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Abstract

This paper gives a brief introduction to the Energy Bond
Graph (EBG) formalism — A modelling technique originally
intended for Engineering and Ecological Energetics. The
formalism is a shape-value notation built on C. S. Peirce’s
phenomenology and semiotics. Besides being a didactical
tool for teaching physics to experienced students the
formalism has proved valuable in connection with both the
experimental and the theoretical physics research conducted
at IMFUFA during the last 25 years.

The front page illustration shows the EBG formulation of
Hamilton’s equations.




Energy-bond-graphs — a semiotic formalization of modern physics.

by Peder Voetmann Christiansen

Roskilde University, Dept. of Mathematics and physics.
P.O. box 260, DK 4000 Roskilde, Denmark.

E-mail: pvc@ruc.dk.

Biosemiotics, 3. International Gathering, Copenhagen, july 12th 2003

1. Scope of the formalism B

An Energy Bond Graph (EBG) is a comprehensive diagrammatic
representation of all the relations that constitute a dynamical system. As such, it
1s a mathematical model, but not just mathematical. The EBG formalism requires
a total reduction to physical standard relations that exist both as hardware and
as software. It thus resembles a program or a wiring diagram for an analog
computer representing both a set of equations and a construction-recipe for a real
system that acts out the equations. EBG modelling is a "glass- bead-game" — a
"fundamentalist" way of doing physics (proceeding from real fundamentals), like
Peirce’s Existential Graphs are to logic. Peirce said in his second Lowell Lecture
from 1903 that he had spent forty years of his life developing the existential
graphs and he described its purpose in the following way that may just as well
serve as an introduction to the EBG-formalism:

"Before beginning, let us distinctly recognize the purpose which this
system of expression is designed to fulfil. It is intended to enable us to
separate reasoning into its smallest steps so that each one may be
examined by itself. Observe, then, that it is not the purpose of this system
of expression to facilitate reasoning and to enable one to reach his
conclusion in the speediest manner. Were that our object, we should seek
a system of expression which should reduce many steps to one; while our
object is to subdivide one step into as many as possible. Our system is
intended to facilitate the study of reasoning but not to facilitate reasoning
itself. Its character is quite contrary to that purpose." :
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The EBG-technique is not an easy way to mathematical models in
physics, because it forces the user through an initial phase of semiotic reflections
on categorization of variables, etc. This initial work, however, will lead to
insights that are not easily gathered from more direct modelling techniques.

2. Classification of dynamic variables.

There are four kinds of dynamic variables in the EBG-formalism, and
these are conveniently displayed in a Greimasian semiotic square. This
method needs two pairs of binary opposites. The two members of a pair
of opposites are placed diagonally against each other in the corners of a
square, and then the four sides of the square identify the possibilities.

The two pairs of opposites are:

1: Level/rate, where the level-variables are accumulated, i.e. they can
only change by time-integration of associated rates, whereas the rates
may change abruptly.

2: directed (x)/undirected (o). Directed variables have direction both in
space and time, i.e. they require a spatial orientation-convention and they

change sign by time-reversal. Thus, we get the semiotic square of figure
1: '

Level directedix)

-

momentum p

displaceme

effory e
undirected(0) Rate

figure 1 Semiotic square of dynamic variables.




In EBG diagrams the levels are associated with "bird-house" storage
icons (inspired by H.T. Odum)' marked x for kinetic energy and o for
potential energy, while the rates are marked on the line-icon of an
energy-bond with an arrow for the directed flow and a stroke for the
undirected effort. The consideration that efforts (forces) are undirected
reflects a deep law of classical mechanics, namely Newton’s law of
action and reaction.

Figure 2 below shows how the same system — a harmonic oscillator —
is depicted by the present author (a) and with the more austere drawing
style of the EBG-formalism’s inventor H.M. Paynter (b).’
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figure 2 Harmonic oscillator

3. Shape-value-notations

The difference between the two diagrams in figure 2 illustrates the
concept of a shape-value notation (a) where the shape of the icons is
chosen such as to convey an idea of their value or function and a
symbolic notation where symbols like digits or letters are used to replace
proper icons (b).

The present formulation was inspired by Odum’s shape-value-notation for
Ecological Energetics ', but it was felt that the lack of physical precision
in Odum’s definitions of his icons could be remedied by using Paynter’s
bond-graphs * . However, Paynter did not attempt to create suitable
shapes for his icons and reverted to a symbolic notation, which lead to
some ambiguities. By using, e.g., the letter T as an icon for a transfor-
mer/transducer one misses the fact that a proper definition of the
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parameter of the object requires a destinction between its primary and its
secondary port, and this distinction cannot be brought out by a symmetric
shape like T, but only by an asymmetric icon (except in special cases),
like the triangular shape in figure 6.

Some icons have associated parameters, denoted by symbols. The shape-
value notation demands that the meaning of these symbols shall be
uniquely defined by the shape of the icon. This demand means that it is
sometimes necessary to have two different icons for the same physical
function, as with the gyrators and the sinks shown in figure 6.

Attempts to create shape-value-notations for mathematics and logic have
been studiously ignored by mathematicians, who for the last hundred
years have preferred to continue in the trend laid out by Hilbert’s
shapeless axiomatization of Geometry. Thus was neglected Peirce’s
construction of a shape-value-notation for the sixteen binary logical
cannectives® Peirce’s notation was rediscovered by Shea Zellweger who
has now developed it further to a complete "logic alphabet" thereby
stressing the merits of shape-value notations for educational purposes4
Peirce’s early version of his existential graphs (the alpha graphs) was also.
a shape-value notation of logic and a precursor of Spencer-Brown’s
"Laws of Form" from 1969.°

By developing the EBG-formalism as a shape-value notation the present
author hopes to have helped strengthening an important historical strain
that may prove valuable to Physics and Biosemiotics.

4. Basic response properties.

In a response experiment we act on a system through an energy bond,
which, as we have seen, contain four variables, q,f,e, and p. These four
variables are not independent, because the levels q and p are time-
integrals of the rates f and e. In the experiment we leave the system
undisturbed from time -o to time 0. Then we choose one of the four
variables as stimulus s and let it have a constant value from time 0 to .
As there are two causal groups of independent variables we can choose
s from one group (e.g. (f,q)) and then observe the response r(t) as one of
the variables from the other group (e,p). In the response-matrix shown in
figure 2 there are thus two windows of possible response-properties, each
containing four functions, but it can be shown that for time-homogeneous
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systems where the result does not depend on which instant we choose as
time 0, two of the four functions in each window will be identical. Any
physical system therefore has six different response-properties.



figure 3. the matrix of response-func-
tions.

Response-semantics, i.e. the choice of proper nouns to denote the
response-properties may then proceed from the response-semiotics of
figure 3. In the following table we have combined usually used nouns
with the six two-link Peircean sign classes: Read, e.g. (23) as "second of
third". :

(1) Gz Rigidity or elastic modulus.
(12) z: Impedance or resistance,
22) M: Inertance or Inductance.
13) F: Lightness or Susceptibility.
23) Y: Conductance or Mobility.
33) I Compliance or Capacitance.

We have here defined the response-functions as functions of time from

0 to oo, but by Laplace-Stieltjes-transformations they are defined as

functions of a complex frequency s=-iw. These complex functions are

usually just called generalized susceptibilities.

However, there are many advantages in distinguishing the different
functions by different names because they are mathematically related by

time-integration: G integrates to Z, Z integrates to M, and similarly for

the set F,Y,J. In the frequency- (s-) domain time integration corresponds

to division by s. Thus, by this semiotic/semantic approach it becomes
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possible to; identify and name a reSponse-property aﬁef a quick glance at
the oscilloscope. And a careful distinguishing by names serves to develop
the somewhat mysterious ability called "physical intuition".

5. the energy bond, causality and orientation.

the most basic icon of the EBG-formalism — the energy bond — is drawn
as a simple line. It denotes an energetic interaction between two system-
components. The interaction is mediated by the two rate-variables that
belong to the bond: the directed flow,f, indexed as an arrow and the
undirected effort, e, indexed as a stroke. If system A acts on system B
with an effort, then system B acts back on system A with a flow. This
causality is then indicated by placing the effort-index closest to B and the
flow-index closest to A. By using an arrow as the flow-index we are
forced to choose an orientation of the bond. Every bond may have either
orientation, but when we want to view the same physical situation with
the opposite orientation, we have to change the sign of the symbolic
expression for the flow (f changes to -f). The interaction between A and
B described above can thus be depicted in the two ways shown in figure
4.

Lcu

Figure 4 Interaction and orientation.

It must be stressed that the causality of an energy bond is not just a
formal consideration made necessary by the algorithmic ordering. There
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exists a precise measurement prescription to decide the causal order of
the rate-variables for each bond, based on the analysis of transients or
noise.

Every energetic interaction is associated with a flow of energy. The
energy flow in the direction of the orientation of the bond is the product
of effort and flow.

In general effort and flow are defined as vectors in a complex metric
- space of arbitrary dimensionality. The energy flow is then defined as the
scalar product of the effort- and the flow-vector. This generalization,
however leads to the complication that the vectors must be represented
as either covariant or contravariant. The flow-orientation rule shown in
figure 4 then has to be modified such that the change of orientation is
- associated with a shift of variance of both the effort- and the flow-vector.
By adopting the further rule that the same physical situation may be -
described with either variance of the effort (but not of the flow), the
formalism becomes able to treat vectors of mixed kinds where some of
the effort-components are flows and the corresponding flow-components
are efforts. This feature allows for a very general treatment of response-
experiments, where, e.g. the celebrated Onsager symmetry relations
becomes a theorem of the EBG-formalism.

The general vector-formulation also demands that each bond is associa-
ted with a metric tensor that relates the covariant to the contravariant
vectors. A unit metrical tensor is represented as a matrix with 1s in the
diagonal and Os outside. This is Euclidean metric. When coordinate
vectors are defined by three spatial coordinates and one time-coordinate
the flow-vector’s first three components will be flows and the fourth will
be an effort. This corresponds to a metric tensor with 1s in the three first
places of the diagonal and -1 in the fourth place — the Minkowsky-metric.
The group of metric-preserving transformations for this metric are the
Lorentz-transformations, and the whole formalism of special relativity
follows from this. Likewise, by adopting the general tensor-formulation
of Riemannian metric spaces the theory of general relativity also follows
from the EBG-formalism.



6. Definitions of basic icons

EBG-modelling always proceeds through three semiotic stages: from
icons through indices to symbols. Each icon denotes a basic physical
relation between the input and output variables of the associated bonds
(the ports) When indices — flow-arrows and effort-strokes are marked on
the bonds, symbolic expressions for these variables are written near the
indices, whereby the meaning of the symbols and the function of the icon
is defined. Note that nearness is itself an indexical element inherent in
the meaning of the symbols. Symbols near the icons are also used for
defining certain parameters of the icons (like storage-capacity and
transformer-ratio).

The basic icons are clearly divided in three classes corresponding to
Peirce’s three phenomenological categories:

1 Active systems (sources of flow or effort) have an output-variable
that is independent of the input-variable.

2: Passive or reactive systems have an output that is determined by
the present or the previous values of the input.

3: Dissipative systems (the sinks) mediate between active and
passive behaviour. Their response is mainly passive, like the voltage over
a resistor, given by Ohm’s law, but the passive response is superposed
with an active component — the roise — that depends both on the sink-
parameter and the temperature.

In figure 5 we show definitions of the active and the reactive systems.




10

effort-source flow-source
— . " f
Q)—""—"" ?/:——1—*——:/\ 5
kinetic storage potential storage
i )
G )
. ‘ITjdp/dt ﬂ_c
1 p/m l dq/de
+ q/C

figure 5 active (sources) and reactive
systems (storage)

Figure 6 shows the sinks and two passive 2-ports, transducer/transformer .
and gyrator. The definition does not distinguish between transducer and
transformer, but the name "transducer is used when the parameter t has
a physical dimension, whereas transformers are dimensionless. Transfor-
mers and gyrators are very différent although they look similar.. The
parameters t and g may be given as level-variables elsewhere in the
system, but then t must be an undirected level, whereas g must be
directed. Such parametric feedback is useful for modelling nonlinearities.
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fugure 6 Passive 2-ports and sinks (n
denotes noise).

Finally, figure 7 shows the junctions as 3-ports, thus representing the
only friadic relations of the formalism. The junctions are ropological
constraints corresponding to Kirchhoff’s two laws of electrical networks.
The o-junction corresponds to a node in the network (parallel connection)
and the x-junction to a mesh (series connection). The similarities between
o- and x-junction reflect the nearly dual symmetry between efforts and
flows, but the dual symmetry is broken by the fact that flows are
directed, while efforts are not, and this leads to subtle differences
between the junctions, which, however, we shall not discuss here.
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ﬂguré 7 The junctiohs.

7. Beyond laws of nature

A strange consequence of the EBG-game is that what we usually regard
as laws of nature seem to vanish out of scope. Instead we have the rules
of the game, which ensure that the laws of nature.are obeyed. The
vanishing of laws is thus a result of mathematization and semiotization.
Similarly, in elementary physics the pupils learn the law of nature that
forces are combined by the construction known as the parallelogram of
forces, but in more advanced teaching they are just taught that forces are
vectors, so the former law of nature becomes the rule for adding vectors.

We have seen that Newton’s law of action and reaction hides within the”
rule that efforts are undirected or the flow-orientation rule of figure 4.
Similarly, we can find Newton’s second law of motion (force equals
mass times acceleration) in the definition of the x-storage icon of figure
5, where m is the mass, p the momentum, e the force, and f the velocity
(p/m). It was also mentioned that Onsager’s symmetry- or reciprocity-
relations is a theorem of the EBG-formalism. It is therefore not necessary
for users of the formalism to know this as a law of nature, because it is

automatically satisfied by all EBG-models that are made according to the
rules.

Certain combinations of icons are not allowed, because they lead to
causal conflicts. It is absolutely forbidden to connect two effort-sources
directly or through a transformer. The sources are absolutely rigid in their
causality, while other systems may be forced to yield. By connecting an
effort source to a o-storage a mild conflict arises where the storage
element is forced to give in and accept "differential causality". In this
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way we are allowed to ascribe a conductivity to an electric, capacitor C,
but the conflict still shows itself in the fact that the frequency-dependent
conductivity Cs goes to infinity for large frequencies, which means that
the causality will break down if the effort of the source changes very
rapidly. Causal conflicts may often be resolved by introducing extra
sinks. This happens, e.g. when a car tries to accelerate too fast; the
wheels will slide on the road — a sink has appeared to represent the
friction between wheel and road. In the traditional way of describing
physical systems — by equations — there is no formal treatment of
causality, so the concept of causal conflict does not exist, but in reality
it plays an important role, especially when systems break down.

Many laws of nature are formulated as partial differential equations, e.g.
the diffusion- and wave-equations, Maxwell’s electromagnetic equations, and the
Schrodinger equation. Such equations are in EBG diagrams shown by combining
icons, each representing an infinitesimal section of space in structures that are
repeated in three dimensional space like the atoms in a crystal. As an example
of this figure 8 shows the unit cell for representing Maxwell’s equations in
vacuum. Not shown in the diagram are storage elements connected to the
junctions: x-storage to x-junctions representing the magnetic induction-vector B,
and o-storage to o-junctions representing the electric displacement-vector D. The
electric field E and the magnetic field H are represented, respectively, as the
efforts and the flows in the bonds.




Figure 8 Unit cell for Maxwell’s equatfons.

As mentioned, the sinks are sources of noise. This important insight
follows from the Fluctuation-Dissipation Theorem by Callen and Welton
(1951)°. As shown in figure 9 and the associated formula the complete
complex impedance function Z(w), (w=is) may be spectrally resolved on
the response-functions of harmonic oscillators. The real, or dissipative
part of the impedance R(w’) is proportional to the density of oscillators
on the real axis of their resonance frequencies w’. The spectral resolution
formula is then valid when w has a positive imaginary part. This formula
is translated to icons in the figure and gives justification for the choice
of the sink-icon. The noise is simply the output from all these un-
correlated oscillators in thermal equilibrium with the temperature 7. For
an ohmic resistance the oscillator-frequencies will be equally distributed
over the real axis, and the noise-spectrum will be white.



15

G/i"' L ,'J-’”\".” /&\ \\/:,i}‘ .. Z((l)) — lfR((‘)/) + d(A)/
;CS \(» \@ no (A)_(l.)/ (l.)+(.|)/
o )

figure 9 Spectral resolution of a
sink

For a frequency-independent resistance R the prescription of the FD-
theorem is simply that for each step dt of the numerical integration one
has to add the effort-noise

n= N(/(2RkT/dt))

to the passive response of the sink. Here N(x) is a normally distributed
random number with mean value 0 and standard deviation x. k is
Boltzmann’s constant, and T the absolute temperature. The formula is
valid in the classical limit, when dt>> 7 KT.

It is noteworthy that the noise diverges to infinity when the steplength dt
goes to zero. The noise is, as Peirce said,

"Infinite in the here-and-nowness of immediate sensation, finite and
relative in the recency of the past". (CP 6.135).

Every EBG-model containing dissipative elements thus becomes
"animated with noise". It is easy to show that the level-variables of the
system in this way get the exact fluctuation-moments that are prescribed
by Statistical Mechanics, which in this way also becomes a result of the
EBG-formalism.

The above expression for the effort-noise n demands that the sink-
parameter R be positive. This is a further axiom of the formalism and it
has the result that the energy flow to a sink, Rf is always positive, thus

ensuring that the laws of thermodynamics are always obeyed by EBG-
models.
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8. Completeness of the formalism

Within Physics and Engineering the EBG-formalism seems to be
complete. Although new icons can be freely invented and added to the
basic icons it seems always possible to make a full reticulation, i.e. to
reduce these new functions to the basic icons. In practice it is easier to
use a combination of basic and composite icons. The icons used by the
author, shown in figure 10, are defined once and for all in an object-
oriented drawing program (DrawPerfect 1.1)

figure 10 Iconic objects of the
EBG-formalism ‘

A full proof of completeness is difficult to find (if not impos-
sible), but many special cases have been considered’ and al-
gorithmic prescriptions for their translation to the EBG language
have been found, of which I shall just mention a few:

1 Chemical reactions forwards and backwards were first described by a
reaction-icon based on H.T. Odum’s work-gate-icon, but it was later
shown that the reaction-icon can be reticulated by sinks and gyrators. In
this way it is possible to make EBG-descriptions of large biochemical
reaction-networks, like photosynthesis.
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2 Topology of electrical and rheological networks are easily translated to
EBG diagrams of junctions. It turns out, however, that the x-junction is
a series connection in electricity but a parallel connection in rheology
(and vice versa for the o-junction).

3 Linear response can be reduced to electrical networks ®, and from there
to EBG models. So in this case a full proof of completeness exists. On
the other hand it is not always possible to translate EBG diagrams to
electrical networks. (It may lead to short-circuits if one tries).

4 All systems that can be described with the Lagrangian and Hamiltonian
methods of classical analytical mechanics can be translated to EBG-
models by a relatively simple algorithm. So in this case the formalism is
also proven complete, and it turns out that the EBG-models are generally
more efficient for simulation than the Hamiltonian equations.

5 All relations exhibited by the basic icons are linear, but, as mentioned
earlier, non-linearities may be introduced by parametric feedback from
levels to transformers and gyrators. Such non-linearities will contain a
time-delay, but many systems of classical mechanics require simultaneous
non-linear relations. Such relations can also be given by an EBG
diagram. In figure 11 it is shown how a simultaneous rendering of the
relations s=sin® and c=cos0 is reticulated:

<& ] T\ ‘o)
\\'\] ™ /\f_A:_J
O\\ N i / i
< 5 ' .
| e T
~C [ S

figure 11 Simultaneous reticulation of c=cos0 and s=sin®.
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Finally, figure 12 shows how a complicated mechanical system — a
double-pendulum — is fully reticulated with all its cosines and square-
roots:

. -
A \ ./ D, A . A
2B 20 OS>
c O 1 : I\
\\{,.;\/,'-—— o S/
/ 2 c Z_‘_J G~
L 1o A b T
. A (s3] [ C \l
/,\\[ r\ N - Q- j/ \\F
A 1)
I, b, c./ %2 [V]
2 272 2/\\

Figure 12 Full reticulation of double-pendulum.



9. Perspectives

Some biosemioticians are apprehensive about the dangers of physical
reductionism. It must be admitted that EBG-formalism is an example of
such reductionism, and even that it tries to carry physical reductionism
to an extreme (by reducing basic physical concepts to even more basic
semiotic concepts). Against such warnings I have several comments:

1):

2)

3)

4)

Kurt Godel carried logical positivism to an extreme and found
something on the other side of great importance to mathematics
and philosophy.

An EBG-model is always open to expansion into the environ-
ment, except when the underlying theory demands a closure.

Regarding Biosemiotics: An EBG model is a sign of a
general idea and thus, as Peirce said (CP 6.270) a living entity
analogous to a person. The variables in an EBG-model are always
superposed, both with thermal noise and quantum-fluctuations,
that may be regarded as "living feeling" and spontaneity. If it is
reductionistic to use such models in biology, it is, at least, not a
simplistic kind of reductionism.

Regarding Quantum Mechanics: The EBG-formalism has a strong
affinity to Quantum Mechanics, as it has to Relativity. If it
becomes possible to construct an analog computer that can act out
all the simultaneous feedbacks of EBG-models, it will be a
quantum computer. The non-local constraints exhibited by the
junctions give a simple explanation of Quantum-Non-Locality
(the Einstein- Podolsky-Rosen experiments). Many other seeming-
ly counter-intuitive quantum mechanical effects also appear as
natural and understandable when viewed in the light of EBG-




20

reticulation of the physical sign-relations. A full investigation of
_ this research program, called Quantum Semiotic, is in progress,
but may take many years to complete.

Lejre, july 1. 2003

Peder Voetmann Christiansen.
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