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The causal arguments that people typically use to explain the behavior of physical systems contain
ambiguities and hidden assumptions which result from imposing a particular point of view on the behavior
of the system. The causality of such an argument is an artifact of imposing this point of view. Usually
there exist other cqually "valid” but conflicting arguments bascd on the same cvidence. The inherent local
nature of causal arguments makes it impossible for them to capture the more global effects that are needed
to resolve these ambiguities. However, their local nature makes causal arguments computationally simple to

construct.

This paper discusses thesc ideas in the context of electronics after first presenting a general

theory of causal arguments. The causal rules that electrical engineers appear Lo use to reason about circuits
are presented, and their use in constructing causal arguments for circuit behavior is discussed.

Introduction

This rescarch attempts to articulate the nature of the
causal arguments which arc so prevalent in human cxplanations
of physical phenomenon. In particular, this paper is conccrned
with exploring "mechanism-like" explanations for the behaviors
of physical systems. Although mechanistic or causal arguments
arc ubiquitous, their structure and generation is rarely
formalized. Both the knowledge and its associated calculus is
usually tacit: therc exists a shared body of common knowledge
which is referred to when analyzing, cxplaining and
understanding physical systems. Thus, this rescarch can be
viewed as articulating the facit calculus used to understand and
discover causal arguments.

This kind of research can have impact on cducation,
cognitive science, and artificial intelligence. This tacit calculus
is part of what we are rcally trying to communicate in the
classroom. If we understood it better this education process
could be made more cfficient. Furthermore, a formal model of
the informal tacit calculus provides the foundations for
computer-based instructional systems [Brown, Collins & Harris
78]. From a cognitive scicnce perspective, causal reasoning is
an instance of a more general type of rcasoning about physical
systems, namely envisioning [de Kleer 77). The study of causal
reasoning provides another set of distinctions that helps clarify
envisioning. This common sense tacit calculus is exactly what
most modern problem solving systems have been lacking, and
thus a better understanding of the tacit calculi can lead to more
robust knowledge based systems.

In NEWTON [de Kleer 77] an initial theory of
envisioning was dcveloped which focused on a kind of
qualitative simulation of the physical system of the roller-
coaster. An example of a problem NEWTON could deal with
was:
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Figure 1 : Will the cart reach X?

NEWTON approaches this problem by simulating the behavior
of the cart utilizing only a few qualitative features such as the
concavity of the surfaces and the direction of the velocity of the
cart: "The cart rolls down the track and starts rolling up the
inside of the loop. At this point it may roll back and oscillate.
As it approaches the top of the loop it may fall off.." Since
the specific values of the initial velocity and heights of the
roller-coaster are not taken into account, the qualitative
simulation cannot resolve the two critical ambiguitics: (1) will
the cart oscillate, (2) will the cart fall off. In order to resolve
the ambiguitics NEWTON analyzes their underlying
assumptions and uses this information to reformulate the
qualitative problem as quantitative one for subsequent
quantitative analysis. For example, if the cart reaches X and
does not oscillate, it must be assumed that the velocity did not
go to zero. This assumption then guides the quantitative
analysis to look at the velocity of the cart on the initial segment
of the loop. After these ambiguitics have been resolved, the
behavior of the loop-the-loop system of Figure 1 can be
correctly simulated. The original qualitative simulation of the
envisioning could not resolve the ambiguities and thus had to
consider all the alternatives, which quantitative analysis had to
later resolve. Therefore, envisioning can be viewed as the
construction of a space of possible simulations which some other
knowledge has to distinguish among.

A goal for this research is to develop a more
sophisticated theory of cnvisioning. One of the serious
problems that arises in cxtending the theory is that the
behavior of more complex physical systems is typically



determined by a large collection of simultancous constraints.
For such systems, the fundamental difficulty is to determine
what events are causing which others, unlike the roller-coaster
domain where the only difficulties arise from the imprecision of
the qualitative nature of the simulation. Since the primary
source of ambiguities arises from potential ambiguities for the
causes of cvents, envisioning for constraint systems is called
causal reasoning. As we shall see the two difficulties in
articulating this tacit calculus are: (1) the notion of causality
that pcople appear to use to reason about constraint systems is
mythical and bears little resemblance to what is actually the
case, and (2) the resulting causal arguments are often
rationalizations, since the ambiguities are resolved empirically
rather than analytically.

Electronic circuits provide a rich domain to explore
these issues since they are cxcellent examples of constraint
systems (all of the network laws are expressed as constraints),
yet humans have extensive experience in dealing with them.
Therefore after the gencral theory of causal reasoning is
presented in the next sections a causal reasoner for electronic
circuits will be developed.

The use of this common sense tacit calculus leads to
more powerful artificial intelligence programs. Causal
explanations describe how the behaviors of the individual
constituents contribute to the overall behavior of the system.
This knowledge is important for understanding, designing and
troubleshooting designed systems. For example, in the case of
electronic circuits a complete algebraic analysis of cven simple
circuits can be computationally prohibitive, but knowledge of
how the individual components contribute to the circuit's
composite behavior can significantly improve the efficiency of
the analysis [de Klecer & Sussman 78). For example, an
integrated circuit operational amplifier contains a large number
of transistors, but few of them are situated on the main signal
path. For many calculations, the ecffect of these auxiliary
transistors on the signal can be ignored or accounted for by
much simpler transistor models. The usc of these simpler
modecls significantly reduces the complexity of the algebraic
analysis.

The causal explanation identifics which transistors are
crucial to the behavior and which are not. Causal reasoning
also plays a fundamental role in identifying the faults
responsible for symptomatic behavior and in localizing faults at
a shallower level of detail before entering the more expensive
deep analysis [Brown 76] [de Kleer 76]). Early decsigns can be
checked to sce whether they have any hope of achicving their
desired behavior, and the sections which are critical to the
desired behavior can be identified for special attention
[McDermott  76].

This research differs from related work by Freiling [77]
and Ricger & Grinberg [77] by focusing on the distinction
between the physical system that manifests the behavior and the
abstract mechanism by which the system achicves that behavior.
Ricger's thecory has no representation of the system that his
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cause-effect diagram is a description of. In my approach causal
reasoning is, in effect, a method to construct a description of
the abstract mcchanism from the description of the physical
system. This approach has a mcthodological advantage over
Rieger's since it eliminates much of the arbitrariness from the
representation of any particular mechanism. The current
research has not progressed to the point that it is capable of
producing CSA-like description of the mechanism; this is a
logical next step. In [de Kleer 79] the theory of causal
reasoning outlined below is used as the basis for a recognizer,
QUAL, which takes a description a circuit and produces a
description of the mechanism by which the circuit achieves its
behavior.

Theory

The general form of a "mechanistic” argument is a
sequence of events occurring in the functioning of the physical
system where each event can be causally related to cvents
earlier in the scquence. Each event is an assertion about some
behavioral paramcter of some constituent of the system (e.g.
velocity at a point or current through a terminal).  The
sequential argument always reads as if it is temporally ordered.

Figure 2 : The Schmitt Trigger

"... An increasc in v; augments the forward bias on the cmitter
junction of the first transistor, thereby causing an incremental
incrcase in the collector current, i of that transistor.
Conscquently both the collector-to-ground voltage vy of the
first transistor, and the basc-to-ground voltage of the second
transistor vy, decrease. The sccond transistor opcrates as an
emitter follower which has an additional load resistor on the
collector. Therefore, there is an decrease in the emitter-to-
ground voltage vy. 'This decrease in vy causes the forward bias
at the emitter of the first transistor to increase ever more than
would occur as a consequence of the initial increase in v,
alonc...." [Harris etal 66, p.68)

A causal argument consists of a sequence of assertions
about system constituents cach of which hold as the
conscquence of previous assertions. In a causal argument, A4 is
a consequence of B means A is caused by B. The causal
argument "... An increase in vy augments the forward bias on



the emitter junction of the first transistor, thercby causing an
incremental increase in the collector current,...”, is a scquence
of two assertions: vy increases, i increases. Thesc arc the two
events of this causal argument. The deduction of one event
from another is dctermined by the causal rules of the device
models. In the above example the model for the first transistor
is one in which increased cmitter potential causes increased
collector current.

The causal argument makes reference to an underlying
device topology which describes the system's constituents and all
possible interactions between them. Each event of a causal
argument is an assertion concerning some constituent, and its
antecedents refer to other events about constituents which are
adjacent in the device topology. This is a consequence of the
local nature of the causal models. A particular causal argument
sclects only a subset of the device topology as the information
bearing connections. This subset is called the causal topology.

The local nature of the rules is the source of much of
the power of causal arguments, as well as some of the
problems. It ensurcs that c¢very constituent (e.g. transistor,
resistor, etc.) of a given type can be modeled the same way
without regard to its surrounding constituents. Therefore the
number of causal models is very small. This ensures that at
least one and often many causal topologies can bc constructed
for any system constructed out of known constituents.

The potential ambiguities in a causal argument stem
from (1) the qualitative nature of the rules, (2) the local nature
of the rules, and (3) the inability to distinguish between the
causes and cffccts among the cvents.  Although the Schmitt
trigger is inherently a constraint system and roller-coaster
appears o he inherently  scquential, the forms of the
mechanistic arguments which explain their behavior are very
similar. This was achicved by the engineer imposing a mythical
causality on the behavior of the system which then admitted a
temporal scquential argument.

The explanation for the Schmitt trigger made a number
of unsubstantiated assumptions aside from the choice of
transistor models. Why does the vy increment appear across Q)
instecad of Rg?  Why docs the voltage v) drop since Qjy's
turning off should raisc it? Why is the current contributed by
Q)'s turning off more than the current taken by Q;'s turning
on? There are many values for the parameters for which the
circuit cannot function at all. The arguments arc only
rationalizations of thc observed bchavior (obscrved by actual
mcasurcments or stated in the textbook). This does not detract
from the usctulness of the explanations: no explanation cver
accounts for every detail of the behavior.  The usefulness of an
explanation does not depend on how complete or correct it is,
but whether the explanation is sufficient for the purposes it is
applicd to. Onc of the aims of this rescarch is a taxonomy of
different types of rationalization and when they are useful.
With such a taxonomy, for example, we can hope to make
some progress in the arca of automatic summarization and
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explanation of how complex systems work.

All of thesc ambiguities can be traced to assumptions
made by the local rules. In order to scc this, the discovery, or
generation, of causal arguments must be considered in more
detail.

Generating Causal Arguments

The apparent temporal order of the events of a causal
argument allows it to be viewed as the description of a
simulation of the system’s behavior. This simulation can be
casily repcated by applying the causal models to the underlying
causal topology of the argument. The method for originally
discovering a causal argument is also a simulation but without
the knowledge of this causal topology. This generation
simulation splits at every point where the device topology leads
to different causal topologies thereby producing a collection of
different causal arguments each with its own distinct set of
underlying assumptions. The same causal models arc uscd in
the resulting causal argument as in the generation process. This
is a stronger locality claim than made in the previous section
since it states that the models used for the discovery of the
original argument can only refer to information local in the
device topology. This is surprising since one would expect that
the generation simulation would require more detailed models.

This simulation mcthod of generating causal arguments
is computationally quite simple. The finite device topology
cnsurcs that the simulation must terminate, and the local nature
of the device models makes the simulation of devices simple, as
well as ensuring that every system constructed from the
modeled devices can be analyzed. (The generation simulation
can be compared with conventional forward deduction, except
that the deductions are severely limited by the device topology
and that there is no negation.)

In order to construct a causal reasoner for a given
domain three issues have to be addressed:
(1) What is the device topology?
(2) What are the rules of the device models?
(3) What are the possible assumptions, and how should they be
dealt with?
The remainder of this paper explores these three issues in the
context of electronics.

In electronics, unlike most physical systems, the device
topology can be determined directly from a circuit schematic.
The choice of electronics as a domain to explore causal
reasoning simplifies this first issuc considerably. As the models
are presentcd a number of different assumption types will
become cevident, but all the types of assumptions arc dealt with
in the same way.

Device Models for Electronics

The classical enginecring models that are used to model
the bchavior of electrical devices are widely agreed upon.
However, the causal qualitative models that people use to
reason about circuits are not. In fact, these qualitative models



are rarely articulated, even though the tacit models that
underlic people’s arguments appear to be very similar. The
following discussion glosses over the difficulties of identifying
thesc heretofore tacit models. For a more detailed discussion of
how these models were arrived at and alternative models see
[de Kleer 79].

The causal explanation of how a circuit works is a
qualitative description of the equilibrating process that ensues
when signals are applied to the circuit. The behavior of the
Schmitt trigger was described in this way. This will be called
incremental qualitative (IQ) analysis. Since most circuits are
designed to deal with changing input signals, it is not surprising
that the main purpose of most circuits is achieved
incrementally. For example, an amplifier must amplify changes
in its input, digital circuits must switch their internal states as
applied signals change, and power-supplies must provide
constant current or voltage in the face of changing loads and
power sources.

Incremental qualitative arguments rarely need to refer
to more than the sign of the derivative which indicates whether
the signal is increasing or decreasing. This requires an algebra
of four values: "t" signal is increasing, "0" signal is not
changing, "4" signal is decreasing, and "?" signal is unknown.
The arithmetic of this algebra is very simple:

X - d 0 T ?
y:
¢ $ ) ? ?
0 ¢ 0 t ?
+ ? L t 7
? ? ? ? ?
Tablel :x +y

Only addition and subtraction are important, and no other
operations arc ever used.

The approach for constructing the models is to start
with the classical constraint models, and reformulate them
preserving only the sign of the derivatives of the variables.
Ohm's law has a particularly simple formulation:

¢l
+ ™ + JW
v v
- |#2 - | &2
V= iR WE

Figure 3 : Ohm's Law for Resistors

dx refers to the sign of the derivative of x. Currents are
defined to flow into devices away from nodes. Kirchoff's
Current Law (KCIL.) applies to components so that the current
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into #1 is equal and opposite the current through terminal #2.
The 1Q model for Ohm’s law is:

av <=> 01

The rule specifies that the derivative of the current must be of
the same sign as the derivative of the voltage. Since the resistor
has no preferred causal flow dircction this rule must be
bilateral. This action is specified by the "< = >" operator.

The behavior of nonlincar devices can be modeled by a
small number of linear rcgions, or states. Since the correct state
cannot be determined when a nonlinear device is first examined
by the simulation, the use of a causal rule for any state can
only bc made under the assumption that the device is operating
within that particular region.

o Bl
iy
——’ 1.
d
o Yee

Figure 4 : Transistor

If Q is on : dv => dic, Ov => -die, Ov =D 0ib
If Q is off : 9ib = 0, dic = 0, die = 0
If Q is saturated : dic = 0

The "= >" action indicates a unidirectional causality,
and the " =" action indicates that the circuit quantity is fixed at
that constant value. Applied input signals can also cause the
transistor to change its region of opcration to another state.
These possible state transitions require additional rules which
make different kinds of assumptions. However, these will not
be discussed here.

We now have cnough rulcs Lo analyzc some simple
circuits:

Figure 5 : Simple Inverter

The following causal argument is generated for this
circuit (assuming the transistor is on):

Input voltage goes up (Given)

Collector current increases (Transistor rule)
Current through the resistor increases (KCL)
Voltage across the resistor increases (Resistor
rule)

Voltage at output decreases (KVL)

In order to generate the causal argument the conventional



Kirchoff's Laws were utilized.  Kirchoff's current law (KCL)
specifies that the current flowing into any node or device is
zero. Since there are only two devices connected to the output
node, KCL states that the current flowing out of the collector
cquals the current flowing into the resistor. Kirchoffs voltage
law (KVL) specifies that the voltage around any loop is zero.
Since the supply voltage is unchanging, KVL states that the
voltage change across the resistor must be equal and opposite
the voltage across the transistor.

Heuristic Rules

The rules discussed so far are sufficient to deal with
many circuits. The only assumptions that are made involve
state choices and thercfore cvery causal argument that makes
the correct state choices is guaranteed to be valid.
Unfortunately, most circuits cannot be completely analyzed.
One such case occurs when a transistor’s collector is connected
to a number of circuit fragments:

INPYT

Figure 6 : An Unanalyzable Circuit Fragment

An increased base voltage causes an increased collector
current. Since there are a number of devices connected to the
collector node, the current through thesc devices cannot be
determined.  Furthermore, the transistor model provides no
information about the voltage at the collector node. Thus the
simulation halts with the voltage and currents at the node left
unassigned.  In quantitative analysis this would be a point at
which to introduce a variable [Stallman & Sussman 77).

This situation ariscs quite commonly in engineer's
analyses. The method for dealing with it can be summarized in
one heuristic:  the (1Q) value of the potential at the node (the
voltage with respect to ground) is opposite to the (IQ) value of
the current drawn from the node. ~ An instance of this heuristic
is: "The increasing current pulls down the node.” In the above
circuit fragment, the increased collector current causes the
voltage at the collector node to drop. This heuristic rule is
makes the assumption that the circuit around the node is
behaving as a positive resistance.  This assumption can be
violated.

A sccond unanalyzable circuit fragment occurs at the
input of the Schmitt trigger:
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Figure 7 : Schmitt Trigger Input

The input signal is applicd between the base of the
transistor and ground (i.e. across both the transistor and the
resistor).  Since this voltage does not appear across any
component in isolation, no causal argument is discovered for
the bchavior of this circuit. A second heuristic is used to deal
with this case: whenever a voltage is discovered between a device
terminal and ground, this value is applied directly to the device.
This heuristic assumes that the first signal discovered at the
input of some device dominates the signals at the other
terminals.

The first heuristic is called the KCL-heuristic, and the
second the KVL-heuristic. These two hcuristics combined with
the device rules are sufficient to explain the behavior of most
circuits. The central remaining difficulty is that this causal
calculus does not necessarily ascribe a unique behavior to the
circuit being analyzed. These ambiguities result from
assumptions made by the heuristic rules. The assumptions
come from three different sources:

(1) The nonlinear nature of the devices.
(2) Transitions between the linear states.
(3) KCL- and KVL-heuristics.

Ambiguities and Assumptions

A second phase of the analysis considers the different
possible causal arguments (ambiguities in the behavior) that a
circuit can have in order to determine which assumptions are
relevant. In order to do this each event of a causal argument
is tagged with the assumptions that were made in the
simulation to get to it. This tagging is illustrated by the
following more formal description of the causal argument for
the Schmitt trigger. Each voltage or current is described by a
short descriptor, a value, a list of assumptions, and a
justification. The assumption list is enclosed within " <..>".
An assumption concerning a device's state is described as
(<device > <state > ), a KCL-heuristic assumption is described
as [<terminal > <device > ), and a KVL-heuristic assumption
is described as [<device> <terminal >].

(VOLTAGE INPUT GROUND) =
Premise.
(VOLTAGE B1 E1) = 4 <[Q1 B]>
KVL-heuristic [Q1 B]
(CURRENT C Q1) = ¢ <(Q1 ON) [Q1 B]>
av => 9IC for Q1
(VOLTAGE C1 GROUND) = t <[C Q1] (Q1 ON) [Q1 B])
KCL-heuristic [C Q1]



These assumptions play a critical role in two rather complex
kinds of qualitative reasoning, which are presented next.

Points of View

This section and the next contain a very brief
discussion of the roles of interpretations and teleology. Both
involve surprising subtle and complex issues which are difficult
to present in the space available. See [de Kleer 79] for a
detailed presentation.

A collection of assumptions can dcfine a point of view
on the behavior of the circuit. Each different collection of
assumptions suggests a different way in which the circuit can
work by sclecting a different set of events which depend on the
assumptions. There a number of conditions that a collection of
assumptions must satisfy before it can be reasonably considered
a point of view. For this reason the notion of interpretation is
introduced. An interpretation of a circuit's behavior is a
collection of assumptions which:

(1) is noncontradictory -- does not select contradictory events.
(2) is maximal -- every cvent that can be added must be added.
(3) justifies heuristics -- all the assumed positive rcsistances
must bchave as such.

These three conditions rule out most collections of assumptions,
and the remaining intcrpretations are very few (never more
than twice the number of transistors in the circuit). Often there
is only one interpretation.

The Role of Teleology

Every interpretation produced by this procedure
describes a behavior that could be valid for some assignment of
circuit parameters (i.e. specific resistances, gains, power supply
voltages, etc.). The intcrpretations can usually be
disambiguated by appealing to the teleology of the circuit.
Since circuits are designed artifacts -- systems whose behavior is
to achieve some particular purpose -- they have a teleology. By
knowing the purpose of the device the interpretation whose
behavior is consistent with this purpose can be selected as the
correct onc. For certain classes of circuits, just the knowledge
that the circuit has some purpose can be sufficient to identify
the correct interpretation.

In the case of the Schmitt trigger the analysis discovers
four interpretations:
[1] correct.
[2] approximately interpretation [1] but without feedback.
[3] signal reversing the feedback path.
[4] approximately interpretation [2] and [3).
(Interpretations [2) and [3] do not violatc the maximality
condition for interpretations, but in order to see this a detailed
cxamination of the assumptions involved is required.)
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Figure 9 : Voltages in Interpretation [4]

Conclusions

The power of the causal reasoning (envisioning) comes
from the fact that it is complete, limiting and articulate.
Envisioning is complete for the class of circuits QUAL
considers since it is capable of simulating cvery possible
behavior. Therefore, any behavior which the envisionment
does not predict as a possibility cannot happen. Envisioning is
limiting in that it generates only a small number of ambiguities.
Finally, envisioning articulates the source of the ambiguities so
that other knowledge can be used to deal with them. In the
case of electronics this other knowledge is teleological. Without
any one of these properties the calculus would be useless. For
example, without the completeness property no necessary
relation exists between the envisionment and what is actually
the case. If the envisionment does not articulate the source of
the ambiguities, other knowledge cannot be used to resolve
them.

NEWTON [de Kleer 77], a program to solve physics
problems in the roller coaster domain, is also based on
envisioning. The envisionment for a roller-coaster problem
consists of a scquence of qualitatively described scenes
indicating how the roller-coaster moves along the surface.
NEWTON invokes mathematical laws to quantitatively resolve



the ambiguities, while QUAL resolves the ambiguities quite
differently by appealing to the teleology of the system. Both
programs are bascd on thc same theory of envisioning, but
resolve the ambiguitics in radically different ways. Although
ambiguitics appear at first to be an undesirable side-effect of a
theory of envisioning, the examples from physics and
clectronics illustrate that they play an important role in
understanding complex systems. The assumptions underlying
the ambiguitics provide the key to reformulating the analysis so
that other knowledge can be profitably employed.

In the case of the roller coaster world the causal rules
are quite obvious and are determincd by the bchavior of the
roller-coaster cart through time, However, in the case of
electrical systems it is very difficult to determine a time order
on the cvents, and the causality between events is largely
imposed by the understander. In this case the causal rules can
only be determined by studying arguments that people actually
use to undcrstand circuit behavior.

Acknowledgements

I would likc to acknowledge the help of my thesis
advisor G.J. Sussman. I had many enlightening discussions
with J.S. Brown concerning the content of this paper. A
forthcoming joint paper with J.S. Brown deals with the
cognitive aspects of this work.

This paper describes rescarch done in part at the
Artificial Intelligence Laboratory of the Massachusetts Institute
of Technology. Support for the laboratory’s research is
provided in part by the National Science Foundation under
Grant MCS77-04828.

References

[Brown 76]

Brown, A.L., "Qualitative Knowledge, Causal Reasoning, and
the Localization of Failures”, Artificial Intelligence Laboratory,
TR-362, Cambridge: M.LT. 1976.

[Brown, Collins & Harris 78]

Brown, J.S., A. Collins and G. Harris, "Artificial Intelligence
and Learning Strategies"”, in Learning Strategies, edited by H.F.
O'Neil, New York: Academic Press, 1978.

[de Kleer 76]

de Kleer, J., "Local Mcthods for Localizing Faults in Electronic
Circuits”,  Artificial Intelligence  Laboratory, AIM-394,
Cambridge: M.LT., 1976.

[de Kleer 77]

de Klcer, J., "Multiple Rcpresentations of Knowledge in a
Mcchanics  Problem-Solver”,  Proceedings of the Fifth
International Joint Conference on Artificial Intelligence, pp. 299-
304, 1977.

[de Kleer 79]
de Kleer, J., "Causal and Tcleological Reasoning In Circuit
Recognition”, Ph.D. thesis, Cambridge: M.LT. 1979.

203

[de Kleer & Sussman 78]

de Kleer, J. and G.J. Sussman, "Propagation of Constraints
Applicd to Circuit Synthesis", Artificial Intclligence Laboratory,
AIM-485, Cambridge: M.LT., 1978.

[Freiling 77]

Freiling, M.J.,, "The Use of a Hierarchical Representation in the
Understanding of Mechanical Systems”, Ph.D. thesis,
Cambridge: M.LT., 1977.

[Harris et.al. 66]
Harris, J.N., P.E. Gray and C.L. Searle, Digital Transistor
Circuits, New York: John Wiley & Sons, 1966.

[McDermott  76)

McDermott, D.V., "Flexibility and Efficiency in a Computer
Program for Designing Circuits", Artificial Intelligence
Laboratory, TR-402, Cambridge: M.LT., 1976.

[Ricger & Grinberg 77)

Ricger, C., and M. Grinberg, "The Declarative Represcntation
and Procedural Simulation of Causality in Physical
Mecchanisms”, Proceedings of the Fifth  International Joint
Conference on Artificial Intelligence, pp. 250-255, 1977.

[Stallman & Sussman 77]

Stallman, RM. and G.J. Sussman, "Forward Reasoning and
Dependency-Directed Backtracking in a System for Computer-
Aided Circuit Analysis”, Artificial Intelligence 9, pp. 135-196,
1977.



