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Abstract.

Open issues in the behavioral synthesis of electro-mechanical systems are:
(1) developing convenient abstractions for physical principles,(2) dynamic varia-
tions of physical variables and (3) algorithms to facilitate synthesis of devices.
Representations to facilitate these tasks have ranged from qualitative to quantita-
tive schemes that have provided limited promise to support synthesis in a scalable,
unambiguous manner. We outline essential requirements of a representation to fa-
cilitate composition of complex engineering systems from simpler components and
present a case-based representation framework for design cases using the language
of bond graphs. We present characteristics of the developed representation frame-
work and illustrate the role of this formalism in the case-based behavioral design
synthesis of mechatronic devices.

Keywords: behavior representation, bond graphs, case-based reason-
ing

1. Introduction

Design representations to facilitate development of software tools to aid pre-
liminary engineering design have been the subject of intense study. Lack of
comprehensive representations have limited the development of software de-
sign aids in the early stages of design, where designers have to generate and
evaluate a number of candidate design solutions. A design representation
is a combination of data structures and interpretive computational proce-
dures that model the devices and components to be designed. Since design
is a task where the �nal artifact is composed of component systems, the
design representation and associated computational procedures should sup-
port the principled composition and assembly of primitive components and
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subsystems, given well-de�ned speci�cations. For example, a solid model
provides a representation for shape and form synthesis. The task of be-
havioral synthesis in the early stages of electro-mechanical design involves
choosing components which exhibit power or signal transforming abilities
and arranging these components in an interconnective topology allowing
power and signal 
ows among components so as to satisfy input-output
power and signal design speci�cations. This task is followed by con�gura-
tional choices of physical location and orientation of the components, as
well as parametric design wherein various components are sized according
to requirements.

Our paper addresses the problem of providing representations for be-
havioral synthesis. Synthesis of physical structural elements such as in [1]
are outside the scope of this paper. The issues that our work addresses
are representation of physical e�ects that take place in electro-mechanical
components, the notion of connectivity between components, de�nition of
entities at which such connections can take place between components, the
nature of signal and power 
ows via these connections and more impor-
tantly, the engineering rationale that enables a designer to combine inde-
pendent components to function as a coordinated whole.

We use the paradigm of case-based design [2, 3, 4, 5]. Design cases
are retrieved from a repository based on behavioral indices and they are
composed to generate new designs to meet speci�cations. We have been
motivated to develop representations for behavioral synthesis as part of
our e�orts to represent and index designs as cases. The process of devel-
oping a case-base and designing algorithms for synthesis has provided us
with insights into essential requirements for a representation to model the
behavior of electro-mechanical devices and support synthesis. We have de-
veloped a systematic representation for composition of electro-mechanical
devices from simpler subsystems based on behavioral speci�cations. We use
bond graphs as a language to model design cases.

Bond graphs [6, 7] view electro-mechanical device behavior from the
standpoint of energy continuity and power balance. Systems and subsystems
are classi�ed both with respect to the number of energy ports through which
energy is exchanged and also in terms of the particular internal power
transformations involved. The representation recognizes the distinct role
of power and signal devices in electro-mechanical devices. Signal 
ow is
considered as a form of low-power-level directional interaction.

The use of bond graphs as a language for modeling devices has been
suggested in [8, 9]. In [8], the representation uses the symbolic device def-
initions of bond graphs such as resistors, gyrators etc. as vocabulary el-
ements of a behavioral grammar and transformation rules that combine
these elements as a grammar sequence are de�ned. However, the represen-
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tation does not distinguish between devices that may be represented by
a single grammatic term such as all devices that function as transformers
but with di�erent input-output power transforming relations. In [9], bond
graph elements are viewed as analogous to primitives that provide com-
putational functions such as integration, di�erentiation, summation etc.;
given the di�erential equation of the device to be synthesized as a speci�-
cation, an analog computer equivalent is generated. Both approaches have
limited themselves to using bond graph elements as abstract computational
primitives. Instead, we have recognized that the bond graph formalism is
a convenient bridge between qualitative and quantitative representation of
physical devices. In contrast to the above-mentioned approaches our use of
bond graphs as a language explicitly models the time variation of inputs
and outputs of an electro-mechanical system. This is necessary since be-
havioral design speci�cations of an electro-mechanical system are provided
in terms of nominal time histories of input and output variables. Further,
we consider and explicitly represent the detailed relationships that model
power and signal transformations between ports of a device and use these
relations as part of the case indexing scheme. Combined with the explicit
representation of time, the representation of these detailed device relations
allows the composition of device subsystems taking into account time vary-

ing device behavior. This enables composition of devices from subsystems
and their consequent veri�cation.

Modeling devices in the bond graph language enables one to formulate
the synthesis and design of electro-mechanical systems as the selection and

interconnection of a set of standard multiport devices to meet given spec-
i�cations. In our case-based representation and synthesis procedures, we
use the bond graph based vocabulary to develop indices for design cases
based on energy domains of ports, device relationships between ports and
interconnectivity topology of subsystems. The bond graph language pro-
vides the ability to snippet subsystems from complex systems and reuse
these subsystems in other devices in a principled manner. Speci�cations for
case-based synthesis are provided in terms of the time histories of input
and output variables for the requisite physical system and their respective
energy domains. The synthesis process generates a variety of interconnec-
tive topologies of cases that can transform the given inputs into requisite
outputs. Each combination of cases is consequently veri�ed based on the
relationships between ports. In this way, viable systems are selected.

In this paper, we describe the role of the bond graph based language in
representing both power and signal devices as cases and its ability to fa-
cilitate behavioral synthesis. In the following Section, we describe the task
of behavioral synthesis from a systems engineering viewpoint and high-
light the modeling requirements for a behavioral synthesis representation.
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Figure 1. Schematic of a dynamic system S

In Section 3, we present the use of bond graphs as a viable approach to
modeling both power and signal devices and in Section 4 illustrate the uses
of this representation for case-based synthesis. In Section 5, we discuss the
characteristics of this approach and contrast with other approaches to de-
vice modeling for behavioral synthesis. In Section 6, we present concluding
remarks.

2. Behavioral synthesis

Electro-mechanical devices can be envisioned as a coordinated collection
of interacting physical systems [10, 11, 12]. A system is assumed to be an
entity separable from the environment of the system by means of a physical
or conceptual boundary. Further, a system may be composed of interacting
parts. We model a device as a dynamic system S as shown in Figure 1.a.

A system S is characterized by a set of state variables X that are in
u-
enced by a set of input variables U(t), that represent the action of the sys-
tems environment on S, where t denotes time. The set of output variables
Y(t), are the observable aspects of the system's response or back-e�ects
from the system onto the environment. Further there is a set of intrinsic
system parameters M contained in S. M depends on the geometry, form
and material characteristics of the physical realization of the system S, and
in the most general case varies with time. This abstract device model may
be used in three ways:

� Behavioral analysis. Given future values of U , present values of X and
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the model S, predict the behavior of Y . Assuming that the model of
the system is an accurate enough representation of the real system,
analysis allows the prediction of the system behavior.

� Identi�cation. Given time histories of U and Y , usually obtained by
experiment on real systems, �nd a model S and state variables X
which are consistent with U and Y . Clearly a good model is one that
is consistent with a great variety of sets U and Y .

� Behavioral synthesis. Given U and a desired Y , �nd S such that U act-
ing on S will produce Y . This can be taken as a de�nition of the design
task. Only in limited contexts are there direct synthesis methods. Of-
ten, synthesis is performed via a trial-and-error process of repetitive
analysis and identi�cation of a series of candidate systems.

Representing devices involves modeling S for various types of devices.
Results obtained through identi�cation and analysis provide knowledge
about a variety of systems S1, S2, S3 and so on. Under this framework,
the representation of design speci�cations addresses the issue of modeling
the various types of inputs and outputs of the system. The task of syn-
thesis involves combining a variety of systems Si into a complex system
S to produce a desired Y(t) for an input U(t). Shown in Figure 1.b is a
system S generated by combining subsystems Si. The structure of a system
S refers to both the subsystems Si and their interconnectivity. There is no
reference to the real material embodiment i.e shape, size and location of
a system when we refer to the structure of a system. We call the material
device a physical realization of a system S. Each of the systems Si may be
used in isolation or combinations thereof in the synthesis task to design
new complex systems.

The synthesis task is rather complex since all physically possible sys-
tems have neither been identi�ed nor analyzed. As more complex systems
are designed, it is rather imperative that designers be provided with infor-
mation regarding subsystem behavior and structure of a variety of physical
systems identi�ed. Further, tools that provide information on previous de-
signs where similar components and systems have been used can guide the
design process. In case-based design, indices for retrieval of systems, subsys-
tems and components from the repository of previous designs are generated
based on the design speci�cations of device input and output (i.e U(t) and
Y(t)); the retrieved systems are combined using domain speci�c laws and
physical principles and validated[13]. Design alternatives thus generated are
presented to the user for perusal.

A number of requirements need to be satis�ed by the various elements
of the systemic framework described above so that behavioral synthesis can
be performed. The essential modeling requirements are:

� Isomorphism: Vocabulary used in the representation must be isomor-
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phic to conceptual and physical entities in the real world. This enables
the designer to identify, observe and, if possible, measure these enti-
ties in a physically realized device. Thus Y ;U ;M;X and S must be
well-de�ned and map onto elements in the physical device.

� Physical validity: The representation must adhere to all the laws of
physics. Physically impossible devices must not be generated by the
synthesis process. The relations between Y ;U ;M;X and S must satisfy
the various conservation principles and the valid physical e�ects that
they model.

� Composability: For purposes of synthesis the representation must pro-
vide the ability to compose primitive systems (components) into com-
plex systems (assemblies) in terms of device behavior. This ensures that
di�erent subsystems Si can be combined into a complex system S. The
model of a subsystem must characterize the behavior of that subsystem

as an entity and independently of how the subsystem is interconnected

with other subsystems to form a complex system. The interaction be-
tween subsystems must be well-de�ned so as to enable composition.
From a case-based synthesis perspective, well-de�ned rules of compo-
sition provide the ability to snippet physical subsystems from complex
systems and reuse them in other devices.

� Veri�ability: A representation must provide a framework to verify syn-
thesized designs either through domain-dependent rules or simulation.
If well-de�ned analytical models are available, simulation is possible
using the system model S and inputs U to determine Y . In general,
such models are unavailable for a large number of systems, and one
has to use the history of success and failure of similar previous designs
as guidelines to validate designs.

� Consistent reasoning across abstraction levels: To model devices in a
comprehensive manner, representations at di�erent levels of abstrac-
tion (from behavior to structure) must be used. Design is a task that
cuts across all these levels of abstraction. Currently, design represen-
tations operate at a single abstraction level. This presents problems of
interpretation and translation from one level to the next, which makes
the design process more laborious, and possibly introducing inconsis-
tencies. Therefore, a very desirable characteristic of a representational
scheme is to allow consistent reasoning across di�erent levels of device
modeling.

� Task independence: The vocabulary of the representation must be task
independent. The same representation may be used for di�erent com-
putational tasks but the semantics of the primitives must not be dif-
ferent. For example a vocabulary that supports simulation must not
be di�erent from a vocabulary that supports synthesis since this pre-
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vents the transfer and sharing of knowledge that is generated through
computation.

Further, from a computational perspective, the representation must be
tractable. In our framework, computational tractability means that it must
be possible to synthesize a complex S system from subsystems Si in a �-
nite amount of time for a given design speci�cation. If it is not possible to
generate a solution, the system must be able to halt the search for a so-
lution. Also, the validation procedure for each design must be well-de�ned
and not computationally intensive. The representation must be scalable

both in terms of the complexity of the device models S, the complexity
of the speci�cations and the complexity of new designs synthesized. The
above-mentioned characteristics are qualitative in nature and di�cult to
quantify. In order to facilitate case-based design, device models must also
provide a rich vocabulary to represent and index devices. The case repre-
sentation and organization determine the e�ciency of retrieval schemes and
case synthesis. In the following section, we describe our bond graph based
representation for devices.

3. Representation based on bond graphs

Critical to the behavioral design task is the model and ontology of the phys-
ical world that is adopted in developing the representation. The history of
physics is replete with failed conceptual models such as the attempts to
explain magnetic �eld phenomena in terms of virtual gear mechanisms and
�eld lines. Among the many possible model choices are (1) Naive physics
and common sense reasoning about the world in terms of cause-e�ect re-
lations and (2) The actual physical laws as equations. The �rst approach
leads to ambiguity as illustrated by the existence of numerous qualitative
approaches[14, 15] while the second one, though correct, is extremely ab-
stract and rather limited as a design representation in support of practical
design tasks.

As Feynman[16] observes about understanding the equations of physics:
\So if we have a way of knowing what should happen in given circumstances
without actually solving the equations, then we understand the equations,
as applied to these circumstances. A physical understanding is a completely
unmathematical, imprecise, and inexact thing, but absolutely necessary for
a physicist." A rigorous, unambiguous computer representation of physi-
cal phenomena in a vocabulary other than equations seems a problem of a
rather tall order. Engineers (or applied physicists) provide necessary inter-
pretations and physical meaning to the equations. In conventional practice,
engineers envision devices as entities that manipulate energy and signals
using di�erent physical e�ects to convey information and power. We believe
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a representation that bridges the qualitative and equational forms of phys-
ical models and supports reasoning in terms of signal and power 
ows will
be convenient to support behavioral synthesis. A modeling method that
provides such a convenient abstraction is the bond graph formalism.

The bond graph formalism [7, 17, 18] models devices in terms of the
energy 
ow in the device. The formalism identi�es three types of energy
interactions among all physical devices. The energy behaviors of devices are
energy storage, energy dissipation and energy transmission. Complex device
behavior arises when components with storage, dissipation and transmission
behavior are assembled together. The dynamic behavior of physical devices
is derived by the application of instant-by-instant energy conservation. In
the bond-graph formalism, devices are modelled by components connected
at places where power can 
ow between the components. Such places are
called ports and devices with one or more ports are called multiports.

Energy storage and dissipation behavior is exhibited by devices with
one power port. Devices such as springs, resistors, masses etc. are modelled
as one-port devices. Energy transmission behavior is exhibited by devices
with multiple input and output ports. A T-pipe is modelled as a three-port
device. Devices such as motors, slider-crank mechanisms and cams are two-
port devices. Complex physical systems are built from a combination of the
above energy elements by connecting them at their ports.

Power ports allow for power 
ow between subsystems that are intercon-
nected. In the port-model formalism of bond graphs, each power port of a
device has four generalized variables, namely, e�ort (e(t)), 
ow (f(t)), e�ort
integral (

R
e(t)dt) denoted as E(t) and 
ow integral (

R
f(t)dt) denoted as

F(t) . The power (P (t)) is equal to e(t) � f(t). The energy 
owing through
a port over a period of time E(t) is given by

R
e(t):f(t)dt or

R
f(t):dE(t) orR

e(t):dF(t). A power port in a device belongs to an energy domain. Table
1 shows all the possible energy domains and corresponding e�ort and 
ow
variables of physical systems. The �rst column lists the energy domain and
the ensuing columns the e�ort, 
ow, power, e�ort integral, 
ow integral
and energy variables of that energy domain. Energy domains that involve
radiative transfer of energy (solar, light, and radiated heat energy) are not
modelled though successful attempts have been made to extend the bond
graph methodology to radiative phenomena.

Devices that transform power are modeled in terms of relationships
between the e�ort and 
ow variables at the power ports. Table 2 shows
examples of two-port power devices and the relationships between their
ports. The second column lists the relationships in terms of e�ort and 
ow
variables and the third column gives the example of a device that has the
relationship between its input and output ports. For a two-port device, at
every instant of time e1(t):f1(t) = e2(t):f2(t), where the subscript 1 denotes
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Domain E�ort Flow Power E�ort Flow Energy

Integral Integral

Mech. Force Velocity F.v Momentum Displacement Mech.

trans. (F) (v) (x) Work (W)

Mech. Torque Angular T.! Angular Angle Mech.

Rotation (T) Velocity (!) Momentum (�) Work

Hydraulic Pressure Flowrate P: _Q Pressure Volume Hydraulic

(P) ( _Q) Momentum (V) Energy

Electro- Voltage Current e.i Flux Charge Electrical

Magnetic (e) (i) (�) (q) energy

Thermal Temperature Entropy-
ow * * * *

Symbols in parenthesis denote conventional symbolic names for physical parame-
ters.

TABLE 1. Energy and Power parameters

input port and subscript 2 denotes output port. The above equation implies
that in a two-port system whatever power is 
owing into one side of the
2-port is simultaneously 
owing out of the other side. There are numerous
other types of device relations possible as long as they satisfy the law of
conservation of energy such as relations 5 and 6 in Table 2, where G and
H denote other functions such as exponential, log etc. Similarly, relations
between e�ort and 
ow variables can be de�ned for other multiport systems.
The relations between the port variables are obtained via analysis applying
the laws of mechanics and electromagnetism, or by experimental testing.

The bond graph formalism satis�es all the conservation and thermody-
namic laws. Physical laws such as Faraday's law etc. are captured in terms
of the relationships between the port variables and thus a convenient ab-
straction of physical e�ects is provided. For example, Faraday's law in a
DC motor relates the input voltage (e�ort) to the output velocity (
ow)
through the relation e = Blr!, where e is the voltage, ! is the angular
velocity of the output shaft, B is the magnetic �eld intensity and l and r

are geometric parameters.
The bond graph formalism provides a comprehensive framework to com-

pose, decompose and reuse power and signal systems and subsystems. The
port variables i.e. e�orts and 
ows can be identi�ed and measured in de-
vices satisfying the criteria of isomorphism to reality. Relationships can be
identi�ed between port variables in power and signal devices. Further, the
device relationships provide models to verify input-output behavior. Thus
the same device representation is used for both synthesis and veri�cation

of behavior. When storage elements and junction devices are included, the
bond graph formalism allows generation of systems of di�erential equations
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No. Relations Example devices

1 e2 = k:e1; f2 = f1=k Spur gear, Pipe

2 e2 = k:f1; f2 = e1=k DC-motor

3 e2 = k:e1:Sin(F1); f2 = f1=k:Sin(F1) Slider-crank mechanism

4 e2 = k:f1:Sin(F2); f2 = e1=k:Sin(F2) Induction motor

5 e2 = k:e1:G(F1); f2 = f1=k:G(F1) multi-bar linkages

6 e2 = H(e1); f2 = f1:e1=H(e1) pipe networks

TABLE 2. Two port device relations

that allows for simulation.

A problem that has been recognized in the literature, but not resolved
in a computationally satisfactory manner, is that there is a many-to-many
relationship between device input-output behavior and system structure.
A given U(t) ! Y(t) transformation can be provided by a variety of sys-
tems S, each made up of di�erent combinations of subsystems. Further,
a given system S can transform an in�nite number of inputs U(t) into
the corresponding Y(t). Bond graphs provide a set of behavioral primitives
whereby the many-to-many relationship can be represented satisfactorily
by representing all similar systems in terms of the primitives. Di�erences
between systems can be identi�ed to resolve ambiguity. The many-to-many
relationship between input-output behavior and system structure is also
compounded by the concern to consider geometry and shape and the phys-
ical realization, P , of a system S. A single system S has numerous physical
realizations Pi. Our representation recognizes these di�erent abstractions.
A case provides an integrating framework for these di�erent but necessary
device abstractions. In addition, the explicit representation of relations in-
cludes coe�cients, such as k and g which depend on the geometry and ma-
terial properties of the device, thus providing a consistent indexing mech-
anism that di�erentiates among the di�erent abstractions that comprise
a comprehensive device model, and at the same time provide a bridging
scheme for reasoning between conceptual and parametric design.

Computationally, the bond graph based model provides a well-de�ned
set of behavioral primitives. The synthesis task can be formulated as a com-
binatorial search problem since subsystems and primitives can be composed
in numerous ways to meet a behavioral speci�cation. The graph-based sys-
temic model provides a convenient computational framework where systems
can be composed algorithmically[19]. The creative aspect in the behavioral
synthesis task is generating only feasible candidates from the numerous
that are possible. This selective generation process is largely guided by ex-
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Device name Solenoid

Input port P1

Output port P2

Input port energy domain Electro-Magnetic

Output port energy domain Mechanical-Translation

Device relation e2 = k:f1; f2 = e1=k

Components NIL

Device topology NIL

TABLE 3. Schema for a Solenoid

Input Output

Volt,
current velocity

Force,
Solenoid

Solenoid arm

~

x

E
P P1 2

Figure 2. Schematic for a solenoid

pertise gained in building previous designs and systems and has motivated
our e�orts to build a case-based design system. In the following section,
we describe the representation of electro-mechanical devices as cases and
illustrate case-based synthesis.

4. Case representation and synthesis

The general device model described in the previous section provides indices
for design cases in terms of behavior, energy domain of the ports, system

structure and the various relations and there combinations thereof. The
power and signal devices can also be conveniently classi�ed based on the
e�ort and 
ow variables, material parameters, number of input and output
ports, system structure topologies and input-output relationships.

Shown in Table 3 is the case representation for a solenoid and Figure 2
is a schematic of the solenoid with its systemic model, i.e. the e�ort and

ow variables of its input and output ports. The solenoid converts electro-
magnetic energy into mechanical translational energy. The input port e�ort
and 
ow variables are voltage, e1 and current, f1; the output e�ort and 
ow
variables are mechanical force, e2 and linear velocity, f2. k is the solenoid
constant and depends on the number of coil turns, the reluctance of the
solenoid arm and the geometry of the con�guration. Di�erent solenoids with
the same linear port relations di�er in the value of k. Shown in Table 4 is
the case representation for a piston cylinder pump and Figure 3 shows the
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Device name Piston-cylinder (Pcyl)

Input port P3

Output port P4

Input port energy domain Mechanical-Translation

Output port energy domain Hydraulic

Device relation e4 = g:e3; f4 = f3=g

Components NIL

Device topology NIL

TABLE 4. Schema for a Piston cylinder

Cylinder Valves

Piston Input

Force
Velocity

P P3 4

Piston Cylinder
mech.

Output

Pressure
Flowrate

Figure 3. Schematic for a piston-cylinder

schematic and system model. The piston pump converts mechanical trans-
lational energy into hydraulic 
uid energy. The input port e�ort and 
ow
variables are mechanical force, e1, and linear velocity, f1; the output e�ort
and 
ow variables are pressure, e2, and 
ow rate, f2. g is the pump constant
and depends on the cross-sectional area of the cylinder and the piston. Dif-
ferent piston-cylinder mechanisms with similar linear port relations di�er
in the value of g.

The bond graph representation facilitates a principled way of combin-
ing simpler subsystems into more complex systems. Given the design spec-
i�cation of generating a periodic pressure pulse to drive a 
uid the two
foregoing components can be combined to build a more complex electro-
magnetic reciprocating pump as shown in Figure 4. The design speci�cation
for the pump shows the time history of the input and output e�ort and 
ow
variables and also designates the energy domains of the input and output
ports. The pseudo-code for case-based synthesis of two-port power devices
is shown in Table 5. This code only provides the skeletal framework for
the synthesis algorithm. Synthesis is guided by use of heuristics that use
domain knowledge based on the relationships between ports, the topologies
etc.

Following the steps in Table 5, we generate the combination of a solenoid
and the piston-cylinder mechanism when the mechanical-translation power
port is proposed as an intermediary port. Primary indices for retriev-
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1. Search the case-base for devices that provide power transformation from input
energy domain to output energy domain. If any cases are retrieved, simulate
for output, given the input behavioral speci�cation and compare with output
behavior speci�cation. If failure, go to 2 else stop.

2. Propose an intermediate energy port in any of the �ve energy media. Search the
case-base for all devices that provide power transformation from input energy
domain to intermediate power port domain and from intermediate port to output
port. Using the relations of each case in the pairs of cases retrieved, obtain
relation between input and output ports by eliminating the intermediate port
e�ort and 
ow variables. Simulate using the relation obtained and compare with
output behavior speci�cation. If failure, go to 3 else stop.

3. Repeat 2 by proposing additional intermediary ports in series. Stop when a
prede�ned number of systems in series is reached.

TABLE 5. Pseudocode for synthesis of cases

Output Hydraulic PortInput EM port

E

I

Time Time

Pump
Specification

P6P5 P1 P2 P3 P4
Solenoid P-cylinder

Input Output

Behavioral layout for  Solenoidal pump

P

Q
.

Figure 4. Schematic for a solenoidal pump

ing cases are the energy domains of the ports, the relations, and inter-
connective topologies. The two devices are combined at their ports as shown
in the system model of Figure 4. The input-output relation for the pump
is a combination of the device relations for the two components. Electrical
power is converted into 
uid energy. The case representation for the new
device is shown in Table 6. The device relation for the solenoidal pump is
obtained by eliminating the e�ort and 
ow variables at the shared common
mechanical translation port from the solenoid and piston-cylinder system
relations. In the device relation, n is a function of the solenoidal and piston-
cylinder constants g and k. Further the system consists of two components
connected in a cascade (serial) topology. The above pump mechanism is
used to dispense regulated amounts of drugs in drug delivery systems. The
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Device name Solenoidal pump

Input port P5

Output port P6

Input port energy domain Electro-Magnetic

Output port energy domain Hydraulic

Device relation e6 = n:f5; f6 = e5=n

Components Solenoid,Piston-cylinder

Device topology P5-to-Solenoid-P1, Solenoid-P2-to-Pcyl-P3,Pcyl-P4-to-P6

TABLE 6. Schema for a solenoidal pump

Crank is rotated

Mechanical joints

Piston undergoes
sliding motion

Slider-crank Pump cylinder

Schematic
Mechanical pump

System model

Hydraulic
Outputmechanical

Rotary

Input

Figure 5. Schematic for a mechanical reciprocating pump

electro-magnetic pump can pump varying amounts of 
uid on varying the
input current into the system.

Consider a new design speci�cation that requires a mechanical pump to
transfer fuel from a storage cell to a dispensing unit. A simple solution is
to use the piston-cylinder system and combine it with a manually powered
slider-crank mechanism as shown in Figure 5. The relationship for the slider
crank mechanism was shown in Table 2. The piston cylinder component
is snippeted out from the previous pump system since it generates 
uidic
power from linear mechanical motion and the system recognizes that a slider
crank motion provides conversion of rotary power to translatory mechanical
power. A combination of these two systems is guaranteed at the behavior
level to provide the requisite power transformation.
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The above examples illustrate the ability of the representation to facil-
itate composition of subsystems into more complex systems. Further, our
implemented system can retrieve pieces of device components and reuse
them in combination with other devices. These two characteristics of the
representation, namely composability of subsystems and principled snippet-
ing of subsystems from design cases, provide the backbone for developing
design case bases. The representation also facilitates simulation of complex
devices based on the input-output relations of the devices.

The discussion thus far has involved only two-port power devices in
series topology. In the following section, we brie
y describe the modeling
and synthesis of other multiport power and signal devices.

5. Extensibility of the representation

5.1. MULTIPLE INPUT-OUTPUT AND ENERGY-STORING DEVICES

Networks of power systems can be generated using three-port devices as dis-
tribution and con
uence elements. Multiple-input, multiple output power
system topologies can be generated in a procedural manner by choosing
various combinations of multiport systems in serial and parallel topologies.

Another characteristic of electro-mechanical systems is that they store

energy. For example, in the electro-magnetic pump the solenoidal arm might
be moved at a rapid pace. Motion of the armmay be controlled by adding an
energy storing one-port element such as a spring. The spring stores some of
the electro-magnetic energy during forward motion and provides damping
to the solenoidal arm. Energy storage elements can be incorporated in a
given device topology by choosing from a variety of one-port energy systems
such as inductors and capacitances for electrical systems; 
ywheels and rigid
bodies for mechanical systems.

5.2. SIGNAL DEVICES

Another class of devices that play a role in complex systems are devices
that transfer information or signals. Signal devices are those devices that
consume negligible amounts of energy but enable the transmission of signals
from the input port to the output port. The signal devices establish rela-
tionships between physical variables at their respective input and output
ports.

For example, an electrical 
uid pressure transducer is a signal device.
When placed in a pipe-line circuit, it consumes negligible power from the

uid 
owing in the pipe-line. Low power levels are su�cient to generate
electrical readouts. Further, changes at the output end of the transducer
do not a�ect the 
uid 
ow on a large scale. In contrast, a hydraulic motor,
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in the circuit, driven by the 
uid is a power device. If the power required
to drive the load on the motor is high, the motor may stall, blocking 
uid

ow in the pipeline with a consequent drop in pressure and overall 
uid
energy.

The above example illustrates that signal devices are directional in na-
ture allowing signal 
ow from input to output in contrast to power 
ow
devices that allow for back-e�ects wherein changing the output can change
the input. Signal devices provide for unilateral signal 
ow from input to
output ports while power devices allow for bilateral signal 
ow, from input
to output ports and back from output to input ports. Signal devices are

modelled as mathematical relationships between e�ort or 
ow variables at

input and output ports without the constraint of energy conservation. Signal
devices are used to monitor systems, provide information from the environ-
ment to the system and also change the behavior of a system by a�ecting
its physical embodiment. For example, a switch in a circuit breaks current

ow by physically breaking the current 
ow path.

5.3. LINKING PARAMETRIC DESIGN

The relationships listed in the earlier tables (tables 2, 3, 4 and 6) have
algebraic coe�cients such as k and g which depend on the geometry and
material properties of the device. These physical parameters can be �xed
apriori as a design choice or varied during the functioning of a system. This
feature provides another degree of freedom to the designer to obtain req-
uisite input-output behavior. For example, in the electro-magnetic pump,
a di�erent pumping characteristic can be obtained by using a non-circular
cross-section for the cylinder, an apriori choice, or by having a solenoid
with a variable reluctance.

Our case-base consists of devices with values speci�ed for these physical
parameters. If the design speci�cations provide values and ranges for the
e�ort and 
ow variables at the input and output ports, parametric design
can be performed by searching for cases with satisfactory combination of
values. For more details on bridging the conceptual and parametric design
phases, see [19].

6. Related device models in the literature

In this Section, we present related approaches to modeling device behavior
for purposes of behavioral synthesis of devices. Representations proposed
in literature have tried to provide a qualitative abstraction and interpreta-
tion for the mathematical relations of physical e�ects. Devices have been
primarily modelled as directional signal devices and the bilateral nature of
power transfer in devices has been disregarded. Equations that model phys-
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ical mechanisms have been represented as directed graphs with an apriori

choice of directionality in [20, 21]. Further, these relations have been mod-
elled in a qualitative manner in [21, 22]. Device models to represent only
kinematics of linked mechanisms are presented in [23, 24, 25]. In [23], only
linkage mechanisms are modelled in terms of con�guration spaces. The fo-
cus is only on kinematics i.e. the relationship between 
ow variables at
the input and output ports of mechanisms. There is no representation of
dynamics nor other physical e�ects. In [24] a qualitative representation for
mechanism motion is proposed. A predicate-logic formalism to model form
dependence of mechanisms is proposed in [25], but is limited by its ability
to deal with dynamic variations. In [26, 27], devices are modelled in terms
of the Structure-Behavior-Function framework. The representation assumes
that there exists a well-de�ned directional, mechanistic explanation for all
physical mechanisms.

All the above mentioned approaches su�er from ambiguity, when mul-
tiple physical systems are combined in a single device. The notion of con-
nectivity between subsystems ranges from sharing variables in graphs to
prede�ned predicates. The rationale behind choosing and assembling sub-
systems is rather ad hoc and varies from method to method. Further, in-
complete device models have inhibited validation of the devices synthesized
in a consistent manner. Finally, scalability issues have not been addressed.

In our framework, power and signals 
ow through subsystems from in-
put to output through ports where devices are connected. The relationships
between port variables model the nature of the power and signal transfor-
mations i.e S. Devices are composed by connecting subsystems at these
ports and the process of synthesis is guided by the knowledge of the power
transforming relations. Further, the structure of the device is provided in
terms of the interconnective topology of the subsystems. Variations of the
e�ort and 
ow variables at the input and output ports model the observable
dynamic behavior of devices. The scalability of our proposed representation
can be gauged by the success and use of bond graph models for behavioral
analysis of a variety of electro-mechanical devices.

The bond graph formalism provides a comprehensive framework for un-
derstanding device behavior. It enables representation of device behavior in
terms of the behavior of the components and also in terms of the behavior
that emerges due to the interconnective topology of subsystems. However,
there are limitations to this representation. It does not enable shape syn-
thesis of components. A possible approach for synthesis of device geometry
based on energy transfer between subsystems is suggested in [28]. Further
research is required to model the detailed interaction between shape and
behavior in a comprehensive manner.
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7. Concluding remarks

The electro-mechanical device representation based on the bond graph lan-
guage provides a comprehensive approach to model both power and signal
devices. Case representations of designs can be indexed based on behavior,
composed into complex systems, decomposed into subsystems and subsys-
tems thus created can be reused in other systems. The representation facil-
itates the formulation of the behavioral synthesis task as a combinatorial
search problem. Case-based synthesis of hybrid power and signal systems
in a principled manner is facilitated by generating topologies of devices
connected at their respective input and output ports. We have developed
a representation for behavioral design speci�cations in terms of the time-
histories of e�ort and 
ow variables. Further a computational scheme that
allows for retrieving and combining cases based on speci�cations in a prin-
cipled manner has been developed. At present, our implemented case base
contains design cases from multiple energy domains. Our synthesis formal-
ism allows use of cases from multiple energy domains to be reused and
combined in a principled manner. Our current work investigates the devel-
opment and use of domain dependent heuristics to guide this design task.
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