O.C. and Hollister, G.S., 1965).
Later extensions cover dynamic mechanical behav-
ior, heat conduction, electric and magnetic potential
and hydrodynamics (Zienkiewicz, O.C. and Taylor,
R.L., 2000), as well as acoustics (Tsuchiya, T. et al.,
2003) and optics (Fikri, R. et al., 2003). However, I
could not find publications reporting on the use of

"sources: bpo (bpo.nl); predictive engineering, (predictiveeengi-
neering.com); visual FEA, (visualfea.com)
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FE-based simulation in kinematics. The FE approach
is often used to simulate product behaviors. Friswell,
M.L et al (1996) simulated vibrations in golf clubs.
Middendorf, W.H. (1990) investigated mechanical
stress in a motorcycle suspension fork and magnetic
fields in the rotor of an electric motor. Figure 11
shows three more examples from commercial prac-
tice.

Commercial FE software packages are, among others,
MSC Nastran (Komzsik, L. and Stanton, E., 2000),
Algor, Visual FEA and Comsol'?. A promising ad-
vancement is the increasing support of multiphysics
(Bailey, C. et al., 1998), which most of the commer-
cial software packages claim to offer. Mahoney, D.P.
(2000) reviewed the multiphysics capabilities of
FemLab (currently known as Comsol), Ansys and
Algor. Real-time dynamic simulation is still a chal-
lenge for these packages. Only FemLab supports it
but the user has to define the model up to the level of
dedicated partial differential equations. Ansys and
Algor can only perform multiphysics simulation it-
eratively, switching back and forth between different
phenomena until the solution has converged suffi-

Figure 12

Multiphysics simulation of a switch.

ciently. Figure 12 shows a simulation of mechanical
deformation, electric current and heat flow with An-
sys Multiphysics. The animation frames show the
changes in shape and temperature distribution. Note
that the simulated model is actually 2D.

Mesh-based simulations of physical behavior can be
performed based on shape models created with CAD
systems, but these must be pre-processed using a
meshing algorithm which is typically included in the
simulation software. Modifications have to be per-
formed on the CAD model, which must then be re-
meshed before a new simulation. All the abovemen-
tioned commercial tools offer output in the form of
animations.

Simulation approaches based on meshless
models

Discretization of meshless models is not based on
polygons, but either on (i) dimensionless particles
populating the geometric domain or (ii) subdivision
of the functional space underlying the geometric do-

12 mscsoftware.com, algor.com, comsol.com.
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main. Both approaches have two advantages over
mesh-based approaches (Li, S. & Liu, W.K., 2002)
(Tsukanov, I. and Shapiro, V., 2002). First, extreme
deformation and even fracture of objects can be
simulated without the need for re-discretization on
the fly. Secondly, the number of computation-
intensive preparation steps to create simulation mod-
els from CAD is reduced.

The particles in particle-based simulation are typi-
cally connected by springs and dampers in solid me-
chanics and by implicit surfaces in fluid mechanics.
In solid mechanics, the approach is applied in the
simulation of deformable objects, including viscoe-
lasticity, plasticity and fracture (Terzopoulos, D. &
Fleischer, K., 1988), where its advantage lies in pro-
ducing realistic animations in real time. Mechanical
applications include collision of deformable bodies
(Jansson, J. and Vergeest, J.S.M. 2002), anisotropic
material behavior (Bourguignon, D. and Cani, M.-P.,
2000) and rigid-body dynamics (McDonald, J.,
2001). The fluid-mechanics applications I found in
the literature focus on the entertainment industry,
where realistic visual appearance is more important
than validity of the outcomes (Foster, N. and Fedkiw,
R., 2001). In that application area, the main challenge
is to generate a visually realistic surface representa-
tion based on the particle distribution (Premoze S. et
al., 2003).

The two main approaches for decomposition of the
functional space are meshfree Galerkin methods and
Rvachev’s function method. These methods have the
abovementioned two advantages of particle-based
methods while offering the possibility of non-
mechanical, even multiphysics-type of simulations.
Details on the methods can be found in (Li, S. and
Liu, W.K., 2002) and (Tsukanov, 1. and Shapiro, V.
2002). Based on Rvachev’s function method, the
commercial software package FieldMagic'® has been
developed. From the available examples it appears
that currently, multiphysics simulations are still lim-
ited to the investigation of two concurrent phenom-
ena in a system that is typically reduced to a simple
2D model. Disadvantages of meshless compared to
mesh-based approaches are that simulation is more
computation-intensive and that it is more difficult to
define boundary conditions in the model (Meiling, Z.
et al., 2004).

Bsal-cne.me.wisc.edu/Research/meshless/meshfree.php
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4. CONCLUSIONS AND FUTURE WORK

In the preceding subsections a variety of artifact
simulation approaches has been discussed. The suit-
ability for use-process modeling and simulation is
intrinsically limited because the behavior of humans
is not covered. Thus, by necessity, the following as-
sessment according to the criteria listed in the intro-
duction is limited to what simulation approaches can
contribute to the prediction of artifact behavior in use
processes:

e Range of behaviors covered. Table 1 gives an
overview of the types of behavior covered by the
analyzed simulation approaches. Some of the be-
havioral models appear to be the most versatile.
Ease Interpreted physical behavior is poorly sup-
ported by the simulation approaches that focus on
object models. In this group, the skeleton-based
approach, which does not seem to be adopted by
commercial software, appears to be the most ver-
satile. Most of the discretized-model based ap-
proaches lack support of kinematics, and offer
multiphysics support only for simple models.

e Relevance of the scope. In particular, the ap-
proaches based on graphical entity models (block
diagrams and bond graphs) focus on simulating
the behavior of systems built up from discrete
components, e.g., in mechatronics. Simulating
physical effects in continua, which is often impor-
tant in the use of consumer durables (for example,
deformations in furniture), is difficult using these
approaches. Furthermore, the scope of approaches
based on operational-logical descriptions appears
to have little overlap with my area of interest.

e FEase of preparation. According to Table 1, the
approaches based on 3D object models require the
least preparation effort because they offer auto-
matic conversion from CAD models. A disadvan-
tage is still that non-geometry related physical
properties (e.g., thermal conductivity, or Young’s
modulus) are absent in CAD models and have to
be entered during the simulation preparation.
Also, the automated preprocessing needed for the
discretized model-based approaches (e.g., mesh-
ing and re-meshing) is computation-intensive and
thus time consuming. It must be noted that judg-
ing the ease of preparation based only on com-
patibility with CAD models is unfair to approaches
specialized in simulation of interpreted physical
behavior. Especially FSMs appear to be attractive
for simulation of discrete subsystems, such as
digital circuits and embedded software in prod-
ucts, because (i) the visual representation of FSMs
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Table1 Comparison of artifact-simulation approaches

seems easy to understand for designers who have
no background in digital system engineering (ii)
the models can be used to create functional hard-
ware and software automatically.

Speed and computability. This criterion could not
be evaluated. The literature sources report on
simulations of different artifacts of varying com-
plexity. Also, some approaches are still under de-
velopment while others have matured and are
commercially available. These two factors make it
difficult to compare the performance.

Ease of interpretation. The overview in Table 1
shows that the various approaches based on 3D
object models can directly produce animations of
simulated behavior. The output of most of the
other approaches can also be connected to 3D rep-
resentations to provide animations, but this re-
quires manual efforts.

Fidelity of the outcomes. As is the case with the
speed and computability, it is hard to judge this
criterion based on what I found in the literature.
Only the particle-based approaches for fluid-
mechanics need to be treated with particular care
because their intended application area is the en-
tertainment industry, and not product design.
Combination options and exchangeability of data.
This criterion is especially important for the inte-
gration of artifact simulation and human simula-
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Simulation approaches Criteria Notes:
Range of behaviors covered a (-) very limited or no automated con-
] 2 version from CAD models; (+) auto-
g £ S mated conversion of specific variables
= uvl3
< e 2|S g from cAD models; (+) automated con-
s 3 " s flg & version of geometry from CAD models
= Q " vlg @ . . .
¢ 9 S £ 2 Z[E & b (=) no animation of object model pro-
2% . ki s e & <8 ¢ vided (or only possible through manual
%} n v 7] c . e . . .
- ?E.i S -§ *g 2 £ @ & = linking); (+) animation of object model
Q v i = =X sl o o .
- a v = 2 S
Type of model on which the approachf 2 7 g 2 3 -é g g % s ¢ % E prowdgd L .
is based T 3 % & & o £ g E E E£|8 3 ¢ modeling limited to systems built up
Operational-logical descriptions N/A Q| - - from discrete components
g A'gebr_aic_descl”pt_iohns tg - d modeling and simulation of non-
— + . .
S Quantitative algorithms =9 mechanical behavior supported only by
2 Qualitative algorithms +g - - K . R
2 Finite state machines N/A - - Dymda (in S'mMeChamCS’ conven-
Algorithms for hybrid systems g - - tional block-diagram elements need to
o Conventiolnal block Fiiagrams c ¢ ¢ ¢ ¢ ¢ ¢ ¢ c + cl|l- - be added).
£ E’V”:f'a' S';"M“ha“'“ Cf Cf Cf C‘; C‘; C? C? C‘; f‘; zd C”;r £ -| e byincluding conventional block-
< Bond graphs cf cf cf cf cf cf cf cf cf + cef| - - ;
g . diagram elements
¥ 3D line models [4 - + o+ 4 X
& Skeleton-like models + + - f static behavior not supported .
& Rigid 3D volumetric models c - + o+ g complexity of equations/algorithms is
& Mesh-based models th + o+ limited from a practical viewpoint
S Particle-based models £ h * *|  h limited to simple models due to compu-
Subdivision of functional space +h +  + tational complexit
supported + high e .p. Yy g
supported with limitations (see notes) + medium i limited predlctlve capab|l|t|es
unsupported - low

tions. Assessment is expected to be possible based
on a forthcoming survey of human-simulation ap-
proaches. Within the context of artifact simula-
tion, Table 1 suggests that simulation of 3D repre-
sentations together with the simulation of inter-
preted physical behavior form an interesting com-
bination that is worth exploring. None of the ap-
proaches I encountered in the literature covers this
area, which is especially interesting because con-
sumer durables increasingly combine functional-
ity based on observed physical phenomena with
electronics and software (Biirdek, 1994). Avail-
able approaches for hybrid simulation of such
products  are  preparation-intensive  (e.g.,
DEV&DEVS), they do not support conversion from
CAD and do not provide visualized 3D simulation
output.

Interpreting these evaluation results, it can be said
that among the current artifact-simulation approaches
the various discretization-based approaches appear to
offer product designers the most advantages. How-
ever, there are drawbacks to be dealt with, the most
important two being that (i) they do not offer simula-
tion of interpreted physical behavior, and (ii) prepa-
ration of models for simulation is computation-
intensive and requires manual input of non-geometric
physical properties. Resolving these issues is an in-
teresting direction for future work. An option for
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adding interpreted-behavior simulation is to use the
input/output options offered by FSM simulators,
which are already used for human-in-the-loop simu-
lations and real-time control of physical systems. The
second issue can not only be interpreted as a problem
of the discretized simulation approaches, but, alterna-
tively, also as a problem of CAD systems failing to
produce models that can be directly simulated. A
possible solution is a dedicated CAD system that sup-
ports working on discretized models directly includ-
ing non-geometric physical properties in models.
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