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Abstract

In this paper we present algorithms to perform clus-
tering modification in the presence of ideal and non-
ideal faults. In this process, we assume some other
agent already derived the nature of the fault (on a sin-
gle fault assumption), and we are just dealing with
the process of reasoning about and explaining the
ramifications of such faults. With these algorithms,
we can adress several reasoning tasks to explain a cir-
cuit fault. We can answer questions like “How does
the circuit clustering change in the presence of fault
F?”. “What happened to the current in element z
after fault F'?”, “Why did the current in element
z increase after fault F'?”, or “How would the cir-
cuit topology change if fault F becomes an ideal fault
(short or open circuit)?”. This modularity opens up
the possibility to produce hybrid systems, which can
combine several techniques. For instance, artificial
neural networks for diagnosis and qualitative reason-
ing for explanation.

1 Introduction

In the presence of a fault, an electric circuit exper-
iments topological changes that affect its behavior.
A short-circuit makes two nodes collapse, while an
open circuit eliminates a branch of the circuit. Real
short-circuits are modeled as shorts through a fault
resistor. In those cases another element is inserted in
the circuit.

In the presence of a fault, the circuit behavior de-
viates from the expected behavior. Circuit diagno-
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sis tries to determine what kind of fault may have
taken the circuit from normal operation to the ob-
served mode.

Several approaches have been taken in solving
the diagnosis problem [Bennani & Bossaert1998,
Deuker, Perrier, & Amy1998,  Chantler et al.1998,
Say1999, Mauss & Sachenbacher1999,
Milde et al.1999]. Consistency based diagnosis
finds a (faulty) mode of operation whose model is
consistent with the observed behavior. Artificial
neural networks learn a classification function, given
a set of examples of the observed behavior under
different circuit faults. Flores [Flores1997] proposed
a diagnosis algorithm for electric circuits based on
the clustering.

Now, suppose we have a diagnosis engine, perhaps
based on any of the above mentioned mechanisms.
There are several reasoning tasks that can be ad-
dressed after we have determined that a given circuit
fault occurred. One would like to answer questions
like: “What happened to the current in element z af-
ter fault F'7”, “Why did the current in element z in-
crease after fault F'?”, “How would the circuit topol-
ogy change if fault F becomes an ideal fault (short or
open circuit)?”, or “How does the circuit clustering
change in the presence of fault F?”. In this paper
we propose schemes to perform such reasoning tasks.
All reasoning tasks we propose here are based on the
assumption of single faults.

The paper is organized as follows: In section 2, we
review the clustering and modeling of circuits, which
are the underlining mechanisms of the methods pre-
sented here. Section 3 outlines the proposed algo-
rithm to modify a circuit clustering in the presence
of a fault. Section 4 adresses the asymptotic reason-



ing, section 5 shows the first order reasoning, sec-
tion 6 shows how the clustering modification can be
used to produce explanations. And finally, section 7
concludes the work presenting our main contributions
and discusses some possible extensions for future re-
search.

2 Clustering and Modeling

Clustering [Flores & Cerdal999, Mauss1998,
Mauss1997] takes part of a circuit and reduces
it to a single element, called equivalent element,
between each pair of nodes connected to the elimi-
nated region. The substitution is called equivalent
because the rest of the circuit does not notice the
substitution i.e. the rest of the circuit currents and
voltages remain unaltered.

Working through a series of substitutions we trans-
form the circuit, getting a simpler circuit each time.
When the circuit is simple enough, we can compute
the currents and voltages, then we go backwards
through the sequence of simplifications, computing
the rest of the variables for each step. At then end of
the process, we return to the original circuit, having
computed all variables.

The modeling and solution process does not have
to be implemented that way. What we actually do
is to obtain the reduction sequence, forming a graph
(the clustering graph). We produce a set of algebraic
and qualitative relations, called constraints, for each
part of the circuit and for each reduction step. The
result of this second phase is called a constraint-based
model of the circuit. Finally, we perform constraint
propagation on the circuit model, which solves the
circuit for the unknown variables.

In the following subsections we review the cluster-
ing technique used for circuit modeling and analysis.

2.1 Generalized Star-Mesh Reduction

Star-Mesh reductions [Shen1947] allow us to elimi-
nate a node from the network, creating an equivalent
circuit represented by a full graph among the neigh-
bors of the eliminated node. See Fig. 1.

Figure 1: Star-Mesh Conversion
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For the general case, eliminating a node produces
M= @ new elements, some of which may be in
parallel to other circuit elements.

The main idea of clustering is to produce a series of
equivalent circuits, reducing a node at a time. When
all nodes except those connected to sources have been
eliminated, we can compute currents for all elements.
Going back in the reduction tree, we can compute
currents and voltages for the previous reduction step.
We do this until we return to the original circuit.

2.2 Circuit Modeling

In practice, all clustering is done first and then pro-
duce a constraint-based model of the circuit. The
clustering process generates a graph containing the
history of the transformations. In the clustering
graph, we distinguish three kinds of nodes: admit-
tance vertices (representing either original or equiva-
lent admittances), node vertices (one such vertex for
each node reduction, each element connected to the
eliminated node points to that node vertex; equiva-
lent admittances come out from the eliminated node
vertex), and parallel vertices (the parallel elements
point to the reduction vertex, which represents an ad-
mittance). On each step of the clustering process, we
generate a node vertex in the clustering graph. The
process stops when all remaining nodes are connected
to sources.

The model we chose to produce is based in ad-
mittances, because the mathematical expressions for
reductions are simpler in terms of admittances, in-
stead of impedances. An admittance, denoted by g,
is the multiplicative inverse of an impedance, and rep-
resents how capable is an element to conduct electri-
cal currents, as opposed to the impedance, which is
a measure of electrical resistance. So Ohm’s law can
be expressed in terms of admittance as I = gV'.

To produce the circuit model we traverse the clus-
tering graph, creating a set of algebraic and qualita-
tive constraints for each vertex. Table 1 shows the
algebraic and qualitative constraints for node reduc-
tion and parallel elements.

Fig. 2 shows an example circuit and a possible clus-
tering graph for the same circuit.

3 Clustering Modification

A diagnosis program observe a device (a circuit in this
case), and classifies its behavior as faulty or normal.
In the case of a faulty circuit, the diagnosis program
is supposed to provide a description of the fault. A
normal circuit can be seen as a circuit with no fault.
Any fault introduces a change in the circuit topol-
ogy; it can be any of the following: introduction of a
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Table 1: Algebraic and Qualitative Constraints

Figure 2: Clustering example
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new component between two nodes (non-ideal short-
circuit), introduction of a new component in a branch
of the circuit (non-ideal open-circuit), elimination of
a component (ideal open-circuit), or collapse of two
nodes (ideal short-circuit). The last two cases can be
seen as special cases of the first two, where the fault
admittance is co and 0, respectively.

The idea of clustering modification is to produce a
clustering for a faulty circuit, as close as possible to
the cluster we produced for the original (non-faulty)
circuit. This task is accomplished under the assump-
tion that we have already diagnosed the circuit, so we
know the fault (or at least have a hypothesis of what
it might be).

When we introduce a fault admittance to a circuit,
the degree of the nodes (z and y) it is connected to
increases by one. That increase reflects that the two
faulty nodes are now neighbors. Let us assume that z
was not clustered after y, and that degree(z)=n. Re-
considering the elimination of node x, we now have to
increase the number of outgoing elements from node
z in the clustering graph by n (these n elements will
connect the old n neighbor nodes of z to y). If there
already was an element in parallel with the inserted
element, we just replace it by a parallel cluster. Oth-
erwise, we have to recurse, considering the topologi-
cal modifications that this new element causes to the
circuit. This procedure is formally stated in Fig. 3.

Function clustering-modification takes as input
clustering graph CG and fault element F' connected
to nodes z and y. It just calls reclustering with a
copy of the clustering graph and a singleton queue,
formed by the fault element. Function reclustering
takes a clustering graph and a queue of elements to
be processed, and returns a modified clustering graph
with all the elements in the queue incorporated into
the clustering graph. Function recluster-node takes a
clustering graph, a node and an element; it adds the
element to the node reduction in the clustering graph
and returns the new cluster. Function elements re-
turns all out-coming nodes of the cluster (i.e. the
equivalent elements from the node reduction). The
meaning of the rest of the functions is pretty much
intuitive.

Fig. 4 shows the modifications (enclosed by a
curved line) of the clustering of Fig. 2 for a fault be-
tween nodes 4 and 5.

4 Asymptotic Reasoning

An interesting question is “How does the circuit
structure changes when the fault admittance is in-
finite/zero?”. When an admittance takes on an in-
finite value, two nodes collapse; when it takes on a
zero value, a section of the circuit gets disconnected.
Asymptotic reasoning deals with these kind of topics

€
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clustering-modification(CG, F(z,y))
MCG =CG
queue=F(z,y)

return reclustering(M CG, queue)

reclustering(M CG, queue)
while (queue)
element(w, z)=remove(queue)
if (! element € CQG)

else

return(MCG)

if (par=search-for-parallel(CG, element(w, z)))
replace(MCG, par, make-parallel-cluster(element(w, z), par))

queue=append(queue,elements(recluster-node(MCG, w, element(w, 2))))

Figure 3: Reclustering

Figure 4: Clustering Modifications

where the value of the faulty element is 0 or infinity.
In either case, the circuit structure changes, and the
clustering has to be modified to reflect those changes.

An algorithm to compute such changes can be used
to explain what happens in the presence of the fault.
That algorithm can also be used to produce a simpli-
fied circuit and circuit model, which in turn can be
used to verify that the exhibited behavior corresponds
to the simplified circuit model.

As an example, Fig. 5 shows the clustering modifi-
cation for a circuit region containing an ideal short-
circuit. In that figure, if element go3 becomes a short,
nodes 0 and 3 form a super-node. Under those condi-
tions, we can see that the elements connected to node
0 are now directly connected to node 3. Also, there
is no element (as there was none before) connecting
nodes 1 and 2.

For this case, when an admittance takes on an infi-
nite value, (¢ — 00), the reduction formulas taken to
the limit, yield the appropriate changes to the cluster-
ing structure. The situation depicted in Fig. 5 gener-
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Figure 5: Ideal Short-circuit

alizes for the case when more elements are connected
to nodes 0 and 3.

In general, when an admittance becomes infinity
(g ¢ o), the reduction formulae taken to the limit,
give us
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Nevertheless, we have to take care of several details.
First, creating a super-node between two nodes may
create parallel elements if both nodes have a com-
mon neighbor. This situation can be checked when
we remove one node and move all elements to the
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other node. Second, adding new elements to the sec-
ond node increases its cardinality, therefore we have
to add more equivalent elements coming out of that
node in the clustering graph. In this case, we have
the same situation as in clustering modification, so
we can use the same algorithm. Third, a portion of
the circuit can become inactive when short-circuiting
two nodes. In that case, reclustering eliminates nodes
until an equivalent element (of the whole region) is
connected from and to the same node. The whole
region is eliminated. Fig. 6 shows the algorithm.

short-reclustering(CG, z, y)
MCG =CG
remove-cluster(M CG, )
queue=out-elements(M CG, y)
return reclustering(M CG, queue)

Figure 6: Reclustering a Short Circuit

The other case is an ideal open-circuit. Fig. 7 shows
the clustering modification for such an example. In
that figure, if element gg3 opens up, nodes 0 and 3
get disconnected. Under those conditions, equivalent
elements g;3 and go3 open up as well, and the formula
for element g1o becomes the formula for admittances
in series connection.

2
923
g12 3
913
1

Figure 7: Ideal Open-circuit

For this case, the reduction formulas taken to the
limit provide the appropriate changes to the circuit
structure. The reduction applied in Fig. 7 generalizes
for the case when more elements are connected to
node 0. That is
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If nodes 1 to n were neighbors to node 0 before,
and now element gg, opens up, the cluster that elim-
inates node 0 has fewer outgoing nodes. I.e. node n
gets disconnected, so all equivalent elements g;, for
i € {0..n — 1} become zero. The effect of those zero
elements has to be propagated upward in the cluster-
ing graph. Some of them will be in parallel with other
elements; in that case, the parallel region reduces, re-
maining only the other element. Other elements may
further disconnect other pairs of nodes. We apply
the same procedure to those nodes. This yields the
algorithm of Fig. 8.

Note that we may remove an element from a node
with cardinality two. That would make the node a
dangling node. Function zero-reclustering takes care
of that case, removing the node from the clustering
graph.

5 First Order Reasoning

In 2.1 we show how a set of confluences can be derived
from the clustering graph. Those confluences capture
how changes in parameters or variables of the circuit
affect other variables.

To reason about how a fault affects other circuit
variables, we start assuming nothing changes, except
for the fault admittance. If the fault is a non-ideal
short-circuit, we can assume the short was there all
the time. Before the fault appeared, the fault admit-
tance had a value of zero (no admittance equals infi-
nite resistance). The change from zero admittance to
any real valued admittance, produces an increase in
its numerical value (i.e. a positive qualitative value).
If the fault is a non-ideal open-circuit, we assume the
fault admittance decreases.

Using those qualitative values, and zero for the rest
of the admittances, we can run constraint propaga-
tion and derive causal chains of the changes in the
rest of the circuit variables. Fig. 9 shows the results
of the propagation process for the circuit of Fig. 4. In
that figure, an up arrow means a positive qualitative
value, i.e. an increase, a dash means zero, and a down
arrow means negative.

This kind of reasoning allows us to answer ques-
tions like: “what happens to Vg, when fault F' oc-
curs?”, or “why does Vg, increases when fault F' oc-
curs?”. The system will generate structures that can
be used to generate explanations like ' “the inclusion
of F', OF = +, causes admittance d to increase, which
in turn makes admittance j to decrease, ... , which
makes admittance [ decrease, increasing current Ij,

2

For ideal faults, we can consider them as real faults
in the limit. For a short circuit, we assume the admit-

Ino natural language has been generated, throughout the

paper, we are paraphrasing the computer output
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MCG =CqG

while (queue)

else

return(MCG)

open-modification(CG, F(z,y))

zero-reclustering( M CG, z, F)
queue=zero-elements(M CG, x)
return open-reclustering(MCG, queue)

open-reclustering(M CG, queue)
element(w, z)=remove(queue)
if (par=search-for-parallel(M CG, element(w, z)))
reduce-parallel(M CG, par, element(w, z)

zero-reclustering(M CG, w, element)
queue=append(queue, zero-elements(M CG, w)

Figure 8: Reclustering a Short Circuit

Figure 9: First Order Reasoning

tance was zero and now it takes on an infinite value,
thus increasing. For an open circuit, the situation is
the opposite and the fault admittance is considered
to decrease.

6 Explaining Topological

Changes

The clustering modification algorithms produce a new
clustering graph with all changes marked. The topo-
logical modifications that occur in the presence of a
fault can be explained using the changes introduced
by the fault in the clustering graph. For example, the
output that results from the introduction of fault into
a circuit can be read as:

“when F' occurs, the reduction of node
4 changes, since its cardinality increases.
The equivalent admittance gz45, resulting of
node 4 reduction, is now in parallel with ad-
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mittance gs5, and the equivalent admittance
Joas, resulting of node 4 reduction, is now in
parallel with admittance gg5.”

7 Conclusions and Future

Work

We are presenting an algorithm that modifies the
clustering for a circuit in the presence of a fault. This
algorithm takes a clustering and a fault, and produces
a modified clustering, which reflects the inclusion of
the fault into the circuit.

We also presented two algorithms to perform
asymptotic analysis. That is, to reduce a clustering
graph of a fault circuit under the assumption that the
fault admittance is either zero or infinity.

Base on the modified clustering graph, we can pro-
duce causal chains that account for the changes in the
values of the circuit variables, as a result of a fault
on the circuit. We can also explain the changes in
the circuit topology, based on the clustering modifi-
cations.

The clustering modification algorithms are linear
on the number of elements of a circuit. The propaga-
tion algorithms we use are also linear on the size of
the circuit, so all the analysis is efficient and can be
performed on larger circuits than those used in the
examples.

Since the methodologies proposed here take as in-
put the circuit fault, we can use any method to diag-
nose the circuit. This opens up the possibility to use
efficient diagnostic methods, such as artificial neural
networks, and combine them (for the sake of explana-
tion) with these reasoning methods. This hibridiza-
tion allows us to maintain the best of both worlds,
gaining efficiency and reasoning capabilities.
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A bibliography revision shows some
work on qualitative circuit analy-
sis [Flores & Farley1996, Flores1997,

Cerda & Flores1998, Mauss1998, Leel999], some on
circuit design [Flores & Farley1998] and design veri-
fication [McManus et al.1999], also some on diagno-
sis [Pettersson1996, Flores1997, Flores & Farley1997,
Mauss & Sachenbacher1999], but the authors have
no knowledge about any work on reasoning about
structural changes in electrical circuits as a result of
a fault.
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