Qualitative Modelling of Linear Networksin Engineering
Applications

Mark H. Lee!

Abstract. Thereisareal need for electrical circuit modelling and
analysistools at an intermediate level between analogue and state-
based simulators. Numerical tools do not capture the abstractions
valued by engineers and logical/functional models do not maintain
sufficient affinities with the electrical properties in a system. Quali-
tative models have had some notable successesin filling this gap but
anumber of difficulties posea barrier to further progress.

We describe current issues and some key problems in qualitative
analysis of steady-state systems. We then present a new qualitative
circuit analysis method based on a many-valued resistance quantity
space with an orders-of-magnitude relation. The results of this tech-
nigque are shown to solve key problem cases. We argue that the new
scheme opens up considerably more modelling possibilities and the
method can be tailored to the application domain, giving powerful
modelling options.

1 THE IMPORTANCE OF QUALITATIVE
CONCEPTSIN ELECTRICAL SYSTEMS

There has been along standing interest in the ECAD community to
find an intermediate modelling level between the gate-level simula-
tors and other analysistools used in digital logic and the electrical
analogue simulators that work at the transistor level. Circuit anal-
ysis often involves reasoning about both qualitative or state infor-
mation and the fine details of selected electrical parameters. Ideally
this should be performed in an integrated and coherent environment.
Thereis aso area need for qualitative circuit properties to be cap-
tured and incorporated in the simulators and analysis tools used on
the electrical systems found in the automotive and aerospace sec-
tors. These concerns are closely related and arise because our ex-
isting powerful numerical analysis tools do not maintain sufficient
affinities with the important abstractions valued by engineers[8].

1.1 The switch-level modelling approach

The QR community has apparently been unaware of the efforts by
ECAD research engineersto build an intermediate grain-size model
of electrical circuits. This work was directed at reconciling detailed
numeric data with qualitative properties and state information. A
particularly promising approach, called “ Switch-Level Models’, was
based on the framework of many-valued logic [3]. This showed re-
markable similarities with recent qualitative work [6]. For current
and resistance, however, switch-level models used afinite set of val-
ues giving a range of intermediate levels. The aim was to support a
form of approximate numerical analysis by reducing the grain size
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downwards as appropriate. Unfortunately this formulation was seri-
ously flawed and gave much worse accuracy than expected because
of the error combination effects which involved operationslike sub-
traction on imprecise values. Similar problems can be experienced
with interval arithmetic. Theselimitations, which killed off thisline
of modelling, are describedin detail in [1].

1.2 Qualitativecircuit models

Independently, the QR community has developed qualitative electri-
cal models and investigated their application to significant problems
in design and analysis. In this paper we are concerned with steady-
state rather than dynamic models. Such quiescent current modelsare
usually based on a three-valued resistive mesh abstraction. The mo-
tivation for such work is to develop models that are more abstract
and less complex than their numeric counterpartsin order to capture
the essence of circuit features and support reasoning processes that
relate to the concepts and descriptions used by engineers.

In this paper we introduce a method that deals with some of the
difficult remaining problemsin this field. The next section describes
important issuesand examples of typical problems. We then describe
a new circuit analysis method based on a many-valued resistance
quantity space. We give results that show solutions to the presented
problem cases and discusstheir implications. Finally, we review re-
lated work and concludethat the new scheme opens up considerably
more modelling possibilities and offers solutionsin many application
specific problem domains.

2 CURRENT PROBLEMSWITH QUALITATIVE
CIRCUIT MODELS

Although considerable progress has been made there remain a num-
ber of difficulties that hinder qualitative circuit modelling methods.
We are concerned with three important issues:

Structural and non-structural changes Most recent work on qual-
itative steady-statecircuit modelling usesthe electrical property of
resistance asafirst order approximation for any energy absorbing
component. Thisgives aqualitative representation of resistanceas
a three-valued quantity space, [0, +, oo], corresponding to short
circuit, load and open circuit respectively. These minima mod-
els have been surprisingly effective partly because they abstract
significant information about the circuit in an intuitive form; in
contrast with the mathematical models and voluminous data pro-
duced by numerical simulation. However, the applicationsthat use
such models can only deal with changesthat are structural in na-
ture. This is because the quantity space correspondsto three dis-
tinct topological conditions: either nodesare electrically identical,



or connected, or disconnected. If the specific requirements of the
task can be satisfied with only structural changes, as is possible
for FMEA (Failure Mode Effects Analysis) for example[5], then
these models can suffice. But if we wish to analyze faults which
cause only parameter changes, e.g. increase or decreasein aresis-
tance value, then further development is necessary. This structural
limitation appliesto most qualitative circuit modelling [4].

Vivid models One of the attractions of the three-valued resistance
model is its simplicity and directness. It retains a relationship
with the graphical form of electrical circuits, unlike equations,
and seems to exhibit a closenesswith our conceptual basis of the
real world. Thisdirectness of representation has been called vivid-
ness[7] and is away of providing a simple conceptual structure.
This seems important for human cognitive processes and helps
maintain affinity with engineering concepts. However, extending
the range of models to cover more reasoning tasks involves addi-
tional features that may impact on the accessibility and value of
the model for human users. For example, the tree decomposition
processes used by [9] to convert any resistive mesh into a single
equivalent resistor are not easy to trace and understand. We must
avoid such complications when we refine the coarseness of the
minimal models and endeavour to retain vividness.

Generality and efficiency Some methods report a lack of general-
ity in that certain circuit topologies can not be handled, for ex-
ample, multiple-star circuits [4]. Many forms of unusua circuit
configuration actually occur in practice [12] owing to the incre-
mental construction of designs and the reuse and combination of
fragments caused by the variant management task. A particular
problem topology is the bridge circuit and this is discussed bel ow.
Regarding efficiency, the combinatorial complexity of some QR
methods can be prohibitive for real world applications. We wish
to build systemsthat can handle problemswith, e.g., ten thousand
components and therefore any algorithms developed must be of
low complexity.

These are the factors we have taken into account when devel oping
our method. We now list problemsthat frustrate all recent qualitative
resistance modelling systems:

Bridge circuits A bridgeisasignificant kind of circuit topology that
creates ambiguity in any qualitative model. Bridges occur when
the ends of a circuit branch can not be resolved into an ordered
potential difference and therefore the current magnitude and di-
rection can not be determined. All circuits can be classified into
those that can be reduced into a single equivalent value by re-
peated application of series parallel reduction rules (SP circuits)
and those that can not be so reduced. Of the circuits containing
bridges, some will be balanced, i.e. current magnitude = zero,
and some will be unbalanced, with unknown direction of current
flow. Becauseit is impossible to deduce the state of current flow
in bridges, for magnitude or sign, without exact quantitative val-
ues of the resistancesand voltagesinvolved, this has been amajor
problem for all qualitative circuit models and no effective treat-
ment of this difficulty has been reported.

Diodes and other uni-directional components Diodes are devices
that act as a conductor in onedirection but block flow in the other
direction. Although diodes are used widely in DC circuits to con-
trol the selection of circuit functions and operations, they have not
been given much attention by the qualitative modelling commu-
nity. This may be becausedirectional selectivity is a discontinuity
that posesparticular problemsfor models based solely on resistive
elements. The FMEA system of [10] gets round this problem by

performing multiple analyses, one for each possible direction of
flow, and then selecting the result that matches the permitted flow
direction of the diode. However, better solutions are desirable for
more general applications.

Variablecurrent levels Although a three-valued resistance model
can cover a wide range of circuit components (to a first approx-
imation) under steady-state conditions, this only alows a single
current level to be represented: either current flows or it does not.
There are occasions when an engineer needs to distinguish be-
tween different levels of current flow. For example, an electrically
active motor might be running free (unloaded), running with nor-
mal load, or be in a stalled state. Each of these would give dif-
ferent current levels. It is possible to model a stalled motor as a
short-circuit and this might be satisfactory for FMEA analysis, but
other tasks might require to distinguish betweenthe high load cur-
rent from stalling and acomplete short-circuit (that could have dif-
ferent effects). Similarly, an unloaded motor may take very little
current, but still provide an active circuit path. In discussionswith
engineers we have discovered that three levels of current would
provide a sufficient enhancement to cover a large range of appli-
cations. Thistranslatesinto afive-valued quantity spacefor resis-
tance which seems to offer a good match to engineers’ intuitive
models, at |east as can be deduced from informal descriptions?.

L ow activity paths Another related problem concerns the distinc-
tion between fully active paths and pathswith weak current flows.
For example, a fault might causealamp to be fed from a high re-
sistance source and therefore not actually function. Another case
occurs for sneak circuit analysis where live but inactive branches
give potential pathsfor faultsin future operation. In athree-valued
model all paths with any flow must be marked as active. It would
be extremely helpful if any low-level paths could be marked sep-
arately. In automotive systems low-level but functionally inactive
current flows are quite common.

3 A MANY-VALUED RESISTANCE MODEL

If we assume al electrical components can be replaced by suitable
configurationsof resistance, then all circuits become aresistive mesh
represented by a graph E(T, R) containing 7" nodesand R weighted
edges. We will assume two of the nodes are defined as the supply
terminals. Instead of using the quantity space|[0, +, oc] for the graph
edges we extend the + value to allow a series of different positive
values corresponding to different strengths of connectivity. We have
experimented with three such values which givesthe quantity space:
[0,10, med, hi, o).

Qualitative algebras for systems higher than three-valued are dif-
ficult and cumbersome [13]. Some of the operators are asymmetric
and values can have mixed meanings, which makes for awkward-
ness and therefore lessintuitive models. We believe the principles of
many-valued logic can provide inspiration for higher level systems.
However, we must be careful to avoid the multiple-level accuracy
problems that ruined the switch-level modelling approach. Instead
of allowing multiple levels for al variables we have investigated a
many-valued resistance model .

It isvery important to first establish the interpretation of any value
system to be used. Consequently, we need to define the interpreta-
tion of {lo, med, hi} and specify how they are to be resolved in
series and parallel combinations. We define the ordinal relationship
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0 < lo < med < hi < oo to determine levels of restriction on cur-
rent flow. Theapplication semanticsof thesewill be seenin examples
below. The physicsof seriesand parallel circuit reduction require the
numeric summation of their resistancesor their conductancesrespec-
tively. Our qualitative version of this usesMax and Min as the series
and parallel reduction rules respectively, (see[5] for more detail).

We define a chain as a path between two nodes (both of degree

# 2), where al intermediate nodes have degree 2 and a segment is
an SPreducible portion of a circuit. The analysisalgorithm hasthree
parts:

1

We locate all chains, calculate their equivalent resistance (using
Max), replace them with a single edge and enter their detailsin a
segment table. If adiode existsin achain then the chain resistance
is calculated and stored for both directions of flow. Next all paral-
lel edges are located, replaced with their equivalent single edges
(using Min) and entered in the segment table. This processis re-
peated for seried/parallel in turn until either a single resistance or
anon-SP reducible circuit remains.

. We now apply atraversal algorithm to label the nodesin the cir-

cuit. Thisis based on the shortest path method of [5] and consists
of two passes, from each supply terminal respectively. Paths of
minimum segment resistance are followed and nodes are assigned
values giving their resistance from each supply terminal. Follow-
ing [5], two integers are also stored in each node and these give
the minimum number of (segment) edgesto the supply.

. Finally, the qualitative values assigned to the processed graph are

referred back to the segment table and values are calculated and
assignedfor each of thecomposite chainsand branchesin the orig-
inal circuit. For aseriessegment, the maximum of the segment and
the referred value is assigned to al edges and for a parallel seg-
ment, each edgeis assigned the maximum of its own valueand the
referred value.

The final result is that each edge is assigned a resistance value

that indicates (inversely) its level of current (or activity). Thus, alo
circuit edge might be shown to be carrying a current corresponding
to a hi level of resistance. The example in figure 1 illustrates the
method. Note that med isnot shown explicitly but isadefault, hence
all edges except four have the value med. Following series-parallel
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Figurel. Anexamplecircuit

reduction in stage 1 the circuit is simplified as in figure 2. Note that
only one non-med value is now shown as the others have been ab-
sorbed by the reduction process. The node labels in figure 2 are the

result of stage 2 — the number pairs, f/r, show the route taken on
forward and reverse traversals. From these we see that al nodes are
labelled med and only one segment has the value h:. The directions
of flow between adjacent nodes are determined from the relative val-
uesof f/(f+r) andthisexposesthe“reverse” flow acrossthe bridge
edge. Note that if these ratios had been equal the bridge would have
been returned as “ambiguous’. The final assignment of valuesto the
origina circuit is not shown but can be readily deduced by reflecting
back the segment valuesinto figure 1. Further examplesfollow.
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Figure2. Peath labelling scheme

4 RESULTS

We now present a series of case studies that show how the problems
discussed in section 2 can be solved by the new model.

Diodes Figure 3 showsacircuit containing adiode arrangement that
causes difficulties for previous models. When a diode is encoun-
tered its value is taken to be either 0 or h: depending upon the
direction of flow. Thecorrect direction (and segment resistance) is
selected during the traversal. This produces the node labels seen
in figure 3. We have designated h: as reverse diode impedance
which is usually very high, consequently any branch containing
a hi value has negligible current flow and so the active paths are
clearly identified as the upper-left and lower-right diodes and the
central load is powered. The meaning of h: is seen as being im-
portant in interpreting the results of any particular case. Note that
we did not use oo for reverse diode resistance becauseit is useful
to distinguish inactivity dueto diode action from disconnection.

Bridgecircuits A potential resistive bridgeis seenin figure4. Here
all resistors are of value med except for the high impedance in-
dicator and monitor device that are both h:. The results show the
main flow path is through the three central resistorswith two high
resistance brancheseither side. The relative meaning of ki can be
defined by the engineer who will also assessthe significanceof the
lower current levelsin the side branches. Without the many-valued
distinction the central resistor would form abridge that could not
be resolved.

Variablecurrent levels Figure 5 shows a motor circuit where the
indicator changesfrom dim to bright according to whether the mo-
tor is powered. Becausetheindicator is linked to the motor, when
the main switch is open there is a path for a small current flow
through the motor. Previously we would have to record the motor
as active, but now with a distinction between main power circuits
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and signal circuits this can be resolved. The results show the mo-
tor to be on a high impedance path and this would be interpreted
as being under-powered although electrically alive.
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Figure5. Motor drivecircuit

L ow activity paths Figure 6 shows an electronic monitoring mod-
ule connectedto apower circuit. It hasbeen assumedthat theinput
to the monitor is of high impedance and this has been represented
by an internal resistive network, all of value h:. Note that the ac-
tual function of the monitoring moduleis not important — it may

involve complex electronics or computing functions— all that is
needed is an equivalent resistance model that holds for the exter-
nal view of the circuit during the operation being modelled. The
result isthat al of the monitoring circuit has ki valuesand isdis-
tinguished from the power paths. Noticethat previously thiswould
have been another bridge circuit with ambiguous and unsatisfac-
tory results.
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Figure 6. Circuit with voltage sensing device

5 DISCUSSION

It can be seenthat a 5 valued quantity space, with 3 intermediate re-
sistance values, has resolved previously ambiguous cases and opens
up considerably more modelling possibilities. We have not resorted
to Ohm'’s law to produce multi-valued current but have instead la-
belled eachcircuit edge (viathe nodes) with avaluethat indicates (in-
versely) the maximum level of flow that can occur at that point. The
interpretations given to the resistance valuesis a key feature of the
method and these are determined by the application domain. In our
examples we have seen the semantics of ki vary to distinguish: re-
verse diodeleakagecurrent, highimpedancecircuit sections, and low
level signal currents. Others could include the increased impedance
of an unloaded (free-running) motor.

We do not have spaceto include many examples of the use of the
value lo but this value can be used to identify paths that carry higher
current than “normal” and this offers more benefits for modelling
key characteristics of problems. Similar examples demonstrate cases
of lo resolving circuits with overloaded motors, partia shorts, and
energy lossin conductors. This|atter exampleis of special interestin
automotive applicationswhere al power cablesthat entail noticeable
voltage-drops are to be monitored and distinguished from near ideal
conductors such as signal wires.

Orders-of-magnitude relationships [11] have aready been shown
to be capableof solving some unbalanced bridge circuits [6]. We can
see that such arelationship is contained within the series/parallel re-
duction rules becauseof the nature of the qualitative ordering. Hence,
any number of med edgesin serieswill always be considered lower
in valuethan asingle h: edge, and similarly with any other pair, ac-
cording to the ordering. The Min function has the equivalent effect
on parallel circuits. Thismeansthe ordering implemented is actually
0 << lo << med << hi << oo.

It is clear that, in general, bridges can not be solved by any qual-
itative method. If the four resistances surrounding a bridge are a, b,
¢ and d, then baanceis achieved if: @ * d = b x ¢. This requires



precise values and the best that qualitative methods can do is return
the label ‘ambiguous’. However, bridge edges can be resolved when
they are unbalanced and have order of magnitude differences in the
relevant branches. Our formulation is an efficient way of discerning
such casesthat are definitely unbalanced.

6 RELATED WORK

An early contribution on linear steady-state systems was the work
of [15]. Relevant recent work on three-valued quantity spaces in-
cludes[14] for applicationsin diagnosisand FMEA, [9] on the use of
series/parallel/star/delta replacement rules to convert any qualitative
resistive mesh into a single equivaent resistor, and [2] who applied
similar series/parallel decompositionsto analyze alternating current
circuits. Another qualitative method described in [5] has been used
by [10] to develop a successful full-scale commercial FMEA soft-
waretool that isnow in regular usein the automotive industry.

The work of [4] is particularly relevant and describes the differ-
ences between existing (structural) methods and the requirementsfor
analyzing non-structural changes. They emphasizethe importance of
deviationsfrom a norm and devel op amethod using qualitative devi-
ations. A set of circuit rules are used to propagate current and voltage
values and aform of series-parallel-star tree reduction [9] is used to
reduce the resistive nets. The main problems with this method are
that it relies on topology dependent rules, it can not handle bridges,
and it is not general for al circuit topologies. Like [9] this method
can carry out numerical reduction in paralel but it suffers from a
loss of vividnessdueto the complicationsinvolved in processing tree
transformations. Other work on qualitative deviationsincludes[14].

Our method can aso represent deviations. med can be a norm
value and then hi or lo become variations, possibly due to a faulty
component. For other tasks like FMEA we can compare two circuit
analyses to locate the branches that have changed status; due to ei-
ther structural or parameter changes. We see our method as a way
of classifying the branches of a circuit, and the significance of the
resulting branch labels will depend upon the initial application se-
mantics given to the resistance value set.

7 CONCLUSIONS

We have presented anew qualitative circuit analysis method. A num-
ber of problems for previous systems, with both technical and appli-
cation urgency, have been solved by the new model. These include
diode circuits, variable current level s and unbalanced bridge circuits.
The model has retained a high level of vividness with respect to the
real world system; afeature considered important for acceptanceand
affinity with practicing engineers.

Themodel illustrates how larger quantity spacesfor resistance can
effectively label circuit nodes with application specific classes for
different types of current flow. We have used three values of resis-
tance but it is clear that increasing the quantity space set will deliver
even more flow classes, representing increasingly finer resolution.

By not attempting the calculation of any current values we have
avoided the combinatorial and accuracy problems that arise from
arithmetic on several multi-valued qualitative variables as experi-
enced in the switch-level models of [1]. However, the interpretation
of the value set hasbeen emphasized. We remember in Lukasiewicz's
3-valued system, the semantics of the intermediate truth value was
taken to mean indeterminate, while the 3-valued systems of Kleene
and Bochvar interpret this value as undecided and meaningless, re-
spectively. In the same way, the resistance semantics defined by the

application are reflected in the resulting branch classifications ob-
tained. This offers both modelling flexibility and coherence.

The method relies on an orders-of-magnitude resistance relation
and requires a specia path traversal algorithm to perform the la-
belling process. The method is efficient, O(IV 2) for N nodes, and is
also general in that all topologies can be processed. The mapping be-
tween the reduced and original circuitsis readily accessiblefrom the
segment tables and star/delta transformation rules are not required.

In summary, the method is general, robust, efficient and intuitive.
Itisflexiblein that the qualitative valuerangeistailored to individual
applications. Themain limitation isthat al qualitative valuesmust be
constrained by an orders-of-magnitude relation.

Our method can be viewed as a process that classifies circuit
branches into different impedance levels. It might seem that we are
still someway from ECAD systemsthat can reconcile numeric mod-
elswith relevant qualitative circuit information. However, we suggest
that, rather than aiming for total integration through convergence of
representations, the operation of an analog circuit simulator in tan-
dem with our qualitative model would produce very useful output.
Such parallel operation could label each wire, node or component
with both actual voltage/current and qualitative labelsthat signal im-
portant application specific conditions. This seems to offer consid-
erable potentia for a coherent modelling environment on which to
build future engineering reasoning tools.
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