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Functional Reasoning (FR) enables people to derive the purpose of
objects and explain their functions, JAERI's "Human Acts Simulation
Program (HASP)", started from 1987, has the goal of developing programs
of the underlying technologies for intelligent robots by imitating the
intelligent behavior of humans. FR 1is considered a useful reasoning
method in HASP and applied to understand function of tocls and objects
in the Toolbox Project. In this report, first, the results of the
diverse FR researches within a variety of disciplines are reviewed and
the common core and basic problems are identified. Then the qualita-
tive function formation {(QFF) technique is introduced. Some novel
points are: extending the common qualitative models to include inter-
actions and timing of events by defining temporal and dependency con-
straints, and binding it with the conventional qualitative simulaticn.
Function concepts are defined as interpretations of either a persist-
ence or an order in the sequence of states, using the trace of the
qualitative state vector derived by qualitative gimulation on the
extended qualitative mcdel., This offers solution to some of the FR
problems and leads to a method for generalization and comparison of

functions of different objects.
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1. INTRODUCTION

Functional reasoning (FR), in its common sense use, enables people to reason
about the presence and function of items®' in a containing system, derive the
purpose of the system and explain how it can be achieved. Formally, ¥R may
embody a variety of theories each having a representation scheme for describing
the items and an inference method for inferring and explaining the items func-
tions and how they can contribute to the functionality of the containing system.

Researches under the general topic of functional reasoning has not yet been
emerged to a definite area of study and they may be viewed as a convergence of
several distinct research lines pointing at their problem domain from the func-
tional viewpoint [STICKLEN 91]. Research area covered in this report has been
studied within a variety of disciplines, including philosophy and computer
science; enhanced by the techniques borrowed from computer technology and Al;
and the outcomés are exploited in different areas such as design, planning and
learning. The basic problems are formulated and studied in different ways and
there are a number of systems developed without noticing the pitfalls and draw-
backs mentioned elsewhere. On the other hand, theories and techniques appli-
cable to a particular area may not be general enough to be applied to the other
areas.

This report is composed of two parts. The intended purpose of the first part is
giving a clear image of the FR through identifying the common core, formalizing
the underlying assumptions, concepts and defining the range of problems to be
tackled. Also we will draw a general and cross-sectional perspective of FR's
application. As no comprehensive survey is available, a guided tour over the
selected techniques and systems are presented focusing on their underlying
assumptions, method and their achievements. Emphasis is placed on presenting
FR as an area of study in Al. Therefore the viewpoint from which this work is
prepared has an Al orientation and specially we use the terminology common in
qualitative reasoning and expert systems.

In the second part, the preliminaries of the Qualitative Function Formation
(QFF) is introduced. Some novel points are: extending the common -qualitative
models to include interactions and timing of events by defining temporal and
dependency constraints, and binding it with the conventional qualitative
simulation. A version of causal analysis is used to derive the behavior of the
system, and analytic and subsumption strategies are used in generating
explanations using qualitative behavior. Function concepts are defined as
interpretations of either a persistence or an order in the sequence of states,
using the trace of the qualitative state vector derived by qualitative simulation
on the extended qualitative model. This offers solution to some of the FR
problems and leads to a method for generalization and comparison of functions of
different objects. Some detailed examples verify the method.

41_
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This report is structured as follows: Section {2) accounts for the FR’s basic
definitions and assumptions. In Section (3) some common probléms that FR
theories should tackle are identified. A survey of theories (Section 4) and some
existing techniques and systems (Section 5) follows. In the latter, instead of
comprehensive survey, the underlying intuitive ideas behind the representative
works are examined. In Section (6) a brief discussion on the basic assumptions of
FR and its orientation is presented. Section (7) gives an overview of the
gualitative function formation and Section (8) introduces the extended
qualitative modeling and simulation. Section (9) describes an application of QFF
in functional design. Some examples of other applications are given in Section
(10). Section (11) presents a handful of some future research problems and some
ongoing attempts to solve them. Finally, a summary is given in Section (12).
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Part 1: A Survey on Theories, Techniques
& Applied Systems

2. WHAT IS FUNCTIONAL REASONING
2.1 Basic Definitions

2.1.1 Funcilion & Goal

The term "function” has a multilateral spectrum of meanings. It is usually
mentioned along with the terms "behavior"”, "goal" and "purpose" with respect to
system’s inner and outer environments [SIMON 69]. Also it has strong connec-
tions with the notion of making efforts to obtain a certain result (mainly when
addressing man-made objects), a certain future event [BIGELOW 87] or to the
notion of a "good" (e.g. survival in natural system or efficlency for designed
artifacts) [SQRABJI 64]. In Oxford Dictionary function is defined as an activity
by which thing fulfills its purpose. In some works similar definition has been
adopted, e.g.:

"The function of a system is its Intended purpose. The functional specification
describes the system’s goals at a level of abstraction that is of interest at
the system level." [KEUNEKE 91]

Goal describes some outcome towards which certain activities of a system or of
its components are directed. It is argued that the goal and function can be used
interchangeably depending on the way of viewing the system (or a part of it)

- and where to put the boundary: loocking at the system externally, the effect will

be regarded as a functional ascription. However, from the perspective of the
system itself it can be considered as a goal which guides the organization of
resources internal to the system [LIND 88]. Some have differentiated between the
goal and function, arguing that although sometimes the end product of goal
directed processes is a function, it is not necessarily so [NAGEL 77a], and even
the function may be different from the achievement of goals [WRIGHT 73].

In the representational viewpoint of function, which is central in AI, the
function of a system is generally addressed with reference to the intention™= of
humans. In this case "function" and "behavior" of a system are closely related:

"Function is a relation between the goal of a human user and the behavior of a

system. In an assembly, the function of a component relates the behavior of
that component to the function of the assembly."” [BOBROW 84].

"Function is the purpose of the system as described by the human user.
Function of a system (e.g. electronic circuit) is derived from its behavior and
expresses with the technical terms of the domain that it is applied to (e.g.
latching, amplification, etc.). " [DeKLEER 84].

— 3 -
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These latter definitions are guiding FR research in AI and their interpretations
are directly implemented in FR-based systems, such as:

"Function of a mechanical object is dependent to [and derived from modeling
and simulation of] the way that motion and forces are transmitied through
the contacts between parts." [FALTINGS 90]

“Function [of a mechanical assembly] is defined with: (&) transformation
between states of physical quantities and substances; and (b) physical
features that describe the relation between a physical structure and
functions fndirect]y. The function of an assembly Is derived as causalities of
transformation, using physical features." [MURAKAMI 88]

We have defined function qualitatively, as an interpretation of either a persis-
tence or an order in the sequence of states of the qualitative state vector

derived by simulation on the qualitative model.

2.1.2  Functional Reasoning (FE)

FR enables people to reason about the presence and function of items in a
containing system, derive the purpose of the system and explain how it can be
achieved. FR, in the sense used here, embodies an spectrum of common sense
theories, the definition of which constitutes the subject of this report. The
ultimate goal of FR is enhancing the common sense reasoning with the functional
ability. FR as a common sense theory consists of three parts:

a. Ontology describing the domain and the objects in the domain;

b. Representation scheme for modeling the objects and their interactions;

c¢. Reasoning method for inferring and explaining how the objects function;

2.1.3 Functional Analvsis (FA) & FR-Based System

Functional analysis (FA) is the body of activities for inferring and explaining
goal directed behavior (see below) of items, using FR theories. FR-based system
is composed of a program for functional analysis, modeling and model-based

simulation tools, data base and interface tools.

2.1.4 Explaining Goal Directed Behavior: Causal & Functional Explanation

Although goals and functions share a big portion of their meaning spectrum, the
explanation of goal-directed behavior includes two distinct components: causal
and functional explanations [NAGEL 77a]. There are many similarities between the
two: both are supposed to have a reference to the context [DeKLEER 84], both
refer to events "usually" or "naturally” take place [SHOHAM 90], etc. In spite of
similarities there are some important distinctions. Coding from Nagel:
"Explanations proposed in connection with goal-directed [behavior] account
for the presence of various items in two different ways. One way is the

._47
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explanation of HOW the goal is realized in terms of assumed capacities of the
system’s various organs, the organization of the system 's component parts,
and a number of laws concerning the effects produced by the activities of
those parts. -+ Explanations of this sort are often said to be causal.
Explanations of this type - are found in all branches of inquiry, and there is
nothing teleological about them."
Functional explanation accounts for: first, the presence of a component in a
system in terms of certain effects it has on that system of which it is a member.
Second, functional explanation explains the "purpose” of the system in terms of
either structure and behavior or functions of its components.

“IInlike causal explanations, those of this second type are often said to answer
the question WHY at just the place and time it occupies --- by stating certain
consequences of the process or structure. Such explanations have
traditionally been called teleclogical.”

The first category of functional explanation refers to an explanation of the
presence of some component in the system (or state why the component is there)
in terms of the contributions it makes to, in terms of certain effects the
component produces in the system [NAGEL 77b], or in terms of some capacity that
the component has and contributes to the capacity of the containing system
[CUMMINS 74, 75]. In the second category of functional explanation the
traditional teleological process can be identified. The notions of "means" and
"ends" are central in the teleoclogical process. "End" is that character of the
system by virtue of which it functions or is capable of functioning. "Means"
refer to a partial arrangement of such a whole to realize such an end.

There are two strategies for functional explanation: subsumpiion and
analytical [CUMMINS 74]. In subsumption strategy, the elements of explanation
are certain kinds of events, e, that would cause the item i to manifest the
function f. Here the explanation clarifies the connection between the events, e,

and the manifestations, f, as instances of one or more general laws that are not
special to the item 1.

In analytical strategy the function f is decomposed into a number of other
functions, f.+-f », each manifested by the item i or a pair of its components, in
a way that f ;s result in or amounts to a manifestation of f. The decomposition of
f is pushed down until the explanation can be developed for all f ;s using
subsumption strategy.

2.2 The History

2.2.1 FR in Biology and Designed Artifacts

Originally FR theories were devoted to explain the presence of items In a
containing system [NAGEL 77a, 77b, CUMMINS 74]. The containing system is

-_5_
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either a living organism or a designed artifact. In the former, FR discovers the
function of organs in organism, such as the function of heart, kidneys, etc.
These are called "natural functions'. The latter discusses the function of
components in a designed artifact. These are called "conscious functions". Some
schools of thoughts have treated these two classes separately. For instance,
some behaviorists have denied items having mnatural function, and some
teleologists have addressed it with respect to an ultimate conscious creator.
Some recent works aim at unifying explanation of functions in both biclogical and
designed systems (such as [BECKNER 69]).

Plato and Aristotole were among the earliest philosophers talking about
functions. They described the function of an item conferring to some "good".
This idea still exists in some works such as Sorabji’s natural functions connected
with the notion of "good" [SORABJI 64], or Canfield’s explaining function by its
"usefulness" to the containing system [CANFIELD 64]. Later philosophers from
Spinoza to those of the late 19th century were engaged with explaining the
design into nature using teleological notions of "means" and "ends" [ALLAN 521.

Among the recent works one can mention the Beckner’'s theory of functional
explanation using positive and negative evidences [BECKNER 69]. Most of the
recent FR theories are either derivations or critical reformulations of the seminal
works by Hempel and Nagel [HEMPEL 59, NAGEL 77b]. (Among the followers are
[LEHMAN 65], [AYALA 70] and [RUSE 71]). Hempel could provide an analysis of
functional ascription in terms of sufficient conditions. Nagel, on the other hand,
tried to specify the necessary conditions. These two attempts were somehow
problematic in scientific terms. As Cummins mentioned:

"... Any analysis in lterms of sufficient conditions may lead to a schema with

true premises but Invalid, and any formulation specifying necessary

conditions may yield to a valid but unsound explanation' [CUMMINS 74].
Two other works are worth to be mentioned. Wright proposed a theory in which
the unification of functional and causal explanations was the central idea
[WRIGHT 73, 76]. Cummins argued against the validity of the underlying
assumptions of traditional functional explanations and suggested an alternative
scheme: functional ascription to an item is ascribing a "capacity" to the item that
can be recognized by its role in an analysis of some capacity of a containing
system [CUMMINS 75]. These theories are reviewed in Section (4).

Recent advances in AlI, computation theories and distributed systems have led
to new interpretation and implementation of the FR theories in programs. In
typical systems, the initially given information consists of the item (objects,
processes or mechanisms), their image or a formal description of their physical
structure, behavior or functions of their components. The outcome is describing
and explaining the function of the item in terms of the structure or behavior of
its components or their functions. These are mainly inspired by the Beckner’s

iai
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theory (first generation systems), Ccummins’ analytical explanation and the
capacity concept, and Nagel's causal/functional explanation of goal-directed
processes [NAGEL 77a] (second generation systems). There is alsc a shift of
attention from justification of the theory to performance evaluation of the

implemented systems.

2.2.2 First generation FR based systems

The first generation systems using functional knowledge, start with either a
formal description of physical structure (design verification approaches) or
description of shape (conceptualization approaches). Also systems gtarting with
natural language instructions have been reported [ASAI 90]. Fig. (2.1) shows the
basic building blocks of the first generation systems. They process the input
data and relate it to a functional concept already recorded in the data base. The
functions in the data base can either be rigid symbolic names for a property of a
given item, or include some slots filled by the data measured or interpreted from
the real world. Being good as they are, none of those first generation systems
can assign several functions to an item or provide solution to most of the FR
problems (see Section 3). The main drawback of the first generation systems is
the restricted view of the direct list matching inferences. All the items and
functions are identified in advance and the essence is recorded in either of the
three structure—function data bases. Some important first~ generation systems

are surveyed in Section (5).

2.2.3 Second generation FR based systems

Second generation FR-based systems are developed based on representational
FR theories, in which functional explanation can be derived from a causal
account of system’s structure and behavior, and offer more flexibility through
employing a kind of model-based approach. There are a number of ways
suggested for the model-based approach to assign functions to physical
structures [DeKLEER 84, TEZZA 88, PU 88, FALTINGS 80, ABU-HANNA 91, FRANKE
91, etc.]. They all relate a formal description of the physical structure of a
system to its function. Using qualitative simulation to derive the behavior from
structure, causal and functional reasoning to explain how such behavior is
achieved and to derive functions, are typical. Interaction with the other
environment expressed in the context [TEZZA 88)], constraints [DeKLEER 84],
physical features [MURAKAMI 88] or connection frames [PU 88]. A number of
second-generation systems are surveyed in Section (5).

The second generation systems mostly use ad-hoc rules or predefined codes
for extracting functional concepts from the behavior, and suffer from the lack of
a general technique for doing so. We present the qualitative function formation
{QFF) technique to handle this task.
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3. FUNCTIONAL REASONING PROBLEMS

3.1 Informal FR Problems

Humans in both daily life and professional experiences are enthralled by tasks
requiring reasoning and problem solving through utilization of some kind of
functional knowledge and functional reasoning. Traditionally, the followings are
considered as the FR problems within different branches of inquiry.

Philosophy: In philosophy, FR theories have to find answer to a set of problems,
among then the most common ones are explaining why an organ (i.e. heart) is in
an organism (i.e. human’s body) in terms of its contribution to the functionality
of the whole organism. Also it may be required to derive the natural function of
an organ (i.e. heart for pumping blood versus making heart sound, etc.). Finally,
there are also some classes of problems requiring explanations with reference to
functions (i.e., why animals in the Arctic have white fur?).

Engineering: In engineering, FR generally has to differentiate between the
means and ends, in order to explain why a component is exploited in a designed
artifact in terms of its contribution to the functionality of the whole system.

Artificial Intelligence: Explaining the functions of artifacts, generating
understandable and sound explanation of functions with reference to common
physical laws is considered as an area of study in AI*®, Among possible problem
areas, action planning, functional design of artifacts and fault diagnosis fall

within the scope of FR techniques.

3.2 Formal FR Problems

We could identify four functional reasoning problems. i.e. Iidentification,
explanation, selection and verification (see Fig. 3.1).

Identification Problem: Given an object, explaining its function using the
knowledge of the structure and behavior of its component and their
organization. (e.g. What can a pair of scissors do?)

Typical works: [FREEMAN 71], [DeKLEER 84], [JOSKOWICZ 87], [TEZZA 88],
[DORMOY 88], [FALTINGS 90].
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Explanation Problem: Explaining the presence of a component in a containing
system in terms of its contribution to the overall function of the system.

Typical works: [HEMPEL 59], [CANFIELD 64], [LEHMAN 65], [BECKNER 69], [AYALA
70], [RUSE 71], [WRIGHT 73], [CUMMINS 74], [NAGEL 77a, 77b].

Selection Problem:
Given a set of components, selecting the proper components that if used together

can achieve a desired function f.
Typical works: [FREEMAN 71}, [STANFILL 83], [BRADY 87], [GELSEY 87], [PU 88].

Verification Problem: Verifying whether an item can exhibit a required function
in a given situation. (e.g. Can a given spanner open a given bolt?)
Typical works: [MURAKAMI 88], [ULRICH 88].

Functional reasoning problems can be evaluated against the abstraction hier-
archy [RASMUSSEN 83, 85]. In dealing with the identification and verification
problems, one starts with a representation of structure and ends with a
function. Selection, on ‘the other hand, start with a function and end with a
physical description of the item. Explanation can proceed in either directions.
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4. FUNCTIONAL REASONING THEORIES

In this section a number of classical FR theories are surveyed. The focus is on
their generality, validity, expressive power and implementability. Some
discussions on their validity already exist in the FR literature and is referenced

where required.

Allan’s Theory [ALLAN 52]:

"For a system S, in environment E, y a valuable state of S occurs; what is x,
a complex causal seguence, such that if x (and other complementary
conditions) occurs, then y will occur, and if x, or its equivalent does not
occur, y will not be brought about. This is Interpreted as x, when found,
occurs for the sake of y, meaning that y is more important causally or
valuationally to the system S."
This is the intuitive form of functional ascription in terms of means {(i.e. x) and
ends (i.e. v), but not of much use in terms of validity and expressive power. The
difficulty is that the above two relations do not represent a one-to-one map from
the means to the ends sets. There might occur (not occur) many things other
than vy when x occurs (not occurs) and which one is the end for x is not clear.

Revised versions of this theory are suggested below.

Beckner’s Theory [BECKNER 68]:

"The component c ¢ C has function f ¢ F in a system S If there Is a set of
circumstances in which f occurs when S has ¢, and f does not occur when
S does not have c."
C: set of components (¢ );
S: set of components comprising the system (SCC);
F: set of functions of the components (£ );
This can be formulated logically as,

Myceq, 3TE€F, 3V :HAS(S,c): TRUE O FUNCTION(f,c): TRUE ;
@vfcF, 3¢, 4V : HAS(S,c): FALSE O FUNCTION(f,c): FALSE ;

V is a possible situation (in logical sense). FUNCTION and HAS are logical

predicates;

‘A main critic to this theory is that expression @ cannot be easily verified.
There might be some situations ( JV) that [HAS(S,c): FALSE] but [FUNCTION(T,
¢ :TRUE]; and if limiting S=C, then VV, [HAS(S,c): TRUE]. Therefore it is not
necessary for S to have c to occur f (e.g. if the function of heart is to circulate
blood in the body, it can be realized also without heart using an artificial pump).
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Beckner’s theory is built based on assuming the function is a property of its
host system, and the interactions with the rest of the world are lumped in the
"ecircumstances". Therefore it is difficult to use this theory to explain the
function of a system other than its most fregquent one or when a number of
components are together responsible for a function.

From implementation point of view, each component should be related to a
function concept in the data base and each function concept has to be addressed
by a number of components. Such a data structure cannot be efficiently used
when the number of components and functions grow, and in case of adding new
components or functions, all the structure should be modified. Furthermore, in
generating explanations, every component-function relation should be accessed
by a list indicating under what circumstances that component can exhibit the
given function. Most of the first generation FR-based systems have Beckner’s as
their underpinning theory.

Canfield’s Theory [CANFIELD 64]:

"A function of the component c In system S Is ¥ means that c does f, and
that £ is useful to S."
This can be formulated logically:

O YeceC, dfF€F, 3V : HAS(S,c): TRUE 22 FUNCTION(f,c): TRUE ;
@vFfCcF, J¢, AV : FUNCTION(f,c): TRUE > USEFUL(f,S): TRUE ;

C: set of components (c);

S: set of components comprising the system (SCC);

F: set of functions of the components (£ );

V is a possible world. FUNCTION, HAS and USEFUL are logical binary predicates;

It is argued that this theory is difficult to be applied to explain function of
designed artifacts, mainly due to difficulties in identifying the system S. Also,
meeting () and & is neither necessary nor sufficient for something to be a func-
tion [WRIGHT 73]. It is not necessary because artifacts may be "designed" to
have a certain function, even if they might be useless to a particular user. There
might be some cases that ¢ is designed to do F but cannot do it only under
certain circumstances (e.g. the function of a door knob is to maintain the door
closed, but in case of a fault this cannot be manifested). It is not sufficient
because c might do some other useful things also, not considered as its
function. Canfield also believes that function is a property of its host system.

In implementation of this theory, besides the problems menticned for
Beckner’s, verifying whether c¢ can do ¥ may be straightforward (for instance,
through using simulation and causal reasoning), but verifying its usefulness to

— 13_."
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S is not trivial. For each link between a component and a function in the data
base, the enabling conditions and an additional usefulness attribute (that may
depend on the enabling condition) should be specified.

Wright’s Theory [WRIGHT 73, 76]:

wright argues that explaining natural and conscious functions should have the
same pattern. In his theory, the functicnal and causal explanations are
considered together: A functional statement "A function of the component c in
system S is F" is equivalent to asserting "The component c in system S In
order to do F", and both are equivalent to the conjunction of two statements:

a. F is a consequence of c’s presence in S;
b. The component c¢ is in S because F is a consequence of c's presence in 3;

Statement {a) addresses that F is a causal consequence of ¢, and {b) indicates
the component c is selected in S for the sake of F (WHY the compeonent ¢ is
present in S). In biological systems (b) can be evaluated with reference to
natural selection.

It is argued that first, it may not be possible to derive F as a causal
consequence of ¢ (at least for some biological systems whose causal mechanisms
are not fully explored); and second, being in S may not be because F is a
consequence of ¢, but because of a "belief"” that it is so [NAGEL 77a, 77b].

Matthen has extended the Wright's theory by introducing a functional
structure among the functions, using a set of facts (model) used to subordinate
one function to another as means to ends [MATTHEN 88].

It should be noted that Wright’s is an important FR theory in terms of binding
causal and functional analysis and paving the way for model based approach to
functional reasoning.

Hempel’s & Nagel’s Theories [HEMPEL 59, NAGEL 77a, TTb]:

Hempel’s formulation of functional explanation is stated as:
"The function of component ¢ In a system S during period T and In
environmental setting V is to do F " is equivalent to "Component ¢ in system
S during period T and in environment V has the effects F that satisfy the
conditions n which are necessary for the proper working of 8"

The explanation has the following pattern:

a. During period T in environment V, the system S is in proper working order;

b. If the system S is in proper working order, condition n must be satisfied,;

c. If component c¢ is present in S, then the effect of ¢ 's presence in S satisfies

the condition n;
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A principal critique is that this pattern is not logically sound. The statement {c)

is not a necessary condition (although it is sufficient) for the performance of

function. There may be some other components exhibiting the same function,

therefore the presence of ¢ in S cannot be explained. Nagel argued for

changing (c) to a necessary condition "if and only if component c is present in

S ---". Nagel’s formulation of functional explanation is:

a. During period T the system S is in environment V;

b. During period T and in stated circumstances, the system S does F;

¢. If during period T the system S is in environment V, then if S performs F
the component ¢ is presentin F;

As stated above, (c) indicates a necessary condition for performing F. A basic

critique is that although the explanation is logically sound but it may not be

valid any more in certain cases, such as redundant components exhibit a shared

function, etc.

This two theories each specify either necessary or sufficient conditions for
functioning objects. However, again a one-to-one relation between a component
and a functional concept is necessary. If such a data base can be developed, the
theory can be successfully used to explain functions of various components.

Cummins’ Theory [CUMMINS 74, 75]:

The basic assumptions in conventional interpretation of functional ascription to

objects are [CUMMINS 74]:

1. The main purpose of functional characterization in common sense world is to
explain the "presence” of components that are functionally characterized.

2. The component is said to perform its function with respect to a containing
system (or another component), if it effects the containing system {or another
component) in the sense of either contributing to the performance of some
activity of, or the maintenance of some condition in that containing system (or
another component).

Cummins argues against those assumptions and suggests an alternative FR
scheme: functional ascription to an object is ascribing a "capacity” {or
disposition) to the component that can be recognized by its role in an analysis of
some capacity of a containing system [CUMMINS 74]. He believes that functional
statements are actually disposition statements, and functional explanation is
actually explaining such dispositions:

"If a function of component ¢ in system S is f, then chas a disposition to £
in S. To attribute a disposition d to a component ¢ Is to assert that the
behavior of ¢ is subject to (exhibits or would exhibit) a certain lawlike
regularity. --- To say that ¢ has d is to say that ¢ would manifest d were any

of a certain range of events to occur.
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Disposition requires explanation: if c has d, then c Is subject to a
regularity in behavior special to things having d, and such a fact needs to
be explained.”

In Cummins’ theory the capacity of a containing system is explained analytically
by decomposing it into a number of other capacities and an analytical explanation
of the capacities will lead to the function: If those capacities can be explained in
terms of some general laws and together amount to the analyzed capacity, then
each individual capacity can be interpreted as a function.

"Component c functions as a £ in the system S (or the function of ¢ in S is to
do f) relative to an analytical account A of the 8 °s capacity to ¥ just in case
¢ is capable of doing f in S and A appropriately adequately accounts for
S ’s capacity to ¢ by, in part, appealing to the capacity of ¢ to do f in3."

Cummins’s theory is the foundation of the model-based approach to functional
reasoning, common in AI. The idea of subsumption and analytical explanation of
capacities (dispositions) is used implicitly in many FR-based systems (see
Section 5) in planning, resource allocation and explanation-based systems.



JAERI-M 91-225

5. FUNCTIONAL REASONING TECHNIQUES & SYSTEMS

Typical FR-based systems vary mainly depending on the,

& Area of study: common sense reasoning, planning, image understanding, fault
diagnosis and computer aided design (CAD), etc.

< Ontological primitives.

¢ Representation schemes of structure or functions.

O Initially given data: item’s image or a formal description of its physical
structure, etc.

¢ TFocus of study and particular problems.

we classify the FR-based systems in three general categories (see Fig. 5.1):

a. Planning & design approaches;

bh. Conceptualization approaches;

c. Explanation-based approaches;

A survey of some important works is given herewith. Brief surveys of other

works with focus on certain research areas can also be found in the followings:

General overview: [STICKLEN 91];

planning and conceptualization approaches:[TEZZA 88];

Explanation-based approaches, qualitative kinematics: [FALTINGS 87,901

Explanation-based approaches, diagnosis: [SEMBUGAMOORTHY 86], [FINK 87].

Design verification approaches: [MURAKAMI 88].

Design approaches: [CHANDRASEKARAN 80], [AI Magazine, Winter 1990].

Typical FR-based systems focus on three problem domains: functional design of
mechanical devices (see [MURAKAMI 88], [PU 88], {ULRICH 88}, [GELSEY 87] and
[STANFILL 83]), explaining function of electronic circuits (see [DeKIL.EER 84],
[FRANKE 91], etc.) and fault diagnosis of industrial plants(see [FINK 85, 87],
[SEMBUGAMOORTHY 86]).

In each domain, identification and characterization of the primitive elements
are necessary [PU 88]. Characterization is mainly based on the components’ main
functions. In electronic circuits, function of components does not change in
different configurations, therefore a single description of individual components
and their function is usually enough. For mechanical devices different
configuration of a component may be associated with different functionalities.

All the system reported below define a two dimensional representation of
structure and functions. An important point as mentioned by Lind (i.e. means —
ends decomposition incompatibility [LIND 88]) and also Murakami (i.e. nonlin-
earity of the functions [MURAKAMI 88]), is that when using the two dimension
structure/ behavior (kernel domain space [ABU-HANNA 91]) and function
(abstraction space [ABU-HANNA 91]), the two dimensions should be considered as
independent and decomposition relation in one dimension cannqt be applied to

the other one. For instance, if structure 8 leads to function F, if 8 leads 1o
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function F, and if Sz leads to function F-, and if F is decomposed to the two
subfunctions F, and F= (F=F,+F=), one can neither deduce that $=8,+S=, nor S:
and S- can necessarily produce S. However, Acar et al. have considered the
conditions for equivalency of the two dimensions [ACAR 80].

5.1 PLANNING & DESIGN APPROACHES

Planning and design approaches take advantage of the representational FR
theories. In this case a representation of a functional concept exists prior to any
realization of the object having such a function, and such a representation
contributes to the process of bringing that object into being [BIGELOW 87].

Planning {design®?) problem generally is devising a plan (device) that can
achieve some functions and satisfy some constraints. Planning (design)
approaches have a finite set of symbols, standing for activities (components),
and a finite set of rules showing the possible interactions between activities
(components). The problems considered are composition, decomposition and
verification of plan (design).

A common limitation ‘of these approaches is that they can only deal with the
items falling within their defined symbol set. Although being good and efficient,
they can at most support the user through providing a more abstract planning
(design) environment, more useful than detailed planning (geometric design),
leading to an increase of the quality and efficiency of planning (design) task.

5.1.1 [MURAKAMI 88]: A Method for Design Verification

In this work (see Fig. 5.2) function is defined with: (a) transformation between
states of physical gquantities and substances; and (b} physical features that
describe the relation between a physical structure and functions indirectly. A
physical feature actually describes characteristic property of the physical
structure (entities, relations, etc.). The function of an assembly is derived as
causalities of transformation, using physical features. A physical structure,
having a particular physical feature can realize particular functions connected
to that physical feature.

This method mainly suits the verification problem (see Section 3) for certain
assemblies. Requirements for a designed device are specified by its functions
and other attributes, and it can be verified whether the device can exhibit such
a function or not. However, as the system works with a fixed structure-function
data base (through physical features), dealing with structural modifications and
new assemblies highly relies on the use of standard physical features. In
mechanical assemblies only 6 types of lower kinematic pairs can be treated as
standard [DENAVIT 55]. Defining standard physical features for higher dynamic
pairs is not trivial.
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5.1.2 [BRADSHAW 91]: Design Evaluation Using Functional Knowledge

A representation strategy containing both structural and functional knowledge
is developed and applied to design evaluation of a class of mechanical devices. In
this system an ad-hoc combination of the qualitative and functional
representation of devices is exploited. The structural knowledge is the
knowledge on components, their connections involving a number of variables.
Qualitative behavior of the device is generated using structural knowledge. The
functional description is separate from the structural description, and within
the structural description an identifier links the structure to predefined
purposes. The purpose has a WHAT and a WHEN clause. The WHAT describes the
purpose in terms of a certain landmark value of a variable (e.g. temperature:
normal), while WHEN specifies conditions for achieving that purpose. Components
are grouped according to their purposes. When a conflict in the purpose of the
system is identified, the components contributing to that purpose (i.e. those
having at least one of the purposive variables of the device in their purpose list)
are checked and an explanation for the conflict is produced using the
envisioning graph that embody all possible behaviors.

This method does not make clear the basic assumptions and what class of
problems can actually be solved. Only partial solution to the verification problem
can be offered. However the idea of functionality in qualitative state transition is
quite well developed.

5.1.3 [PU 88]: A Method for Capturing Qualifative Design Knowledge

KREATOR is an object-oriented frame-based representation for capturing the
gualitative design knowledge. The modeling primitives are finite set of generic
components and connections. The device is represented by a network of
component and connection frames. The component frame describes a component.
within a component frame, the component’s local behavior is described by a
collection of methods (rules) specifying the current state, input expected,
output component and next state. Every pair of components are addressed by a
connection frame describing how the motion and forces are propagated between
them. In a connection frame, methods are rules describing propagation of
behavior between components. Each method has current state, input expected
and output to slots. This knowledge is used to simulate the device behavior. Fig.
5.3 depicts the simulation algorithm.

First an input component (one receiving external force or energy) is selected,
its local behavior is identified using methods of the component frame, and the
effects are propagated to the neighboring components using methods of the
connection frames. In KREATOR the connection between components is the kernel
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for functionality. Therefore the structure and topology are represented
separately. Compared to Murakami's work, here the connection frames replace
the physical features.

There is further attempt to define standard connections in terms of modes of
transmission of motion (direct contact or intermediate connectors), types of
motion (continuous or intermittent) and types of joint relationships (hinge,
sliding, gears, cam, etc.).

KREATOR does not account for the function of the object and components
except the one specified in the connection frames. However, role of individual
components can be identified by attaching a function term to each method in a

component frame.

5.1.4 [ACAR 90]: A Method for Hierarchical Design Using Functional Knowledge

The two refining and summarizing methods for design of artifacts are accounted
for. The refining method is a systematic approach for verifying whether an
assembly may exhibit a given furictiona.lity. In refining method a functional
concept - given by its most global description - of the system to be designed is
given. Here one first siiggests an assembly that is supposed to demonstrate the
required functionality. Assembly is a coordinated hierarchy of nodes repre-
senting the standard components. Among all possible assemblies the structurally
coordinated ones will satisfying the structural coordinability axioms [ACAR 90].
Then the function of each standard component is defined by six primitives:
goals, tasks, procedures, measurements, constraints and resources. Relation
between the function of the nodes are restricted by the set of functional
coordinability axioms [ACAR 90] and they can verify whether the ultimate
function of the assembly can match with the che assigned or not.

5. 2 EXPLANATION-BASED APPROACHES

Traces of qualitative reasoning in explaining function of items can be found
along with the three major theories of qualitative physics, i.e. the qualitative
process theory [FORBUS 84] influenced deriving function for mechanical devices
(see [FALTINGS 901), qualitative confluence theory [DeKLEER & BROWN 84] has
influenced explanation of function of electronic circuits {see [DeKLEER 84]) and
qualitative simulation [KUIPERS 86] has led to explaining function of designed
artifacts (see [FRANKE 91]). The above scenarios have two main drawbacks:
dependability on modeling viewpoint and poor in identifying mechanisms that
take part in forming a functional concept.

There is an analogy between the explanation-based FR systems and explanation
based learning (EBL) techniques [ELLMAN 89]. The above three functional
reasoning methods each resemble a kind of EBL using either chunking or

generalization. This is elaborated in the following paragraphs.
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5.2.1 [DeKLEER 84}: An Explanation-Based Method for Electronic Circuits

This work is based on the qualitative physics using confluences [DeKLEER &
BROWN 84]. It presents a theory of teleology for physical artifacts. Teleology
relates behavior to function. In this work, first a causal account of behavior of
the system is produced from its physical structure using causal analysis, and
then behavior is related to the functions of the artifact through mechanism
graphs (MG) and teleological analysis (TA). Mechanism graphs have explicit
notation of some of the components®®. Each of those components characterizes a
portion of the MG composed of connected edges and vertices. Teleological
analysis can describe the role or function of those component as contributing to
the functioning of the whole artifact. More specifically, for each compeonent of
the artifact and for each configuration of the component in the MG, there exists a
term (word or symbol), from the nomenclature of the field that the analysis is
relevant to, such that it can describe the function of the component as seen in
the view of the contribution to the overall function of the artifact.

Identifying primitive fragments on the MG closely resembles "chunking", and
teleological analysis seems to be a kind of explanation based learning using
qualitative data (derived by qualitative simulation based on confluences} as its

input sequence.

5.2.2 [FALTINGS 87, 88, 901: An Explanation-Based Method for
Higher-Order Mechanical Devices

This work tries to find a description of behavior of mechanical assemblies based
on geometry of components. This method can deal with the mechanisms
represented by kinematic chains. It decomposes a mechanism (a kinematic chain)
to "kinematic pairs", which are the minimum building block for representation,
and explains the behavior of higher kinematic pairs in terms of kinematic states
(i.e. places) and directions of motion and forces (see Fig. 5.4).

A basic assumption is that contacts between the object pair will lead to their
functionality. Each object is described by a number of parameters for its
position and orientation. The space of parameters is called "configuration space”
(CS). A point in CS is a configuration. It is assumed that a contact configuration
defines a place and points in one place are considered equivalent in the
understanding of mechanisms. Regions of the CS having the same kinematic state
and the same gualitative inference rule are called "places".

Interesting points in CS are those that define a contact. For higher kinematic
pairs, with one degree of freedom for each, two parameters are sufficient to
define the configuration plane and places are visualized by regions in this plane.
As each contact reduces the dimension of the space by one, then lines in this
plane represent one point contacts and vertices denote two point contacts.
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The theory is tailored to objects that can be decomposed to kinematic chains. A
kinematic chain is a device that transmits the motion and force acting on an
input element through the chain to an output element.

A vague point with this method is how finally the overall functionality of the
device is understood from those of its paired building blocks.

As a qualitative theory of structure and functions this method has a narrow
scope. The contact configuration is the basic assumption residing in the core of
the method, configurations other than mechanical contact cannot be accounted
for., For instance, the behavior or function of assemblies whose parts
"communicate” (i.e. transfer functionality) in the ways other than direct and
arbitrary touch (e.g. electromagnetic attraction or repulsion, etc.) cannot be
explained. Other typical c¢xamples are a belt-pulley gear train, or an
electromechanical or hydraulic device such as a door buzzer or a hydraulic
brake system. Another problem is dealing with simultaneous events in
mechanisms that cannot be decomposed to kinematic chains.

Similar to DeKleer’s work, identifying places again resembles "chunking".
Therefore this method can be viewed as another kind of EBL using metric

diagrams as its input sequence.
The outlines of a system using both the gualitative kinematics and simulation

along with the perturbation and enumeration analysis is shown in Fig. (5.5). The
qualitative process engine is responsible for generating full simulation
accounting for forces, torques and static parameters. In computing each place,
the perturbation analyzer records all the predicates that can influence it.
Enumeration analysis derives a list of all places that can be achieved when a
single parameter is varied. In design modification, first the perturbation
analysis indicates which parameters should be varied (using problem dependent
heuristics) and enumeration analysis is responsible for finding whether such a

change would cause other changes.

5.2.3 [FRANKE 91]: Teleological Descriptions for Designed Artifacts

TED is a language for qualitative teleological description of designed artifacts. It
can be applied in design modification as well as diagnosis. TED describes
function in terms of behaviors prevented, guaranteed or introduced by the
components. It adds the "partial state" and "grenario” to the variable, state and
behavior terminology, that are common in qualitative techniques. Partial state is
a generalized version of state and scenario is a sequence of partial states.
Primitive teleological operators (i.e. Guarantee, Prevent and Conditionally) are
defined for modifying scenarios.

Similar to the above mentioned works, partial ordering of states from the
simulated behavior is identical to generalization in EBL. Therefore this method
may be considered as another kind of EBL using qualitative data (derived by the
QSIM method) as its input segquence.
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5.2.4 [JOSKOWICS 87, 88]: An Explanation-Based Method for Mechanical Devices

This work finds description of behavior of mechanical objects based on geometry
of parts, in two steps. Similar to Faltings’ works, it exploits the idea of kinematic
pair. At the first step, the Local Interaction Analysis starts with a geometrical
description of objects and finds possible relative motions of all pairs in contact.
Relative motions are expressed in terms of a small set of parametric motion
predicates and a set of algebraic relations between parameters. At the second
step, the Global Interaction Analysis starts with the given relative motions and
an input motion, and derives that actual behavior for each object, using a
constraint propagation and label inferential technique. In the constraint
propagation network each component is represented by a node and paired
relation by a constraint edge between two nodes.

In this work the idea of representing paired relation by a constraint network
is new. However, similar to Faltings’ work, the relation between the behavior and
functionality of the object is not clear. Other problems with Faltings’ work are

also valid here.

5.2.5 [ABU-HANNA 91]: An Explanation-Based Method for Fault Diagnosis
Using Hierarchical Knowledge

Abu-Hanna et al. have defined the three model-knowledge classes (see Fig. 5.6):
kernel domain space that maps to the physical world and include the knowledge
on physical structure and behavior; abstraction space that includes functional
knowledge, which is associated to the behavioral abstraction; and finally, the use
space in which knowledge corresponds to the objects use in the user’s terms.

A challenging task is selecting the right terminology to describe the abstract
behavior (functions) and the right representation. These both seem to be task
dependent. Graph representation is exploited for the abstraction space. Nodes
are functions. Each function has at least one parameter. Arcs correspond to
parameters. The result is called "functional design model” that includes the
basic functions of the components that contribute to the functionality of the
whole device.

The method is applied to diagnosis of electronic circuits using functional
design model. Each node of the model is attached with some observable attributes
(equivalent to operationalization of functional nodes). An observed behavior can
trigger some of the nodes whose attributes are activated or disabled. Those
functions are then interpreted in the other levels of abstraction to locate the

exact cause of malfunctioning.
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5.2.6 [DORMOY 88]: Explaining Serial Assemblies

Tn this method one can derive the model of object pairs using qualitative conflu-
ences, similar to DeKleer’s works. The model for the serial chain of object pairs is
developed using the "resolution rule", simply stating that variables can be elimi-
nated by adding and subtracting confluences, provided that they are not ambig-
uous and no other variable is eliminated at the same time. The combined
confluences can be used to simulate the behavior of the assembly.

Unfortunately, such combination is not trivial for structures other than serial
assemblies and also the deletion of a variable due to resolution rule is somehow
doubtful. The condition for such deletion is too strong and generally the

qualitative expression [x]-[x]=0 cannot be satisfied.

5.2.7 [FINK 85, 87]: An Explanation-Based Method for Faull Diagnosis

Functional knowledge constitutes a big part of the human experts’ reasoning and
explanation in fault diagnosis, therefore systems capturing retaining such
knowledge are emerged. Fink has introduced the IDM, an integrated fault
diagnosis system using shallow (experimental) and deep {(physical and
functional) knowledge. The shallow system has the knowledge of the symptom-
cause form. First the shallow system is utilized, if failed, the deep system is
exploited. In the deep level the model includes representation of structures and
functions. A number of domain dependent functional primitives are defined, such
as transforms, regulator, reservoir, conduit and joint. System’s behavior can be
simulated using these primitives.

Functions are assigned to components by the system designer. Each component
(or a collection of components) is called a functional unit. In the deep level,
faulty behavior can be detected by examining the inputs and outputs of
functional units. The system can check if the enabling conditions for each
functional unit is viclated or not.

The functional primitives resemble those exploited by Kueneke {see below) and
domain dependency of the primitives limits the generality of the method. Since
the deep level inference and reasoning mechanisms are domain dependent, the
necessity conditions for functions are also coded in the knowledge base.

5. 3 CONCEPTUALIZATION APPROACHES

There are some methods (e.g. [SHANK 77], [BYLANDER 88], [TEZZA 88], [KEUNEKE
91] and [FAR 9l1a]) suggesting a hierarchical classification scheme for functional
concepts; defining classes objectively; and aggregating of objects into the
classes [FISHER 85]. the class types are defined by "functional primitives". The
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functional primitives of the above methods are summarized in Table (5.1). The
necessity and sufficiency of the primitives, and whether they are appropriate
for functional representation (in terms of means-ends hierarchy [RASMUSSEN
85, 90]) is somehow doubtful.

A main problem is that all the above mentioned method mistakenly try to define
the primitives objectively: assign meaning to the behavior of the objects at the
first place, and then recover it as a function. QFF is the only technique that can
derive regularities in behavior without ascribing any meaning to it, and define
function in terms of such regularities.

Table 5.1: Functional Primitives

[SHANK 77]:
{ATRANS, PTRANS, PROPEL, GRASP, INGEST,
EXPEL, MOVE, DO} ;
[BYLANDER 88]:
{ALLOW, PUMP, EXPEL, MOVE, CREATE, DE STROY} ;
[TEZZA 88]:
' [SUPPORT, GRASP, ENTER, CONTAIN, HANG, CUT,
PIERCE, EQUILIBRIUM, STOP, PLUG} ;
[KEUNEKE 91]:
{ ToMake, ToMaintain, ToPrevent, ToControl} ;
[FAR 91al:
{PTRANS, ATRANS, GRASP, ROTATE, PROPEL,
RELEASE, STEP-UPF, STEP-DOWN} ;

5.3.1 [SEMBUGAMOORTHY 86]: A Method for Functional Representation
& Compilation

This is a pioneer method for functional representation and compilation of
devices, along with predicting consequences to device functionality, used in a
diagnostic expert system. It is argued that function can be represented in many
dimensions such as causal, temporal and interaction, but the causal one is only
discussed. In the causal level functional knowledge is represented by five
attributes: structure: specifying relation between components; function:
specifying what is the response of the device to an stimulus; behavior:
specifying how the response is accomplished; generic knowledge: which are
chunks of deeper knowledge and specialized versions of physical laws; and
assumptions: guiding selection among behavioral alternatives. Function clauses
are central and are defined with reference to the other four.
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This method does not allow deriving new functicns of objects other than those

coded in the function clauses. Every new assumption may affect the whole
structure and there is no mechanism for checking completeness and consistency

of the representation.

5.3.2 [TEZZA 88]: A Representalion & Planning Method

The FUR project is one of the best examples of application of FR that combines
the computation models of shape of objects with their functions and uses the
results in planning and robot programming. It is assumed that the function of
artifacts can be expressed in terms of some common "primitive functions", repre-
sented by conceptual dependency graphs [SHANK 771. There are only a few of
them, such as SUPPORT, GRASP, ENTER, CONTAIN, HANG, CUT, PIERCE, STOP,
PLUG, EQUILIBRIUM.

An object can be decomposed to its components, each associated with a primi-
tive function. An advantage of this method is that components can exhibit differ-
ent functions in different contexts. Functional experts describe primitive func-
tions through a network of geometric constraints and can manipulate them in
three search, verify and generate modes. An cbject can have a function if it can
satisfy the constraints posed by the related functional expert (see Fig. 5.7). It
has been verified through experiments that not all the functions are expressible
in terms of geometric constraints and functionality is constrained by kinematic

and dynamic constraints. This method cannot account for such constraints.

5.3.3 [KEUNEKE 91]: Functional Representation of Mechanical Devices

In function-oriented knowledge representation for mechanical devices, every
component is associated with some functions. Structural description is built
using functional components. For example, functicnal and physical description of
a telephone are given in Table (5.2). It is argued that four "function types" can

describe function of devices. Those function types are:

ToMake, that achieves a specific partial state;

ToMaintain, that achieves and sustains a desired state;

ToPrevent, that keeps a system out of an undesired state;

ToControl, that lets a system regulate state changes via a known relationship;

This method discusses the ways of considering such a set as adequate. It
specifies that an association between objects and functions exist, however, how
such association can be identified, how an object can achieve different
functions, and how function of a device can be derived from the function of its
components are important issues which are not sufficiently elaborated.
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Table 5.2: A comparison between physical and
functional description of an object [KEUNEKE 81]

a. Physical representation

Telephone
Handle Speaker
..... Condenser microphone
Chassis Repeating coil
..... Ringer

b. Functional representation

Telephone
Transmitter Repeating coil
..... Condenser microphone
Receiver Speaker
Notify Ringer

5.3.4 [BYLANDER 85, 88]: Functional Representation Through Consolidation

In consolidation the interaction among components of a system is due to the
"stuff" or substances which are transferred between components and affect
their behavior. The function of the components is explained in terms of what
they can do with that stuff. Bylander presents an ontology for structure and
defines a set of component behaviors (see Table 5.1). Consolidation is based on
the functionality in a pair of components: two components are selected and the
behavior of the pair is derived from the behavior of the individual components.
This method claims to derive all the potential behaviors, without mentioning the
functionality of the components or the system. However, given a description of
behavior derived by consoclidation can easily lead to explaining why components
are selected and how they contribute to the overall functionality of the system
that they belong to.
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5.3.5 [SHEKAR 901: Temporal & Cohesive Clustering of Functional Knowledge

This is a method for deriving hierarchies of functional concepts through time
clustering and cohesive clustering, using "temporal graphs"” and "cohesiveness
coefficients”. This method can be used in situations where the functions of a
device and its components are known and an explanation of how the device
functions is to be produced. Temporal graph will show how the functions of
components contribute to the realization of the function of the device and if the
components work in parallel or serial. Cohesiveness coefficients show the degree
of contribution. The method should be further extended to encounter modifica-

tions of an initial design through comparison of cohesiveness coefficients.

5.3.6 Qualitative Function Formation (QFF) Method

In QFF, function concepts are defined as interpretations of either a persistence
or an order in the sequence of states, using the trace of the qualitative state
vector derived by qualitative simulation on the extended qualitative model. QFF
seeks for solution to some of the FR problems and leads to a method for generali-
zation and comparison of functions of objects. QFF is introduced in the following
sections. Application of QFF to functional design is already reported [FAR 91Db1.
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Fig. 5.4 Metric diagrams, place vocabulary and envisioning [FORBUS 87]
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6. DISCUSSION
6.1 Basic Assumptions

Having some ontelogical primitives (tokens) and representation and inferential
schemes, any physical phenomena can, in principle, be explained in terms of
"histories"#® and "episodes" [HAYES 79a, 85]. Episodes are proper temporal
slices of a history [HAYES 79b]. What is called "state" is an episode of zero
duration. A basic feature of an state is that it assigns a certain characteristic to
its referred pair (i.e. an object pair) [MATTHEN 88], therefore it is possible to
define function concepts with reference to discovery of an "order" in the state
sequence. In FR theories history, state and function concepts should be
carefully defined and explained in terms of the following principles.

6.1.1 Functionality in Item Pairs (FIP)

There is a question concerning whether function resides in an object (or its
components) or it is an outcome of the interaction between objects {or two
components). At the first glance it seems that humans have a data base in which
the objects are associated with several functicnalities. Some of the theories and
systems have taken for granted that function is a property of its source object.
Perhaps this is one of the sources of difficulty in both logical formulation (see
for instance, WRIGHT 74) and actual implementation (see typical works of TEZZA
88, KEUNEKE 61, etc., for systems based on this assumption). Some other works
argue that function can be ascribed to a pair of objects Instead of a single one
(see for instance, FALTINGS 90, JOSKOWICZ 87, FORBUS 87). In terms of histories
of individual objects and states, it is almost impossible to explain how different
functions can be attached to a single object. In our thesis, the "functionality in
item pair (FIP)"®7 is a central assumption stating that the at least a pair of
objects (or components) are required to interact functionally and function
concepts can be derived from their combined histories.

6.1.2 Functionality in State Transition (FST)

Intuitively, the history that leads fo a function should display a certain pattern
[BIGELOW 87]. States, in the sense defined above, are useful to extract those
patterns and define functional concepts: Actually, a functional concept is the
result of interpreting a persisted state or a discovery of an order in the
sequence of states. In biological systems persistence is perhaps the most
interesting characteristic and is believed to be governed by natural selection
law. In designed artifacts other kinds of "order" may also be appreciated.



JAERI-M 91—325

Joining the Functionality in State Transition (FST), with the FIP, will lead to
the function formation. Interaction between components in a system is
represented by their "inputs" and "outputs". Inputs and outputs are described
by a shared set of state variables for the components. In this sense, a component
can be viewed as an n-bit processor, whose contribution to the functioning of
the whole system is dependent to first, the active bits on the shared bus with
the other components, and second, the other components having the same bits
active. Finally, the function itself, is an order in states of their shared bits.

An FR technique based on these assumptions has many advantages: first, the
problem of mapping from behavior to functions is removed and the functions
describe the current nature of an item (see {BIGELOW 87] for a discussion on
importance of this factor in explanation). Second, a function concepts derived in
this way can be explained in terms of system’s structure and behavior without
reference to any other intermediary concepts. Third, it provides a framework for
comparing and evaluating functions of completely different systems with
different structures. Finally, it is an appropriate vehicle to explain the existence
of certain components in a system in terms of their contribution to persistence
or a desired order in the containing system’s behavior. The QFF technique based
on these assumptions is presented herewith.

6.2 Is Functional Reasoning Useful?

The eliminativism viewpoint on functions argues that interpretation of functional
attributions of the items are considered as doubtful, because of two reasons:
First, the lack of understanding of how various internal mechanisms operate and
how various items interact, and human’s evaluation or hypotheses about relevant
or irrelevant causes is a necessity. " Therefore ascription of function to items
cannot be taken literally, as objective assertions ... They must be construed as
Statements that have only a heuristic value in guiding inguiry Into the
mechanisms ..." [NAGEL 77b]l. In other words, functional (and causal)
explanations are supposed to be assumption based and may not be considered as
descriptions of genuine and lawful property of items, i.e. changes of the
assumption set will affect the functionality of an item [ SHOHAM 90]. For example a
buzzer cannot exhibit its supposed function when the assumption that "the the
clapper can be lifted by the magnetic field, against the spring’s restoring force"
is violated, or even if the assumption of being located in air with atmospheric
pressure is removed. The second reason is that functions (and causes) may not
be considered as "scientific" because they cannot be defined by lists of
objective attributes [RUSSELL 13], and they do not play any significant role in
explaining the nature of the items [BIGELOW 87].
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Ignoring FIP a source of misinterpretation of the first kind. The FIP principle
states that the context (or environment or constraints, ete.) is expressible in
terms of a pair of items or components. For the clapper and coil pair in the
buzzer example, either alternative lifting and releasing function, or remaining in
the released state are deducible.

Rasmussen has argued against the second reason [RASMUSSEN 80, 91]: "The
quantitative, relational representation of physical objects, [based on a selection
of practically isolated relationships] considers lhe objects to be a well defined
micro-world in which the relationships of the physical laws are undisturbed by
external factors -+ and their behavior can be described with no reference to
internal physical functioning. - This is not applicable for analysis of the
courses of events when the structure of the technical systems break down."

Causal or functional reasoning is more common in cases that the objects are
studied along with interactions with their environments, such as analysis of
accidents, using prototypical categories of causes and functions. They are
useful in the way they contribute to widening understanding and predicting
hypothetical courses of events, even if they might not be considered scientific in

restrict terms.
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Part 2:Qualitative Function Fo:rmation Technique

7. QUALITATIVE FUNCTION FORMATION: OVERVIEW

Generally, any system’s structure can be viewed as an organization of finite
number of interacting component pairs. Each pair is modeled by a set of
qualitative variables and qualitative operations. Each expression of this form
embodies the humans’ understanding of objects interaction™=.

Theoretically every two components may be paired, however among all possible
interactions, in each case only a limited number of them are actually coded in the
model (see Fig. 7.1). The models of the component pairs are joint together and
represented by a graph, Temporal Qualitative Flow Graph (TQFG), showing the
viewpoint from which the model is developed. TQFG depicts interactions
expressible by physical laws as well as those interactions representing a kind of
coordination, coded by temporal and dependency constraints. The extended
model embodies qualitative processes in which the qualitative variables are
related through temporally constrained qualitative operations. Processes can
"compete" and "cooperate” to realize the system’s overall function. Each process
relates a characteristic feature of the component pair to the effects they have on
the containing system. In qualitative terms such effects are described by the
Behavioral Fragments (BFs} (see Figure 7.2).

A function concept, for a system embodying a number of qualitative processes,

can be expressed in terms of:
a. Operationality, i.e. activated processes and their enabling conditions,

expressed in terms of the temporal and dependency constraints.

b. Repetition (i.e. persistence or an order in state transitions) in the trace of the
qualitative state vector (i.e. a collection of landmark values of qualiiative
variables) derived by qualitative techniques.

Although the technique is general, the focus is on designed artifacts with

lumped components (tools, devices, plants) rather than natural systems. The

reason is that in man-made systems the boundaries of the system itself is clearly
defined and interaction of the components are understood from an engineering-
scientific perspective. Therefore coordination and interactions among the
components are governed by well understood physical laws and/or standard

communication protocols.
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8. EXTENDED QUALITATIVE MODEL

A qualitative theory of change presumes theories of time and interactions
[ALLEN & HAYES 85]. Some models of time have already been adopted in quali-
tative reasoning [DeKLEER 90], such as: modeling time by linear sequence of
non-overlapping alternating intervals [FORBUS 84, WELD 86]; by sequence of
non-overlapping intervals separated by a number of instants™® [DeKLEER &
BROWN 84]; and by sequence of non-overlapping alternating intervals separated
by a single instant [KUIPERS 86, WILLIAMS 84, DeKLEER & BOBROW 84]. Interac-
tions are limited to the static and data-independent ones represented by a
number of qualitative operations (such as monotonic increase or decrease, etc.).
In function formation modeling interactions is central. The conventional quali-
tative model of the artifact should be extended to embody both the physical laws
and protocol based interactions.

For a pair (C., C=) of the system components, a qualitative expression has the

following form:
[Y] = O[X] 'D’ {N] S (8.1)

where X £ C. and Y< C=; 'D’ is a "when", "until" and "default" operation (see
below) and [Y], [X] and [N] are qualitative variables. O= {M", M7, 17, 1"}, is the
set of ordinary qualitative operations.

Qualitative variables are counterpart of physical quantities representing the
characteristics of the system’s inner and outer environments. Variables are
measurable (in control theoretic sense) and have a defined domain of variation. A
variable (shown by capital letters in square brackets such as [F], [G], etc.) has a
finite ordered set of paired landmark values and distinguished time points. They
are displayed in the form of a graph or a finite sequence given by (8.2}, when
eliminating the time points.

[X]: {le, LEX, Lgx, Tty Lm_] xy me} ....... (8.2)

For the qualitative variable X, the i*" landmark value is shown by L'x. The
relations between the qualitative variables are defined by qualitative operations
(0O). The operations are monotonic increase (M") and monotonic decrease (M™)
[KUIPERS 86], positive influence (I*) and negative influence (17) [FORBUS 84). A
term is either a single qualitative variable (e.g. [F]), an operation operating on a
variables (e.g. M*[F]), or any combination of them related by two-place addition
(+) and subtraction (—). A qualitative expression is composed of the terms joined
by equality (=) or ordering relation of relative values (< and <).
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O can depict the relation between landmark values (i.e., boundary values
[WELD 86] or limit points [FORBUS 84]) of qualitative variables. Intuitively, if the
monotonic increase (M*) or decrease (M™) holds between two gqualitative variables
[X] and [Y], namely, [Y]=M*[X] or [Y]=M~[X], there exists a one-to-one relation
between the landmark values of the pair [Y] and [X]. For the positive influence
(1*) or negative influence (I") cases, there is a mapping from a landmark point of
one to an interval bounded by two neighboring landmark values of the other (see
Figure 8.1).

For the qualitative variable X, landmark values are recorded on distinguished
time points and there is no guarantee that every landmark value can be recorded
on each time instant that the clock is incremented, so it appears that the
landmark value for variables on some of the clock ticks cannot be specified”'”.
Let (V) represent the qualitative variable on those instants. The sequence {8.2)

actually has the following fornl,
[X]: {le, V, V, sz, V, LE)(, tty L= Ky V, Lm)(} ....... (83)

In (8.3), (V) indicates that the information on some time instants is not available.
It also indicates the "relative" presence and absence of qualitative variables.
The "relative clock""'' [BENVENISTE 90] is used for describing the relative
timing of variables achieving their landmark values. In a system variables may
have different clocks and the model introduced herewith can be used to simulate
the behavior of such systems.

8.1 “when”,”until” & "default” expressions

"when", "until” and "default" expressions have the following format: (see Tables
8.1~8.3)

3i: [Y]= O[X] 'when’ ([N] is evaluated toL'~} {8.4)
3i: [Y]= O[X] ’until’ (N} is evaluated toL'x) ... (8.5)
[Y] = O[X] 'default’ O(Z) e {8.6)

[Y] and [X] are qualitative variables; [N] is another qualitative variable having
at least two distinguished landmark values; L'~ is the i*" landmark value of [N].
[N] can have only two landmark values and treated as a logical variable
evaluated to true or false. O is a qualitative operation, M", M7, I" or I".
Expression (8.4) says that [Y]=0[X] only when [N] is evaluated to its landmark
value L'~. (8.5) implies that [Y]=0[X] before [N] being evaluated to Lin, and {8.6)
indicates that generally [Y]=0[X], but in special cases that [X] is not present,
then [Y]=0[Z].
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8.2 Temporal Qualitative Flow Graph (TQFG)

Temporal dependency constraints are defined for the arcs of the qualitative flow
graph (TQFG). The arcs of TQFG are conditional gualitative operations whose

antecedents are dependency constraints.

DEFINITION 8.1 TEMPORAL QUALITATIVE FLOW GRAPH (TQFG)

TQFG is a digraph represented by 4 sets:

TQFG= {V, A, O, C} e (8.7)
V set of nodes standing for the qualitative variables;

A set of ares relating the two nodes;

O set of qualitative operations;

C set of dependency constraints;

All the arcs of the TQFG are conditional. A conditional arc is exhibited by:
A:{C -0} (8.8)
For each are, a€ A, a: {c>0}, when c< C holds, then 0< O is enabled.

Clock constraints are algebraic expressions that show the temporal relations
among qualitative variables. Basic notions that should be coded by clock
constraints are "absent" (V' ), "present", "true" and "false". They are
represented by mod-3 integers, as follows [BENVENISTE 901]:

*1 1 ¥i, L'« #V (present); 0 : vi, L'«x=V (absent);
+1 : True ; -1 :False; . (8.9)

Table (8.4) depicts the clock and dependency constraints.

8.3 Qualitative Process

A Qualitative Process (@P) is a finite, connected, uni-directional string of arcs of
the TQFG, relating an input node to an output one. An input node is the one with
an in-degree zero. Similarly, an output node is the one with an out-degree zero.

Processes show how an input variable can affect an output one (similar to the

definition of process in system engineering).

— 44i
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Table 8.1: "when" expression
[N]J| L'w~ L% Lin L™n
[X]
=
X v Tlo[x] v
v v vl v
[ IO | S ;
Table 8.2: "until” expression
IN]| L'w L®n Lin L™~
(Xl
e booolxl j| Vo) v
v PV v | v
; ; ; i
b o . 1 | A 4

Table 8.3: "defaull” expression

(X] X \v4
[z]
Z O[X] 0[z]
v 0[X] v
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Table 8.4: Clock & dependency constraints for temporal expressions
Expression Clock Constraint Dependency
Constraint
boolean:
A = True a-a=0 -
B =Not A b=-a -——=
C=AorB c = a®+b®-(atb-ab) -—
C=AzxorB c=-ab -
C=A&B c = a®-(abt+a+b) -
a®= b~
C = A’'when’ B c = a{-b-b=) -—
C=A’until’ B c=-ab -
C = A'default’ B c = ath(1-a®) -—
C=A+3B (c=a)or (c=hb) _—
Nonboolean:
[Y]= O[X] y&=x= v [X]=[Y]
[Y]= O[X] 'when’ L'n y== x°(-n-n%) y=  [X1—=[Y]
[Y]= O[X] 'until’ L'y v©=x°(~n) y=: [X]—=[Y]
[Y]= O[X] 'default’ 0[Z] | y== x=+z7(1-x%) x2 : [X]-=[Y]
z2(1-x%) : [Z]—=[Y]

u is the initial setting for B (+ 1 valued); x, y and z are coded values
(-1, 0, +1) of the qualitative variables [X], [Y] and [Z], respectively; a,
b and ¢ are coded values (-1, 0, +1) of the propositions A, B and C,
respectively; L'~ is the ith landmark of the qualitative variable [N]; n is
the coded value (-1, 0, +1) of the qualitative variable [N].

The notion of process has acquired different meanings in qualitative reasoning
distributed AI and teleology. Weld has defined continuous and discrete
processes by two sets of preconditions and influences [WELD 85]. Preconditions
govern when the process can be active and influences show how various
guantities are modified through an active process. In Forbus’ terms a gqualitative
individuals, quantity

process is specified by five parts: preconditions,

conditions, relations and influences [FORBUS 84].
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Compared to cur definition of process, some similarities are readily visible,
such as: qualitative variables stand for the individuals; dependency constraints
are the preconditions; M* and M~ replace the relations and I° and 1™ are the
influences. However, there are some basic difference: first, in functional reason-
ing one loocks for the effect of a process cn the overall system by deriving the
direct consequences of that process; second, the processes may actually work in
a cooperative way. Processes are extracted from the TQFG by decomposition, 1.e.
assigning the shared nodes and arcs between two processes to both of them. A
key point is distinguishing the effects of an input on the network of the over-
lapping processes. By exploiting the conventional definition of process and
qualitative simulation, a number of possible behaviors are generated and one
cannot establish a one-to-one relation between the inputs of the processes
(means) and a characteristic behavior of the system {end}, distinguishable from
the other behaviors. For the sake of removing the ambiguity in simulation, the
network of overlapping processes is decomposed and the characteristic behavior
for each process is derived. The next section shows how processes can be used
for deriving the actual behavior and how repetitive behavior can be detected.

Some other works show more interest in "eventuality" of a certain process#'~.
Detecting the repeating cycle and finding out what will be the outcome of repeti-
tion of the cycle is what constitutes the aggregation theory [WELD 86]. As stated
before, in case of artificial systems, eventuality for a process may be known at
the outset and possibly coded in the model. We are more interested in finding the
eventual outcome for a number of cooperating and competing processes. The
constraints on the way processes can cooperate or compete has a strong

influence on the final cutcome.
8.4 Behavioral Fragment (BF)

Behavioral Fragment (BF) is t}ie characteristic behavior of a process and is
defined as the record of landmark values for all the displayed qualitative
variable (i.e. those variables considered important to be tracked or recorded) of
that process. In teleclogical terms, decomposed processes and BFs described
here represent the "means” that can be combined together to achieve an end.

DEFINITION 8.2 BEHAVIORAL FRAGMENT (BF)
BFe; for a displayed qualitative variable V of the process P s, is a finite

sequence of landmark values ( L*.), of the form:

BF-,= {¥yveEP, | (L°v, L'w, ., L™V)Y e (8.10)
BFPj:{vVer |UnR=D (LRV)} ....... (8.11)
where, L™+ is the K*" landmark value of V; and UJ is a symbol for
abbreviating (8.10) to (8.11).
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8.5 Qualitative Simulation
on the Extended Model

BFs are derived by qualitative simulation (QS) in two steps:

1. Dependency constraint satisfaction on the arcs of the processes;

2. Landmark identification of the qualitative variables;

First, the simulator looks for the antecedents of the conditional arcs that can be
satisfied in a given situation. Through dependency analysis one can verify
which operations are active and which of the arcs of the TQFG can take part in
simulation. The processes whose enabling conditions of their arcs are not yet
satisfied, are deleted. On the next step, a conventional simulation program (such
as QSIM [KUIPERS 86] or Transition Analysis [WILLIAMS 84], etc.) derives land-
mark values for each variable of the remaining processes. The BFs are put

together in the qualitative state vector.
8. 6 Detecting Repetitions in Behavior

The repetition cycle is derived for each variable of the qualitative state vector.
Qualitative state vector for a component pair is composed of the displayed
qualitative variables of the processes that model the pair. Each instant of the
qualitative state vector shows either a landmark value (including V) or an
interval bounded by two landmark values of the variable, stated in its BF.

Repeating cycles are detected from the qualitative state vector. Fig. (8.2)
shows the algorithm. Note that different cycles for diferent variables can
possibly be detected. Each cycle may represent a functional concept from a
different viewpoint. If the cycle for all the variables is identical, then a unigque
function concept for the system is derivable.
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9. FUNCTIONAL DESIGN USING
QUALITATIVE FUNCTION FORMATION

There is almost a consensus in design community that structures and functions
have a complementary role in design [STEIER 90]. QFF is a method for linking
function to structure.

Conventional computer aided design (CAD) systems provide an environment for
detailed design. However, the more intuitive activities of design, l.e., those
related to functional design, are to be handled by the designer. Basically,
functional design is not just a direct transformation between goal specification
and the designed object in physical terms, but it requires iteration between
considerations at various levels [RASMUSSEN 83}. Such iteration may be timely
and complicated for the human designer and can be conveniently shared between
the CAD system and the designer. In functional design the initially given

information are:

1. A desired function f for the designed artifact;

2. A menu of design preferences, including the decomposition of f into a number
of other functions, £ .:--f »;

3. Specification embodying components’ interactions and design constraints;

Specification and preferences are described qualitatively, using the extended
qualitative modeling technique. Qualitative simulation and QFF can lead to:
arrangement of components necessary to fulfil £ (i.e. selection problem), and
possible deletion of redundant components; identifying function of the design
artifacts (i.e. identification problem); explaining why a component is exploited in
the design (i.e. explanation problem); and verifying that the designed artifact
achieving the desired function (verification problem). These are explained by an
example of a pressure tank system shown in Figure (9.1). There is a uniform
supply of material to Tz through CVs. The pressure in T= is controlled by the
settings of CV. and CVs. The overall amount of the two phase material (denoted
by material A and B) in T= is controlled by CV. and CVz. The pressure in T. is
controlled by CV.. The level of the material A in T: is controlled by CV, and CVz.

9.1 Identification of Functions

In function identification each component pair of the system is modeled and the
furiction of each pair as well as the function of the whole system is derived from
their model. Let’s consider a portion of the pressure tank system, shown in Fig.
{9.1), composed of two valves CV. and CVs and the tank T.. The qualitative

extended model, clock and dependency constraints, TQFG, processes and BFs for
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this system are given in Appendix (Fig. A.1, A.2 and Table A.1). Here we consider
only a portion of the system for simplicity to make the underlying concepts
conerete and clear. There are three object pairs: (CV., T.), (CVs, T») and (CV.,
CV=). The relation between (CV., T.) as well as (CVs, T,) can be specified
through some physical rules of flow and conservation,

(CV., Th): [F.]=[G:]1 =M'[Qcv: ] 'when (Qcv.>0)

[Fin-T1] =M*[G:] ‘when’ (Qcv,>0) .l (9.1)
{CVsz, T1): [Uz]= [Kz] =M*[Qcv=] 'when’ (Qcvs>0)

[Fcut/Tl] = M+[U2] 'when’ (Q cwa >O) ........ (9.2)
(CV., CVs, T1): [Fr:] =M Fin 1+ M[Fouerr:]

[Hr:] =I"[F+1 e {8.3)

[F.], [G:], [U=] and [K=] stand for the flow in and flow out for the valves CV, and
CVs; [Fin.+:] and [Fou.-+:] are flow of material into and out of T.; [Fr.] is the
net flow of material; and [H+:] is the level of material in T.;

Clock constraints {using Table 8.4):

£.2=g8:2 =wovi(~wevi—wovi?)

finri® :ng(_wGVI“wGVIE)

U=" =ko* = wcvez("wcvs—wcv:—;E)

foverri® =U="(-@Wova-@ova®)

(fr. % =fin %) or (f-rxzz fousrT17)

h+* =f,2 (8.4)

Dependency constraints (using Table 8.4):

woviZ(~weovi—wev:=) [Qov ]=M"™=>[G.]

wWovst(~weoves—weva®) ! [Qova]>MT>[U=z]

g:%(~wovi—@Waovi®) 1 [Gi]>M*>[Fin. 1]

UzZ(~wsvs—wWaevs") : [Uzl»>M*=[Foue-r:] (8.5)

The TQFG for this system is shown in Fig. (9.2a). Behavior of the component pairs
can be derived, for a given initial setting, using qualitative simulation and clock
and dependency constraints. For the pair (CV., T,), assuming that (Qocvi >0)
and (Q cv==0), from the clock constraints one can derive that.

hT'IE: f—r12: fih/T’12: f12= g;EZ 1
fourrT1%= U="=k=s=0  deeeeee (96)

_52ﬁ
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The only active process is Ps with the following BF:
BFez: {(Q (XS >0)—>(FT1 >0)—>(H°‘r1 <H~+: éH(Ti) max)—>(HT1 =H:r1> mcx)}

This implies that the level of material in the tank will increase up to the maximum
allowable level. The function of the pair (CV., T:) éan be derived using the
persistence or cycle detection algorithm. Clearly the persistence in the level of
material in the tank is detectable, therefore, the function of this pair is to
maintain the level at the Hcr1s mox, that may be called "FULL". Note that the term
FULL is just a name for reference, whose functionally relevant meaning is
described by the landmark value Hc+ 1) max fOr the pair.

FULL t:Hr1=H¢rt iy max P TEPPPED (8.8)

Similarly for the pair (CVs, T:) assuming that (Qcvs>0) and (Qcv:=0), one can
get to (h'r12: fr.%= Is u«-_/'r12: uz== k= l) and (f{n/‘rlzz f.== ng: O) for the
clock constraints and the active process is P= with the BF,

BFe=: {(ch3>0)—>(FTl <0)_>(H(T1) min=HT, <HDT1)_9‘(HT1 =H¢r1» min)}

Implying that the level of material in the tank will decreases till the minimum
level and the function of the this pair (CVs, T.) is to make the tank "EMPTY",
described by,

EMPTY :Hri=Hetismsin (9.10)

When two processes can simultaneously cause the state transition to different ‘
states, in order to determine which one may happen first, some additional timing
constraints must be included in the model. When deriving the function of the
overall system with both valves opened, i.e., {Qcv=>0) and (Qcv:>0), it is
visible that the variable H+, can possibly have any value within the whole range
of variation (Hirismin S Hr1 £ Horivmax) without necessarily sticking to either,
implying that the tank can be neither FULL nor EMPTY and the overall function
of the system is ambiguous. The reason, as stated before, is that some of the
component pairs, such as (CV:, CVs) are not included in the model. Imposing
constraints on this pair may lead to a definite function. Those constraints are
selected as a design preference, fulfilling a goal of the designer, rather than
being governed by a physical law. QFF selects an item from the menu of design
preferences and identifies the function of the system. Such a menu relates the
unconstrained component pairs by extended operations "when", "default” and
"until”. Some design preferences and their functional cutcomes are given below.
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CASE 1. Design Preference for Safety:
CV= opened by default

The designer may be have the intuitive goal that the system should work
normally but respond to some possible faults, such as CV: clogged. The
qualitative model is similar to (9.1)~(9.3), with an additional default expression,
and clock and dependency constraints related to this expression are changed:

[F11=1G:] =M [Qcv:] 'Wwhen’ (Qcv.>0)

[Finv:] = M*[G,] 'when’ {Qs+v.>0)

[Uz] = [Kz] = M*[Qcvs] 'when’ (Qcva>0)

[Fooerri] =MT[Uz] 'when’ (Qcov=>0)

[Fri] = M*[Fin 7] 'default’ M [Fourrr1]

[H+: ] =1*[F-] e (8.11)

Clock constraint:

f12:g12 :wcvuz(‘wéVL‘wcv12)
fTirn r1° 3312(—(:)0\/1-0)0\/12)
U.EE = kzz = wGVBE(“wcva"w cvaz)

1122(—&) cvIT W cvsz)

H

=
fout/Tl
fT'IE :fin/T12+fOuz/T1E(l—fin/le)

]_’]_.:_12 =f'1“12 ........ (9-12)
Dependency constraints:

(x)cvaz(—a) CVI_wCVIE) : [QCVI}_)M+"">[GI]

w CVBE(_&) cwvzaT W GVBZ) H [Q cva]_;M+_>[U2]

g (~wcvi~wov.7) : [Gi]>M*>[Fin 7]

U (~wova—wWaeva) : [Uz]>M*—>[FouerT1]

finoT1™ t [Finotri]>M™=[F1.]

frove -t 2(1-Finr:2)  :[Foue m M =[F-1 (9.13)

The TQFG in this case is shown in Fig. (9.2b). Let’s consider the case that CV. is
opened ( Q cv: >0). In clock terms it means that (w ¢v:=1). Using clock
constraints, one can derive that (fin.r:%=1) and (hr:"= fi,.v:%). Therefore
[H+:] and [Fin-v:] have the same clock. Active arcs of the TQFG due to depen-
dency constraints are those of P> and simulation generates the BF==. It follows
that the function of the whole system is to make the tank FULL, finally.
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If [Fin.+:] is not present (due to a fault making CV: clogged), then (fin-+:=0)
and (hti2=fou. r1%). On TQFG, the arc ([Fin.v:]>M"—=[Fr:]) is not active any
more, but ([Fou-r:]->M —=[F+.]) becomes active, instead. Now the process P=is
responsible for the behavior and simulation generates. the BFpe. Similar
argument shows that the system functions as making the tank become EMPTY.

CASE 2. Design Preference for Safety:
Vs opened when liquid level
passes a critical wvalue

Let the goal of the designer be limiting the level of material in the tank, perhaps
for safety purposes that should be met by the system. The qualitative model for
the same system including such constraint is:

B = (HTT;H(T])CPtl)
[Fl]:[GI] :M+[QCV]] ’Wheﬂ,(gcv1>0)
[Fin/T'l] = {M+[G:] ‘When’ (ch1>0)} 'until’ B

[Uz] = [Kz] =M [Qcva] "when’ (Qcva>0)

[Fouerr1] =M'[Uz] 'When'B

[Fr:] =M [Fin ]+ M [FourT1]

[H+:] =I*[F~1 e (9.14)

Her1s ora1 is the critical value for the level of water in the tank. Obviously,

HCT'l)cr'tlg H(Tl)msx ........ (9.15)

Clock constraints:

£:2=g.7 =Zwecvi{(-wevi—wWaovi)

finom12 =g (-@evim@eviT)(=D)

=" =k=" = (x)cvaz(‘&) cvs— W c:vaz)

fouser - =U=2"(-b-b%)

(fr:% =fin i Z)or Fr1® =fousr %)

hri.® =f.® e (8.186)

Daependency constraints:

wov H-wovi—wovi®) 1 [Qovi]eMT=[Gi]

wovei(~wove—waeva®)  [Qeovs]>MT=[Uz]

fin T:i® :[G 1M > [Finrr1]

u=2(-b-b=) : [Uz]=>M " =[Fouc 1]

foue % [Fove 1M —=[F-:] e (9.17)
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The TQFG in this case is shown in Fig. (9.2c¢). When the condition B is false
(b=-1), indicating the critical level is not achieved yet, then (fouwrr.7= 0} and
the arc ([Uz]-=M"—=[Fou.-+:]) cannot be active, Theréfore, only the process Pz is
responsible for the behavior and simulation shows that the level in the tank
increases until B becomes true. When the condition B is true (b=1), indicating the
critical level is passed, then (fo...r:°=u=") and the arc ([Uz]->M"—>[Fou+-T1])
becomes active. But Ps is not active any more because (f:~.r:”=0). Therefore P=
ensures that level will decrease until the critical condition is violated again. The
behavior in this case is (see Fig. 8.3):

HT'\ = {HOTT, HCT])cr‘tI, H'T] ;H(T‘l)crtl, H(Tl)crtl, H+: gHClecrf.!, H(Tl)crti, }

(Hr+ ZHcr1ser) and (Hr: SHerier«) are landmark values on the next immediate
time instant after the level passes the critical value. Using the cycle detection

algorithm, one can derive the following cycle in behavior:
{H(Tl)crtl, HT‘I gH(TI)Cr‘tI, H(T1)u:rtw, HT'I éH(Tl)Cr‘tl, H(Tl)crtl} ........ (919)

This implies that the behavior swings around the Heryorer. One can call this
cycle "MAINTAIN". Then the function of this arrangement is to maintain the level

around Her:saren

9.2 Explanation of Functions

The reason for a component being selected to be a part of the designed system is
explained in terms of its contribution to the functionality of the design. In
producing explanation, the effects of individual components on the system
should be identified. Qualitative processes and BFs are found useful. The
simulated behavior of the processes exhibit the way that the components
contribute to the functionality of the system.

Let’s consider the tank system (Fig. 9.1) and explain the why a given control
valve, such as CV=z, is exploited in this design. The pressure valve CV= appears
in three processes (Ps, P+ and Ps). Their behaviors are:

BFre= {[Q sve: 0, {(Qosw=z>0)], [U: 0, (U:>0)],

_ [Foue-r2: 0, (0€Fouer28Fuerama)]} s (9.20)
BFe-= {[Qcve: 0, (Qov=>0)], [U:: 0, (U, >0)],

[Hra: Ho vz, (Herz min SHe2<H°-2)]} (9.21)

BFro= {[Qov=: 0, (Qov=>0)], [U:: 0, (U, >0)], [K: : 0, (K. >0)]} ... (9.22)
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[U;] and [¥X.] are the flow in and flow cut of the valve CV= whose state variable
is [Q cv=]; [H+=] is the overall level of material in T=; and [Fou+.-+=] is the flow of
material from T= and T.; When CV= is opened, BFre indicates that the flow of
material out of Tz (Fou.-+=) can increase and BF-- indicates that level of
material in Tz decreases. BF-s indicates that it helps material transfer to the
reservoir tank. Therefore, in qualitative terms, the effects of expleiting CV= in
the system are:

CVE: (O<Fout/T2§FCDut/T2)max) & (H(TE) mingHT2<HDT2) & (Kl >0) ------- (9-23)

The reason for exploiting CV= can be explained in terms of these three landmark
values. An explanation may include.either one or all of them: "CVz can ease the
flow of material out of T=, reduce the level of material in this tank and transfer
material to the reservoir tank.”

The possible outcomes for other components are given in Table (8.1). Note that
an explanation, even if including all the effects given in Table (9.1), is neither
sufficient nor necessary [CUMMINS 74]: observing any of those effects
mentioned for CV: does not necessarily imply that CV= is responsible for such
cbservation. Also there are some other effects of CV: on the system due to other
pairs it might take part in with the other components that such effects may not

be realized by the behavior of the disjunctive processes.

Table 9.1 : Possible contributions of the components of the pressure
tank system to the functionality of the whole system

CV,: (H°+;<Hr1EH(rirmax) & (Here minSHr2<H"12)
& (0<Fourt m28Fcouvs T2 max)
CVz: (0<FouwT128Fcurrtamax) & (Hera minSHr=<H°r2) & (K. >0)
CV=: (Kz>0) & (HerirminSHri <H°+1)
CVe: (P°71<P+1EP¢rirmax) & (0<A'n 71 SAcn Tmex)
& (0<As w22 Acur Ty mex) & (Pirer minEPr=2<P°r2)
CVs: (PirmminSPr2<P%r2) & (0<Acu t2SAcur 12 nax) & (J5>0)

CVe: (HOTQ<HT2§H(TE>max)

9.3 Selection of Components

Let’s consider again the tank system and the design goal f: maintaining the
level in tank T-. A proper arrangement of the components that can contribute to
this is to be derived. The specification for the design in qualitative terms,
ensuring that the function f can be exhibited, is given below.
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T :(HTEgH(TEB Fix)

[F.1=[G:] =M"[Qcwvi] '‘when' {(Qcwv.>0)
[U:]1=[K.] =M'[Qcvez] 'when' (Rcv=>0)
[8.1=[E:] =M"[Qcve] 'when’ (Qsve>0)

[Fin Tzl =M*[E.] 'until’ T

[Hr=] =I"[Fin r=]

[Ha.T2] =1[G.] ‘when’ T

[He.-T=] =1"[U.] 'when’ I

[Hrz] =M*[Ha re]+M [He =] e (9.24)

[U,], [K:], [S:] and [E.] stand for the flow in and flow out of the valves CVz and
CVe; [Qcv:], [Qova] and [Q cve] denote state variables of the valves; [Fin.+=]
is the flow of material into T=; [Hr=] is the overall level of material in Tz; [Ha-r=2]
and [He. =] are level of material of types A and B in Tz; Heres Fix 1S the desired
level of the tank T-. This model is examined for validity.

Clock constraints:

f.2=g, chv12(—a)cv1‘wcv12)

W:2=k.® = wove(~Wover@cocva")

5123612 = (x)cvez(-wcvs"‘a)cvez)

finor="  =e®(-7)

h+=" =f n 2

ha, v=2° = gaz(-'}"yg)

he 2" =WH(-Y-7%)

(h-=" =ha-r==) or (hr=" = e v=22)  aeeeees (9.25)

Dependency constraints:

weviH~wovi—wevi®)  [Qevi]»M—=[G]
Weves(~wove—wWaova®) : [Qevz]l>M™—>{K.]
Wevs (~wove—Wave”) : [Qove]>M*—[E:]
e 7 (-v) : [E,]>M*=>[Fin-T=]
g:%(-v-7") : [G:]»I =[Ha rz=]

u:“(~y-v°) : [U. ]I —=[Hs-~z] e (9.26)

The TQFG in this case is shown in Fig. (9.4). When T is false (¥ =-1) indicating
that the desired level is not achieved, the only active process is Ps and the level
will increase. But when I' becomes true (¥ =1), then processes P, and P~ are
active and Ps is inactive. Therefore the level will decrease until the T’ condition
is violated again. Let’s assume that there is no other design preference and
verify which of the components are crucial to this arrangement. Deleting CVe and



JAERI-M 91—225

the process Ps is equivalent to setting (w ¢vs=0). It follows that the no process
will be active when (¥ =-1). Even if (¥ =1), P. and P- become active and
simulation and cycle detection verify that they both lead to the "EMPTY"
function. On the other hand, it can easily be shown that deletion of CV, or CV=
(P. or P-), but not both, from the design can possibly lead to the proper
functioning. Therefore CV. and CV= are redundant for the given function.
However, let’s add another preference that the level of B-liquid should not
exceed a given level (in order to ensure that A-liquid cannol leak to the
reservoir tank). This adds the following expressions to the model (9.24).

D =(HB/T2§Hts/T2)nm) .
[HE/TE] = {Ii[U'l] ‘when’ F} ‘unti ® (9.27)

Additional Clock and Dependency constraints are:

he. rt= = 1112(—'}’_72)(‘_@") """" (9.28)
WA=y -¥E~¢) :[U.}2T —=[Hs~=1 e (9.29)

Here when I’ becomes true (v =1), the process P. will become active and Ps is
inactive. This ensures the level will be maintained. But P- can be active only
when & is false ( ¢=-1). Only in such case, it can help P. to regulate the level of
material in T=. Therefore, the valves CV, and CVz contribute to the functionality

of the system in different ways and cannot be deleted from the design.
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10. EXAMPLES

10.1 Example 1: Verification of
Functions of & Pair of Scissors

In this example the function of a pair of scissors is derived and the necessary
‘conditions for which it can have such a function are specified. The qualitative
model for the system is given below. It is assumed that the central point P and
one of the edges are fixed (see Fig. 10.1). The other edge can rotate around the
center point P. The rotation can be halted either by a collision with an external
object or due to the limiting degree of rotation. After a halt, if the material is
"goft" the rotation can be carried on. If it is "hard" the applied force and the
direction of rotation will be reversed.

W COLLIDE
SOFT material
—S = HARD material

tn
"

U = (Wor ®emex)
1 =(WOr ®sm:a)
X =(W&S)

Y ={W& "8)

[®=] = {I*[F] ‘'when’ ®sm:n} ‘until’ U

[G] =M7[F] 'when’Y

[G] =MT[F] 'when’X

[®:] = {17[G] 'when’ W} ‘until’ ®smin

[®c] = {I"[F] 'Wwhen’ ®owax} 'until’v

[(®=] = {I'[G] 'when’ W} 'until’ ®smax i (10.1)

® 5 is the degree of opening between the two edges and [F] is the net applied
force. ® smax and P emin are the maximum and minimum allowable degree of
opening between the edges of the scissors. W is a logic variable indicating the
collision has happened. Note that W is a characteristic of the pair of scissors and
the C_utting material (the cloth).

Clock constraints :

u WP smax -~ (WP pmax~ W@ omax)
v W3t P smin-—(WHP amin~Wh amin)
X =W (Ws+wW+8)

v W+ {wWs-w+s)

$Z =t (- @Bomin-Pomia)(-U)
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g= =f°(-y-¥%)

g= = = (-x-X%X%)

$s° =g5(-W-W)-Pom:n)

P’ =f2(-Pomax—Pomax )(-V)

p° =g°(-W-Ww)(-Pomax) o (10.2)

Dependency constraints:

fz(—¢ Bmin"¢smin2)("‘U.) H [F]—>I+—>[(DB]

fP(~ P emax— B amax ){(-V) : [F]l=I—=[®5s]

£=(-y-y=) : [G]=M~—>[F]

f=(—x%x-x%) : [G]>MT—[F]

gE("W-WE)("QsBm;n) : [G]_>I+_>[q)8]

g2(-wW-W=)(~P omax) (G-I =[®s] (10.3)

There are (4) processes responsible for the behavior shown in Fig. {10.2}.
The processes Ps and P. depict the collision mechanism and P, and P= show the
reversals of the behavior.

In case of free rotation with no collision (i.e. w=s=0), the constraints are

reduced to:

u =@ emax-— @ Bmax

\4 =@ omin ~Pamin

$s" =1 (-Femin-Pomin)(-U)

$pu= =f(-Pemex—9 Bmax- ) (~V)

g” =0 e (10.4)

It is clear that the processes Ps and P., are not active and only P. and P= are
responsible for the behavior. If (¢ sm:in=1), then the procéss P. will be active,
indicating that the value of the [® 5] increases monotonically from its initial
value of @ =m:n. This increase will be halted by [® =] reaching ® &mex, where (¢
smax=1) and the process P. becomes responsible for the behavior. Fig. 10.3(a)
shows the collision-free behavior of the pair of scissors. The free behavior of
the scissors is represented by successive transitions between two landmarks of

a qualitative variable [® 5],

{@Bmin, @Emax,¢8mln, @Bmax, ---} ....... (10.5)

By using the cycle detection algorithm the (Pomin, ®amax) cycle denotes the
system’s function in this case. We may call it "ROTATE" function:

ROTATE : ((I)Bmin, (DEmax, (I)Emln) ....... (10.6)
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In the general case a collision with an external object (cloth, metal bar, etc.)
occurs. In such case the collision-free behavior will be halted whenever the
collision appears (i.e., w=1). If the material is hard, the process P= becomes
responsible for generating the behavior (see Fig. 10.3 b). On the other hand, if
the material is soft, the edges can pass through it and the process P. will be
active. The arc [G]—=I1"—=[® =] of Ps or P. can be active when a collision happens
either on the rising or the falling edge of ¢ =.

In case of hard material, simulation shows that two possible behaviors (see Fig.
10.3 b),

{@Bmin, (I’Bmex, @Bm{n<¢18<¢5max, (pﬂmax, @Bmin<®28<¢8max, ---}

e (10.7)
{@Bmin, @Bmir\<®18<®8max, @Em\'n, @Emin<®23<@amnx, (I)Bmir\, ...}
....... {10.8)
and the following cycles in behavior are detectable:
(@Emax, @Bmin<®5<®8max, @Bmux) ....... (10.9)
(@Em]n, (I)ern<<I’E<(I)Emax, (DBmin) ....... (1010)
Similarly, in case of soft material three behaviors are derived,
{@Emin, @Bmax, @Emin<¢18<q)}3max, q)smin, (I)E!max,
@Bmin<®28<¢8max,®3min,@Bmox, --.} ------- (10.11)
{@Bmin, @Bmin<®18<¢)8max, (I’Emax, cmeih,
@Bmin<®25<@5max,¢5max, q)Bmin, ---} ....... (10.12)
{@Bmsn, @Bmin<¢18<¢)}3max, @Emax, @Bmin<¢25<@5mex,
@Bmin, @Emin<®28<®ﬁmax, @Bmﬂx, ---} ....... (10-13)
The cycles are (see Fig. 10.3 a):
(@Emin, @anx, @Bmin<¢)5<®5max, @Bmin) ....... (10.14)
((I)Emin,cbsmin<¢)}3<®amex, @Bmex,@smin) ....... (1015)
(QEmin, @Bmin<@18<®5mnx, (I)Bmax, @Bmin<®25<¢)8msx, @Emin)
....... (10.16)

Obviously, the cycles for the five possible behaviors are not identical, indicating
that the system functions differently due to certain interactions with the
external objects, and only one of the cycles may represent the cutting function.
(10.9) and (10.10) indicate that a collision happens on the closing and opening
the edges, respectively, but the material is hard and the edge cannot pass

- 65,
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through it, so the behavior is reversed. (10.11) and (10.12) also indicate collision
when closing and opening, respectively, but the edges can pass through the soft
material. (10.13) shows that the collision happens on both edges of the pair. If an
additional condition limits the cutting on one side of the edges, for example inner
edge, then collisions when [® 5] is rising do not represent the cutting function,
therefore only (10.9) and (10.14) are selected. If a collision happens when [® =] is
falling, and the material is soft, then the cutting function is realized. Therefore
(10.14) is the only proper definition. The necessary condition for the function
"cutting" is shown by (see Fig. 10.3 b),

TI<Toollide§TE ....... (10.17)
cuT: (@Bmin, @Emax, Pemin<Pe<Pemsox, q)Emin) ------- (10.18)

10. 2 Example 2:
Identifying Similar Functions

In this example we show that the function formation method can identify similar
functions of two structurally different objects: a pair of scissors and a nail
clipper, although different in structure, it can be verified that they exploit quite
similar processes to realize their functions. The similarity is visible through the
repetition cycle in their behavior.

Let’s find the function of the nail clipper, shown in Fig. (10.4), and compare it
with the CUT function of the scissors. The gualitative model for the nail clipper

is given below.

W

COLLIDE

SOFT material

= HARD material

= (WOr Luax)

=(WorLunin)

=(W&8)

= (W& —8)

[L] = {I"[F] 'when’Lun:n} ‘unti’’U
[G] =MT[F] 'when'Y

[G] =MT7[F] 'when’X

[.] = {1"[G] 'when’ W} 'until’ Lna
[L] = {I"[F] 'when’Lmex} 'until’ v
(L] = {17[G] 'when’ W} ‘until’ Lumesx e (10.19)

] @
ta
1l

MoK < g
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The variables are shown in Fig. (10.4). Laax and Lnin are the maximum and
minimum length of opening between the two edges of the clipper, respectively. W
is a logic variable indicating the collision has happened. Note that W Is a
characteristic variable of the clipper and material to be clipped.

Clock constraints:

u =W H e~ (WH m e x=Wlmax)
v W i 2 = (Wl 0~ Wl n)
X —w=-(ws+w+s)

vy =w=H({ws-w+s)

12 = % (-lwin=lm: n=)(-0)

g- =12 (-y-v*)

g= = f=(-x-x%)

1= = g% (-w-w7)(~lm:xn)

12 = f%(-lmexlmax®)(-V)

12 = g2 ew-w) (lmax) (10.20)

Dependency constraints:

f2(-lminlm:n2)(-1) : [F]=1"—[L]
F2(-lmeaw—lmeax"}(~-V) : [F]—=1 —=[L]
2 (-y-v*) : [G]>M™—[F]
2 ({-x-%%) : [G]=MT=[F]
gZ(-w-w)(-lmin) : [G]=T"—[L]
g2(-W-w=)(~lmax) c[Gl-Tr>[L] (10.21)

The TQFG is shown in Fig. (10.4) and processes are similar to Fig. (10.2). In case
of no collision only processes P: and P- are responsible for the behavior.
Whenever the collision happens (i.e., w=1) and W has an independent clock. In
case of hard material two possible behaviors are,

{Lmir‘., Lmax, Lm[n<L#1 <Lmax, Lmox, Lmin<L#2<Lm5x, ooa}

....... (10.22)
{Lminy Lmin<L#1 <Lmax, Lmin, Lmin<L#2<Lmax, Lmin, ---}

....... (10.23)
and the following cycles in behavior is detectable:
(Lmax, Lm[n<L<me, Lmax) ....... (10.24)
(Lmin, LmIn<L<Lmax, Lmin) ------- (10.25)
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In case of soft material three behaviors are derived,

{Lmin, Lmnx, Lmi1'1‘<L#.i <Lmax, Lmin, Lmax’

L n<L"<Lmasy Lmin, Limasy o} e (10.26)
{Lininy Linia<L®' <Limnax; Lmaxs; Lmin,

Lin<L¥2<Limasy Lmas, Lminy eeed e (10.27)
{Loin, Loin<L® <Lmax Lmaxs Lmio <L**<Lmex,

Lumin, Lmin<L"2<Lmax, Lmaxy .} e (10.28)

and the cycles are:

(Lmin, Lmax, Lmin<L<Lmﬁx, Lmin)' ....... (10.29}
(Lmin, Lmia<L<Lmax, Lmasy Limin) e (10.30)
(Lmin, Lmin<L3l<ngx, Lmex, Lmsn(L#E<Lmax, Lmin)

From (10.7)~(10.16) and (10.22)~(10.31) one can derive that the behaviors and
dependency constraints for the nail clipper and the pair of scigsors are identical
and the CUT function for both can be defined similarly. Therefore the two
objects belong to the same class of systems having the function CUT.

cuUT : (Lmin, Lmax, Lmin<L<Lmax,Lmin) ....... (10.32)

10.3 Example 3:
Explanation of Function
of a Door Buzzer

The components of a door buzzer system are shown in Fig. (10.5). The qualitative

model of this system is:

" : Clapper closed;

B : Switch On;

Tw @ Coil's attraction force;
Fr : Spring’s restrain force;

® :FuzFr

X :T"&B

C . Electric current in the circuit;

iC] =[C.] = [C=] 'when’ X;

[Fw] =1*[C] 'when’ X;

T =1‘'unti’’ ® e (10.33)
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Clock constraints:

N
1

c. %= c22(-X-X%X%)
x= YE-(y B+y+8)
= e®(-x-X=) (10.34)

)

2
N
I

Dependency constraints:

(-x-x7) [Cl=1"—[Fx} e {(10.35)
The behavior of the system can be simulated. The landmark values of [Fu]
depend on the relative values of the magnetic attraction and spring’s restrain

forces (see Fig. 10.68), and the cycle in behavior can be detected. One may call it a
"BUZZ" cycle.

BUZZ: {Fmo, Fr, Frac } (10.36)

i69__
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Fig. 10.2 Qualitative processes for the pair of scissors
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11, AREAS FOR FUTURE RESEARCH

11.1 Functional Operationalization

Besides function formation, humans also use functional operationalization (FO)
(e.g. deriving the necessary conditions to consider an item to be a "cup"). In
function formation only some of the enabling conditions for realizing a function
can be accounted for. For example in cutting function of the scissors, the
softness of material may be the only factor included in the model, however, there
may be some other enabling conditions such as shape or sharpness of the edges,
size, etc., that might affect proper functioning. Such a list can be infinite in
general. Functional operationalization (FO) derives the minimum set of conditions
for realizing a function in a given environment.

In FO one should examine methods for transforming a general description of
functional concept into another description which is an operational one. A
functional concept can be regarded as operational if a minimum list of iis
enabling conditions are specified or derived from the already existing data in
the knowledge base [KELLER 87, KEDAR-CABELLI 87]. A general technique of
functional operationalization is yet to be developed.

11. 2 FR & Planning

In Al terms, planning is seeking a goal point in a defined search space (domain)
through operators acting on the points of the domain. The plan itself is the
sequence of points in this space leading to the goal. Humans seem to have a data
base in which the objects are associated with several functionalities, and
vice-versa. Planning is performed in a functional level and later it is elaborated
to meet the conditions imposed by the real world. What makes an object to take
part in a plan, in the first place is its function rather than its structure or
behavior. Planning in this sense means building routines of actions and
describing items in the plan by their functions; e.g. in a plan for drinking water
any object having the function of "container" with proper size and graspability,
such as cup, glass, etc., can be exploited.

In a plan, the knowledge on (function—item) association enables the planner to
search for new items and exploit different items to realize the plan. On the other
hand, knowledge on (item—function) association allows using items in other ways
that they were intended, offering more flexibility when the resources are limited.
In conventional systems the association between functions and items is
prerecorded. The QFF technique offers mechanisms for deriving and recording
such associations. An action planning technique making use of the QFF can be
developed and applied to robot programming.
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11.3 FR & Resource Allocation

Most of the planning systems have implicit assumption that every plan is

executable. When tailoring those techniques to robot programming, in many cases

generated plans may fail due to lack of proper resources and tools. For example

the plan for "hanging a painting on the wall" generally cannot be executed if a

nail and a hammer with the desired function are not accessible or cannot be

utilized. Resource allocation is a way of making plans executable.

In some planning systems, such as NOAH [SACERDOTI 75] and NONLIN [TATE &
WAITER 84], resource availability should be correctly axiomatized, checked and
updated in the preconditions and effects of actions [WILKINS 83]. Some other
works, such as SIPE [WILKINS 83], the resource allocation problem is considered
for main functions of items associated with the actions in a way that a
precondition of the action is the availability of the resources. This approach has
certain advantages over other techniques, such as NOAH, that can resolve the
resource conflict after the planning is ended. However, there is still some lack of
flexibility in allocating resources in the ways other than those specified by the
precondition of actions. FR may offer such a flexibility.

Humans can deal with limited resources in two ways:

a. Pushing a level down in functionality and assigning new functions to objects
other than their prime functions. Example is using the handle of an
screwdriver to realize the function of hammer.

b. Tool building by assembling cbjects from the simple ones which can possess
new functions other than their building parts.

FR techniques can imitate both (a) and (b). The results can be used in the action

planner described above.
11.4 FR & Tool Utilization

FR technigues can be used for tool selection and identification, e.g. selecting or
identifying tools for performing tasks such as opening a bolt with a spanner.
This may include cases that require the use of tools in novel ways other than
they were conventionally used before. This can be implemented in an intelligent
robotics system for maintenance and repair tasks. The robot can select the

proper tool in each situation based on their function and availability.
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11.5 Simulation & Explanation

Common sense reasoning is another area of application of FR. Explaining how an
object works, using the FR, closes the gap between the qualitative reasoning
techniques and the actual explanations generated by humans. Explanation relies
highly on modeling and simulation of behavior of the system, aggregation and
generalization of the behavior [DeKLEER 84, DeKLEER & BROWN 84, WELD 86]. A
scenario for embedding FR in the gualitative reasoning was presented in this
report, making extensive use of the item’s inner environment (physical
structure). This can not explain some traditional questions with reference to
function, such as "why animals in the Arctic have white fur". Further research
is required to be able to generate functional explanations with less reference to

the internal environment.
11.86 FR & Categorization: Learning

Category is defined as a common concept for addressing a number of objects
considered equivalent. ‘Categorization of objects can be based on perception,
iconic images or functions [ROSCH 78]. Humans can categorize items by their
functions by considering their specific properties in a given situation or by
finding analogies between similar features of two items. Learning function of
items using QFF, presented in this report, resembles the machine learning
process of concept formation [GENNARI 89]. An interesting area of study can be
deriving function of items by analogy. More research on this topic is required.

11.7 FR & Fault Diagnosis

In explaining why the object could not achieved its desired goal (e.g. why my car
could not start this morning), an explanation containing functional terms is
usually given [SEMBUGAMOORTHY 86, FINK 87, ABU-HANNA 91]. In conventional
fault diagnosis systems functional knowledge is implicit in the heuristic rules
and can be addressed in a passive way. FR techniques make it possible to reason
about function of objects, their enabling conditions and the violations of
enabling conditions that is a fault. Specially, the QFF technique introduced here
can serve as a link between the two levels of what called shallow and deep
model-based fault diagnosis. Instead of assigning functions to components by
the system designer, they can be derived and learned in the course of action.
More research is required to elaborate this idea.
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11.8 FR & Distributed A1l

In FR a component’s function can be understood in the context of other
components, physical laws, and protocols specified by the designer. Components’
coordination give rise to the activation of the processes. Processes have the role
of cooperative "agents" in distributed problem solving systems [LESSER 81]. The
coordination among them is governed by dependency constraints. The processes
may cooperate but also can have conflicting outcomes: compensate or eliminate
the effects of some other processes instead of adding up the results.

Processes may put light on the way components can contribute to the function
of the system (see Section 8). Still some more research is required. Specifically,
two main topics of interest are temporal clustering and cohesive clustering of
functional concepts. In temporal clustering one should be able to derive the
serial or parallel influence of functions of paired components on the overall
functionality of the system that they are components of it. In cohesive clustering
the degree of influence of function of the pair on the overall functionality of the
system should be examined (see [SHEKAR 90] for some discussion on these).
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12. CONCLUDING REMARKS

This report was composed of two parts. In the first part results of the diverse
FR researches within a variety of disciplines were reviewed and the common core
and basic problems were identified. FR was placed in the context of other common
sense theories of the real world. A major achievement was putting the ideas and
assumptions in the FR on a more concrete basis. In the second part the
qualitative function formation (QFF) technique was introduced. QFF is a general
method for deriving the function from the qualitative behavior. Some original
contributions of this work were:

a. extending the common qualitative models to include interactions and timing of
events by defining temporal and dependency constraints, and binding it with
the conventional qualitative simulation.

b. Defining function concepts as interpretations of either a persistence or an
order in the sequence of states, using the trace of the qualitative state
vector derived by qualitative simulation on the extended gualitative model.

c. Providing solution to some of the FR problems.

d. Suggesting a method for generalization and comparison of functions of
different objects.

Typical applications of QFF in functional design of artifacts was introduced and

a number of other application areas were also suggested. QFF is considered as a

useful technique in the HASP and can potentially contribute to task planning,

learning and tool utilization. Some of those applications are the subject of the

forthcoming repoerts.
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FOOTNOTES

#1

#2

#3

#4
#5

#6

#7

#8
#9
#10
#11

#12

An item is a process, a mechanism or a physical object. A physical object
may be an assembly of simple components. A component is the minimum
physical building block which cannot be decomposed to other components.
The term "intention" is used in the narrow sense of a kind of "plan” that
includes a representation of the object and its future effects.

Bobrow has mentioned six tasks for qualitative reasoning (QR): simulation,
envisionment, building mental models, diagnosis, verification and
deducing functionality [BOBROW 84]. However, FR has not yet been
emerged to a certain area of study in QR.

Design approach is sometimes called CAD approach.

Components that only participate in local feedback loops do not explicitly
appear in the mechanism graph.

We use the term "history"” in a sense slightly different from that of Hayes,
where some variables of interest may replace or be added to the three
dimensional spatial coordinates.

Close or similar ideas are mentioned also by the Locality of Histories
[HAYES 85], Connectivity Hypothesis [FORBUS 87] and Pairwise
Interaction of Parts [FALTINGS 90}).

This is called modeling with reference to conscious cbserver,

An instant is a closed interval with zero duration [WILLIAMS 84].

Specially in distributed systems.

The relativity in time is described elsewhere by temporal ordering of time
intervals [ALLEN 83]. However, in our work by relative clock we mean the
relative frequency of occurrence of events.

What we call "process” is referred to as a repeating cycle by Weld. In his
terms, a cycle is simply "a collection of processes which can indepen-
dently repeat activity", and he refers to a process as a kind of rule with
preconditions and actions [WELD 86].
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APPPENDIX :
EXTENDED QUALITATIVE MODEL
OF THE PRESSURE TANK SYSTEM

A controlled valve has two states and a single state variable, Qcv.
YCV: (Qowv:>0): OPEN;
(Qov:=0): CLOSED;

V:[F.], [G:], [U.], [K.], [U=], [K=], [Fz], [G=], [J:], [N:], [S:] and [E.] stand for
the flow in and flow out for the controlled valves CV.~CVs valves, respec-
tively; and [Qocvil, [Qcvel, [ eva], [Qoval, [Rcvs], [Rcve] denoting the
state variables of the valves;

[F ] =[G ] =M [Qcwv:] 'whaen’ (Qev.>0}; e (A.1)
[U ] =[K.] =M [Qcve] 'Wwhen’ (Qcv=>0); e (A.2)
[U=] =[K=] =M*"[Qcv=] 'when’ (Qcv=>0); (A.3)
[F=] =[G=] =M"[Qcva] 'when’ (Qecva>0); (4.4)
[J.] =[N.] =M [Qcvs] 'when’ (Qcvs>0); e (A.8)
[S:]={E.] =M*[Qcwve] 'Wwhen’ (Qcve>0); (A.6)

The structural constraint is the initial pressure difference between Tz and T».

([P°+r=]>[P°+.]) 'when’ (Qev >0, (A.7)
([POT2]>[POT1 ) 'when’ (QC}Vd)O}; ........ (Ag)

[P°r=] and [P°+,] are the initial pressures of the tanks Tz and T..

There is a uniform supply of material to T= through CVe. The pressure in Tz is
controlled by the settings of CV. and CVs. The overall amount of the two phase
material (denoted by material A and B) in T= is controlled by CV: and CV=. The
pressure in T, is controlled by CV.. The level of the material A in T. is controlled

by CV.: and CV=. These are expressed qualitatively,

[P.]and [P=] pressures due to the flow of air from Tz;

[P+=] net pressure of Txz;

[Br:] net pressure of T;

[Fin.r=] flow of material into T=;
[Fin-T:] flow of material into T.;

[Hr=] overall level of material in Tz;
[Harz] level of material of type A in Tz;
[He. =] level of material of type B in T=;
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[(FourrTz] flow of material from T= and T:;
[Fr.] net flow of material in T1;
[H+:] level of material in T:;
[AsurrT2] net flow of air from Tz;
[AaT1] fiow of air into T;
[P.] =1"[Gz] 'when’ {(Q cv4>0)
[P=] =I7[N.] 'when’ (Qcv=>0)
[Pr=] =M"[P:]+M"[P=]
{Fin-rz] =M*[E.] 'when’ (Qcve>0)
[Hr=] =I1"[F:in T2]
[Hr=] =M*'[Ha r=]+M" [Hes r=]
[Hao-r=] =1[G.] 'when’ (Qc+v:>0)
[He. =] =I[U.]'when’ (Qcv=>0)
[P+:] =1*[G=] 'when’ (2 cv2>0)
[FinoT1] =M"[G.]'when’ (Qcv.>0)
[FousrT1] =M"[Uz] 'when’ (Qcvz>0)
[F+.] =M*[Fin ri]+M [Fouerri]
[Hr:] =I"[Fr.]
[Fouerr=] =I'[U.J+IT[F:]
[Acuerrz] =IT[N/]+I7[F=]
[Ain 1] =I'[G=]

Clock constraints:

£,7=g,%
w"=k:"
=" = k="
=" :gzz
,]-12 =n.,=<
s % =e”
P~

p==

pTEE
fin T2
h+=%

h-+z%
hA/TEE
I’J.IB/TE2

Prn

fln/TIE

=

i}

(J)cv12(_&)ov1—0)cv12)

= wcvzz(-&) cve— W cvzz)

wcvaz(_ﬂ)cvz“ﬁ)cvsg)
&)c'vaz(‘wcva-wcv«AE)
weve (~wevs=Wcvs)
wcvsz(-avas-w cvsz)
g=2(-wova—Wcvas)
3 (~wcovs~Wovs)
P = p="

e;z(“(z) cv@‘wcvsz)
finr2"

ha-r2 = he 12"

g °(-wovi—wev. )
ulz(—a)cvz-wcvzz)
g-"(~wova~Wacva®)

gxz(—w cvz-&)cv12)

........

........

........

........

........
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foverT1® = UEE(—&) cva—ﬁ)cvzz)
i =fia.riT=tou T ®
hT'}E :f'T"[2

fout/TEZ =u;”® =f,=

Aoue Tz = n. = =f="

QinoT1o = gzz

Dependency constraints:

Wevi”® :[ch1]—>M+“>[G1]
Weva" : [Q CVE]%M+%[K]]

Wovas : [Qovs]>M"—>[Kz]
Wova© [Qoval M —[Gz]
Wovs” :[Qeovs]>M"—>[N,]
Wosve” i [Qeve] M —[E.]
g=" : [Gz]=T =[P ]

n. = : [Ny ]=I"—=[P=]

e = : [Ei]>M"—>[Fin12)
g.” : [Gy] 2T —>[Ha =]
u = : [U:]>1"—[Hp. =]
g="  [Gz]=>I7 [P+ ]
g.= (G ]>M = [Finr1]
Us”® P [Uz]=>M " >[Fouerri]



JAERI-M 91—220

Table A.1: Behavioral Fragments for the pressure tank system

BFe:= {[Qova: 0, (Qova>0)], [U=: 0, (U=>0)], [K=: 0, (K=>0)]}
BFro= {[Qcva: 0, (Rcva>0)], [Uz: 0, (U=2>0)], [Fri: 0,(Fr:<0)],
[Hr1: Ho+1, HersminSHo <H°+1)]}
BFrs= {[Qcv::0, (Qowv:>0)], [G:: 0, (G:>0)], [Fr:: 0, (Fr:1>0}],
[Hr: H° 1y, (H°+:1 <H-+: SHeriymax)l}
BFee= {[Qcvi: 0, (Qovi>0)], [Gy: 0, (G >0)],
[Hrz: H°r2, (Hire min2Hr2<H°+2)]}
BFes= {[Qcvi: 0, (Qov:>0)], [F,: 0, (F:>0)],
[FourrTz: 0, (O<Fcut/TE§F(cut/T2)max)]}
BFee= {[Qcvz: 0, (Qov=>0)], [Ua: 0, (U:>0)],
[Fouewrz: 0, (0<Fourt2SFour Tt max)]}
BFe-= {[Qcvz: 0, (Qcva>0)], [U1: 0, (U, >0)],
[Hr=: H° 72, (Hrz min SHr2<H®r2)]}
BFes= {[Qov=: 0, (Qcv=>0)], [Ui: 0, (U:>0)], [K: : 0, (K1 >0)]}
BFro= {[Qcve: 0, (Qcve>0)], [E1: 0, (E: >0)],
[Hre: Ho 72, (Hro<HrzSHirm mex)]}
BFrio= {[Qcva: 0, (Qeva>0)], [Ge: 0, (G=>0)],
[Pri: P+, (P°+:<P+1SPcriymax)]}
BFri1= {[Qcva: 0, (Qcvs>0)], [Gz: 0, (G=2>0}],
[Ain vt 0, (0<Ain 11 SAGar T mex)]]}
BFei=2= {{Qcva 0, (Rcva>0)], [G=: 0, (G=2>0)],
[Aoue vzt 0, (0<Acvuwr2SAcui Ter max)]}
BFria= {[Qcva 0, (Qcva>0)], [G=: 0, (G=2>0)],
[Prz: PPra, (Pir2yminEPTa<P®r=2)]}
BFerie= {[Qcvs: 0, (Qocwvs>0)], [N.: 0, (N:>0)]
[Ptz P°r2, (Pirz=sminSPr=2<P®<2)]}
BFe:s= {[Qcvs: 0, (Qowvs>0)], [N 0, (N >0)],
[Aous 72 0, (0<Acut2SAGur Tesmax)]}
BFris= {[Qovs: 0, (Qcvs>0)], [N:: 0, (N:>0)], [J1: 0, (J. >0)]}
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Fig. A.2 Qualitative processes for the pressure tank system




