
Abstract

Introduction

1'lte aiin of this paper is to propose an automatic
method to construct a process model from a bond
graph representation . The system is described in a
inultimodeling approach . In this approach several
models represent the functional knowledge : the func-
tional role model and the process model . Functional
roles are in correspondance with bond graph elements
and it is shown that the causality and the orientation
of the energy flo-,v have to be taken into account in or-
der to build the processes cofunctions . An algorithm is
given which constructs these cofuuctiorts from the bond
graph representation . This method is applied to con-
Itruct the processes of a nuclear power plant. coolant
loop and is illustrated oil a simplified part of this sys-
tem . The methods based on the inultimodeling ap-
proach for interpreting or for diagnosing systems can
usefully rely upon thus automatic construction of pro-
e<'gses .

Model based reasoning is a subfield of Al focusing on
device understanding issues . Initially, it was based on
the works of de Kleer, Forbus and Nuipers on quali-
tative reasoning . These approches were limited to use
structural and behavioral knowledge .

In order to provide an additional information for un-
derstanding and reasoning about the structure and the
behavior of a system, several research was focused on
functional modeling and functional reasoning . Most
of it consider the function as what is expected and
t It(, behavior as how this expected result is attained .
(Sticklen c&- Chandrasekaran 1989) . (Hawkins, Sticklen,
K- Mcdowvell 1994) and (Eeuneke 1991) represent and
explain complex system mechanisms by combining the
following knowledge : the structure specifies the system
components and their relationships, the function spec-
ifies the goal of the system or the component activity,
and the behavior specifies how- the function is accom-
plislied . The behavioral model is represented as a causal
sequence of states . (keuneke 1991) defines an addi-
tional distinction of functions . She classifies functions
into four types : ToMake . ToMairttain, ToPrevent and
ToControl . (Vescovi et (il . 1993) and (Chandrasekaran

1994) consider another formalism for representing sys-
tem functions . They describe the functional goal of
the system by a boolean combination of Causal Pro-
cess Descriptions (('PDs) . Each CPD is an abstract
description of expected behavior in terms of a causal
sequence of events . Larsson (Larsson 1996) exploits in
his reasoning task a functional and teleological repre-
sentation called Multilevel Flop- Alodels (AI1~11) . There
are three function types considered in MFM : mass and
energy flow function (source, transport . barrier, stor-
age, balance and sink), information flow function (ob-
server, decision maker and actor) and organizational
functions (network and manager) . This approach pro-
poses a. graphical language to represent goals, functions
and relations . However it doesn't explain how functions
can be derived .

(Chittaro et al . 1993) propose an other nteiliod to
specify the functional processes of the system . They
consider three possible physical processes : transport-
ing, charging and discharging . Each process is defined
by a network of functional roles (generator of effort or
flow, reservoir of displacement or impulse att(I conduit
of effort or flow) .
Our work focuses on the following two types of knowl-

edge : the bond graph to represent the behavioral model
and the processes as described in (CAhit.taro (f cat . [993)
to represent the functional knowledge . [it a previous
work (Zouaoui, Thetiot, S Dumas 1991) . we presented
a method for constructing directly the functional role
model from the bond graph . The next step was to use
the functional role model to construct the process model
according to the definitions in (Chittaro (f al . 1993) .
Unfortunately, the direct derivation of process coftnl(--
tions from the functional role model allows the con-
struction of a lot. of processes and most of theta cannot
be interpreted . Indeed, each process must. correspond
to an energy flow but the functional role model does not.
take into account these flows . Our goal is to construct.
"real" processes, it means only processes corresponding
to an interpretable energy flow .

In section we give an overview of the bond graph
theory and in section we recall briefly the definitions
of processes in the multimodeling approach . Then in
section and , we point out the problem to be tack-
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led, na.rnely the use of causality and direction in energy
flow when constructing process cofunctions . The sec-
tion presents a method for constructing automatically
process cofunctions and an illustration of this algorithm
oil the hydraulic part of the Pressurized Water Reactor
primary coolant loop is given in section . To conclude,
in section , we give some possible applications of this
work and some lines of future research to extend it .

\\e use a bond graph representation of a system as the
source of the behavioral knowledge . In a. bond graph
(liosenberg R-, Earnopp 1983) . the system is decom-
posed into several basic elements separated and linked
Icy bonds through which energy (power) is transferred .
"hIle power flow in every bond is split into the product
of an effort, and a flow . In mechanics, the effort and the
flow correspond to the force and the velocity, in electric-
ity to the voltage and the current, and in hydraulics to
Iiw pressure and the volume flow rate . The direction of
I lu, power flow (positive product of an effort by a flow)
is represented by an half arrow . We can define the time
integral of an effort (resp . a flow) as the generalized
tttonrerttum (resp . the generalized displacement) . In
mechanics . the generalized momentum and the gener-
alized displacement correspond to the momentum and
ilie distance, in electricity to the flux linkage and the
diarge . iri hydraulics to the integral of pressure and the
rolutne . The basic element of a bond graph are the re-
sistor R (dissipative element), the capacitor C and the
inductor I (energy storage elements), the transformer
and the gyrator (conservative element,,), the effort and
Ilow sources (energy source elements) . There are also
jtittc,tiort structure elements : 0-junction (parallel) and
I-junction (serial) . The 0-,juinc,tion is a flow balance
junction or a common effort junction, it has a single
clfort oil all its bonds and the algebraic sum of flows
is null . 'I'll(, 1-junction is an effort balance junction or
a common flow junction, it has a single flow on all its
bands and the algebraic sttrn of efforts is null .
The causality in bond graphs is based on the im-

possibility to impose or to control both effort and flow
sitrntilt aneously . The little stroke at the extremity of a
bottd shows the direction where the effort is applied .
Sources have a fixed causality, because they impose ef-
fort or flow, depending on their nature . Resistor has
no~ preference . Energy storage elements have preferred
C,tctsality (integral causality) . A capacitor prefers to
produce an effort, while all inductor prefers to produce

flow . This property of the bond graph theory gives
I lie possibility of generating a causal graph from a bond
graph .

Each process represents an energy (power) flow between
;t source of energy and a sink of energy . This flow is run-
trittg through a succession of components . These com-
ponents are described in terms of bond graph elements
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The bond graph theory

The processes
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in the bond graph or in terms of functional roles i ll
the functional role model . In (Zouaoui, Th?tiot, &-- Drt-
mas 1997) we showed the correspondance between bond
graph elements and functional roles (fig 1) . A generator
functional role G,, f corresponds to a source bond graph
element Se, f . A conduit of floe' C.f (resp . of effort C, )
dissipating effort (resp . flow) corresponds to a resis-
tor connected to a 1-junction (resp . a 0-jun('tion) .
reservoir of displacement R9 (resp . momentum RP) cor-
responds to a capacitor (resp . an inductor) . .\ lnlrely
conductive conduit CC corresponds to a gyrator or a
transformer .

Figure 1 : Functional Roles and Bond (4aplt Elements

A process is described as a four-tuple <cofunclion,
precondition, effect, posteffect >, where :

Cofunction is the ordered list of functional roles nec-
essary to enable the occurrence of the proces,, .
Precondition. characterizes the situation which en-
ables the process to occur .
Effect and Po.steffect characterize the situation re-
spectively during the occurrence of the process and
after the end of the process .
Chittaro and al . proposed some generic process cc-

functions ((Chittaro et al . 199:3)) .
TRANS: transporting . This process represents an
energy flow between a source and a sink . It involves
a generator, a conduit and a second generator which
plays the role of the sink . The cofunctlon i,, : G-C-
(G) . Note that the sink may be implicit .
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CHARD : reservoir charging . This process represents
an energy storage in a reservoir . It involves a gener-
ator, a conduit and a reservoir . The reservoir plays
the role of the sink . The cofunction is : G - C - R.
DCHARG : reservoir discharging . This process repre-
sents an energy release out of a reservoir . It involves
a reservoir . a conduit and a generator . The gener-
ator plays the role of the sink . The cofunction is :
R-C-G .

Recovering causality

R

C

Figure 2 : Example
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Figure 3 : Bond graph of the example

In this section we are going to illustrate the prob-
lein happening if we do not take causality into account .
The example involves a voltage source ; a resistor, a ca-
pacitor and a Zener diode (figure 2) . In this example
the diode voltage 11 7 is above the diode threshold Vo and
the diode can accept. any value of flow . From this exam-
ple we construct the bond graph at the top of figure 3
where the Zener diode plays the role of the source SE2 .
According to the correspondance shown in figure I the
bond graph at the top of figure 3 corresponds to the
functional role model at the bottom of figure 3 . From
the functional role model we can construct two different
processes according to Chitta.ro's definition of process
cofunctions (TRANS, CHARD, DCHARG) . The first
one Pl would be a charging one and involves Gel - Cf
- R9, the second one P2 is a transport one and involves
GE' - Cf - GE' . The power flow is for the bond (a)

Pa = e * f, for the bond (b) Pb = e * ft� for the bond
(c) : P, = e * f, . The power balance on the 0-junction
is Pa - Pb - P, = 0 . As the effort is the sane in the
three bonds the power balance becomes a flow balance :
fa - fb - f, = 0 . The flows fa and ft, are totally in-
dependent due to the causality on the 0-junction (cf .
strokes on figure 3) . fb is imposed by C in response
to SE2 and fa is imposed by R in response to the ef-
fort balance between SEl and SE2 . So a process Pl
representing a power flow between the source SF 1 and
the capacitor C cannot exist because the two flows are
independent. . Actually, on this example (figure 2) . it is
impossible to charge the capacitor thanks to the voltage
source . For example, given a voltage pulse from 1'o to
V imposed by the voltage source, all the current flows
through the diode and no current flows through the ca-
pacitor . «e clearly see this fact on figure =1 shoving
the three bond graphs constructed when we suppress
successively- one bond of the 0-junction . The first bond
graph corresponds to the process Pr , in thi " case the 0-
junction does not respect the rules for causality assign-
ment . The transporting process P_, respects these rules
and we can construct a process P3 iuvolving R]
It corresponds to a discharging process . This exam-
ple shows that we must take into account the causality
on each crossed junction when constructing a process
from a bond graph . A process cofunction cannot he
constructed independently of the causality imposed by
each bond graph element .
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Oriented energy flow

Figure 4 : Isolation of processes in the example

In this section we will illustrate the fact that the energy
flow orientation must. be taken into account in order to
construct interpretable process cofunctions . In figure 5
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Figure 5 : Sub-part of the PWR. primary coolant bond
graph an(] corresponding functional role model

we can see a sub-part. of the bond graph of the hydraulic
part of the PNVR primary coolant loop (figure 8) . Ac-
cording to this figure we can construct the correspond-
ing functional role model (figure 5) . When constructing
a process cofunction according to the causality we get
t Iw cofunction : CiT - G' .,, . On the bond graph we can
see that :
. The power absorbed by ST

	

is Pc * AQc > 0
. The power absorbed by 11'z'h is APh * Qc > 0

.-1n energy flow between ST and ST' h imposes that one
source supplies power . In this case bond graph con-
ventions (cf . half arrow-s) are broken, so this process
cofunction is not acceptable : it does not represent any
energy flow between a source and a sink . To construct
a process cofunction which corresponds to a real energy
(low we need :

to respect. causality, as described in the previous sec-
tion
to verify that one source supplies energy flow (the
arrow points from the source to the junction) and
the other source consumes energy (the arrow points
from the junction to the source) .
If a capacitor or an inductor is involved in the co-

fuuction the second point does not need to be verified
because such an element does not impose the orienta-
tion of the power flow . The direction of the energy flow
in the process is given by the direction of the source
energy flow (on the bond) .

Automatic construction of process
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cofunction
A process must correspond to a power flow between a
source and a sink . To construct such a process we must

follow a path in the bond graph respecting the causalityimposed by the elements and the junctions .
The construction of the cofunction is done by the

following algorithm :

2 .

3 .

We start froth any source of power flow- (positive
power from the source element to the junction) . The
corresponding bond graph element may be an effort
or a flow source, a capacitor or an inductor releasing
energy . The corresponding functional role is the first
functional role of the process cofunction (Ge, G- f , Re
or RP) .

From this first element we build all the paths through
the junctions following either the effort. or the flow
according to the imposed causality . In other words,
through a junction (without any connected resistor)
if the path enters through a. bond imposing an effort
(resp . a flow), it must exit through a bond imposing
an effort (resp . a flow) on the nest element (or Jun(--
tion) . The path ends with a source (sink), a. capacitor
or an inductor .

If a resistor is connected to a crossed junction tw-o
cases are possible : (a) The resistor is a purely dissi-
pative element (figure 6) . It is added to the cofunc-
tion as a conduit (Cf at the top of figure 6 and Ce at
the bottom) . (b) The resistor is in fact a regulative
element (figure 7) . It is added to the cofunction as a
conduit (C' .P at left and C" at right) and the causality
respected by the path is changed : if the path enters
through a bond imposing an effort (resp . a flow), it
must exit through a bond imposing a flow (resp . an
effort) on the next element .
There is another case where the causality respected
by the path is changed . It is when the path crosses
over a gyrator . The gyrator is added to the cofunc-
tion as a purely conductive conduit (CC) .

R
n

~o

Figure 6 : Dissipative resistor cases

4 . As described previously, a path must end with a
source playing the role of a sink (positive power from
the junction to the source element) or a storage el-
ement . But, as for any junction, building the other
candidate paths must be continued .
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'l lie algorithm is illustrated on the hydraulic part of the
1'WR primary coolant. loop . The PfVR-primary coolant
loop (figure 8) is composed of the reactor where the wa-
ter is heated, the pressurizer which forces the effort at
ait imposed value, the steam generator where energy
flow is transferred from the prirnar'IT loop to the sec-
olfdary loop, a pump and pipes connecting these differ-
cTit components . In figure 9 we present a bond graph
of the PNVR prilna.ry coolant loop where the pressur-
izer . the pump and all the pipes (resistors) have been
removed in order to simplify the presentation . In this
bond graph there are four sources (including two sinks),
a capacitor and an inductor . The sources are S.f(Th)
and SF (T. ) and the sinks are Sf (T,) and S, (Th) . The
first source S.f (Th) corresponds to the expansion of the
water created bv heating : its effect. i s to increase the
volume flow rare in the ' -hot" leg . The source S,(T,)
corresponds to the effect of the gravity (the density of
t Ire cold water is greater than the density of the hot wa-
ter) : its effect is to increase the effort in the "cold" leg .
'17ie source (sink) Sf (T,) corresponds to the contraction
of the water created by cooling : its effect is to decrease
Mlle volume flow rate in the --cold" leg . The source (sink)
.S'r (T), ) corresponds to the resistive effect of the gravity
(the density of the hot, water is smaller than the density

PC
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A Qc

PC

Qh

Sf(Tc)

	

Se(Tc)

(SIc ;oo
"cneritor)

Figure 9 : Simplified Bond graph of the hydraulic part
of the PWR. primary coolant loop

of the cold water) : its effect is to decrease the effort in
the "hot" leg . The capacitor C corresponds t o it water
volume storage in the primary coolant loop and the III-

ertance I corresponds to a water mass storage . Accord-
ing to the functional role model constructed frofn the
bond graph in figure 9 we can construct six processes,
starting from the sources Sf (Tyt) and St (T(. ) t lien frofn
CandI .

Process PI : From the source S f (Th. ) the only possible
path following the flow, through the 0-junction . i s
toward C . The cofunction of P I is G! (T, ) - 110 1'I
corresponds to the increase of the relative volume due
to the expansion of water and represents storage of
potential energy .
Process P-, : From the source S, (T,) tlu^ oliIN- possible
path following the flow, through the 1-junction, is
toward I . The cofunction of P., is G` (71~ . ) - 11/' . 1'_>
represents storage of kinetic energy- clue to the gravity
effect .
Process P3 : From the capacitor C. two possible paths
following the flow are possible . The first oil( , tak(,s
the bond Ph/QI, . After this, the only possihle palh
through the 1-junction, is toward I . 'I'll(, cofunction
of P3 is R.9 - RP . P3 represents the energy flow froth
the capacitor to the inductor and it transforn3s po-
tential energy into kinetic energy .
Process P.4 : The second path starting from lit(, ca-
pacitor C takes the bond Pl,IQ, . . After this, through
the 1-junction, one of the two possibilities is to take
the bond P,1Q, and next, through the 0-junct 1011 . We

take the bond toward Sf (T( ) . The cofunction of 1'4
is R4-G-f(T,) . P.; represents dissipation ol'potential
energy clue to cooling .
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Process P5 : From the inductor I the only remain-
ing possible path following the flow, through the 1-
junction, takes the bond P~/QI, . After this, through
the 0-junction, the only possibility is to take the bond
P,./Q, . Through the I-,junction, one possibility is to
take the bond API,/Q,. toward ,5,(T,,) . The cofune-
tion of P; is RP - G'(Ti, ) . P5 represents dissipation
of kinetic energy due to the gravity resistive work .
Process P,; : From the inductor I we follow the
same path as above until the I-junction connected
to ,5'F (Th) where we take the remaining bond PhIQ,,
then t.lirough the 0-junction the only possible path is
toward (-' . The coftmction Pt; is RP - Rg . P6 rep-
resents an energy flow from the inductor to the ca-
pacitor and transforms kinetic energy into potential
energy .

Vote : The algorithm finds two other process cofunctions
( I'.3 and P;) corresponding to the reverse cofunction of
1'.s and P5 . These processes do not exist in the PWR
Coolant loop . They are found because the bond graph,
used as an example, is oversimplified . It does not take
into account, all the components and the physical phe-
rnotuena of the loop .

Conclusion and perspectives
Process cofunctions can be constructed easily, with our
nwtliod, whenever the pond graph is done but processes
arc defined mainly by their cofztuctions and their pre-
c oicclitions, effects and post-effects . The next step for
~ciilouiatic construction of processes is the direct deriva-
I ion of these preconditions . effects and post-effects from
I he bond graph . Preconditions correspond to power im-
h ;tlance conditions because a power flow on a bond is
defined by the power imbalance causing (according to
Fond graph causality) the power flow in this bond . In
the bond graph, these balances correspond to effort (1-
jicnc-tion) or flow (0-junction) balances, which is clearly
related to the preconditions proposed in (Chittaro et al .
1993) . Effects result of the imbalance of power . The
storage elements (capacitor or inductance) force us to
lake into account the sign of the first derivative of effort
;card flow variables so we must identify the storage ele-
ments dynamics . This point is slightly connected to the
work described in (Mosterman, Biswas, S- Narasimhan
I997) but with a functional approach of the system .
The process model, which is constructed from this

set of processes, is used in two major ways . In a first
sk "p, we are using this approach to interpret the correct
behavior of a system . Itt particular, we are trying to de-
fine the relationship between processes : which processes
<tre competing with other one,,, how processes cooper-
ate . which (and how) process can interrupt another one,
ctc . . . So, we will be able to explain the behavior of a
system across the time, knowing which processes are
:Wtive and how they interact . Itt a next step, we will
use this approach to solve diagnosis problem, mainly
to reduce the expansive computational cost. of Model
Based Diagnosis . The detection step . identifying the

References

discrepancies between predicted and observed behav_
iors, allows one to determine the processes Which must
be active but are actually inactive . The cofunctions of
these processes localize the failing functional roles of
the components and can be used to focus the isolation
step of a diagnosis algorithm . The methods based on
the multimodeling approach for interpreting or for di-
agnosing systems can usefully rely upon this automatic
construction of processes (Thetiot, Zouaoui, &_- Dumas
1997) .

Chandra.sekaran, B . 1994 . Functional Representation
and Causal Processes . Adanced in Cornputc.-r, 38_13-
143 .
Chittaro, L . ; Guida, G. ; Tasso . C . ; and Toppano, E .
1993 . Functional and Teleological Knowledge in the
Multimodeling Approach for Reasoning About Physi-
cal Systems : A Case Study in Diagnosis . IEEE Trans-
actions on 5'ystetns, 11-tan, and Cybernftirs 2:3, a 6 .
Hawkins, R . ; Sticklen, J . ; and Mcdowell . .l . K . 1994 .
Function-based Modeling and Troubleshooting . Ap-
plied Artificial Intelligence 8:2135-302 .
Keuneke, A . M . 1991 . Device Representation, The
Significance of Functional Knowledge . IEEE-(xpert 6
2 :22-25 .
Larsson, .J . 1996 . Diagnosis based on explicit means
and models . Artificial Intelligence 80 :29-9:i .
Mosterman, P . J . ; Biswas . G . ; attd Na-ra.sitnhan, S .
1997 . Measurement Selection and Diagtto'sability of
Complex Physical Systems . In 8th 1-1"ork.shot) act Pr cc-
ciples of Diagnosis DX'97, Illt St !flit htl France .
Rosenberg . R., and Iiarnopp, D . C . 1983 . Introchictioa
to Physical ,5'ysteia Dynarnic_s . Series in Mechanical
Engineering . New York : McGraw-Hill .
Sticklen, .I ., and Chandrasekaran, B . 11)1+9 . 1titegrating
Classification-based Compiled Level Reasoning with
Function-based Deep Level Reasoning . _-1 pphed Ar-
tificial Intelligence 3 :191-220 .
Thetiot, R . ; Zouaoui, F . ; and Dumas, M . 199 ; . Di-
agnosis using Multimodeling Representation : Appli-
cation to PWR Primary Coolant Loop . In cS'th Work-
shop on Principles of Diagnosis D-1 '97. Mt 9 .lIich?4
Fra nce .
Vescovi ; RI . ; Iwasaki, Y . : Fikes, R . ; and ('hart-
drasekaran, B . 1993 . CFRL : A Language for Speci-
fying the Causal Functionality of Engineered Devices .
In AAA], p. 6:36-633.
Zouaoui, F . ; Thetiot, R. ; and Dumas. M . 1997 . 'Multi-
modeling Representation for Physical Systems : Appli-
cation to PVVR Primary Coolant Loop . In I1 th IVork-
shop on Qualitatioe Reasoning QR'97. Coctorca Italy.


