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Abstract

In this thesis we talk about physical theories from a very
special point of view. Our purpose is to explore the struc-
ture of the theories and the reasoning processes so that they
can be encoded in a machine understandable form. In the
process of exploration we describe the existing approaches
to the field and point out the importance of the research
from a novel point of view. The focal point is the area
of qualitative reasoning, a common procedure to a scien-
tist but sometimes that is not of precise nature. We try to
demonstrate the importance of qualitative reasoning even
as part of normal mathematical reasoning. Great weight
is given to the mathematical representation of the qualita-
tive language; this is further applied to the theories already
proposed.
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Prologue

It is a foolish thing to
make a long prologue,
and to be short in

the story itself

Apocrypha, Maccabees






Prologue

1. Physics and the computer Era

By the end of the 70s, computers were introduced in all aspects of life with tasks
ranging from trivial number manipulations to large scale expert systems. What
seems to be even more important is the interest among the research community to
look into the human brain and works in order to imitate human intelligence.

During the 70s and the beginning of 80s, a group of Al researchers focused in
entangling the mysteries of scientific reasoning in order to built an “artificial scien-
tist”. The task seemed trivial at first. Not surprisingly, the research revealed many
hidden problems. These problems puzzled so much the research community that
for a full decade it seemed as if all research was directed in solving subtasks, thus
loosing sight of the overall objective.

An “artificial physicist” would have to focus on reasoning about the physical
world. Since the existing physical theories offer a platform for describing physical
systems, this seems to be a good starting point. Unfortunately a great part of the
knowledge needed to reason about physical systems exists in a physicists’ mind in
a compiled form. Most of the times it seems that there is no given procedure that
will make us solve the problem in hand by writing down the equations needed. This
part of the physical knowledge is the main interest of qualitative physics a currently
active and important area of Al research.

Qualitative Physics is concerned with reasoning about physical problems with
information less precise than numerical data. This mode of reasoning is frequently

used by scientists before resorting to algebraic and numerical manipulation of equa-



4  Chapter : Prologue

tions. The power of a physicist is frequently judged by his ability to answer ques-
tions on a physical domain without having to consult analytical equations. This
qualitative visualisation of physical theories is the object of research in the area
of qualitative physics. In qualitative physics, physical theories are built using a
language containing less information than mathematics, yet more information than
can be coded using natural language. Using a powerful language, we can represent
any physical theory. The choice of the language reflects the level of abstraction that
we are trying to achieve. The final aim of qualitative physics is to encode physical

theories in a machine understandable form; it will also be the aim of this thesis.

2. The thesis at a glance

Since our aim is to verify that a procedure exists to encode any physical theory
to a computer understandable form we will try to convince the reader by applying
the steps to given examples.

This thesis 1s structured as follows. Since the area we will be operating in is
the area of qualitative physics we will deal with the historical bits of the field
in the first chapter. This includes a trip to the motivations for research in this
field and a summary of the approaches -both the older ones and the current ones.
Our main thesis —the fact that a way exists to encode a physical theory in vari-
ous levels of abstraction— is also presented in the introduction together with some
common examples to show the possibility of its validity. The abstraction levels
are presented through the choice of a representation language. The existence of
a partial-information language is sought, to be found in the next chapter in the
qualitative calculus. In order to prove the thesis we try to built a theory using this
intermediate language. The final sections of the introduction offer a good idea on
the subjects covered.

The second chapter offers an original presentation of physics as a mathematical
science. We encode the way a theory is logically built and identify the steps that
need to be taken to formulate logically an existing physical theory. Although the
ideas of this chapter were frequently used by researchers when building their qual-
itative physical theories it seems to be the first time it is presented as a logical
scheme in a definite way.

The core of our material is presented in chapter 3. All the mathematical formula-
tion of a representation language is given. Special notation is used and new notions
are introduced to clarify the old ideas. The idea of the qualitative value is com-
bined with the notion of an equivalence class on the value-set of a variable. Different
qualitative calculi are classified in separate algebraic constructions and presented
in a common, more general, notation. Special attention is given to the definition of

qualitative equality and the existing theories are classified according to this relation.
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After the end of this chapter we hope to have convinced the reader of the nature
of qualitative calculus as well as the procedures on constructing qualitative objects
from their quantitative counterpart.

Having defined formal description languages, we use them in chapter 4 to describe
physical systems. The existing approaches are all tried out by representing the
same simple example in each of them. The mass-spring system, which serves as
our example, will help us exhibit the advantages and disadvantages of each method
since this is -as far as we know- the first attempt to describe the same example in
all of the existing theories.

Finally we come to the deduction mechanisms of the description language. We
try to calculate the future course of events for the mass spring example for each of
the existing theories and conclude about the fitness of each theory.

The conclusions of this thesis are among the words of the epilogue. We criticize
our approach and conclude on the validity of our thesis. The answer to the question
“can we manage to built physical theories sharing the same logical structure by using
different representation languages” can be found there.

Since this area has its own jargon, we include a foldout appendix of a glossary of
commonly used terms. The reader can consult the glossary while reading the text,

thus having a ready reference at each stage.
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Chapter I

Introduction

This chapter is devoted to the history of qualitative
physics. Motivation for working on this field is pre-
sented. The main approaches to the field are de-
scribed including the current state of the art. The
possibility of a standard procedure to represent phys-
ical theories in different levels of abstraction is pre-
sented as our main thesis. Also a personal view on
the field of qualitative physics differing from the ones
presented in the litterature will guide us in the next

chapters

1. Motivation and Scope

The physical theories presented in this thesis are all trying to describe the physical
world qualitatively. Trying to stay clear of mathematical relations and complicated
equations, these theories try to give an alternative way of describing and reasoning
about the world surrounding us. From here on, we will call all these theories as
qualitative physical theories and refer to them collectively as qualitative physics. But
we will not stop there. Qualitative reasoning is an essential activity of a scientist but
not the only one. Later, we will try to see how we can merge qualitative information
with definite information about the magnitudes of physical quantities.

The importance of such work can be realized in many fields: from the scientific
point of view, the importance of formal representation of theories is immense as
philosophical stochasms do not easily give answers to practical questions. An artifi-
cial scientist can be used for explaining the behavior of systems, diagnosing faulty or
normal behavior as well as composing design schemata of physical systems that will
experience a given behavior. Except from the academic aims of such theories, more

down-to-earth reason for the development of automated reasoners of the physical
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world exist. Robotics, at first, can use a machine able to think and reason about
space, time and physical objects from first principles instead of standard if_then
rules. In that way we can be less frightened of a robot being let loose in an unre-
stricted environment. Engineers might use such a program to diagnose qualitatively
faulty behavior and even test possible behavior patterns for a system disturbed from
its equilibrium position.

In this thesis we will be mostly concerned with attempts to build domain models
for physical systems supplied with laws regulating their time behavior. This field is
often encountered in the literature as model-based reasoning from first principles. Its
main aim is to overcome the narrowness problem of current expert systems. There,
knowledge is coded in the form of rules specific to the domain, and cannot be used
either in novel situations or to be exchanged with other expert systems sharing a
common part of a domain. Qualitative theories of this type, try to address the
problem by reasoning from specific domain models with given first principles.

As it was mentioned in the prologue, the field as presented to the new-comer
these days encompasses a variety of subjects. Since motivation for the develop-
ment of qualitative physics was also the urge to search for temporal representation
frameworks, a lot of work has been done on the area of temporal reasoning which

is partially covered in the literature for qualitative physics.

2. A bit of History

The first attempts to use the power of a computing machine as an analytical
tool for physics dates back to the 60s. These attempts took the shape of problem
solvers mainly written in LISP. The programs were able to deal with simple physical
problems posed to them in a more or less standard way in natural language format.
STUDENT [Bobrow 68] and CARPS [Charniak 68] were the first to appear in the
scene. Both programs could only deal with a narrow range of problems and were
confused if a problem was given in a non-standard way. Their problem was not
difficult to locate: they had no knowledge of the physical world. At about the same
time, research on algebraic manipulation of equations is producing some good results
like the algorithm MACSYMA [Moses 7la 71b| as well as suggestions on the use of
algebraic simplification methods in celestial mechanics and General Relativity.

During the seventies many subsequent approaches to physical reasoners were
made. These include MECHO, a mechanics problem solver using meta-level infer-
ences [Bundy et al. 76,79] which was able to deal with pulley systems in PROLOG;
a similar program, NEWTON, was developed by de Kleer [de Kleer 75, 77] in or-
der to solve problems in Newtonian Mechanics this time bringing to light the need
for qualitative reasoning about the physical system in hand. Finally ISSAC was
developed by Novak on the same lines [Novak 76]. All these programs, attempted
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to capture the full breadth of the problem: from parsing the initial input in nat-
ural language to generating diagrams of the problem and solving the equations
algebraically.

The T70s were gone, and a fresh start in the 80s focused on representing and
reasoning about physical knowledge in a qualitative form. It was apparent that
more work was needed in the field of qualitative reasoning so no more general
attempts to cover all aspects (such as natural language understanding of problems)
were made.

Much influence in the field had the “Naive Physics Manifesto” [Hayes 79], a
proposal to provide a framework able to represent and reason about commonsence
knowledge in the physical world. Although an influential piece of work, Hayes’
Naive Physics Manifesto, was never fully accepted; the use of First Order Logic
to express knowledge and his derision for implementations were never followed by
the qualitative reasoning community. Instead of First order Logic, an algebraic
approach was used to help reasoning from first principles reminiscent of the algebra
used in physics. Hayes’ notion of histories was used by Forbus in his program FROB
[Forbus 80, 81a]. It was a program able to reason about a two dimensional world,
where the user specified obstacles and bouncing balls. Numerical simulation was
used when necessary but nevertheless, the program tried to reason from minimal
information.

Up to this point, all work on the field, combined qualitative with quantitative
techniques to solve the problem in hand. Around this time, it must have already
become clear that simply reasoning qualitatively was a full-time research project and
everybody turned their efforts on this task. Qualitative reasoning frameworks as
well as an algebra for dealing with qualitative quantities appeared using the notion
of envisionment previously used in NEWTON [de Kleer 84a, 84b] and [Williams
88].

This part of the story comprises the pre-history of the field. The attempts tried
to cover a wide range of purposes, combining natural language understanding of
the problem with understanding the problem to form the right equations, then
solve and interpret the solutions. In the next section, we describe the state of
the art; this includes all attempts in qualitative physics of the past five years,
attempts focusing on the single purpose of describing and reasoning qualitatively

about physical systems.

3. The current state of the art

Having seen the pre-history of the field, one should expect at least some new
and fancy results during the past five years. Unfortunately, this is not the case.

Research focused mainly on specific issues that -sometimes- offered no actual help

11



12 Chapter I: Introduction

to the field. The visions of the first attempts were set apart, for more specific,
subtask-oriented research to come into place. The field of qualitative physics was
divided into several subareas, each dealing with almost different things. In this
section we will review the main ideas and motivation behind each field in order to
concentrate as soon as possible to our subject.

Five main streams of research can be identified in qualitative physics today. The
motivation in each field is different and normally the driving force for the devel-
opment of each theory. We will review each part separately, emphasizing the key
points that we will be of use in the following chapters. The main streams are

represented schematically in figure 1.1.

QUALITATIVE PHYSICS

COMMONSENSE QUALITATIVE MODEL BASED CAUSAL TEMPORAL
EASONING ABOU REASONING REASONING REASONING
PHYSICAL AND FROM FIRST REASONING AND
SYSTEMS REPRESENTATION PRINCIPLES REPRESENTATION
[Hayes 85a,b] [de Kleer & Brown 84a,b] [Forbus 84b] [Chandrashekaran 86] [Allen et al. 83]
[Williams 88] [Forbus 84c] [Rieger 77, 78]
[de Kleer & Brown 84b] [Bylander 87]
[Kuipers 86] [Simons 52,53]
[Iwasaki 88b]

Figure 1.1 The research fields of Qualitative Physics

Commonsence Reasoning About the World. Pat Hayes was the first to realize
that humans reason about the surrounding world in a natural way: it doesn’t seem
to bother them! The part of physics dealing with everyday life phenomena was
named naive physics and dealt with commonsense reasoning. Most people, Hayes
argued, are able to predict that a ball thrown in the air will eventually drop on
somebody’s head. And this is done without the use of mathematical formulae or
the resort to any physical theory. This kind of physical reasoning performed in
the mind of everyday people, seems to be much different from the one of a physics
student. The codification of such knowledge is the main aim of this field.

It is possible of course, to view commonsense knowledge as a simple pattern
matching mechanism among stored experiences in our mind. This can be more
easily seen by the fact that this kind of reasoning can not deal with eny novel

situations. Not only that, but the answers produced in these situations are also
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wrong. Most of the times, we merely recall previous incidences that match with the
problem in hand, or overgeneralize a set of similar behaviors as a “natural” law. If
this is the case, then the word physics has no place in the field.

Qualitative Reasoning. All scientists have at some stage to reason qualitatively
about their domain. This involves qualitative solution to novel problems as well
as guidance in the search for creating a suitable set of equations for solving their
problem analytically. Natural or economical sciences often have to deal with vague
and imprecise information about variables describing a system. Causal links may
also be available between variables but not of a precise form.

In is not infrequent that the analytical solution of a set of mathematical equations
does not exist. Numerical simulation is often used in this case, a computational ap-
proach with much overhead and the need for a correct interpretation of the output.
But, if all we require is a qualitative description for the future states of a physical
system we just do not need to resort to quantitative information.

At this point let us introduce our first example, known as the Eotvos experiment,
which will show the inadequacy of commonsense reasoning and the power of qual-
itative reasoning. Let us take in our hand two objects of different weight, say a
feather and a crystal ball. It is common place to answer the question: which of the
two objects will reach the ground first if they are left to fall freely from the second
floor of a building? Everybody would give the answer: the crystal ball. The curious
thing is that most people would give the right answer for the wrong reason: they
think that heavier objects fall in higher speeds when let loose. Unfortunately, this
is not the case. In order to manifest that, Eotvos, created a simple experimental
apparatus comprising of a tube placed vertically to allow objects to fall freely in
it and a pump able to suck the air out of the tube. If the little experiment with
the feather and the ball was to be repeated in vacuum in everybody’s surprise both
objects will reach the bottom of the tube at the same time. Now, how would one
explain this by commonsense reasoning? He obviously wouldn’t. If he was asked
to predict the result he would probably give the wrong answer. Here is how a
physicist would reason about the problem qualitatively. Both objects are placed
in the gravitational field of the Earth which exerts on them a force proportional
to their masses. In order to realize that the acceleration of both objects would be
the same -what physicists call g- one has either to know that as a fact (i.e. that
the gravitational field of the earth exerts the same acceleration to all objects for
small distances) or just think that the acceleration is proportional to the mass of
the earth (a J\Iewth)l and therefore constant. Now the difficult part has gone.

The time taken to travel a distance does not involve any other parameters but the

I This result is can be found by equating the forces on the mass i.e. G% = ma

13



14 Chapter I: Introduction

acceleration of the object, thus making the time for the journey of both objects
equal. If we wanted to explain why if we jump from the window at the same time
with a feather we would reach the ground first we would have to resort to the exis-
tence of a force with a parameter discriminating the two objects. This force is just
the air resistance whose magnitude is proportional to the shape and the velocity of
the object.

Here, although we didn’t use the equations describing the phenomenon in an
algebraic form, we did use information on the relation between variables, either as
laws or as simple mathematical relations already proven to be true (e.g. that the
time take to travel a distance s under constant acceleration ¢ is 29—5) This kind of
reasoning is essential to a scientist together with the use of precompiled knowledge
from past experience.

A qualitative solution to this example could also be given without resorting to
the “qualitative” form of the equations. If our physical theory includes the notions
of a field, a force and the acceleration of objects as well as information about the
field created by the mass of the earth, we can reason about this example from these
notions. Since the gravitational field of the earth accelerates all objects around
the same area with the same acceleration, we can conclude that both objects will
arrive at the bottom of the tube at the same time based only on the relation of the
distance traveled and the acceleration.

Model Based Reasoning From First Principles. Research on this field was ini-
tiated by the desire of the academic community to built expert systems without
the limitations of the currently available ones. The lack of explicit representation
of fundamental knowledge makes the expert systems not so expert, as they can
not predict or advise on any situation not comprising with their if then rules. A
different kind of knowledge needs to be encoded as well as a powerful reasoning
mechanism that will be able to infer the behavior of the domain over time from first
principles. The great advantage of such an approach, is the possibility of sharing
knowledge between overlapping fields. Currently, if two expert systems exist, one
about weather forecast and one about air-traffic control, it will almost definitely by
impossible to share their common knowledge and reasoning processes. In the model
based qualitatively physics, researchers try to reason from a detailed representation
of the domain, the domain model, and the causal dependence of the fundamental
quantities.

Three main approaches can be seen in this field. The first one is due to de Kleer
who in 1984 presented his program ENVISION [de Kleer 84b]. The program was
given a description of the physical system in a pre-specified way and was able to

predict behavior using a process called envisionment. This term is scattered around
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the bibliography to express the process of creating a set of possible system transi-
tions over time. In order to overcome the problem of qualitative information, de
Kleer presented an algebra of signs which from then on is given the name qualitative
algebra. Physical quantities are quantized to a minimal set of designated values that
are useful in qualitative reasoning, normally just the signs of the value. Reasoning
is done using a version of constraint propagation over a set of “equations” between
the variables of the system.

The second approach is based on Forbus. He developed a theory of processes
called Qualitative Process Theory which he applied to create the program Qual-
itative Process Engine (QPT) [Forbus 84]. In a frame-like environment, the user
supplies the basic processes available in the system as well as information on the
objects of the system. The program will then examine the possible process that can
be active and will thus create and envisionment of future states of the system.

The third approach is based on Qualitative simulation [Kuipers 86]. The behav-
ior of the system is described by a set of qualitative equations and a constraint
propagation algorithm tries to solve them over time.

It is important to note here that most of the interest in the field was focused
on qualitative dynamics rather than qualitative kinematics. The terms “dynam-
ics” and “kinematics” are frequently used in physics textbooks but do not have a
fixed meaning. Each author will give his own definition before attempting to de-
scribe the subject. By qualitative dynamics we mean representation of the time
varying aspects of a physical systems -their dynamic behavior. Physical systems
are simulated by black boxes described by sets of variables. The dynamic behavior
is explored by monitoring the time dependence of the variables. Objects are not
represented explicitly but rather through their qualities (the variables). Qualitative
kinematics is confined to reasoning about motion, space and time. The geometry
of the background space and the geometrical properties of the motion are the cen-
ter of attention in a theory of kinematics. No successful general theory has yet
appeared for qualitative reasoning in kinematics. This is a direct reflection of the
difficulty in quantization of space and time as well as of the qualitative description
of geometrical objects. The distinction made between dynamic and kinematic as-
pects of physical theories is probably an artificial one. Most of the physical theories
are concerned with both. Traditionally dynamics is concerned with the study of
forces; kinematics focuses on the motion of objects. What seems to be the point
distinguishing dynamics from kinematics is that motion is directly connected with
euclidean geometry whereas dynamics is connected with the algebra.

Causal Reasoning. This is yet another important aspect of qualitative physics.

There is little doubt that causality plays a central role in most aspects of human

15
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discourse —just think of the philosophical disputes going on for millennia. Inspi-
ration was drawn from a theory proposed by Simons back in the 1950s [Simons
52,53]. Iwasaki used part of the theory to create a causal reasoning machine able to
represent knowledge about how a (physical) device achieves its function in terms of
sequences of events or actions connected by causal links. The idea behind the scene
is rather interesting but the difficulties that need to be overcome are considerable.

AT programs built in this field are mainly concerned with providing intuitive
causal explanations about physical phenomena. These explanations must be based
on a knowledge of causal relations in the world. Most expert systems when asked to
explain their conclusions will do so by supplying the precompiled heuristics that lead
them to the result. A human expert will explain his reasoning based on fundamental
causal mechanisms of the domain.

Causal reasoning also tries to produce the causal links that will explain the trace
of an analytical calculation. In that way a causal explanation of the result can be
achieved.

Temporal Reasoning. By temporal reasoning we can understand the search for a
suitable representation of time dependent quantities (they can be database records)
as well as a reasoning process for processes involving time. Much work has been done
on this field due to its closeness to other more developed fields. Central work for
qualitative physics is that by Allen and his interval representation of time [Allen 83].
This part of the research is incorporated to qualitative physics as reasoning about
physical systems involves reasoning about time. Allen’s approach was adopted as
suitable time representation by reseachers in the field as a certain quantisation of
time is achieved. The time line is split into intervals and reasoning is concerned
with time intervals instead of time points.

Many approaches can be found in the literature about temporal reasoning. Allen’s
work seems to be more influential in the field of qualitative physics than the rest,

although it has serious problems.

4. A personal view

Researchers in the field of qualitative physics have often argued that an amount
of commonsense knowledge is built in physical theories. In the chapters to come,
we will try to convince the reader that a physical theory is a self-contained system
with no common sense knowledge incorporated into. It is true that precompiled
knowledge 1s used commonly in science but this is only knowledge of the theory
itself. All classes of phenomena that fall in the area of the theory, irrespective
of their commonality or not, can be fully explained with the use of the laws and
representations of the theory. This does not mean that we always have to exploit the

mathematical form of the laws for the theory, but rather use the law in a qualitative
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form to predict results and behavior.

Let us first consider the example described in [Forbus 88] about a robot reasoning
from first principles about transporting a coffee without spilling it. According to
Forbus, commonsense reasoning is performed by humans at this point in order to
reason about when the coffee will come out of the cup. We will argue that a physical
theory is perfectly capable of explaining such a behavior correctly without taking
resort to numerical equations or equations of geometrical nature for the cup. First
of all we have to realize what is given in a situation like this. We know that our hand
is under the effect of a gravitational force, a force that affects all objects around
us. Due to this fact, the surface of the coffee in the cup is horizontal and stays this
way if not tampered with. As with any other container, if the level of the coffee
surface is lower than the edges of the container, fluid cannot escape. It is easy to see
that turning the cup sidewards will make the coffee end up on the carpet creating a
nasty stain. All these thoughts can be expressed in mathematical equations. Even
a container, like a cup, can be given an idealized geometrical description which in
terms of the theory is enough for us to reason about the situations that it is involved
in.

de Kleer, started his research in the field of problem solving by considering the
special class of problems describing roller coasters. Roller coasters was the name
given to a class of problems involving motion of carts or rollers on slopes or circular
tracks. This was a fairly easy exercise for a high school student who seemed to be
able to reason about the general movement of the carts involved in the problem.
This lead de Kleer to conclude that “the so-called physics knowledge of kinematics
and Newton’s Laws comprise only a small fraction of the knowledge needed to solve
problems. Most of the knowledge 1s “pre-physics”, and considerable effort s required
to codify 1t.” Among the problems he encountered were things like: how did the
student know that the cart will roll down a slope when released and not up; or how
did the student know that the central issue was the equivalence of forces in order to
write down the correct (and finally simple) equation. But even in the roller coaster
example it is easy to verify that all that is needed is a good knowledge of the theory
describing the phenomenon. Let us see exactly how these issues can be tackled in
this example. We are given a sliding surface somewhere on the gravitational field
of the earth. By the representation of physical objects in newtonian dynamics we
conclude immediately that any object in the system will be affected by gravity.
So it is natural to conclude about the only possible change in the state of the
object: motion. The effect of the gravitational field is to force the objects to move
downwards. Since the ball is in constant contact with the surface the theory predicts

that a force is exerted from the surface to the object obliging the ball to roll and
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not “enter” the surface. The sum of the forces on the ball will make the ball roll
towards the bottom end of the slope. In the same way other qualitative information
can be extracted about the future of the system.

What can clearly be seen from the previous examples is that we must be extremely
cautious in the way we represent our objects and notions in a symbolic way. It is
common place in physics to represent a physical object by a mathematical one
in such a way that the behavior of the real object can be found by the inverse
representation after the mathematical manipulations are over. This knowledge,
must also be of a qualitative form in order to reason in qualitative terms instead of
magnitude terms.

In order to better understand how a physical theory is built in an axiomatical
way we will devote the next chapter in the search for a mechanisable form of a
physical theory. The basic lines of this idea will then be used as guide lines for the

next chapters checking how each of the already existing theories fits in this schema.

5. What we will talk about
Although the field of Qualitative Physics is quite wide and an overview of the

field stands necessary for the new comer, in this thesis we will only consider this
part of qualitative physics dealing with qualitative reasoning and reasoning from
first principles. We will discuss the representation schemes that were proposed for
a closed non-interacting physical system, as well as the representation of physical
laws in a qualitative way. We will also take a trip to the reasoning algorithms that
were proposed in order to exploit the knowledge represented above keeping a narrow
view of predicting the behavior of the system or explaining the future behavior from
first principles.

In each chapter, we will give a general overview of the subtask, explain what is
needed in order to accomplish it as well as what we expect from the final result.
Then, we will explain the approach of each mainstream research idea and summon
up to criticize each model. The end of each chapter will be devoted to checking the
main thesis presented in the previous section and judge the adequacy of each of the
theories.

We will try to keep the work concise, and although the chapters will be more-or-
less self contained they will tie together to describe a possible way of representing
the knowledge behind a physical theory and using it to reason about the theory
itself.

For those who are interested to take a closer look to a theory presented or just
mentioned in the thesis, we include further bibliographical guidance at the Bibliog-
raphy section. This is not presented as a complete index of works on the subject

but rather as a collection of starting points to a deeper study.
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6. What we will not talk about

Unfortunately, in a limited space of an MSc thesis, one has to confine himself
to the absolutelly necessary. Following this principle we will not talk about the
prehistoric approaches to the subject as well as about fields that lie close to our own
object. We will not deal with the Naive Physics world since our task is to reconstruct
a scientific theory and not a commonsense reasoning model of the world. Staying
close to our thesis that a physical theory can be encoded using a representation
language for a given abstraction level, we will not try to express commonsense
knowledge as part of the theory but just to de-compile the knowledge hidden in the
mind of a scientist.

We will have little to do with temporal reasoning and formal representation of
time as defined in the research field bearing this name. Nevertheless we will have
to deal with time almost everywhere in this project, even when struggling to meet
the deadline.

Trying not to follow the general trend in the field we will not spend more time
in the detailed analysis of subtasks than for the main task of this thesis: to check
if a general procedure exists to code the physical theory of a system in a computer
understandable form thus creating an automated copy of a (boring style) physics
teacher.

Not much space can be allocated to the mathematical formulation of the qual-
itative theory and descriptions have to be mathematically robust yet simple to
understand. We will not be presenting qualitative theories in detail if they are not

needed in the presentation of the qualitative theories.
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Chapter 11

The Nature and Formation
of Physical Theories

... I feign no hypotheses, for whatever

18 not deduced from the phenomena

18 to be called hypothesis, and hypotheses
whether metaphysical or physical,

whether of occult qualities or mechanical

have no place in experimental philosophy.

In this philosophy particular propositions

are inferred from the phenomena and afterwards
rendered general by induction.

Isaac Newton, 1642-1727






Chapter 11

The Nature and Formation
of Physical Theories

A procedure for describing any physical theory is de-
fined for the first time. The idea of representation
language s introduced and physical theories are clas-
sified according to their level of abstraction. This ap-
proach is in agreement with the current research but
offers a more general framework to encompass any
physical theory and any kind of representation lan-
guage. In the next chapters this general framework
is used to built from scratch the existing theories of

qualitative physics.

1. Overview

If we are to search for a suitable way of representing a physical theory in a machine
understandable form, we need to examine the structure and formation principles of
the theory itself. If we can find a standarized way of building such a theory from
first principles, then we have more chances to transform it to an executable logic
program.

The analysis of physical theories has been the central aim of philosophers of
science. 5o, it is unavoidable that some philosophical considerations will creep up
in the material of this chapter. Nevertheless, the presentation is given in a down-
to-earth manner and always keeping in mind our ultimate aim which is not to give
rise to philosophical delirea, or to settle philosophical disputes.

Since philosophy of science was not able to give a straightforward answer to the
problem of logical formulation of theories we will not use the standard approach. We

will try to convince the reader that a way exists in which any philosophical senigma
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stays out of the theory itself, thus freeing the scientist from building bridges over
dry land. By explaining the aim and formulation of any physical theory we will
leave open the possibility of applying the method to other sciences. We will try to
point out the significance of mathematics in physics and conclude at the suitability
of mathematics as a description language for physical phenomena and laws.

The material in this chapter will be used to build qualitative theories of physical
systems in the chapters to come. Although most of the ideas describe a general
framework for building a theory from scratch we request the patience of the reader

until the following chapters reveal the importance and applicability of the ideas.

2. Physics and Metaphysics
Let us start this section by identifying the meaning and the aim of a physical

theory. Diverse definitions would be given by different people. Some would argue
that it is simply the formulation of causal relations so that we can predict the
behaviour of the system; other would seek in a physical theory an explanation of
natural phenomena. Why not be the theologist’s search for God through the beauty
of our Universe? But we will not get in such a dilemma. We will adopt a narrow
view: The main task of physics is to code the information of our universe in a usable
form and to built a logical system able to reason about this knowledge. It is not
our task to explain the origin of Natural Laws (the axioms of our theory) but how
we reason after a plausible set of Laws has been chosen.

It is important to understand where the line is drawn between physics and meta-
physics. Since normally a scientist does not encounter such problems in his everyday
practice of physics, it must be possible to differentiate between the two notions. To
get metaphysics out of the way, we adopt a physical theory to mean a classification
under a logical system of a set of physical phenomena. In that way, a theory is
only a representation of physical phenomena and not their explanation. Put in a
mathematical way, we are in search of an isomorphism between symbols and natural

quantities, between a logical theory and nature.

3. A recipe for a home-made theory
A physical theory is not an explanation; it 18 a system
of mathematical propositions whose aim s to represent

as simply, as completely, and as exactly as possible a

whole group of experimental Laws

Pierre Duhem, La Théorie Physique (1914)

We will try to find a recipe for constructing a physical theory as defined in

the previous section. Several steps can be easily identified. Let us note from the
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beginning that the sequence of these steps is not obligatory but rather logical and
that never a science can be formed in a direct way like this one. Physical theories
evolve in time by changing the information on each step in the above process after
having denied a theory proposed by a similar process. So, here are the steps,
presented schematically in figure 2.1. In order to better see the problems appearing
in each step we will consider several examples along the way.

Choosing a Physical Domain. It is obvious that only a certain class of phenomena
can be contained in the domain of a theory. It is an important task to define the
physical domain properly. Examples of physical domains are the motion of physical
objects, or the functioning of an electronic device, or even the thermal behaviour
of gases. Each domain classifies a set of phenomena under common properties. It
is mainly these properties that we are about to describe and explain. A physical
system is normally made up of elementary objects. These objects, have to be
represented in a suitable way in our theory, together with their properties. The
objects under observation in Celestial Mechanics are stars and planets; in atomic
physics special entities called atoms; in an electronic device transistors, resistors

capacitors and wires.
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PHYSICS

Task I:
IDENTIFICATION OF OBJECTS & QUALITIES OF THE DOMAIN

* |dentify the domain to be represented
* Select the objects to be represented as well as the qualities that descriminate them

Task I1:
SELECTION OF DESCRIPTION LANGUAGE & REPRESENTATION SCHEME

* Select alanguage able to descibe the objects and qualities of the domain

Task 111:
IDENTIFICATION OF DIRECT & CAUSAL RELATIONS AMONG QUALITIES

* |dentify the realations among the properties of the objects aswell as causal realtions

Task 1V:
EXPRESSION OF THE DYNAMICAL LAWS OF THE SYSTEM

* Use the description language to represent the objects and their properties
* Epress the laws governing the behavior of the system in the desctiption language
* Describe the behavior of the system in terms of qualities

Task V:
PREDICT CHANGES OF MAGNITUDES ON PHY SICAL QUANTITIES

* Use the formal description language to predict the exact changes of phyaical quantities

Figure 2.1 Sequence of tasks for the definition of a theory

A physical domain which seems of interest to modern researchers in Al is the
time behaviour of systems with liquid containers, conduits and leaking pipes. The
physical objects are taken from everyday life, and the class of phenomena in the
domain usually include boiling or evaporating and -quite a lot of- leaking. We will
encounter this type of physical systems later when we will try to reason qualitatively
about them.

Once the main objects have been selected, we have to further select the properties
that discriminate them. Sometimes, the properties are enough to characterize an
object completely, so that the notion of the object only appears in the theory as
a name. For example in thermodynamics a system is normally defined completely
by a set of basic parameters so that if this set is known, the system is completely

identified. In Quantum Mechanics a physical system is completely defined by a
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single mathematical function —called the wave function— from which one can extract
all possible information about the system itself. The idea of a closed physical
system which acts like a black box described completely by a set of parameters
is encountered very often in the physical methodology. Let us see another simple
example to show how this view might prove important to the formulation of a
theory.

Suppose we are dealing with bouncing balls, an example frequently used by Al
researchers of this field. It is obvious that the basic entities are the balls themselves
as well as the surrounding space in which the motion takes place. As for the
physical quantities one would choose to know, they are the position of each ball and
its velocity at each time slice. One way of representing a ball is by a mathematical
point in a three-dimensional euclidean space (the background space). By mapping
each point of the euclidean space to the surrounding space of the balls one can
calculate the trajectory of the ball by figuring out the trajectory in the euclidean
space. In this representation the objects are directly specified in the theory and
have a direct analogue in the representation language (i.e. that of a mathematical
point). Physicists not concerned with directly identifying the objects in a theory
have come up with the idea of the phase space. Each ball is completely defined by a
set of 6 parameters: 3 parameters for its position (z,y, z) and three parameters for
its speed (actually its momentum p,, py,p:). Each ball is thus viewed as a system
completely defined by the 6 parameters. Note that we don’t care about the internal
structure of the system. All the information we need is encoded in the 6 parameters.
In that way the ball is viewed as a point in a 6-dimensional space and the evolution
of the system over time gives a trajectory in this space. The real trajectory of a ball
is then calculated from the set of parameters indirectly. Note that both approaches
solve the problem and that the way they view the objects are truly different.

Selecting a Representation Language. Once we have identified the main qualities
of the objects of the system and the quantities which describe them, we need to
properly express them in a suitable language. The standard language for physical
systems was until now mathematics. Physicists also use natural language to ex-
press the qualities of the objects as well as a simplified mathematical language with
less descriptive power when less information was needed. This descriptive language
uses general terms as linear, proportional etc. to describe incomplete information.
No formal description of a language representing qualitative information has ap-
peared in the physical research; it rather seemed as a common platform hidden in
everybody’s mind.

Natural Language is also a candidate for expressing a physical theory. Normally

we use natural language symbols (words) to describe (possibly in our mind) the
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physical notions and objects. We can go on forming laws in natural language by
saying for example that if an object is moving in empty space it will continue to do
so if it is not disturbed. In this natural language law, we have indicated physical
objects by slanted letters and physical relations or notions in ztalics.

The choice of the representation language must reflect the granularity of informa-
tion that needs to be expressed. If we are only to express qualitative information
and not conclude about the magnitude of a quantity we probably need not bother
using the algebra of the Reals. Let us not forget that even if we did use this algebra
for coming to a conclusion, this would be more detailed than needed and special
care should be taken to extract just the information needed from it. Two extremal
languages are already known: natural language and mathematics.

It is natural that we think of physical quantities as variables ranging over the
Reals. This representation shows how many units of measure have to be repeated
in order to describe properly the quantity. Note that certain qualities are not
directly expressed in terms of a quantity, say color. Since physics is a quantitative
science, these qualities are finally reduced in magnitudes of physical quantities (i.e.
for our example the wavelength). It is possible that a Real variable will hold more
information than needed. This idea is further explored in order to describe a formal
language called qualitative algebra or in a more vivid way algebra of signs. This
algebra can be used to describe a physical system in a qualitative way.

With the representation language chosen, we can directly express the description
of the system. In order to be able to reason about the system we need two further

steps.

Identifying Relations. Having defined the principal qualities and the physical
quantities derived from them, we need to consider any relations that exist among
them. In a Newtonian world, having defined the position of the apple in our pre-
ferred representation language, we have to give the relation between displacement
(change in position), velocity and acceleration. We might also have to introduce
new notions of qualities that do not have a direct physical meaning, say force or
torque. These have to be further assigned to physical quantities and the relations to
existing quantities given explicitly. Causal relations also have to be included in the
theory. For example the cause for the pain in Newton’s head was the gravitational
force attracting the apple towards the center of the earth. So, there is a causal link
between force and motion.

Taking the former three steps we have expressed all structural knowledge about
the system. It is time now to express the Behavioural Knowledge of the system, i.e.
the laws that govern time behaviour and a method to extract precise information

from the theory.
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Describing the Laws of the system. Now, we have to represent the laws that
govern the dynamic behaviour of the system (i.e. the behaviour over time). These
are direct relations, in the form of axioms, between the quantities defined in Task
I and III. For example we define the relation between a force and the acceleration
caused, known as Newton’s First Law. The laws, can be experimentally proven

relations between quantities that always hold.

Predicting the magnitude of physical Quantities. In this task we use the inferen-
tial power of the representation language to extract information about a physical
quantity. If we have used natural language we can probably get some fuzzy results.
Mathematics will give a precise result, whenever analytical solutions are possible. If
we used the qualitative algebra of the next chapter, information is incomplete. It is
frequently the case that we are not in need of exact information like the acceleration
of a car but of more qualitative information like the direction of acceleration or its

sign.

4. Types of Physical Theories

If we use the scheme presented in the previous chapter in order to built a theory,
the information finally available is directly dependent on the representation lan-
guage. If mathematics was used as the description language we are left with the
well known physical theories. If natural language is used we can built naive physics
much in the spirit of Hayes. The use of first order logic needs to supplement natural
language since inferences need to be drawn from the information represented. Note
that the latter language has limited inferential power and so limited application.
What is even worse, soundness is not guaranteed as can be seen from applying the
theory to novel situations (like the Etvos experiment described in the first chapter).

The problem with mathematical theories is normally the complicated represen-
tation of the physical domain. Interpreting results can become very difficult, even
impossible. But physicists seem to get around this problem by reasoning qualita-
tively from first principles. A third kind of theories can be created using a qualitative
representation language which still offers a mathematical presentation and a not so
limited inferential power. These are the theories of qualitative physics, the theories
that we are going to discuss in the rest of this thesis. These theories can be though
of as representing a common-sense reasoning scheme used by scientists, as well as
qualitative representations of physical domains.

The possibility of other languages for describing incomplete information is open.
Depending on the abstraction level wanted, one has to choose the appropriate lan-
guage.

Theories of Qualitative Physics can be further discriminated by the way they
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tackle each of the formation tasks. We are going to see these in detail in the

chapters to come.



Chapter I1I

Mathematical Aspects
of Qualitative Physics

Mathematics, rightly reviewed,
possesses not only truth, but
supreme beauty — a beauty
cold and austere, like that of
a sculpture.

Bertrand Russel, 1872-1970
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Mathematical Aspects
of Qualitative Physics

Several qualitative calculi exist in the litterature. We
present a more abstract formulation of the calcu-
lus which allows the classification of different ap-
proaches under the same scheme. Instead of the
more common interval-based approach to qualitative
values we introduce the idea of equivalence classes;
this clarifies the meaning of the qualitative domain
in mathematical terms and also allows the introduc-
tion of the trivial equivalence class representing an
unknown value. QOur formulation also distinguishes
between the different notions of equality that seem to
exist in the current approaches. Fverything is pre-
sented in a common notation so that all existing the-

ories can be presented in a uniform way.

1. Overview

We will devote this chapter to a formal mathematical language which facilitates
the qualitative description of physical systems. The algebraic language developed
is called algebra of signs or more generally qualitative algebra. The existing ap-
proaches are based on de Kleer’s work on “confluences” -equations involving only
addition and subtraction on the signs of time-varying quantities- and William’s
hybrid Algebra Q1 [Williams 88].

Our approach is based on a unified notation that can accomodate both existing
approaches. The main differnece between de Kleer’s and William’s approach is the

equality theory used. The introduction of special notation will allow the expression
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of qualitative equalities in both approaches. Another difference is the possibility
of mixing real-valued equations with qualitative ones. Since this is an important
aspect of William’s theory, our approach was created to incorporate hybrid algebras
as well.

Unfortunately, none of the existing approaches is powerful enough for general
reasoning. An extension is needed in order to accommodate order of magnitude
reasoning as well as inequality reasoning. These extensions are not well developed
in the litterature and further guidance for reading is given at the bibliographical
section.

Although our work will apply to general qualitative algebra we will mainly con-
centrate on the algebra of signs which offers a good starting point and serves as a

presentation paradigm.

2. Qualitative Calculus

Let us start our discourse by explaining the meaning of qualitative reasoning.
Then, we will describe the qualitative calculi in more detail.

To reason qualitatively is to reason under information less specific than the actual
numeric magnitudes. This information can be in the form of relative magnitudes or
direction of changes or more commonly signs. We must expect that the output of
such a process will be imprecise in the same form as the input is. In some situations
this is more than we would ever ask. For example if we are to judge if two cars are
going to collide we would only be interested in their direction of motion and their
relative speed.

In order to express imprecise knowledge of quantities and relations we need to
develop a new algebra filled with new magical entities: qualitative variables, quali-
tative equations, qualitative inequalities. Since physical theories already exist using
the algebra of reals, we need to take in mind a procedure that will allow us to
convert quantitative entities to their qualitative counterparts.

In order to abstract information from a quantitative variable we need to divide
the domain of the variable in classes of equal “importance”. The qualitative variable
will take values from the set of classes indicating the “properties” of the quantitative
counterpart. For the reals three classes play an important role: positive, negative
and zero magnitude numbers. A qualitative variable can take one of these three
values, thus representing a set of elements as well as one element.

It is important to define the equality of the theory obeying the known equality

axioms so that we can solve -using special methods- sets of qualitative equations.

3. The Algebra of Qualitative Variables

In order to properly define an algebraic language we will explicitly define the
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domain, operators and syntax of the language.

Constructing Qualitative Variables. Qualitative algebra operates on two domains:
the value-set of quantitative variables and the value-set of qualitative variables. Let
us assume that the quantitative variables take values in the Real numbers R as
is normally the case. Let IR be called the quantitative domain and further let us
partition the set IR in equivalence classes K;. Let us name S the set of all equivalence
classes and call it the qualitative domain. Note that 0 has a special meaning. We will
take 0 to be in an equivalence class of itself. The partitioning of the quantitative
domain can also be done through non-overlapping interval partitioning, but the
notion of equivalence class is focusing on the existence of a distinguishing property.
In the case where equivalence classes are simple intervals, the values subdividing
the quantitative domain are called landmark values, or distinguished values.

According to the partitioning in equivalence classes, all elements in a single class
are not discriminated. This is natural enough; take for example the acceleration
of an object. If the object is not a sports car or a fighter airplane the absolute
acceleration is never seeked after. What we are most of the times asking, is whether
the object is accelerating, decelerating or traveling at a constant speed. If only this
information is needed the three equivalence classes can be defined showing the sign
of the acceleration value. In that case, the qualitative domain & is simply the set
S ={K4+,K_,Ko}. This partitioning of the real numbers tends to be the standard
one although in some approaches further intervals are defined with the method of

landmark values.

QUANTITATIVE [] QUALITATIVE
VARIABLES VARIABLES

R ! S

Figure 3.1 Relation between Quantitative and Qualitative variables

The main idea behind qualitative calculus, is to define a mapping between the
quantitative domain and the qualitative domain in order to transform quantitative

relations and equations to qualitative ones. The mapping, usually named [] : R —
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S, when supplied with a number € IR will return the equivalence class X'; in which
the number belongs. We would like the mapping to be linear!with respect to the
field structure of IR i.e.

[z +y]l =[] B Y]

[z xy] = [z] @ [y]

where & and ® are operations defined on the set S. In that way, we could directly
transform the quantitative equations to qualitative one. If the function [| was to be
linear it would actually be a homomorphism between the structures of R and S

Unfortunately, it turns out the the mapping [] can not be linear on addition. If
we insist on keeping the mapping linear we will have to introduce a different notion
of equality for the qualitative domain S.

In most of the research the function [] is taken to be the function sign(z) returning
the sign of the real number x. Let us see the problem of linearity under this simple
function. Suppose z belongs to the equivalence class K_ and y to K. In general
we cannot tell in which equivalence class will  +y belong. If linearity is in use then
the resulting class [z + y] = [z] @ [y] is unknown. This contradicts our intuition

since we would expect that
[—6+5]=[-1]=K_
(6] 5] =K_ K4+
=K_=K_6K;+

If the operation between K_ and K4 is to return a single result this can not be the
case. The way out of this situation is to consider the trivial equivalence class K g as
a special element of § having the meaning of the undefined result. This equivalence
class contains all the elements of the quantitative domain, so no distinction exists
between them.The extended set S', as is defined in the bibliography, is in our
notation the set §' = {K_, K4, Ky,Ks}.

It is common in the bibliography ([de Kleer 84a], [Kuipers 86]), to extend the
notion of equality in order to assume linearity. This extension is done through the
trivial equivalence class so that if [z] and [y] are two qualitative variables, [z] = [y]
is true if both = and y belong to the same equivalence class or if one of them is
a result corresponding to the trivial class Ks. Of course, this results to a great

confusion since equality is not an equivalence relation any more. To see that more

1 The term “linearity” is used in various ways in physical and mathematical theories. The defi-
nition we will use is the following: A function f : A — B is linear with respect to given internal
operations + and @ on A and B respectively if Vo € A: f(z + y) = f(z) & f(z). This is closer to
the notion of a morphism between to structures i.e. a mapping respecting the internal structure
of the sets.
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clearly examine

K_=Ks,Ky=Ks#Ky=K_

It is obvious that this definition of equality weakens the qualitative algebra. The
algebra we present here is based on a normal definition of the equality, thus being
more flexible and straightforward?.

Now that we know the idea of constructing qualitative variables we go on define
the formal language of qualitative expressions.

Formal Definition of the language. Let us see how we can formalize the notions
above. We know that we need three sets: the set of Real Numbers IR, the set of
quantitative variables say G and the set of equivalence classes of IR, say §. The set
G 1s nothing more than a set of symbols which will serve as the set of qualitative
variables. We know that the structure of G is that of a field with two operations
+ and x defined on its elements and an extra external operation - between a real
number and a variable which makes G a vector space. In that way allowed phrases

are:

3rr4+y=zxXw

where z,y, z,w € G.

In order to built a similar structure on the set S which will still correspond to the
structure on G, we will define the operations &, ®, S, © between the elements of G.
We will also specify the mapping operator between G and S conventionally named
[]. We expect the result of each operation on G to correspond to an operation on
S. We will use the extended set S’ instead of S to express our inability in certain
cases to proclaim a certain result.

The first thing we need to define is the function [] operating in the quantita-
tive variables. This is explicitly defined according to the specific case of interest.

Traditionally it is taken to be the sign function [| : G — S given by

IC_|_ ifz>0
Ve eG,[z] =< Ky ifxz=0
K_ ifz<0

In case more equivalence classes exist (for example more intervals) the function is

defined accordingly.

2 We will adopt the symbol <’ to refer to the non-transitive equality theory and keep the standard
symbol to denote the standard equality relation
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(& [k [ K [ K [ Ks
K_ K_ K_ Ks Ks
Ko K_ Ko Ky Ks

Ky Ks Ky Ky Ks
/CS /Cs /Cs ICS ’CS

Figure 3.2 Definition of &, the Qualitative Addition

Next we have to define the operations on §. These will be the direct analogues
of the ones defined in G and given the symbols &, ®, S, ©. Each operator has to be
defined explicitly, normally by means of a “multiplication table”. If the equivalence
classes are numerous this can become quite tedious. If the partitioning is done
through intervals, it is easier to write down the table since we know exactly the
elements in each equivalence class and the elements are ordered. Here we give the
table for @& and ®. The operator &: &' x §' — &' is the qualitative analogue of
the real addition. Notice that a lot of “unknown” entries exist in the table showing
our ignorance in certain cases. This ignorance is expressed by giving as result the
equivalence class contains all the elements of the quantitative domain.

The operator ® poses less questions. It is linear so that [z x y] = [z] ® [y] and
® is easily defined (see table). The result of such an operation is never “unknown”

except if one of the operands is “unknown”.

e | K- ] Ko | Ky Ks
K_ K4 Ko K_ Ks
ICO ’C() ICO ’CO ICO
Ky K_ Ko Ky Ks
Ks Ks Ko Ks Ks

Figure 3.3 Definition of ®, the Qualitative Multiplication

In order to define the rest of the operations -that is subtraction and division- it
is simple enough to do it through the tables for addition and multiplication. Note
that the net result of division in the sign partitioning of R is exactly the same as
multiplication.

Equalities and Inequalities. We also need to define the notion of equality in

our algebra. As mentioned above most of the research has originally focused on
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a redefined non-transitive equality theory for the qualitative variables with the
exception of [Williams 88]. This made the task of solving equations more confusing
and gave trouble to the value propagation algorithm used to solve them. We will
adopt a normal equality, viewing each element of our domain (S') as distinct. For
example [a] & [b] = [0] is satisfied only if both [a] and [b] are in Kg; this is because
Ki+K_-=Ks #Ky.

Qualitative inequality poses no direct problem. If the values of the variables are
not “unknown” then it is easy to write down the truth table of the relation. A
more mathematical way is to define a strong ordering relation < in the value set of
qualitative variables®. We would want this relation to be the direct analogue of the
relation < on IR. This is easily done for the case of the sign algebra by defining the

ordering:
K_ < ICO < IC_|_

Note that the mapping function [] is not linear with respect to the relation < i.e.
if > y we cannot conclude that [z] > [y]. If the relation is taken to be a weak
ordering thus including the equality as well we can use the linearity on >.

With the definition of the operations & and ® we have created a structure on the
set S’ which we will symbolically name (S', &, ®). In a while we will analyze the
properties of this structure compared with the structure imposed on IR by + and

x. First we will take a look at the formal syntax of the qualitative algebra.

K_ Ko K.
K_ F T T
Ko F F T
K. F F F

Figure 3.4 Truth table for < relation

Formal Syntaz of the Language. We present here the formal syntax of the algebra

as first described in [Williams 88]. We note expressions of qualitative variables by

3 There seems to be a confusion on the mathematical terms about ordering relations. We use
weak ordering to specify the property a > bandb > a = a = b. The notion of partial and total
ordering is used to define the comparability of all pairs of elements under this relation.
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Qexp and expressions of real variables as IRexp.

Qexp == [Rexp] | Selm | Qexp Sop Qexp |
| cQup | Qep™ | (Qeap)

Rexp = wvariable | real | IRexp Rop Rexp |
| —Rezp | Rexp™ | (Rezxp)

Sop == & | ® | & | @

Rop == + | x | — [/

Selm == K_ | Ky | Ko | Ks

4. Properties of the Qualitative Algebra

It is now time, to look back and examine the properties of the algebraic structure
we have built. The structure imposed to § by the operations & and @ can not meet
any of the normal algebraic classification like a field or even a group, the major
problem being the lack of an additive inverse. A direct result of this, is the lack of

a cancellation law i.e.
sPt=tdubs=u

where s,t,u are qualitative variables. As we will see in the next section this is
an important headache for equation solving, since we cannot in general subtract
equations to get new ones. Also, it is not always possible to solve for a qualitative

variable in a qualitative equation:
sht=us=ust.

If we are to consider the rest of the the properties of the structure (S, ®, ®), we
will find that they are much similar to the properties of R. An identity element
exists in for both operations (Ky and K4 respectively) as well as an inverse for the
multiplication (except Ky). Commutativity still holds as well as associativity. Since
the operations © and & do not belong to the structure (S, &, ®), they have to be
defined in a manner similar to that of R. So for example & is defined using the

multiplication operations as follows:
& t=K_®t and ros=ra(8s)

for t a qualitative variable.

The structure on § also has a set of properties that have no direct analogue to
IR. These properties are used in order to create the solving algorithm of MINIMA
(MINIMA being the result of the research by Williams). The first property is

the one we mentioned earlier about multiplication and division. In (S,&, ®), the
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multiplicative inverse is also ® so that for variables not in the Ky and Kg classes
sOt=s®1t

We mentioned in the previous section that we would like the function connecting
the qualitative and quantitative variables to be a homomorphism on the structure
of R and §. The job done, we can see that this was partially achieved on the
operations of multiplication, division and unary inverse. Unfortunately this is not
the case for addition. So, the relation [z + y] cannot be further simplified or turned
to a single qualitative variable [Z]. If one wants to be able to use linearity on @,

then we need to redefine the notion of equality as mentioned earlier.

5. Defining Functions and Derivatives

It is a most common occurrence in physics, that quantitative variables are func-
tions of time. Almost all the times, real functions are reduced to good-acting entities
blessed with all the good mathematical qualities. So, here we will concern ourselves
with real functions of the form f : [a,b] — IR where [a,b] is a sub-interval of IR.
We will see what is the qualitative analogue of such functions, even christian them
with a special name. Time dependence of functions leads to the calculus of change
i.e. the theory of derivatives. Qualitative derivatives play and important role in
qualitative calculus, so that equations involving derivatives were given the special
name of “confluences” [de Kleer 84a]. The use of derivatives will allow us to reason
about the time behavior of systems. If a derivative is described by a qualitative
variable, each equivalence class defines a behavior pattern of the function and for
each derivative, the same is attained through the use of a higher derivative.

Reasonable Functions. The term is first encountered in [Kuipers 86]. Reasonable
functions are those real functions defined on a subset [a,b] of the extended real
line R* = R U {—o00,+0c}, such that they are continuous and differentiable on
their domain. Also, Kuipers requires that the limit of the derivative of the function
in the limiting points of the interval should exist in IR*. These functions can be
quantized in a direct way. The notion of landmark value encountered in our previous
discussion is used to divide the domain of the function in distinct regions of “equal”
importance. The name of the region is then called the qualitative value of the
function in the given partitioning. Note that Kuipers follows the interval based
method for the partitioning of the domain. This is done as follows: suppose the
reasonable function f has n landmark values, {ly,ly,l2,...,l,—1}, and the range of

the function is the extended IR*; then, the regions of equal importance are

{(—OO7 Zo), Zo, (Zo, Zl), Zl, ey Zn—17 (Zn—h —|—OO)}

Each of these regions, represents a qualitative value of the function. As can be
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seen, the regions containing the landmark values are of special importance so that
if the function equals a landmark value, this is called a distinguished point of f.

Note that what we have just done is represent a continuous function with a set
of discrete symbols. This is the key of qualitative algebra. Since it is easier to
reason with a finite number of symbols, any continuous properties (defined by a
continuous variable or function) have to be replaced with a discrete set of symbols.
The problem of good quantizations of continuous variables is best described by
Forbus in the relevance principle: The distinctions made by a quantization must be
relevant to the kind of reasoning performed|[Forbus 84b].

Another form of important functions are the monotonic functions. In order to
define a monotonic function f(z) with respect to a variable y we need to consider
the functional relation y = f(z). If y is increasing whenever z is increasing then
f(z) is increasing monotonic. In the inverse case, i.e. whenever z is increasing y is
decreasing, the function is called decreasing monotonic. The importance of these
function lies on the fact that they offer a good approximation to general functions
without much commitment. The notation used to express a monotonic function
is diverse. For example Kuipers uses the functional relation MT(z,y) to denote
increasing monotonic dependence of x and y and M~ (z,y) to denote decreasing
monotonic ([Kuipers 84,86]). Similarly in Forbus Qualitative theory monotonic
functions are specified through qualitative proportionalities. The notation is quite
different and slightly more general. y ocg+ z indicates that there is a monotonic
relation between y and z in the form of a monotonic function f: y = f(---z---).
Similarly the decreasing monotonicity is indicated by y ocg- .

Finally, let us note that a special kind of continuity is assumed for the qualitative
functions. Suppose f(x) is a reasonable function and [f(z)] is the qualitative value
of the function at the point x. If f is continuous and the regions in which the range of
f is divided are totally ordered, then the qualitative function [f] will be continuous
in = as well. By continuity here we understand that the function undergoing change
in = will pass sequentially from each region without jumping from ome region to the
other if the regions are ordered*. Note that the relation [f(z)] = [f](x) holds since
[] is a mapping from the value-set of f to the set of qualitative values.” We will
keep the notation [f](z) for later use when we introduce the notion of a qualitative
state of a physical system.

Qualitative derivatives. Since we are about to explore the dynamic behavior of

4 Important results for discrete value functions exist in mathematics but no one has been inter-
esting in constructing a solid mathematical theory for qualitative physics.

5 Note that we can define [] to be a function from the set of real functions to the set of quantized
functions and prove this equality. Alternatively we can take [f] to mean the symbol representing
the quantized function corresponding to f.
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systems we are in need of something more than the qualitative value of variables
and functions. The description of behavior is traditionally done through derivatives
and differential equations. With the standard quantization and the sign algebra we
can describe the most important features of the dynamic behavior of a function.
Let us see how. Take a reasonable function f(t), ¢ taking values in an interval
[a,b] € R*. The first derivative of the function df(t) = %(tt) is reasonable function
itself, indicating the rate of change in the original function over time. If df(¢) > 0
then f(t)is increasing, if df(t) < 0 it is decreasing and of df(¢) = 0 it is stable. In the
qualitative algebra this is just saying that the function [df(¢)] has values K4, K_
and Ko respectively. The function [df(t)] defined, is the qualitative derivative of
f(t). Note that this is not the derivative of the qualitative function which is not
even defined. A function representing change of the qualitative function can be
defined as in discrete mathematics but will stand of no use to us here.

The important feature about derivatives is the fact that a higher order derivative
describes the behavior of the previous derivative and so on. So, by studying the
qualitative derivatives we can reason about change in a qualitative function i.e.
about a time varying physical quantity.

One drawback of qualitative derivatives is that they first have to be calculated
analytically. If we had a formula of the form

d(z x y)

=]
we cannot directly transform it to a simpler form. This is due to the lack of prop-
erties on the [| operation on the derivative of a function. If we really wanted to
simplify the formula, we would have to differentiate x,y with respect to ¢ and then
treat the result in the normal way. Even then, the transcription depends crucially
on the properties of [|. Here, we can see one good reason for the use of a mixed
qualitative and real algebra as the hybrid algebra described in the previous sections.

Equations among derivatives play an important role in the study of the dynamic
behavior of the system, so we are going to study them in some detail in the next

section.

6. Forming and Solving Qualitative Equations

It is time to find out how we can write down a set of qualitative equations.
Suppose that we are in knowledge of a set of quantitative equations describing a
physical phenomenon. We would like to write down a similar set of equations on the
qualitative variables corresponding to the quantitative variables of the equations.
Let us for simplicity adopt the sign algebra of the previous section.

Forming Equations. The transcription of quantitative equations to qualitative

ones is directly dependent on the definition of qualitative equality. This subject was
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thoroughly discussed in a previous section and it is now time to show its importance.

The simplest form of equation is
T Xy =z
This type of equations can be directly transformed to
[zxyl=1[s] &
[z] @ [y] = [2]

The single step is based on the linearity of [] on x. The problem appears if we are

to transcribe the equation
T+y==z.
If we have adopted a normal equality theory then [] is not linear anymore on +.

The only step we could thus take would be

[z +y] =[],

Further reduction is based on the solving algorithm and not on the properties of [].
In the case were we sacrificed the standard equality theory to gain on linearity one

further step can be taken to write the equation as

2] @ [y] < [2].

Here we have used the symbol < to express the non-standard equality of the theory.
If we use linearity all reductions made are based on this principle. Differential
equations, so frequent in physics are transcribed as
dz
dt

Note the disappearance of the constant ¢ > 0 and the use of linearity.

—cly+a) —  [de] <[y @ [a].

Qualitative equations need not originate from quantitative ones. If we know that
the force exerted on a spring is negatively proportional to the displacement =z we
can write directly

[dF] = c[dz].

Equations of that form, equating qualitative derivatives of functions are given the
special name of confluences and are of central importance to de Kleer’s qualitative
physics. Confluences were normally produced by differentiating with respect to
time a given physical equation. This process had the disadvantage to localize the
qualitative equation to the context the quantitative equation was used in. If the
equation described the equilibrium position of a system, the qualitative counterpart
will only be applicable for the same equilibrium position. If the equilibrium is

disturbed then we need new equations to reason from.
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Another problem of transforming quantitative equations to qualitative ones comes

up under the name of causality. Take the equation between the time variables x, y:
c1r+cy =0

where both ¢y and ¢y are positive constants. This is a relation between x and y and
not a definition of any of them as a function of the other. Writing down the linear

version of the qualitative equation we have

In that way we loose the information that of the original equation, either about the

definition of z

or the functional relation of  and y
€] 0 [y = K_.

Solving Equations. As in normal algebra, solving a set of qualitative equations
means to find a suitable set of values for the variables involved that will satisfy the
equations. It is possible that a set of n equations on n unknowns can have more than
one solution. This is mainly due to the fact that the equality has a non-standard
meaning and also because of our ignorance on certain cases. In the case of the <
equality theory a trivial solution always exist: just substitute any variable with the
“unknown” class K. In the case of the normal equality theory this result does not
hold.

In most of the research applications of the qualitative calculus, solving a set of
qualitative equations is viewed as a constraint propagation problem. Since the pos-
sible values for each variable are limited, we can always use trial-and-error methods.
The equations are viewed as a set of constraints that need to be satisfied, and values
are propagated through the equations which have only one variable unknown. If
no such equation exist we are obliged to take possibilities and backtrack in case of
a dead end. In order to use results of constraint satisfaction problems, the solving
method is regarded as propagating values through a network of equations. Viewing
the solution method in that way can also take a physical meaning. If the equations
describe the flow of information between different components of a physical system,
we can take value propagation to signify the propagation of causal effects on the
system.

A different method has been proposed by Williams in his program MINIMA
([Williams 88]). Using the normal equality theory means that we are left with
many un-simplified formule in the equations. Using the properties of the algebra

(1 -an algebra similar to the one described section 2- he produces a two step solving
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algorithm for qualitative equations. First simplification of the structure for each
equation is done in order to avoid redundancy. In that way equations are more easily
combined and compared. Having brought the equations in a canonical form we can
try to solve for a given unknown variable. This is not always the case with the
structure on (S, ®, ®) since no cancellation law for addition exists. Nevertheless,
it 1s possible to solve for a sub-expression, thing that will prove important after
the factorization of the qualitative equation. Note that this approach uses a hybrid
algebra and equations on (R, 4+, x) play an important role.

In order to better demonstrate the value propagation method and its problem we
will solve a set of simple qualitative equations. The example is based on [Iwasaki
89].

Take the system of qualitative equations on [a], [b], [¢] with [f], [¢], [k] being given
qualitative constants.

[a] @ [b] =< [¢]
1f] = ]
= [b]

=

l9] ®
Suppose that the values for [f], [¢], [h] are given to be

In order to use the value propagation technique we find an equation of one unknown
value viz. the third one, and propagate the values for [f] and [¢]. The substitution

gives the equation

IC_|_ @ICO = [b]

which further simplifies to

Much in the same way, in the second equation the value of [f] is propagated to yield

a value for [d]

[CL] = IC().

Finally propagating the values of [a] and [b] in the first equation we get the propa-

gated value for [c]

It is simple enough to see what happens if the initial condition for [f] is changed to

[fl < K_
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Three different solutions satisfy the equations, an inevitable fact due to the lack
of positive information. The only possible way out of this many-solution problem
is to incorporate more quantitative information. Suggestions have been made like
the order of magnitude reasoning algebra [Raiman 86|, or the hybrid algebra of
[Williams 88] discussed in section 2.

There are certain limitations to the value propagation method. Deadlock situa-
tions where no further reduction is possible often occur. In such cases a depth-first
backtracking search for suitable solutions can be performed. Assuming a single
value for the unknown variables we propagate these values until we encounter a
contradiction.

It is possible that a MINIMA-like program would be a good solution for in-
corporating more quantitative information on the physical system and resort to
qualitative ones when this is absolutely necessary. Algebraic simplification, a step
absolutely crucial in this line of work was developed even earlier (see MACSYMA
[Moses Tla,71b]).

For the time being this is enough about solving equations of qualitative variables.

7. Order of Magnitude Reasoning

One of the mathematical tricks that puzzles the physics student is reasoning
about the orders of magnitude. It is even more hard to reduce equations to a
certain approximation level. The problem is that there are no boundary values

defining words like small, big or negligible. An equation like
y=;c—|—x2—|—0(x3)

is frequently encountered and physicists have to use it in their calculations. This
simplified equation states that y’s dependence on x is quadratic of this form if we
leave out terms of order z3 or higher.

The first steps towards this direction of reasoning, was to extend the normal
< and > relations to a set of relations encapsulating the meaning of magnitude.
Three representations can be found in the bibliography, FOG [Raiman 86], O[M]
[Mavrovounitis 87] and Davis’ infinitesimal theory [Davis 87].

Davis’ theory introduces the use of infinitesimal quantities for both qualitative
and quantitative variables. The main idea is to create a theory in which one can
be able to talk about events causing changes in infinitely short time (but not zero
time).

The other two approaches define a set of new relations among quantities which

incorporate an order of magnitude information. For example in FOG three new
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relations are defined:
A < B : A is negligible compared to B
A= B : Ais very close to B

A ~ B : A is the same order of magnitude as B

Reasoning with the help of these relations can simplify things but no universal
approach exists that will allow the use of the algebraic methods defined above to
be used in combination with the order of magnitude reasoning.

Here our trip to the mathematical aspects of qualitative physics ends. Although
the visit was short, let us hope that the important subjects were covered and that
the reader now has a thorough understanding of the qualitative algebra techniques in
a simplified and generalized notation. It is now time to see how these mathematical

pursuits can help us represent and reason about the physical reality.
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Representation Schemes
for Physical Systems

It is a capital mistake,
to theorize before one has data

Sir Arthur Conan Doyle, 1859-1930






Chapter IV

Representation Schemes
for Physical Systems

Three different approaches are encountered in the
literature for representing physical systems qualita-
tively. We investigate each of theses approaches
using a common example -that of a mass-spring
system- in the notation of the previous chapter. The
comparison of the approaches is more natural un-
der the uniform presentation we follow. Although
most of the researchers in the field concentrate on
ezamples of fluids and thermodynamics, we present
a classical example of mechanics and invent a way

to represent it in each approach.

1. Overview

We will devote this chapter to alternative representations of physical systems.
Several schemes have been proposed in the field, three of them being the most im-
portant. All approaches are based on a version of the qualitative calculus presented
in the previous chapter. We will try and keep a standard notation throughout the
chapter and wherever is needed, we will point out the difference from the notation
encountered in the bibliography.

In general different examples of physical systems are presented in the literature
so that a comparison is not easy. In order to see the adequacy and power of each
method, we will try and solve a single example.We select a simple example governed
by just two laws: a system comprising a spring and a mass attached to its end.
Note that in general, different examples of physical systems are presented in the

bibliography so that a comparison is not easy. Some would argue that the choice
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of the example will be more suitable for some of the theories. We believe that this
simple example will help reveal the advantages and disadvantages of the methods.

What we have to represent. According to the scheme presented in chapter 11, three
main areas have to be represented in the language chosen. First of all the objects
of the system; by representing an object we mean to maintain a small knowledge
base about the object itself as well about its properties and qualities. This brings
us to the second important area: the qualities that describe and discriminate the
objects. Traditionally this is done through the introduction of variables describing
the magnitude of the quality. Last, but not least, we have to represent the laws that
govern the physical systems’ behavior over time. These three steps of the System

representation are depicted in figure 4.1.

PHYSICAL SYSTEM
DESCRIPTION
ONTOLOGY PHYSICAL PHYSICAL
(Objects) QUANTITIES LAWS

Figure 4.1 Representation of Physical Systems

In most of the cases, it will turn out that the most difficult part of the job is
finding a suitable representation for our ontology.

The main approaches. Three different ontological abstractions are encountered in
qualitative physics. All three give a definite way for representing a physical system
but their view of the system itself is quite different.

The first approach is the oldest of the three. It is based on the representation
scheme of classical mechanics, viewing a physical system as a set of time varying
parameters. This approach was given the name of “Qualitative State Vectors” and
probably the contents honor the title. The second approach splits the physical
system into interacting subsystems. Due to this fact the physical system is usually
referred to as a device and the subsystems as components. The approach resembles
thermodynamical systems or electronic devices and is applicable to many different

types of physical systems. The last approach is based on the notion of a process, a
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term frequently encountered in physics. Processes become the important factor of
a physical system and change is defined as a sequence of processes. Bibliography

for the three approaches is given in figure 4.2.

ONTOLOGY
REPRESENTATION

T

QUALITATIVE DEVICE PHYSICAL
STATE
VECTORS ONTOLOGY PROCESSES
[de Kleer 75, 794] [de Kleer 89b, 84a, 84b] [Forbus 81b, 84b]
[Forbus 80, 81] [Williams 84] [Simmons 83]
[Weld 86]

Figure 4.2 Main Representation schemes of Physical Systems

In the following sections, we will describe each of the approaches, comparing at

the end their power and flexibility.

2. State Vectors

The state vector ontology was the earliest one used in qualitative physics. There
is a direct similarity between the representation of traditional physics and this
ontology. It originates from the programs NEWTON [de Kleer 75] and FROB
[Forbus 80,81a).

Let us define a physical system X to be a finite set of variables,

X ={z1,29,23,...,2,}

with n being the order of the set. Each qualitative state of the system is defined
by giving values to each of the qualitative variables. Note that if each qualitative
variable z; has ¢(x;) distinct values the total number of combinations i.e. the total

number of system states is (in case no other constraints exist)

HQ(lfi)-

In the case of the qualitative algebra of signs this number is 3". If = is a quantita-
tive variable, [z] the qualitative variable corresponding to it, then the value of the
qualitative variable at the state s of the system is given by [¢](s). Note that this is
just a notation and not a real function symbol; supplying a state s of the system
will result in pointing out the qualitative value of the variable at this state. The

variable z can at the same time a function of time t.
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We will say that a physical system is in state s at a time ¢ if the value of every
qualitative variable at a time t is equal to the value of the same variable in the

definition of the state i.e.

Let us make these notions more precise by examining a simple example. From
the world of classical mechanics we choose an oscillation phenomenon wviz. the
mass-spring system. The variables describing the system will be the displacement
of the mass from the equilibrium position z, the velocity of the mass u and the
acceleration of the mass «. Let the force applied to the mass be F'. The system 1is
thus

X = {[z], [u], [o], [FT}

In a three valued algebra the possible qualitative states are 3* = 81. Defining a co-
ordinate system, we will take displacements on the left of the equilibrium position

of the spring to be negative. Let us define the initial state of the system being

[z] = K_
[u] = Ko
[a] = Ks
[F]=Ks

These initial conditions represent the state of a pushed and released spring. The
compression of the spring is represented by the sign of the [z] variable which is
negative. We know nothing of the acceleration of the system or the force at the
time and this is represented through the X's value.

In order to represent the rules governing the time behavior of the system we
have to specify sets of qualitative equations on the system variables representing
constraints on the set of possible values of the variables. The constraints will create
a class of qualitative states that are discriminated and are possible realizable states
of the physical system. The term encountered in the bibliography is legal states.
Legal states are not necessary states for the physical system. They are just the
allowed states for the system.

In the context of the mass-spring examples the laws governing the time behavior

of the system would be the following set of equations
[u] =< [dz]
[a] < [du]
[F] = el
[F] < [a]
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The first two equations define the functional relation between the displacement and
the velocity and acceleration. The third one is just the qualitative form of Hooke’s
Law F' = —kx and the final one Newton’s third law F' = ma. Note that we have
used the algebra with the non standard < equality, since these problems can be
solved using constraint propagation algorithms (see Chapter 5).

In the qualitative state vector approach not much thought is given in the qualities
of the objects. These qualities come straight from traditional physics. For example
the mass m attached to the string is represented by the set of parameters giving
the value of its position, velocity and acceleration. The object “spring” is only
defined through its quality to exert force when distorted. The channel of information
between the two objects is the force exerted from the spring to the mass. This split-

to-interacting-components approach is described in the next section.

3. Device Ontology

This approach was based on an engineering methodology called System Dynam-
ics. The domains in which the theory is applicable encompasses many physical
systems. The popularity of this methodology helped to become a paradigm for
device ontology. Device ontology was originally developed for qualitative physics
by [de Kleer 84a,84b] and [Williams 84]. Here we present the theory of physical
devices in the spirit of de Kleer.

The basic idea behind this theory is to view a physical system as a device con-
structed form a collection of physically disjoint components. Conduits are defined
as physical parts of the device which allow the flow of information between com-
ponents and, the flow of causality in the system. The information is passed to the
neighbor component without being altered, a visualization of the non-resistant wire
connecting components on an electronic circuit. The behavior of the system, is then
obtained as a result of the behavior of the components. This limits the possible de-
scription of components since they have to be as independent as possible. The use
of the component could be different and the description of the component must take
into account these different uses.

The theory is built on two basic principles about components:

i Locality Principle. The description of a component must be free from references
to other parts of the system.

i1 No-function-in-structure Principle. No presuppositions on the use and function
of the component must be made. (This is a common source of errors since
for example the rule “if the switch is on, current flows through the wires”

presupposes that the switch is connected to a power source.

It is not infrequent that a description of a system does not strictly follow these
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rules. In these cases the knowledge of the function of a component in a device is
crucial in order to understand its behavior.

Two further conditions are imposed to the conduits:

1 Continuity Condition.The flow of information in the conduits is continuous in
the sense that any change at one end will produce a direct change to the other
end. In that way, information is transmitted through the conduit instanta-
neously.

i1 Compatibility Condition. When a set of conduits is used between the same two
components the overall result is the sum of the results in the conduits.

The actual description of the components and the conduits is done through a set
of qualitative variables. This will describe the behavior of the component or the
conduit.

The device view of the physical system has unfortunately limited applications.
Not all systems can be thought of as devices and when they are the definitions
seem strange. Let us try to work out the spring mass system described in the
previous section. Two subcomponents are used in this physical system: the spring
component and the mass component.

The variables we define for the spring are as follows:

F' The force exerted by the spring to the “open end”

x The displacement of the “open end” from the equilibrium state
The rule that governs the behavior of the spring is Hooke’s Law F' = —kz. In this
theory, time behavior is done through the use of confluences i.e. qualitative equa-
tions of derivatives. By differentiating Hooke’s Law and converting it to qualitative

form we get

[dF] < ©[da].

The use of confluences is an important feature of the theory created by de Kleer
and Brown, since it allows them to reason about the device in a time dependent
way.
The variables we define for the mass m are:

x The position of the mass

u The velocity of the mass

a The acceleration of the mass

F The force exerted to the mass
The rules governing the behavior of the mass are Newton’s third law of dynamics

F = ma and the definition of velocity and acceleration.
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[u] < [dz]
o] = [du]
[dF] < [da]
Now we have to describe the conduit between the two objects. Let us name the

conduit a solid bond with the following variables:

xy,z, The left and right position of the bond
Fy, F,. The force applied to the left and right parts of the bond

We can also define the velocity and acceleration of the bond in the same way but
this can also be calculated from the definitions of velocity and acceleration. The

equations governing the behavior of the bond are: the force composition
7] < [F)

the displacement equality
[z1] < [/]
and one can add the definitions of velocity and acceleration or their equality between

the two ends.

This view of the spring-mass physical system can be seen in figure 4.3

FFE D

SOLID
BOND
SPRING (CONDUIT) MASS
(COMPONENT) (COMPONENT)

Figure 4.3 The spring-mass system as a device

The theoretical construct of the bond was created to pass information from one
component to the other. By describing a system of two objects and a conduit and
specifying the behavioral rules we have concluded the description of the physical
system. Note that the description is given for generic components of a physical

device and when assembling a device an instance of the component is used.
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4. A World of Processes

In contrast with the component-oriented view of physical systems, Forbus takes
a process-oriented view of the world. He presented the academic community with a
theory of processes called Qualitative Process Theory and an inferential engine to
produce results for his theory named Qualitative Process Engine ([Forbus 81b, 84]).
Viewing change as the result of processes taking place in a system is an interesting
idea. Processes play an essential role in physical theories (e.g. thermodynamics)
and can be codified in an easy way.

A model of a domain under this theory includes a description of the kinds of
objects in the system, the relationships that hold between the objects and the kind
of process that can occur in the system.

Definitions.Following [Forbus 84], let us define a physical situation to be a col-
lection of objects and their relations. The objects do not have a fixed behavior.
The most common example is water: when frozen, the behavior of water is totally
different from vapor. In order to include all information about an object in a single
structure, we will have to use individuals vie s of the generic objects focusing on
the enabling conditions of their behavioral characteristics. For example a spring
can be relaxed or compressed, water can be solid, liquid or gas. A generic object
can also be a specific combination of other objects or views, as for example liquid
in a vessel.

Describing b ects. Objects are defined through individual views. These views
are frame-like structures containing specific information about the object in hand.
Four parts are needed to describe the individual view:

i Individuals. Here we have to specify the objects involved in the individual
view. The existence of these objects is crucial to enable the possibility of a
view. If the object is a compressed spring we need to have a spring, an the
spring needs to be elastic.

i1 Preconditions. These are conditions that must hold for the individual view to
exist. For example in the spring example the object spring must be elastic.
If we want to define a contained liquid view, the container must contain the
liquid.

11 wantity Conditions. These are statements of inequalities between quantities
belonging to other objects or views. For a compressed spring, the length of the
spring must be less than the rest length of the spring. This condition has to
be specified here.

iv Relations. Here we express the relations that hold among the attributes of
further individuals when the individual view holds. For example when the

individual view of a spring holds Hooke’s Law must hold. The first three parts
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specify the sufficient conditions for the view to hold. A simple individual view

for a compressed spring is given in figure 4.4.

ndividual View

ndividuals

a spring

Preconditions

uantity onditions

The length of is less than that of
elations
There is an instance of a process such that:

the force is proportional to the displacement

Figure 4.4 Individual View of a Compressed Spring

Describing Processes. As we have mentioned before, processes in Forbus theory

are the sole agents of change. The most common process is motion but Forbus

system is mostly interested in processes like heat transfer or liquid flow or boiling,

these processes that cannot be easily described by other means.

As expected, the representation of a process is given in the same frame-like way,

defining the necessary and sufficient conditions for a process to take place as well

as the effects of the process. So, the process definition consists of five parts:

1

11

111

Individuals. In this field we describe the objects involved in a process. For
example for the force-acting process to take place two objects must exist and
a “bond” between the objects which will allow them to be in contact. The
standard example given by Forbus is heat flow. Here, two objects must exist,
one acting as a heat source and the other as a sink and also a thermal conduit
between the objects allowing the heat to flow between them.
Preconditions. Here we specify all the (non-quantitative) conditions that must
hold for the process to be active. For example, in order for the force-acting
process to be active the bond must be solid and not elastic. For the heat process
to take place the path of heat flow must not be obstructed. For an object to
be able to move its position must be not constrained.

uwantity Conditions. This is the quantitative part of Preconditions. It holds
all the conditions among quantities of the individual as well as conditions for
existence of individual views. For example for the force-acting to take place,

at least one of the objects must be exerting a force to the bond. For the heat
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v

flow the temperature of the source must be higher than the temperature of the
sink.

Relations. These are the relations that are imposed to the individuals if the
process is active. New individual views created are also defined here. For
example in the force-acting process the total force is the algebraic sum of the
forces. In the heat flow process the rate of heat flow is proportional to the
temperature difference.

In uences. These are the influences of the process to the variables of the
individuals. Since we have though of processes as causing the changes of the
physical system, influences are the primary changes. Note the difference with
relations, the latter being relations holding between the individuals when a
process is active. For example the direct result of a force-acting process is a
change in position by the increase of acceleration. In much the same way the

change of a heat flow process is in the thermal energy of the objects involved.

In figure 4.5 we give an example of a process.
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Process
ndividuals
An object
Another object different from obj1
A bond between the two objects

Preconditions

uantity onditions

at least one of the objects must have F© 0

elations

Let be a quantity

the is the sum of the two forces
n uences

I : )

for both objects

Figure 4.5 The Definition of the Force Acting Process

Note that in the description of the Force-Acting Process we have used the notation
presented in Forbus for the irect in ence of two quantities a, as I (a, ) for
positive influence and I-(a, ) for negative influence. This corresponds to something

more than our

[da] =[] and [da]=6]].

A notion of causality dependence is inserted showing the flow of causality from left
to right. The details for this choice will come up when we deal with the way we can

reason about the physical systems in the next chapter.

5. ore Ways

We have seen the most important and influential ways to describe the knowledge
about a physical system. Certainly these are not the only possible ways Not
even the only possible ways of the literature. One more interesting theory exists
developed by Kuipers : Qualitative Simulation [Kuipers 8 | or better known as
QSIM.

In this approach, a physical system is simulated through a system of qualitative
equations. In order to describe the behavior of a system Kuipers uses reasonable
functions as defined in chapter 3 and a more complex qualitative algebra involving

a number of equivalence classes for each function.
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We will define a physical system to be a finite set of reasonable functions (over
time). The notion of qualitative state in this theory refers to the state of the
function and determines a pair of the value of the function and its time derivative.
Derivatives have one landmark value, thus operate on the qualitative algebra of
signs. So, the second element of the pair specifies the direction of change. It is
possible that a function retains its qualitative value for a time interval. In order
to simplify continuity, Kuipers assumes that the qualitative state is defined either
on a time point ¢ (viz. the time interval [¢,¢]) or on a time interval (¢;,¢ ). Let us
denote a qualitative state of a function for a period (¢;,¢t ) tobe  ( ,t;,t ) and
in case t; =t with ( ,ti)

Since all reasonable functions are taken to be functions of time, say (t), the
time behavior of a function is given by a sequence of alternating qualitative states,
instantaneous (over the landmark values)or with duration (in the time interval
between landmark values). Naturally enough a state of the physical system is a set
of states of the defining functions.

The laws of the system are represented by constraints on the functions. These
are relations that must hold at all times and are used to narrow down the possible
following states. Also transition tables exist to show possible transitions between
types of states. These are based on the mathematical properties of the functions as
described in chapter 3.

Reasoning in this system is done by finding possible future states from the existing
ones. The reasoning process is the sole subject of the next chapter and will unravel
the power of the inferential engines behind the representation language.

But before we talk about reasoning let us judge what we have done up to now.

6. e odels revisited

Having described the three models for representing physical systems, we are in a
position to judge their adequacy. All three have their advantages and disadvantages
and most people will be prejudiced about a certain model.

The Qualitative State vector model offers a good start. It is a natural way to
express a physical system -through the set of parameters describing the qualities of
the system. What is even more important is the fact that the model is compact and
can encompass all possible physical systems. A great hastle for the researchers in
this area is reasoning about space and time: motion. Most of the other descriptions
do not offer good schemes for representing and reasoning about motion. Kinematics
is -as was mentioned in the introduction- still under development and cannot be
combined with the existing theories. The state vector approach offers this possibility
of combining dynamics and kinematics. Let us not forget that the first programs

using this representation technique (NEWTON and FROB) were reasoning about
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motion of objects. Nevertheless the model was chosen as unsatisfactory, the main
reason being composability. The description of the system had to be given explicitly
in each case and required human intervention even for the limited physical domain
in which the programs acted on. The exchange of information had to be done by
the user by specifying the channels in the form of qualitative equations between
variables.

The Device model has a great advantage: it originates from system dynamics, a
well used and developed engineering process. System dynamics was built to express
composability of the device, by dividing the system to smaller components that
their function can be defined separately. Information can flow from one component
to the other thus allowing the binding of qualitative variables used to describe the
components. As we will see in the next chapter the reasoning process based on this
model turns out to be computationaly efficient a fact that can not be ruled out.
But this model has problems as well, important problems. Not all physical systems
can be thought of as devices; a great part of physical systems have either to be
excluded from the possible domains, or we will have to resort to strange solutions
-as the solid bond construction of section 3- to describe the system adequately.
Even if we forget the narrowness of the domain we still get no guidance on how to
represent a component. This shows the need for an expert to code the information of
the device. Even then we might not be able to judge which are the best parameters
describing the system.

The Process model seems very appealing. The notion of the process is not only
common to everyday life (research is also motivated from common sense reasoning)
but to physics as well. Let us not forget that physical theories like thermodynamics
are based on the notion of process being the agent of change. The notion of a
process is applicable to many systems and can describe a variety of phenomena.
What is even more important it allows the explicit representation of the modeling
conditions and assumptions something not encountered in the other models. But
not all is perfect for this model. Domains, like electronics, do exist that is difficult
to define the notion of a process. Even after you have defined all the information
needed the inferences made are time consuming (this is the trade off for more
information encoding).

We also presented an alternative description by Kuipers and his QSIM about the
qualitative simulation of physical systems. This approach is similar to the state
vector approach. The elements of the state vector are represented by time-varying
functions describing time behavior of the variables. This approach has limited
scope since the only reasoning mode that can be used is to qualitatively simulate

the behavior of the system. The knowledge representation scheme is not general
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enough to be used by different modes of reasoning.

It can be argued that a different reasoning process is needed to form the qual-
itative equations that describe our system. If the physical system is just more
complicated than the one presented in the example it would take great effort to
write down the qualitative variables and their constraints. All the approaches pre-
sented here take for granted the selection of qualitative variables and the existence
of their constraint equations. A different reasoning process would be needed if we

wanted the reasoner to built the equations for the system from first principles.
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Reasonin a o t
Physical Systems

ifferent styles of reasoning can e fo n in the liter-
at re they incl e reasoning from first principles on
which we concentrate. We test the inference engine
of each approach presente in the previo s chapter
y applying it to the mass-spring example. ome of
the approaches ten to e rather complicate so that
their o tp t is complicate an  ense. The original
papers offer only short escriptions of their reason-
ing process which makes it 1 ¢ [t to give here a

etaile analysis.

1. Overview

Time has come to explore the final task for defining a physical theory. This task
is concerned with using the information coded to reason about the domain in such
a way that we can predict the time behavior of our system. Each representation
scheme employs its own techniques to extract meaning out of the manipulation of
symbols.

Styles of reasoning. We have mentioned in the introduction that different modes
of reasoning exist. We will not deal with all of them. Our main purpose is to predict
the behavior of the system, the main task of qualitative dynamics. Other modes
of reasoning include explanation on why the system attained its current position,
measurement interpretation, temporal reasoning, planning and many others. Let
us adopt the term used by [Forbus 88] to describe these modes: styles o reasonin .

Qualitative simulation is probably the most well understood style of reasoning.

We are trying to find a path through the space of legal states thus simulating
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the behavior of the system. Recognition, another style of reasoning, is a common
engineering task. According to [de Kleer 7 , 84a] we must first figure out how the
system behaves and then use that description of behavior to assemble explanations
drawn from a functional vocabulary. By functional vocabulary we mean a dictionary
of complex terms that points out a function: “common-emitter amplifier” for a
special transistor circuit, “air condenser” for a special machine etc. et another
style is measurement interpretation. Suppose we let loose a machine to take its own
measurements of the world (say in a power plant). The problem of interpreting
these measurements and producing for example the qualitative state of the system
is the main task of this style.

For the rest of this chapter we are going to concentrate on qualitative simulation
and prediction. We first start with a section of the problems with which we will
have to live in the future. Then we explain the idea of envisionment and histories
applying the theory on the example that came up in the previous chapter. In this

way, we can see the results of each approach in a more critical way.

2. e o le ity of wualitative easoning

As we have previously explained, to reason qualitatively is to reason with in-
formation less precise than numerical data, like signs, directions of signs etc. But
to reason from inexact information means that our inferences are almost always
highly ambiguous. In general, qualitative reasoning produces a class of possible
future histories and gives no means on choosing the right one out of them. Note
that this does not reflect the quantification of our domain; solutions are merely sets
of possible paths through the state space of the system. Most of the paths in the
set will be wrong and nothing in the qualitative process of reasoning can help us
decide about the right one.

This is one of the important problems posed to all algorithmic methods of reason-
ing: completeness and soundness. Let us explore these terms in the given domain.
In order for a reasoning process to be complete all physically realizable paths in
the state space must be produced eventually by the algorithm. Soundness ensures
that all paths in the state space produced by the algorithm correspond to a possible
physical path. Completeness can be achieved. Some of the algorithms described in
the literature are -or can be made to be- complete. This means that if we know that
the state of the system is now and the algorithm produces a set of possible states of
the system for future time, the physical state that system will be in must be among
the solution set. Most of the state transitions in the solution set may never occur,
but the one that will occur will be in the output bag. Alas, this is the most we
can expect from these algorithms. Kuipers has proved [Kuipers 8 | that qualitative

reasoning algorithms can never be sound. This is easily seen as the solution set will
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include state transitions that will never occur; this is a direct effect of our imprecise
knowledge of the situation. In order to resolve this problem we have to take into
account more precise information either in the form of orders of magnitude or even
numerical values.

Another important problem that qualitative reasoning algorithms have to resolve
is the search of a massive search space. For a set of m qualitative variables with
n(x;) qualitative values per variable, in absence of constraint equations the state

space has a total of
| J EED
=1

different states. In fact, the search through this space is combinatorially explosive.
This can only be controlled by adding pieces of information at the right place, or
devising a set of heuristics to guide the search. A method used takes into account
the higher derivatives of functions in order to maintain a good knowledge of their

time dependence.

3. e idea of nvision ent

Suppose that we have a physical system described by a set of qualitative variables
in any of the representation described in the previous chapter. Then, by use of the
constrain equations we can point out these states from the state-space that satisfy
the constraints and therefore are possible states for our system; these are the legal
states of the system.

Definitions. Predicting the behavior of a system over time means calculating the
order in which the system goes through these legal states 1.e. finding a path in the
space of legal states. Since our knowledge is most of the times vague, several possible
paths may exist. The process of predicting a sequence of qualitative states is called
envistoning and the result is called envisionment. The term was first introduced in
the program NEWTON and two different kinds of envisionments were identified.

In physical problems we normally ask for a final state of a system given its initial
state. In qualitative terms this means that starting from a single qualitative state we
generate all possible future states. Such a prediction is called possible envisionment
and produces a possible path for the physical system. Qualitative physics seems to
be more interested in predicting a total envistonment: to generate all possible legal
states and all possible transitions between them. In that way the time behavior
of the system is totally known. A total envisionment combines all the possible
envisionments since all the initial states are legal states and all transitions between
them are defined. As can be easily seen, in order to produce a total envisionment
we have to search the whole state space.

State Transitions. Transition of the system between states is governed by the
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properties of the functions solely. Note that the constraint equations were used to
produce the legal states; having used these we need to consult other mathematical
properties of our language to predict the possible state transitions. Most of the
properties were described in a mathematical way in the third chapter but we will
review the important ones here in a verbal way.

The continuity of the qualitative functions does not allow a function to “jump”
qualitative values. Since the equivalence classes describing the qualitative classes
are most of the times ordered (take for example K_ Ky K ) and the quantita-
tive functions continuous, the qualitative functions have to change values “contin-
uously”. The physical meaning of the derivative is used to constraint the possible
future values on the function itself. For example if [d | = K¢ the function  must
have the same value in the next state.

It is probably better to find out about the rest of the rules using the example of
chapter 4: the mass spring system. Since the envisionment process was born from
the state vector representation we will use this one first. Recall that the physical
system 1s

X = {[e], u], [a], [F]}.
From the constraint equations (qualitative form of Newton’s Law and Hookes’ Law)
we can produce all combinations of variables that satisfy them. These are the legal

states of the system and are presented in figure 5.1.

State s1 $9 S3 S4 S S S S s
[z] K K K Ko Ko Ko K_ K_ K_
[u] K Ko K_ K Ko K_ K Ko K_
(o] K_ K_ K_ Ko Ko Ko K K K
[F] K_ K_ K_ Ko Ko Ko K K K

Figure 5.1 All legal states for the spring-mass system

Let us start by creating a possible envisionment starting from the state where the
spring is compressed and then released. Having found the qualitative state in which
the system starts we can start to predict the future states. The state in which the
system starts is s . Note that in the third chapter we did not supply a definite
value for the acceleration and the force acting on the mass. From the constraint
equations, we were able to produce all possible states with given displacement and
velocity and conclude that a single state s exists in which the displacement is
negative and the velocity is zero: the state in which both acceleration and force are

positive.
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Since u is zero in this state, we can conclude that no change can occur to the
variable z, therefore * must be still negative. In contrast since the acceleration
is positive the velocity must be increasing and in the next state must be positive.
Here we have used three rules: the derivative rule to state explicitly the meaning
of the derivative of a function, the continuity rule, to state that [u] cannot jump
from K_ to £ and the change from equality rule to state that if a variable has
a landmark value and is changing, then in the next state it must take a different
value. This rule is known as the instantaneous change rule since the increasing (or
decreasing) qualitative variable must change value instantaneously. This also brings
to light another important feature of this kind of transitions: they are necessary
transitions. The variable must change in the next state so we are sure that the
system will go directly to the next state.

Now, let us carry on from the state s . Here, we have to confront a more difficult
situation. In this state the acceleration is positive so that the velocity is positive and
increasing. The velocity can therefore not change but the displacement con turn to
zero. The only problem is that change to a landmark value can be asymptotic. What
if the displacement is approaching zero but will never actually reach it Even then,
we cannot tell if another state is lying between these two. We could have the system
in the state {K_,K ,K,Ko} where the acceleration disappears. Fortunately for
us this is not a legal state of the system and we can therefore rule it out directly.
The only possible state that can follow s is s4. But we cannot guarantee that the
system will ever reach this state This brings us to the notion of possi le transition,
where we cannot guarantee that this state will ever come and the system will not
halt in the previous one. Moreover, if the transition does occur it must take a finite
amount of time. Reaching a landmark value has to take time since the variable is

assumed to be continuous.
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Figure 5.2 Transition raph for the mass-spring system

We can carry on the possible envisionment procedure to see the following states
after s4. sing the same rules we conclude that the envisionment should look like
figure 5.2. The system could follow the path

s — s — S4 — S1 — S9 — 53 — s — s — S

This cyclic behavior where the system returns to its original position has to be an
oscillation, but we cannot supply any further information on what kind of oscillation
it could be. Note that we are not even sure that possible transitions will ever occur,
but we are sure that the system will not reach the quiescent state s .

So, the final result is a possible oscillation of some kind. In this simple example,
the transition graph, also happens to be a total envisionment for the system. The
marked transitions are all that might ever happen. This indicates that if the system
starts in any of the states except s it will oscillate and possible come back to the
initial state. If the system starts in state s it has to remain there forever.

This example sheds light to some important aspects of qualitative reasoning. Note
how imprecise is the answer we give for the system in hand. We cannot be sure of
the time behavior of the mass-spring system, with the only exception if the system
is in its quiescence state. Also note how non-mathematical is the formulation of the
transition rules, a natural language description of the mathematical symbols and

relations.



Chapter V: Reasoning about Physical Systems

Another problem can be identified if we introduce another force on the system.
As we have mentioned we do not have enough information to conclude on the mode
of oscillation (harmonic or damped). If the oscillation is damped we might still not
be able to determine this fact because the transition to the equilibrium state is not

a necessary orne.

4. nvisioning t e e avior of a device

Envisionment is a general procedure for predicting behavior of physical systems.
The same process can be applied -slightly modified- to calculate changes in the
device representation of physical systems. We will follow here ENVISION ([de
Kleer 84a]) on its approach to state transitions and device behavior.

Definitions. A state of the device is defined much in the same way as in the state
vector ontology: a complete set of values for all the qualitative variables of the device
(i.e. of all its components). Two different kinds of behavior are distinguished.
Intra-state behavior determines the qualitative values of the variables while in a
definite state. Inter-state behavior determines the sequence of states the the device
undertakes over time.

Intra-State ehavior. In order to find the time behavior of the system we must
first find explicitly the state in which the system is by combining the state in
which the components are. The idea of value propagation is the central issue.
This process propagates known values of the system trough constraint equations in
order to determine the value of other variables. This is much like finding the set
of legal states in the state vector ontology. In the case that the procedure cannot
obtain further values through propagation the value of key variables is guessed using
heuristics and propagated. This is the heart of the ENVISION algorithm.

The key difference from the previous approach is the existence of causal relations.
The propagation of values is supposed to be the propagation of causal effects. Since
this propagation takes no real time for the system it has been given the name of
myt ical ca sality. In order to better understand this notion, suppose that the
value to be propagated represents a disturbance to the physical system. Then
the intra-state behavior represents the way the system reacts to this disturbance
through mythical causality.

Let us return to the example of the spring-mass system viewed as a device as pre-
sented in section 4.3. The system is made of two components: the spring (described
by three qualitative variables), the mass (described by four variables). Further-
more a conduit connects the two components and is described by two qualitative
variables. Let us find the intra state behavior when the spring is compressed and
released. Note that we use subscript m for the mass component, s for the spring

and for the two sides of the bond.

?
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Notice the plethora of variables in this representation as compared to the previous
one. In this system we did not have to resort to any assumption making. All
variables were completely defined through the value propagation algorithm. In
case the value a variable could not have been produced, a guessing procedure must

If a

contradiction is reached we must retract our first assumption and try a different

take place. Then, propagating this value we must look for contradiction.
one (remember that there are always a limited number of qualitative values for
a variable). The program ENVISION also uses heuristics to restrict the choice
of a value and is capable of retracting the assumption when a contradiction is
encountered.

Varia le Value Assign ents usti cation

[z |=K_ Initial Condition

[u ] =Ky Initial Condition

[a ] =K From definition of acceleration
(2] = K_ Connection of bond with mass
[21] = K_ Bond equation

[ur] = Ko Connection of bond with mass
[ug] = Ko Bond equation

[z ] =K_ Connection of spring with bond
[F]l=K_ Hookes’” Law on spring

[a | =K_ Newton’s Law on spring

[u ] =Ko Connection of spring with bond
[Fl] =K_ Connection of spring with bond
[Fy] =K_ Bond equation

[F]=K_ Connection of bond with mass

Inter-State behavior. The process of predicting the inter-state behavior of a device
is essentially the same as the procedure described in the previous section. We can
apply the possible envisionment procedure to get the same results for the spring-
mass system as the ones of the previous section. Note that a total envisionment is

not possible except after the calculation of all legal states.

5. easoning in a world of Processes

If our limited world is described by a set of objects and processes, a different
reasoning procedure is needed to obtain results. The terminology in this section
is based on Ken Forbus Qualitative Process Theory [Forbus 84]. Let us remember
that the QPT world is made up from individual views of objects and instances of
processes, active if their conditions are met, inactive otherwise. The active processes

and individual views impose functional constraints on variables. Note that the



Chapter V: Reasoning about Physical Systems

theory assumes that processes are the sole agents of change in the physical system.

This is given through the sole mechanism assumption ([Forbus 84]):
Il ¢ an esin p ysical systems are ca se irectly or in irectly y processes

istories. The notion of a istory was first introduced by Hayes ([Hayes 7 ) in
his naive physics world. It was a good alternative when reasoning about change since
we can overcome the frame problem (i.e. reason about the things that don’t change).
This notion was used by Forbus to reason about changes in a world of given objects
where a given number of process may be occurring at any time. Each object has its
history made up from fragments viz. events and episodes. The difference between
episodes and events rests in their temporal aspect. Episodes are bounded by events
so that events have no duration. The special class of histories playing a crucial
role in qualitative process theory (QPT) is the parameter histories, i.e. histories
that are defined through a set of parameters of the object. Since parameters can
vary independently from each other, the union of each parameter history will be
the history of the object. Special criteria are applied to break a continuous time
line into events and episodes of the object’s life. Time itself is broken into intervals
a view adopted from Allen. Reasoning about time itself is done through a set of
relations among intervals. Let us see some examples:

The speed u of the mass is increasing: An episode of the variable u

An instance a; of the process is active: an episode of the

process instance ay

The position x of the mass is at the quiescence position: an event of = if the

mass passes from this location or an episode if it is in rest there

The spring is compressed: an episode of the individual view about

It is important to understand that a predicted history is not a linear sequence of
events and episodes since many possible courses can be predicted.

a ing deductions. The first step in order to make a complete deduction about
the physical system, is to identify those process that can be active. In order for
a process to be active, all individuals involved in the process must be present and
the enabling conditions must be met. Active processes are then used to predict
changes. Suppose that the effect of an active process is to increase the value of a

variable x. In that case a new episode | is created, defined as
1:[ 2] =K

Suppose that the initial value of = is known to be in a landmark value. Then,
the episode 1 may be followed by an event (if z seizes to change afterwards)
or another episode of x being equal to the next landmark value. This process of

searching for changes of variable value from and towards landmark values has the
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special name of limit analysis. Limit analysis is the way to create new events and
episodes for variables that are changing over time.

It is time to turn back to our example. It is a happy coincidence that the proper
quantization of the variables of the system is fulfilled by the one landmark value 0
for all variables. In QPT the quantity space for a variable is not always that simple.
Although a set of landmark values is assumed and a class of important values is
defined no total ordering relation is in general defined among the classes, leaving for
the deduction mechanism to work out the possibilities. In the mass spring system
the individual views of a compressed spring, a bond and a mass are all valid and thus
created. Also the force acting process is made active and the variable between the
objects are bound (for example the force exerted on the mass is the force exerted by

the spring). The force acting process is the only active process so that and episode
1:[ 2] =K

is created. From there, limit analysis is performed to find out the consequences of
this episode. After the analysis we conclude that x may reach the value Ky while the
force will reach K. An event is created where the force-acting process is inactive
(when the location of the mass is at the rest position). The results are summarized

in figures 5.2 - 5.3.

Episodes for z: 1 2] =K
21 2] =Ko
3 [ "L'] =K_

Figure 5.3 Episodes of z

time flow

Figure 5.4 History of force acting process
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6. nvisioning vs. istories

We have seen two different approaches for deducing and describing the behavior
of physical systems. At first the relation between them seems to be clear: a way
should exist to transcribe an envisionment to a history and wice versa. It turns out
that the things are not as simple as that.

A certain terminological chaos is encountered in the literature. Terms are used
with different meaning in different places. In [de Kleer 84| we encounter the term
“episode” to stand for a qualitative state. In [Kuipers 8 ] the notion of a history
is used as a “deeper semantic” structure of envisionment. These aspects do not
constitute the real problem.

According to Forbus, in every correct envisionment we can express any possible
history as a path between states. The original claim by de Kleer ([de Kleer 84])
that every path of the envisionment must correspond to a history has been shown
to be incorrect ([Kuipers 8 |). The problem lies in the lack of information. Since
in an envisionment there are possible and necessary transitions the ambiguity may
lead us to define incorrect histories of the system. The question current research
is addressing states : how much more information do we need to supply to the
qualitative model to be able to make distinctions between correct and incorrect

histories

(i
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During the past chapters we have illustrated ways for turning a physical theory on
a given domain to a qualitative theory of discrete symbols. We have chosen a special
description language, qualitative algebra, since this language offers a fair abstraction
level and at the same time does not resort to tedious quantitative knowledge. The
result was to built several different qualitative physical theories all based on some

variant of the qualitative calculi.

1. e overall esult

In the introduction, we have claimed that a scientist operates on more than the
mathematical domain when thinking and solving problems about physical systems.
We have searched for a language able to describe this meta-level knowledge of the
mathematical relations and numbers and found our answer to qualitative calculus.
The abstraction level of this language seems to lie between the normal mathematical
algebra and natural language allowing general and sometimes vague information to
be encoded under a set of symbols and relations among them.

We have claimed that in order to built a physical theory after choosing a repre-
sentation language we must follow a number of steps: identify and represent the
elementary objects, express the relations among them, and find the dynamical laws
that affect the behavior of the system over time. We have followed exactly this
road for each of the approaches that currently exist and formalized them in the
qualitative calculi.

The result was to treat a single physical example the mass-spring system in

many different ways. We have managed to extract information about the behavior
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of this system from every proposed theory and we have stated some of the ad-
vantages and disadvantages of each of these. The same process could have been
applied to more difficult and sophisticated systems including a wider physical do-
main. We could have taken celestial mechanics -encompassing the laws of Keppler
and Copernicus- as a physical theory. We only need to follow the steps in order to
form a qualitative theory of the system’s time behavior.

Let us hope that the importance of qualitative reasoning has emerged from this
thesis. Since reasoning with numbers is well understood but tedious and philosophi-
cal stochasms in natural language vague and fuzzy, the existence of and intermediate

reasoning language is more than welcome.

2. oo ing at t e future

The task of building machine intelligence will probably never find its final solution.
Although we have build programs intelligent enough to reason (like human beings)
about a given domain from first principles, we are not to stop there. The notions of
space and time seem to trouble researchers for many years. Physical theories have
a built in knowledge of space and time mostly under the idea of motion (spatial
displacement over time). Reasoning about shapes, motion or geometrical objects
seems to be more difficult than a expected and a good task for future research.
These have to be the following steps in the search of how a scientist thinks. Now,
we are just starting to explore the way that he reasons qualitatively. When all these
steps have concluded, we will be able to boast that we have been able to built an

artificial scientist.
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