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1 Introduction

One of the opportunities created by the ever-continuingeimse in computing power is the possibility to
model physical systems accurately and in detail. Matheralthodels are the basis for simulation and
of model-based analysis and design. Complex intercondesststems are usually modeled by tearing,
zooming, and linkingTearing refers to viewing a system as an interconnection of sutesysiooming to

the process of modeling the individual sub-systems,|akihg to setting up the relations that describe the
interaction between the sub-systems.

In order for such modeling procedures to be useable and bl@luappropriate mathematical concepts
are needed. Appropriate concepts for describing a systehitsusub-systems, appropriate concepts for
describing the architecture how the sub-systems are Ididaod appropriate concepts for describing the
interaction between sub-systems. The viewpoint put foraclassical system theory is to regard a system
in terms of inputs and outputs, to describe the architedtuterms of signal flow graphs, and to think of
the interaction of sub-systems as assigning the output@bgstem to be the input of another one.

The aim of this note (see [1] for a more elaborate discuss®omd put forward the thesis that for
the modeling of physical systems the input/output pointiefwmisses the essence of what is involved.
Input/output thinking is in general inappropriate for ddsing an individual physical system, signal flow
graphs do not capture the architecture of an interconnessteigm, and output-to-input assignment is a
limited way of viewing the interaction between physicalteyss. The classical input/output view fails
in the simplest examples, as electrical circuits, meclauievices, and civil engineering structures. It is
therefore unthinkable that this view could suddenly becappopriate for complex systems, as those met
in biology, ecology, and economics. The input/output viewpérhaps suitable for signal processing and
for certain aspects of feedback control, but for the modetifphysical systems this view falls short and is
even misleading.

2 Thebehavior of a system

Consider a system that interacts with its environment thhoterminals, and assume that the aim is to
describe the dynamics of the variables involved in thisra8on. For the sake of concreteness, it is
convenientto think for instance of an electrical circuittwivires (‘terminals’) sticking out of it, and the aim
is to describe the voltages and currents on these termorad§a mechanical system with pins (‘terminals’)
attached to it, and the aim is to describe the positions afktherminals and the forces acting on them.

Associated with each terminal there are a number of varsabkea potential and a current for an electri-
cal wire, and, for a mechanical pin, a position and a forcéé1D case, or a position, a force, an attitude,
and a torque in the 2D or 3D case. For the great majority ofiegfdbns more than one variable is involved
for a single terminal. Assume that there ar¢erminals and that the variables associated withktheter-
minal belong to the spad®\. The internal structure of the system and the parameteesaifithe elements
lead to constraints on the possible time-functions (wi,wz,...,Wy) 1 R — W =W; x Wy x --- x Wy



that are possible. The set of possible time-trajectorieslied thebehavior and is denoted byg. Hence
w € £ means that the dynamical laws of the system allow the t@jeet, while w ¢ 2 means that the
dynamical laws forbid the trajectory. The behavior is the end point of a modeling process.

It could very well be that, after scrutinizing?, W can be partitioned into the product of two sets,
W =U x Y, with the variables iU acting as inputs and the variablesY¥nacting as outputs, with inputs
and outputs defined in the usual way, and w#tspecified through a transfer function, or an inout/output
map, or another input/output structure. It could even b¢ ithaddition to the input and output spaces
U andY, there is a state spadesuch that# can be described through a system of differential equations
%x: f(x,u), y=h(x,u) or a DAE. However, such structured models are not the end pbiinst principles
modeling, and they should not be the starting point of a thebdynamical systems.

Physical laws impose constraints on variables. Laws dotat# that one set of variables causes another
set of variables, but that variables can happen simultastgouly if certain relations are satisfied. That is
what the gas law states, that is Newton’s second law saysistiaxwell’s equations express. Arrows,
signal directions, and pathways can help in explaining thetioning of some phenomena in a complex
systems, but for most interactions they are inappropriateaaconsequence pbst hoc ergo propter hoc
reasoning. Viewing a dynamical system as a behavior trdéatardables on the same level. Input/output
thinking requires splitting variables that act on one arelghme terminal, and to depict these variables on
different terminals. This has understandably led to mugetficgion pedagogically.

How does one decide whether a circuit is voltage or curréned? Even a simple resistor can be viewed
as either current or voltage driven, so what should be taiée the input and the output? If we consider a
simple mechanical system with two pins, then the forcesigain these springs could be constrained to be
equal, as is the case for a system consisting of masslesgspmd dampers, or they could be independent,
as is the case when there is a mass in the system. In the foases,ave cannot view both forces as inputs,
while in the latter case, we can view both forces as inputsd #his input/output partitioning question
becomes more and more intractable as a system becomes ndareas complex. The input/output point
of view is simply not appropriate as a starting point for thlesctiption of physical models. A physical
system is not a signal processor.

Caveat. Even the choice of the terminal variables is not a trivial terat For electrical terminals it
is natural to choose the potential of the terminal and theeotirflowing into the circuit as the terminal
variables, even though only potential differences are ighilg measurable. For 1D mechanical systems it
is natural to choose the position of the terminal and thefaiating on the system as the terminal variables,
even though only displacements (position differencesphyesically measurable. The reason of this choice
of variables will come up again when discussing intercotiogs.

3 Theinterconnection architecture

The layout of an interconnected system can be formalizedysaph with leaves (a graph with leaves is like

an ordinary graph but in which some of the edges, the leave&medent to only one vertex, rather than two
as is the case for ordinary edges). The vertices of the grapbspond to sub-systems, the edges correspond
to connected terminals, and the leaves correspond to exterminals that allow the interconnected system
to interact with its environment.

Note that this architecture has a hierarchical structineesthe sub-system in a particular vertex can
in turn be viewed as an interconnection architecture of subsystems. The edges and the leaves that
are incident to the vertex corresponding to the sub-systethe original graph become the leaves of the
sub-system architecture in the new graph.

Caveat. In this interconnection architecture the sub-systemsratied vertices, and the connections are



in the edges. This is in contrast with the graph structurel iseclassical circuit theory, where the sub-
systems are in the edges and the vertices take care of theat@mns. The graph structure used in classical
circuit theory is convenient for modeling circuits consigtof elements that are 2-terminal 1-ports, as R’s,
L's, and C's, and 2-terminal multiports, as transformerd ggrators. However, the graph structure of
classical circuit theory has serious disadvantages. Fample, it does not deal with 3-terminal elements
as transistors, Y’s, anf¥s. Furthermore, it misses hierarchy, since an intercotimeof 2-terminal 1-ports
can have any number of external terminals, and does not ndetla 2-terminal multiport. It does not even
need to have an even number of external terminals.

4 Interconnection asvariable sharing

Assume that two terminals of two sub-systems are interactede What relations does this impose on the
variables on these two terminals? Usually these relatiomyery simple and can be viewed e@iable
sharing. If both terminals are electrical terminals, interconimtimposes the constraintg = Vs, 1; +

I, = 0, with V; the potential of the first an®l, of the second terminal, and with the current flowing

in the first andl, in the second terminal (both countedO when the current flows into the respective
circuits). Note that interconnection identifies potertiaine of the reasons why it is convenient to work
with potentials (rather than potential differences) aminal variables. If both terminals are 1D mechanical
terminals, interconnection imposes the constraipts- g,,F1 + F> = 0, with theg’s positions and the
F’s forces. Note that interconnection identifies positioraher than displacements), one of the reasons
why it is convenient to work with positions as terminal vaites. If both terminals are thermal terminals,
interconnection imposes the constraifts= T,, Q1 + Q2 = 0, with theT’s temperatures and th@'s heat
flows. If both terminals are hydraulic, interconnection osps the constraints = py, f1 + f» = 0, with

the p's pressures and thiés mass-flows.

The interconnection of two terminals results in variablargig (up to the choice of signs). This is
distinctly different from the output-to-input assignménplied by signal flow graphs. Connection does not
mean signal transmission from one system to another, bigansithat variables are equated, that additional
constraints are imposed. A physical system is not a sigaigssor.

Caveat. The input/output approach leads to elementary difficubhiethe following sort. Suppose that
two mechanical systems are interconnected by welding emsieg or gluing two pins (terminals) together.
Assume that intuition, or analysis of the behavior has lgtiéaconclusion that the forces on these terminals
act as inputs, and that the positions are outputs. Inteemiimom of the two terminals leads tp = ¢, and
F1+F =0, that is, it leads to equating two inputs and to equatingawiputs. But this is forbidden by
input/output thinking. Signal flow graphs cannot cope in ms)etric way with the interconnection of two
identical masses, an operation carried out by a welder amidlddyer dozens of times a day. Why should
such elementary deficiencies not carry over to biologicsieans? Why should chemistry be different?

5 Thebehavior of theinterconnected system

The models for the sub-systems specify the behavior of thiablas on the terminals corresponding to
the edges and the leaves that are incident to the vertexspomeding to the sub-system. These behaviors
involve the variables on the edges and the leaves incidaghttorertex. Each edge in turn corresponds to
two terminals belonging to the subsystems that correspotidet vertices to which that edge is incident.
Expressing the variable-sharing constraints on the vimsain these terminals leads to the interconnection
laws. The combination of the behaviors of the subsystemstandhterconnection laws defines the over-
all behavior involving the variables on the terminals cep@nding to all the edges and leaves. Viewing



the variables on the edges as auxilidagent, variables and the variables on the leavemasifest, as the
variables the model aims at, leads to the behavior of thebks on the external terminals of the inter-
connected system. This procedure usually involves mangtesms with many auxiliary variables, but for
certain classes of equations, there exist effective algos for elimination of these auxiliary variables (see
[1] for detalils).

6 Let'sget the physicsright

Modeling is the most neglected aspect of theoretical emging in general and, more specifically, in Sys-
tems and Control. As argued above, the input/output pointi@# is unsuitable for modeling physical
systems and signal flow graphs are unsuitable for modeligigititerconnection. A physical system is not
a signal processor. The many books and courses enSitgdls and Systems do not deal with physical
systems and their interconnection in a realistic way, anddcbetter be renamefignals and Signal Pro-
cessors. To do justice to models involving physical systems, onauthase a different set of ideas. In the
previous sections the basic ingredients of a more cogembapp have been sketched. Backing off from
input/output thinking is required if Systems and Contréetmmodeling of complex systems, as those met
in biology, and the applications of the ideas of the field iggibal domains earnestly.

The neglect of physical modeling is also evident in areashhise probabilistic models. To begin
with, the interpretation of probability is seldom explaihd his would pose no problem if the interpretation
of a particular concept is evident, but in the case of prdighvith its highly divergent interpretations,
this neglect is objectionable. Often, it is vaguely implibet a frequentist interpretation is used. But
then, why can measurement inaccuracy be modeled as anvadstitichastic process? Why should an
unmeasured nuisance signal in system identification belizatan of a stochastic process? Why should
a communication channel change a 0 to a 1 and a 1 to a 0 with arfatil’e frequency? Where would
this regularity of error generation come from? Undoubtetilymany circumstances, these probabilistic
methods can be rationalized, but this should be done. Byaagé,|research and teaching happens without
bothering to explain the physics that leads to probahilistbdels.

How can such a situation have occurred? Why is the physicsodets not more prominently present
in areas as Systems and Control? Why are probability, inputputs, and signal flow graphs used without
scrutinizing the physical situations to which they claimpgrtain? The explanation, it seems, lies in the
sociology of science. Normal science uses an establisheligan in which to operate. Courses use
existing textbooks with exercises that are clearly posetithat emphasize mathematical issues. When a
problem is cast in an input/output setting with disturbae®deled as stochastic processes, the context
becomes an established, often sophisticated, mathetrfasiceework, with results that may be difficult to
obtain and to prove, but that are unambiguously verifiabltheraatically. The results are judged by their
mathematical depth and difficulty. In other words, the erptéon lies in thd_ure of Mathematics. There is
no other explanation.
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