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Abstract

Scientific knowledge can be roughly divided into the qualitative and the quantitative.
The qualitative is usually concerned only with qualities such as gross behavior, while
the quantitative requires recourse to tquations and mathematics. This proposal
examines the nature of this dichotomy and uses it to develop a representation for
qualitative and quantitative knowledge. This theory is applied to classical mechanics,
and a program is proposed which can solve problems in a simple roller coaster world.
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1.0 INTRODUCTION
11 Qualitative and Quantitative Knowledge in Science

Scientific knowledge can be roughly divided into the qualitative and the quantitative. The
qualitative is usually concerned only with qualities such as gross behavior, while the quantitative
requires recourse to equations and mathematics. The intent of this thesis is to study this dichotomy
and to represent these different kinds of knowledge in order to solve problems classical in
mechanics.

Insight into the dichotomy can be gained by studying the development of mechanics in
history and the acquisition of mechanics understanding by people. In people we see two
phenomenon; there is a great resistance to the use of quantitative knowledge; and that which was
once quantitative knowledge can become qualitative knowledge. A beginning high school student
might not know that a ball rolling down a (frictionless) hill will reach the same height on the next
hill.  After learning about potential and kinetic energy he discovers that the heights must be equal.
Now certain kinds of questions can be answered without resorting to equations. The question, "Will
the ball make it over the next hili?", can be answered by examining a quality: the comparison of
the two heights.

Historically, the science of mechanics developed for two reasons: firstly, to obtain a better
understanding of what actually happens, and secondly, to deal with the more complex situations
where qualitative knowledge breaks down. Often, the interest is still in qualities, but the situation is
too complex and a transition to quantitative knowledge is necessary to obtain the result, after which
quantities are compared and a qualitative result is obtained. Similarily, in students quantitative
knowledge is acquired very late and although the quantitative knowledge is widely applicable it is
only used in cases of extreme necessity.

As with qualitative knowledge certain principles underlie the structure of quantitative
knowledge. This is elegantly discussed in Ernst Mach'’s book The Science of Mechanics <Mach, 60>
in the chapter dealing with the formal development of mechanics. The development of mechanics

is described as passing through the three periods of observation, deduction and formalization. The




last period in which all the quantitative knowledge of mechanics now lies is characterized as: "Here
it is sought to put in a clear compendious form, or system the facts to be reproduced, so that each
can be reached and pictured with the least intellectual effort”

From a practical, educational, and historical viewpoint the quantitative knowledge comes last
and is used as a last resort. However, it is the natural outgrowth of the qualitative knowledge.

These two kinds of knowledge play different but important interacting roles in
understanding mechanics. It is the qualitative knowledge of the situation that guides the
quantitative analysis. The qualitative knowledge identifies relevant details and gives the analysis
common sense. Qualitative knowledge helps construct analogies, by identifying qualitatively what
happens. Perhaps most important is the goals the qualitative knowledge can provide. The
quantitative knowledge is the natural outgrowth of the deficiencies of the qualitative knowledge,

hence the qualitative knowledge can give a clear perspective for the analysis.

1.2 Discussion of Previous Work

Much of current Artificial Intelligence research into the representation of knowledge is
relevant to this thesis. The current interest in frame-systems influences this proposal <Minsky, 74>.
But, only a few researchers have ever tried to represent physical events and solve equations about
them in the sense this thesis proposes.

One such investigation was Bobrow's work with STUDENT <Bobrow, 68>. This was a
program which could solve algebra word problems. Its Deductive Model solves the problems once
they have been transformed from their original English formulations. The major effort in this
work was in the transformation, not in the Deductive Model which was in essence very simple.

A later work by Charniak was CARPS. It could solve calculus rate problems expressed in
English. Charniak used a more sophisticated description for events than Bobrow, but the ma jor
emphasis was still in the understanding of natural language.

Recently, Charniak pursued an investigation into representing elementary electrostatics

knowledge <Charniak,7l> (chapter one of <Purcell, 65>). Although the interest was again to develop




"a firm semantic basis for a natural language understanding program”, this work went further than
the previous investigations in that he introduced a great deal more structure to the understanding.
Many of the observations he presented in his paper paralilel ideas presented here, particularly the
idea of a model. His arguments failed to be convincing since his domain and knowledge structure
were so limited that there was rarely any choice in what to do next. He also failed to recognize the
importance and necessity of qualitative knowledge.

Currently, research is being done in understanding electronic circuits <Brown, 74> <Brown &
Sussman, 74>. Although this research is more concerned with debugging these circuits than with

solving problems about them, they are using qualitative knowledge to understand the circuits.

1.3 Classical Mechanics as an Interesting Domain

We will use these ideas of qualitative and quantitative knowledge to investigate representing
knowledge about simple mechanics. The main interest is in representing the knowledge of this
domain, not in natural language understanding of the problem description. This is in contrast to
much of the previously mentioned research whose primary goal was to represent knowledge so that
it could be used in a natural language understanding system.

This choice of domain was not arbitrary. Simple mechanics is very complex and requires a
great variety of distinct techniques to understand it. Yet, almost everyone understands it in a simple
qualitative sense when they walk, drive a car, ski, etc. This provides a wealth of situations in which
to study their thinking about mechanics. Simple mechanics has been understood quantitatively for
a long time and a variety of quantitative structures exist for it. In the sense we are interested in,
simple mechanics is completely understood by modern physics. Having such a complete theory
makes it easier to study quantitative representations for mechanics. Many theories already exist
about its structure. Any mechanics textbook implicitly presents the author’s theory of this stucture
<den Hartog, 48> <Levinson, 6I> <Kleppner & Kolenkow, 73>. There also exist textbooks written by
authors who clearly did not understand certain aspects about mechanics such as Galileo <Galileo

00>. This gives us further insight. Also, many authors have given explicit theories about its




structure such as Mach <Mach, 60>. In summary, many sources of ideas and insights into the
problem of representing mechanics knowledge are readily available.

The investigation of this problem is in two directions. One is the observation of people
(including myself) doing mechanics and studying other theories of mechanics understanding in the
aforementioned text books. The other approach which the remainder of this paper outlines is the
construction of a program which embodies these ideas to solve simple mechanics problems.

The following are some elementary mechanics problems which we would like this program to

solve. @

A block of mass M slides down a plane of angle Y. The problem is to find the speed of the block

after it has descended through height A, assuming that it starts from rest and the coefficient of

friction is zero. j

A small block of mass m starts from rest and slides along a frictionless loop-the-loop as shown it the

figure. What should be the initial height z, so that m pushes against the top of the track (at a) with

a force equal to its weight.




A small block slides from rest from the top of a frictionless sphere of radius r. How far below the
top does x lose contact with the sphere.

\O

m

A bead.of mass m is constrained to move on a frictionless wire in the shape of a cycloid. If the
bead starts from rest at point O, (a) find the speed at the bottom of the path and (b) find the

period.

P




2.0 REPRESENTATION OF QUALITATIVE KNOWLEDGE
2.1 Qualitative Knowledge about Mechanics
For the purpose of understanding the interplay between qualitative and quantitative
knowledge let us observe how a typical student might solve some elementary mechanics problems.
The first example was presented earlier in section 1.3. It is a typical freshman physics

problem:

A small block slides from rest from the top of a frictionless sphere of radius r. How far below the
top does it lose contact with the sphere?

"The block will slide downwards. At the very start of its motion it will remain in contact
with the sphere since the surface is horizontal at the top. If the block ever did reach the equator it
would have to immediately fall off as it would start sliding underneath the sphere. So the block
loses contact with the spheré somewhere between the pole and the equator. At any point the block
will either continue sliding along the surface or fly off, we know it will fly off before it reaches
the equator, but where is that point? The forces on the block must be examined. There are only

two forces acting onh the block, one is gravity and the other is the reaction of the sphere.






