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A Formal Model through Homogeneity Theory

of Adaptive Reasoning

Roberto Gariglianoe and Derek Long

Abstract

We address the problem of how to deal with inaccurate, incomplete and
changing information We proceed hy formally comparing existing reasoning
sysiems in order to precisely define which features are needed and which
should be avoided In order to do so, we construct a formal theory,
which we call homogereity theery. The equivalence of the transformation
rule of identity, for each reasoning system, 10 some expressions of
homogeneity theory is proved. An order is then induced among the systems
analysed using the expressions of homogeneity theory,

Some natural crilteria  are  formally defined in  order to evaluate the
respsctive  power of the systems, which Jead to a second order of the
systems, embedded in the first An intermediate model and finally the
model, called adaplive reasoning system, are speciflied. They are proved
to be sronger than the systems previously examined, according to the
criteriz  defined.

The central idea in the adaplive reasoning system is the auempt to
recognize patterns of behaviour in sources of information, ot areas of
interest, and regulate the reliability of the sources and the sability of the
areas accordingly. The adaptive reasoning rystem i3 equipped with yardsticks
against which to judge and regulate its own performance.
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Chapter 1

Introduction

1.1 The Crisis of Growth in AL

Artificial Intelligence is a new field, at most forty years old, depending on
the preferred birth date. Most of the advances bave taken place in the

last twenly years, since the development of the first expert systems

It is ne wonder, then, thai the subject appears to be in a rather chaotc
siate, with a generally acknowledged lack of theoretical foundatons, an
unfortunate tendency to the hyperbolic in titles of papers, and an inflated
use of tlerms for which there are no standard definitions (ofien no
definitions al all) or for which the new use does not match the accepted
one. At the same (me the area is Joaded with mmelicolous analysis,
calculalions and implementations so disproportionate with respect to  the
weakness of their central ideas that one could be forgiven for thinking that
the former are inlended to disguisc the latter. On top of all thiy, AL s
more and more ailracling an emthusiastic  interest from indusity  and
governmenis (probably born oul of fear} which, while extremely beneficial
10 the researchers and their institutions, lends 1o pul an enormous pressure
10 deliver here and now: this is usually not the best recipe for healthy,
sicady growth.

This siwation however is nol due merely o the exuberance of youth; iwo
other important factors play a key role. The firm is the nature of the
subject itself: on one hand, the final goal is such that it can only produce
great enthusiasm or complele sceplicism - hardly anything in the middle -
once the real objective is wvisualised; on the other hand, there are
intermediale goals of many kinds 1o be achieved along the way, even for

those who cannot sce the final aim or do not believe in it



The second factor is the intrnsic interdisciplinarity of the subject: logic,
mathemalics, philosophy of several kinds, linguistics, psychology, siatistics,
sociology, amatomy and physiology (human and animal) all have an interest
in AL, a coniribution to make and a potential gain 10 extract. It is only
toc be expected that such a wide ranging collaboration should cause clashes
of methodology, lerminology and backgrounds, attempts 1o steer in opposile
directions, and gaps in communications, with consequen. duplication of
efforis

To summarise, AL is a young subject, with a very ambilious goal and
lots of sb-goals and by-products; il i3 the cross-point for several
previowsly unrelated disciplines; and it is very hot, in the sense that new
developmens can spring up (and disappear) at a very high rate. Al ihis
is of cows very nice, expecially i one shares the interest for 1the ultimate
objeciive and has some longing for a less specialised, more interconnecied
ideal of sience. On the other hand, this situation brings with itself the

problems of confusion, lack of rigour and wild claims already mentioned.

We would therefore suggest that the present work be read on two different
levels: as a contribution to the methodology of AI, and as a cortribution
to a pardcular area of the subject, which we consider central, namely the
theory of reasoning engines The former is embedded in the struclure of
this work, but nol explicitly discussed anywhere else, and for this reason

we explain it here in more detajl.

12 A Methodological Contribution

There are of course many very well organised papers in this area, bul we
think 1hat there is stll the scope and the need for a further atempt al
standardization. Al is an applied science of the engineering kind, in the
sense that the overall goal of the enterprise is to comatruct something, or
at least to give a complele apecification [for comstruction. Any
contribution to the field must then sarnt with a problem affecting that

overall goal, and discuss some kind of solution w0 it. The stariing point of




the analysis can and often must be very far away from the solution, but
the ligtaom must be present already; otherwise the work is better considered
as a piece of pure mathematics or linguistics et celera, which could
subsequently be applied to AL. It is all oo natural for researchers coming
from other disciplines to pursue their old interests under a new banner.
Tempting as it may be, Lhis pfaclice causes, aL best, an exces of material
useless in AL terms, which ends up obscuring Lhe relevant contribuiion.

Al this point it is worth saling what {5 increasingly recognised as the
overall goal of Al: AL is concerned with simulation of sueccsaful
human behaviour. Note that the qualificalion intelligent is unnecessary,
since trivially if human behaviour is reproduced in general, its intelligent
subset is reproduced as well, while unintelligent behaviour is by definilion
cruder than the intelligent kind, and thus it does not tepre=at any
additional task. The advaniage in avoiding the term “intelfigent” is that our
understanding of it is not only very fuzzy bul, what is worse, strongly
dependerit on  social ctiteria  For example, diagnosing with considerable
degree of success a lung illness is naturally considered a higher kind of
activily than driving a car in a jammed towm, simply because very many
of us can easily learn the second skill, while only few possess the first. It
has nevertheless turned out that the former lask is much easier 10 simulate
than the latter, and for reasons of adaplive ability which, at lean in our
view, caplure the common meaning of “intelligence” (a3 well as 1he
evolutionary ore) better than a prepackaged set of deductions. The 1erm
“sugcessful™, on the other hand, is easily undersiood as “achieving the
desired goal”, whatever the goal is The concept of “successful” is much
safer o use lhan that of “intelligent” because the former is naturally

relativazed, while the laiter claims a very controversial absoluteness

A sccond poimt worth noting in this definition is the siress on reproduction,
or simulation, of human behaviour, instead of human mental processes.
This i3 esential in order to distinguish between Al and, say, experimental
psychology.  While the 1wo disciplines can have a profitable interaction,
their aims and melthods can be very different: esentially, Al can wuse
modelling techniques of any kind, as long as they allow a needed result to
be reached, while psychology must concenirate on those which are plausibly

used by the mind itself. Similarly, a vision system by radar would be just



as good for lne A.L researcher, but useless for the ophthalmic experi

Once the problem has been identified, the main ideas used in its analysis
should be explicitly stated and, if necemary, discused This is the part of
the methodobgy inherited from philosophy: the concept is that there are
always hidden assumptions behind apparently obvious statements, and when
the assumptions are controversial in the field in which they are used then
they should be declared

The third point is to develop as many of Lhe iechnical tools needed as
possible before atlacking lhe central problem. The uwtility of this precept in
terms of modularity and, consequemtly, east for proving and modifying units
is self evident; it forms part of the standard kit for the working
mathematician. A great deal has been sid aboul it recendy in sofiware
engineering but, in our opinion, from a differem perspective.  The most
important [eature in the clasic mathematical approach is 1he construction of
lheories which are much more abstract ard general than the particular
problem requires, and their use for discovery and proof of properties which
would be far too complicate lo analyse at a more specific level, but which
will nevenheless still hold once the details are filled in. Most of the
“formal methods for specifications”, on the other hand, do rather tbe
opposite, marting from specificalions which lie on the same plane as 1he
final soluton, only much mote simple-minded. As a result anything proved
there hag to be proved again and again, as more details are added, in a

time-canstming game sometimes called “data refinement”.

Another essential point is 10 show the match belween the philosophy and
the formidism. It does not have to be carried ow at every point - for
example part of the supporting mathemaiical theory could be justified
simply by its use in the final model - but it is surely helpful 10 maich
the two sides as oflen as possible, and it also alleviates the final burden.
Il could also be claimed that, in order 10 have developed that particular
theory in the first place, the researcher muslt have had some kind of
intuition about its connection with the final problem, and atlempling to
make this relation explicit would not only help the reader, bul also the
author.



A further point of methodology is how to relate the main goal of AL
wilh the partial, tentative achievements that a pardcular piece of research in
Al can hope for. The criterion 1hat we have adopted is that of
“extendability”. If the proposal, specification, or piece of code which
inevitahly lies at the end of the paper can be envisaged as a useful step
lowards a stronger construction, able to deal better with a wider range of
problems, then it is probably worth having done it As a prerequisite, this
crilterion requires the existence of a larger project, a vision that goes beyond
the particular solution. We think that without such a general direcion no
important results in AL can be achieved, given the holistic nature of the
centra] problem, Previous results can be adapted, improved, ofien just nicely
packaged, wilthout the direction of research that we claim essential, but all
this bas more 1o do with marketing than with science, or at least with A.L
as we intend it. It is ¢lear, though, that even under such a perspective,
the judgment of what will prove useful at a later stage can only be
subjctive and prone to error. For this reason, we consider this gnideline to
be on a different plane from the others; nevertheless, we have taken the
decision nat to complete our specificalions when to do so, wilh the means
available at this stage, would have suggested a way forward which we
believed 10 be a dead end. This happens expecially in Chapter 6

13 An Overview of the Work

We now outline how the present works fits into the lines of development
that we have advocated above.

Chapter 2 is devoted to a description of the problems we are addrasing,
to a discussion of some philosophical points about knowledge and reasoning
relevant 1o our understanding of these problems, and to an ouline of the

general direction of research within which this work is 10 be considered.

Our problem is not new in Al: how lo cope with inaccurate, incomplete
and changing information. That is 1o say, according to our definition of

Al't main goal, how to simulate, at least partially, a succesful human



behaviour under such circumsiances. In Chapler 2 we argue informally that
the solulions proposed umil now, namely sysiems based (or so it is claimed)
on clasical, intuitionistic, non-monotonic, fuzzy logics et cetera.  are
unsatisfactory for scveral reasons, and we give an outline of what we
would consider an improvement on them. We then examine some pointa
which have been raised during this discussion, or which underline some part
of the analysis Among thess are the nature and role of inconsistencies, the
subjective versus the objctive view of acquisition of knowledge, the relation
between amumption, reasoning and evidence, and the basic assumption of

homogeneity.

Finally, we pressmt a direction of research in  which the reasoning
mechanism is expected o play a cemral role in many different ways, from
consistency recovery (discussed in this work) 1o the natural language interface
or the sensorial data analyser. While this more general projct is litile more
than an intuition with a lot of hope, several pars of it (like the
“reasoning by analogy” module) are already specified or in ihe process of
being constructed.

In Chaper 3 we proceed 1o the definition and exploration of a
mathematical theory which we call homogenreily theory. We explain how
it relates to some of the points made in the previeus chapter, and we
prove some interesting results in it that are used later in Chapter 6 We
then apply it to the analysis of the standard problem of individuals,
gaining some understanding ithat we expect to be very usefu]l in subsequent
developments (mainly beyond the presnt work).

In Chapler 4 we define Lhe concept of a reasonjmg system in relation to
that of a logic, we then transform five importanmt classes of logics into
\heir respective reasoning systems and proceed to analyse them. We argue
that the wansformation is necessary because in Al we need a reasoning
entity rather than a reasoning ¢ool. This part of the work is connected
with the need of formally comparing the solutions that have been presented
to our problem and showing their weaknesses In order to do this a
formal framewerk is constructed in  which it i3 possible to carry oul
analysis and proofs about the behaviour of the reasoning systems in Lheir

interaciion with the environment,




Chapler 5 is devoted to the analysis of the five clases of reasoning
systems through homogeneity theory, In particular, we prove that the rules
of identily convert into rather complex assumptions of homogeneity, and
that these in turn can be placed in a partial order. A discussion of 1he
implications of these results follows We then propose some very natural
criteria to judge the performance of the reasoning sysiems in telaion to
their environments, namely their ability 10 “survive™ and “react™, and we
prove lhat these tests impose an order on the systems Which is embedded
in the previous one. The consequences of thess proofs are Llhen discused

In Chapler 6 we first present an iniermediate model, called unforgiving,
which is useful to complete the comparison of the other five. We then
proceed to the construction of the final model, belonging to the class of

adaptive reasoning systems.

The part of the adaptive reasoning systems presented here is concerned with
what we call a consistency recovery mechanism. As mentioned before,
places are left where we foresee modules developed in tbe fulure, using
additional techniques, fitting. This occurs when a possible solution at his
slage does not point (owards the future development thal we envisage,
Thus, nolwithstanding its appearance as a funciiona] language program, this
model is not to be seen as a complete, implementable specification, but
rather as a formally defined step in the direction we intend lo pursue. On
the other hand we have laken care nol to specify any mechanism which

would be, once implemented, computationally not feasible.

In the definition and construction of this model, as well a3 in the
complexity analysis for some paris of i, we have drawn heavily from our
definitions and results of Chapter 3 about homogeneity theory. Since the
adaptive teasoning system is a natural extension of the unforgiving one, we
do not prove formally its dominant position in relation (o the five
previously examined. This is an application of the technique to prove
results over simple models that could be casily reworked for the extended
models, but where the proofs would then be too long and tedious

Conclusion are drawn in Chapter 7.



1.4 Reading this Work

In organiting the pressntation of this work we have adopted virtwally
throughoul the following schema. Firm comes a  general overview of the
ideas behind the material 1o be exposed in Lhe chapler. This is intended to
convey a flavour, and to st the right frame of mind: for these reasons it
is often left very open and not tightly connected to the [ermal part that
usually follows

We then proceed to Jist a series of definition and proofs with wvery lLtle
English explanation; a note at the beginning of the section advises where
the explanations are to be found. We are aware of the difficulties that
this approach can create, but we have nevertheless decided to use it for
the following freason: while any expression, in a formal of natural language,
can be interpreted in several different ways according to the background
knowledge used, a natural language tends to suggest that one of these
“enriched™ interpretations is in fact inlended by the author. Once this
impression i created, onr lends 1o force everything that [ollows ino that

frame, instezd of going back and modifying the interpretation.

A formal language, on the other hand, nou only specifies exactly the
minimal common inlerpretation required, but also, because of its being so
alien, postvely discourages any inwoitive addition of mearing from anybody
but the moxt immersed of mathemalicians. We believe that the additional
context dependent meaning s absolutely necessary, but that having 10 pass
first through the formal definitions helps the mind o keep some crilical

detachment from its own inlerpretations.

The crow-references provided allaw, in any case, for a differem siyle of
reading. Not only could the explanations be read before the formal
definitions and proofs, but also, for example, the basic definitions of the
theory of homogeneity could be left wumil Chapter 5, while the more
complex resalts of Chapter 3 are not used until Chapter 6. We have
valued rigour and modularity more than smoothress and immediate

applicability, but we recognise that ihese are mainly questions of laste.



We have explicitly referred in the text 0 a particular author only when
our interpretation could have given rise lo coniroversy, or when it tould
otherwise have appeared as ours original conuribution. Otherwise, even when
some particular source could have been identified, we have preferred o
omit the reference, while presenting the standard interpretation. We have
done so mainly because most of the ideas have been around some time, or
exist in many different shades, and we have neither the gqualification nor

the interest for assigning intellectual patents.



Chapter 2

Problems, Philosophy

and Direction of Research

21 The Problems

The problem we are addresing is how o cope with inaccurate,
incomplete and changing informationn There can be linle doubt that this
is the kind of information we receive most of the time, and, by our
definition of AL, coping succesfully with it is consequently a challenge for
any AL program.

While the precise definition of a suceessful behaviour is clearly open to
controversy, we think there are some basic fealures upon which most of us

would agres as forming an essential part of any succcessful response.

The first of these features is clearly the ability to maintain an interaction
wilh the world, despite the deceiving quality of the informaticn (he world
is providing. This may seem a trivial reguisite, but that is because the
need to ineract is so entrenched in us that we take it for granted. In a
machine, however, it has lo be reproduced in some way, and this creates

some interesting consequences, as we show in Chapler 5

The second, natural requirement is that Lhe system should learn from
previous mistakes of misrepresentations: again, the idea of learmirzg is rather
fuzzy, but surely must include the concept that if one goes through the
same misiake, or accepts the same mistepresentation, twice wunder simiiar
circumstances, then that person has not learnt from the previous experience.
There are some exceplions to this rule, as always, bul in mest cases it is

very sound and intuitive.



Also, the cbange in behaviour must be consistert with some principle: for
example, we would not think much of a random reaction. The principle
we follow s that the reaction is expecled (o minimise the chances of the
same problem occuring again in the future, while at the same time least
reducing the interaciion with the environment. There are clearly other
possible ways of balancing these wo guidelines, or even other posible
guidelines altpgether. We suggest thal in Lhe humans, al the top level, these
principles could be very resistant to change, if not fixed altogether, but
that a large body of reasonable changes and adaptations is possible within
the framework of fixed pguidelines We outline a discussion of these basic
principle, which we call metivations, in Section 310, The ptoblems of how
to balance them, and of what kind of wvariations are possible in thal fixed

frame are examined in Chapter 6

There is then a second, more sophidticaled aspect of leaming, that s
learning about ihe aptness of one’s own reactions. That is necessary becauss
even a very reasonable reaction ctan turn oul 1o be wrong, or simply
badly tuned. We would then expect the sysiem 1o be able 10 re-cxamine
any previous decision. In order to do so, a fenmsiem between different
motivations must  be creaied.  Also, the system should monitor fis own
behaviour as well as that of its environment, and the same basic triterion
for learning should he applied 1w its reactions, so that if a pattern of
decisions does not achieve the result hoped for, the same kind of reaction

will not be used idenlically a second time, in similar conditions.

Another important feature is connected 10 the need for taking action. We
would expect a system (o recognise that 1he wrong information, believed
sufficiently strongly (o acl uwpon i1, is much more serious than irformation
which was not trusted up 1o the action poirt in he [irst place As a
consequence, the reaction should be that much more drastic in the former

case,

Finally, we all know thal many problems, apparently due to bad
information, are in fact a consequence of some kind of misunderstanding.
The question of natural language understanding is beyond this work, but we
claim that some of these problems have a direct root within the logical

structure  of the reasoning system, typically the assumplion of persistency



over lime, whicb can cause changing information to be taken for inaceurate.

Chapter 5 and 6 are partly concerned with this issue

We point cur that, despite the complexity of 1the problems addressed and
the reactions required, the amnalysis and the parnial solulions proposed take
place at a very basic level in the organizalion of a reasoning system: as a
matter of fact, most of the work pivols upon the transformation rule
of idemtity, while even an elementary rule, like modus ponens, is avoided.
This i3 because we believe that 12 9 in the aimple acts of accepting
and preserving datg that a large part of these problems ariase, and

thus a good solution should reflect 1his

There are, on the other hand, several similar problems for which an
adequate solution can only involve additional capacities, be it reasoning
power, background knowledge or interface sophisticauon, A Lypical case s
the contradiction between different sources (cf. Seciion 61). Some possible

ways forward are outlined in Chapter 7.

2.2 A Crilicism of Existing Sclutions

We now briefly discuss some solutions which have been proposed to parts
of the problem. The arguments presented here are of an intuitive kind,
and reflect the intuitions behind the present work. A formal criticism is

embedded in the apalyses of Chapter 5.

The first point we want to raise is that the logics that have been
suggested as the core of a reasoning machine, have been originally devised
as lools, not descriptions of a working entity. The translation is nol
difficult, of course, but it is imporiant Lo make il, in order to avaid the
complex paris of a reasoning protess being carried out only in the minds
of author and reader, when the merit 35 claimed for the mechanism
(theoretical or implemented). An ineresting  consequence of  this obvious
requirement is that any mela-level process used, must be specified inside the

system. For the rest of this section we will adapt to the common



lerminology, referring to logic as agents.

The Prolog community, on one hand, claims that classical logic is all we
need to reason efficiently; our opinion is that Prolog itself is nol basd on
classical logic, but on a form of non-monotonic logic. This is due 10 the
presence of the overriding and of ihe negaiion-by-failure features A
detailed discussion of these poims can be found in Chapter 4.

The non-monotonic logic community, on Lhe other hand, has f{ocused
explicitly on the need to deal with contradictory information, but ignored
all the problems abeut consistency and reliability that a fully committed

approach to inconsistent information can create,

The problem of how to manage contradiclions which arise is clearly esential
in arder to deal with uncertain information: in fact, in almost alf kinds of
problems, uncertainiy must be accepted at the meta-level as well as at the
object level, otherwise we would find ourselves pretending absolute certainty
about the exient o which we are unceriain (in which case we are really
talking abowt precision of approximation, not uncertainty of information).

Of courss, while approximation iz a perfecily safe concept when properly
used, meta-level uvncertainty can cause incorrect information and inferences,
hence contradictions and the need 10 recover from them. [t follows tha
the problem of recovering from and reacting to contradictions is central 1o

unceriaimy logics as well, like fuzzy logics or Incidence calculus.

Here follows the intuitive base of our criticism of all these approaches, in
respect (0 the problem of conmsistency recovery.

23 The Difficulties with Existing Options

Our criticism of the oplions based on classical and iniuilionistic logics is Lhat,
in their pure forms, these logics do nol “survive” contradictions at all, in

the sense that they cannot admit them and preserve some part of Lhe



theory under examination. R is our contention that, because of this reason,
no working system is actually based on the pure forms of these logics, but
that they all include feaiures which are either completely exirantous to the
spirit of the logic or, a1 best, embed meta-level operations thai, from the
outisde observer’s point of view, flaiten these systems onto {weak)

non-monotonic onex

We  ideniify the following shoricomings  with  systems based on

non-monotonic logics and uncertainty logics

(i) No learming from ezperiemce - This is the ceniral poim of our
criticism and, consequently, 1he atlempt lowards ils solution is the main part
of our work. In a slandard non-monotonic logic the only message
conveyed by a contradiction is than a piece of informaiion previously
believed true is actually false (for the time being). We think that the most
important thing that can be learned from the discovery of an inconsistency
is something other than this, namely that a source of information is not as
irustworthy as was assumed, or that a subject is not in as well-ordered a
flate as i1 appeares, or that an (unstable} inference technique is les reliable
than §t semed, or a combination of all three. This would also be the
natural human reaction: we claim (hat such a fealure should be part of
the reasoning core iself, and thal this extension is central in order 1o

provide a solution for the problems described in (i), (iii) and (iv).

(it} The need for infinite degrees of certainty - if an  uncertainly
logic can alier 1he truth value of a siatement as many times as it is
required, then, if the logic is Lo bhave a model at all, such a model must
be equivalent Lo one wilh infinitely many degrees of certainty. If not, the
model should sooner or later zllow the assignment of iwo opposite truth
values with an identical degree of certzinty to Lhe same statement at the
same lime, and this is in conlradiclion with the concept of logic itself,

non-~mornolonic or otherwise.

Nevertheless, such a model with infinite degrees of uncertainty is clearly
unnatural and impossible 1o ranslate inlo a2 meaningful human scale of
degrees of belief (or anything like that). We note that some versions of

unceriaimly calculus are in fact equivalent to non-monotonic logics, because



they admit infinitely many “adjusiements” ({cf. Section 4.10).

(iii) Ne fized “uciiom peimt” - We call an *“action point” that degree
of certainty (or belief) high enough for decisions and positive actions to be
taken upon it. It is clear that, for most practical purposes, such a degree

of belief is as good as the top one

It is obviously desirable to have the action poimt fixed at some point,
according to some external parameters like urgency, importance of possible
effects etc.. This is because it would be ludicrous 1o consider “z7 degree
of ceraimy enough to take some aciion now, and “2z” not good enough
for the same thing a little later, under the same conditions. This is what
is bound to happen in the mode! with infinite ordered sentencial wvalues

menlioned in (ii) above.

(iv) No tending towards stabilizatiom - Since a non-monotonic jogic has
to accept a change of trumth values when the user so wishes, no stable
picture of the world could ever emerge from the kind of poor information
that we try to deal with: this is at odds with the everyday experience of
mast of us, where we try very hard o achieve a relalively stabilazed

picture of the world,

In fact, it is so important for humans to obtain a seady, lasting image
that many of us give up any altempt at improvement and hold fas1 1o

their views, no matter how uselessly,

Also, the need for stability is evident in science, whete complex, well
founded and wuseful Lheories are not discarded simply because a  counter
example has surfaced; if, on the other hand, sufficient evidence has been
accumulated against the old Lheory, and a new, more powerful candidate
has been elaboraied, then the collapse of the old theory is not perceived as
a simple readjustment, but as a “calasirophe™ requiring a deep revision

(cf. point (1))



2.4 The Proposed Solutions

We now examine our proposed solutions to the zbove problems in general

terms. In Chapter 6 we will relate such solutions to a2 mathematical model.

In order 1o take any action aboul the source of information and its
subject two conditions must be satisfied: firstly, such a source and subject
must be identifiable; secondly, the system must be able o adjust, or even

refuse, the jnput of data from the user.

The first condition is self-explanatory. The second is necessary because the
final possible action must be downgrading the level of reliability or even
refusing the information from that panticelar source or aboul thai particular
subjects. Of course it is possible to react by extending the period during
which a new formula is checked for contradictions with the existing
database, before being accepted It is nevertheless clear that, on top of the
limits imposed by decidability and feasibility, such a course of action simply
limits the damage of conwradictions entering the database and being used as
a  base for inference, but does not weaken the need to bar new

inconsistercies of the same kind, by acling on the origin

The idea that a machine should question, adjust and possibly refuse
information input by the user may evoke science-fiction images for some:
the point is thal we cannot require a program o be as useful as an
expert yel behave like a slave. Most of 1he existing expert sysiems avoid
the problem by hbaving all the esential information coded in by lhe
knowledge engineer, and leaving the user a few slots in the production rules

which he can fill.

Once we aim for a really interaclive system, and for real-size problems
{unsolvable through huge lists of specific production rules) thern the choice is
no longer avoidable: any experl, human or machine-simulation, must defend
its knowledge from unnecessary inconsistencies and draw conclusions about the

reliability of particular sources and the general siate of a subject

Such attions c¢an be wvisuzlised as an argument beiween I1wo greups of



operators, acting in opposilion: one group (rying lo downgrade the reliability
of the sources and Io Jower the expectations about uniformity in an area
of knowledge, in accordance with the frequency and the seriousness of the
contradictions discovered. The other irying (o achieve the opposite effect,
arguing that no serious contradictions have been discovered and the flow of

information reaching the aclion point is not satisfactory.

This image will be particularly useful in the interpretation of the adaptive

teasoning systern in Chapler 6,

23 Some Related Questions of Philosophy

The ways in which we have defined our problems and specified some
requirements for an acceplable solulion involve some philophical asumptions,
while these assumptions or others of a similar kind have then provided the
intuitions upon which we have elaborated the formal material. We (hink

that they should be made ¢lear and open to discussion.

It it useful to notice that, while in Lthe parts of this work where we
propose new points of view, as in Chapters 3 and 6 our philosophical
perspective is evident and direct!y translated into the formalisms. Where we
discuss and compare other, exislent opinions we often stand on a less
committed philosophical ground, in arder to provide a common denominator,
We believe, nevertheless, that the results of these analyses and comparisons

support the views which we present in this section.

We hold a pragmatic view of science, and knowledge in general, and Lhe
yardstick which we o 10 judge theories or  beliefs is by their
effectiveness in helping o control \he environmenl. When we refer to
conirol we mean either capability 1o predict correctly (up Lo some
standard), or to prescribe constructions (physical or 1heoretical) which aetually

carry out the joh they are supposed to do.

While this view is clearly relaled 1o fals:ificatiomist and particularly



neo-e¢mparicist philosophies of science, it diverges from those due to the
fact thar (he problem of Truth, as such, is irrelevant under the pragmatic
point of view. This extends also 10 the meta-level of sciemific
methodology, since, in owur view, the requirements of exaciness and adequacy
cannot be shifted from a scientific theory 10 its methodological meta-theory.
A methodology is then judged by the overall level of conirol over the
environment which it allows, and expecially 1o its ability to improve this

control.

Several other important concepts are related o this. We briefly mention the

most relevanl 1o the present work.

From this perspeclive there is no way of establishing whelher the direction
taken is the right one in the long term or whether it is just a local
maximum. Therefore the concept of correctness of an observation, a
theory or a2 methodology must be replaced with that of adegquacy, wbich
means that the control we have obtained satisfies our present needs and is

in line with the general performance of the best comparable techniques

One of the problems with such a relativistic philosophy of knowledge is
that there seems to be no theoretical sarting point, in the sense hat there
is apparenly no well-founded way to proceed for a hypothetical rational
entity trylng to reason by these rules A standard answer is that there is
no cbjeclive rationality at all, and thau the philosophy of knowledge simply
describes an historic process that just happens to be as it is  While there is
definitely some ground for this, strictly descriptive (in the biological and
social sensz} point of view, we think it is possible o relate it Lo the more

classical requirement for justification, as oppossd 10 description

The argument is that we do need to exercise some control over our
environment in order to survive. This requires that at least part of it be
constant enough in its behaviour to be predictable. Herein lies what we
call the basie epistemological bet. 1 there is not such an order, we do
not lose anything in looking for i1, since we could nol use our mental
power in a better way. If, on the other hand, some order exists, then we
stand a chance of finding it only if we assume ils exislence in the first

place. Leooking for regularity is 1hen ralional in an a-priori sense, given




the need o survive. Note 1hat this argument, unlike the similar one
proposed by Reichenbach and others, does not try to justify any partcular
assumption of regularity (which could of course be wrong), but the need
fot having a mental organization which embeds the search. The more
flexible this organization is, the more the search can be wvaried according to
circumstances, and the more chance there is of finding an acceptable

candidate.

The link with the evolutionary approach above is that the most plausible
(and also the most likely) candidate for the first hypothesis of repularity is
the minimal one, that is, the assumplion which requires one division in the
immediate environment such that some useful property is more likeiy 1o be
found on one side than on the other. For exmple, those things which are
edible, among those things which can be reached. We discus formalisation
ol this point of view in Chapter 3, where we examine the theory of

homogeneity and the determination of individuals

It is interesting to note tha, while the inilial asumption of homogeneity
(regularity) should be as weak as possihle, the reasoning sysiem supporling it
should be already equipped with a much greater power, in order to take
advantage of both successes and failures in the application of that
assumption. It could he argued that in the human race this power has
developed over pgenerations, not individuals, even if there is a latge amount
of evidence pointing in the opposite direction. However the evolution has
laken place, humans of presnt time seem 16 be born with the reasoning
power set towards looking for and understanding complex regularities, while
at the same time the experimeals small children conduct as they play point
to rather simple and local assumptions o starl with. While, as uwsual, we
as AL researchers have no obligation to copy the human way of reaching
a complex behaviour, this analysis provides a sumulating starling poimt that
we have used heavily in the construction of homogeneity theory and of

the adaptive reasoning sytems.

We can now connect the analysis about assumptions of homogeneily with
the crileria described above of cffectiveness and adsquacy, remembering that
even apparently neutral observations are idemiified and interpreied against

background expectations. The three terms of the relation, asumptions,



reasoning and observalions, appeat then to be linked in a circular fashion.
This is clearly a departure from the intuilive point of view, according to
which the observalions are pure data, reasoning is either correct, thus
preserving trmh, or is not, and the laws are simply extracted from the
data through correct reasoning. A pgreal deal of recenl research in
philosophy of science has gone into proving how naive and useless 1his
representation is, o the extreme point of negaling any objectivity

whatsoever in the process of pathering knowledge.

Our idea of a circular relation is thal each term is judged according 1o
how it fits with the other (wo: for exampie, an assumpticn can be used
to  interpret some data, reasoning can then be applied o lhem, the new
dala so oblained can be matched with the assumption o make a prediction,
but which might not fit with a second set of data. It could be that the
assumption is  inaccurate, the interpretation imprecise, or the reasoning
incorrect.  The imporiant thing is -that, simplifying a little, from the [ailure
of one piwe 10 go into place, we could fearn about a more likely shape

of at least one of the other two.

This leads us 10 the <concept of contradictions as potentially helpful
occurrences, which is, apain, linked to the falsificationist walualion of
falsification above wverification, but with a more posilive siress on  the large
gain  in oontrol power that c¢an be achieved when an assumption is
recognised as the origin of the problem. In the classical falsificationist
version, while the evolulionary gain in the passage from a theory to
anolher is acknowledged, the emphasis is on he negalive achievement of
being able 1o definitely classify the old theory as wrong. The genera]
difference is that falsificationism is really positivism upside down, and iL is
just as much concerned with the discovery of truth, while the pragmatic

approach that we advocate is all concentrated towards succesful adaptations.

A further consequence of this more optimistic way of looking at
contradictions is that a conlradiction is considered existent from the moment
in which it is discovered. This follows from the notion that while an
unobserved contradiction may very well have crealed problems in the
tefation of the entity with its environment, it will have not done so in

the entily’s internal representation, upon which the enlity acts, of that
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reiation. This is not to say that “ohjective” coniradictions do not exist
(even if we would have difficulty in imagining one), but simply thal they
are, as such, epistemoiogically irrefevant. On the other hand, once a
contradiction is discovered, then it may easily be dated from a moment in

the past.

The apparent paradox is due to the difference between these three concepts:
external reality (whatever that means), which is completely beyond this
analysis; entity -environment relation perceived through the entity’s sensitivity
and inmterpretation, which is again different from that which we would
perceive the relation to be from ouside; and the emity represeniation of
what the environment is. This seemingly bizarre distinction, and others of
an analogous Xind, have proved o he very useful 1o us in Lhe construciion
of the formal [rame for analysing and comparing diffetent reasoning
systems, in Chapters 4 and §

Finally, we have to act and interact with our environment, and the
information upon which we do so is ofien of a poor quality, and anyway
we are an integral part of the way in which this information is gathered
and interpreted. It follows that we cannot wait [or the valid reasoning
lechnique 1o make inferences. Infact, even when the dala are precise
enough and no undecidable problems are involved, the blindness of wvalid
inferences, their step-hy-step nature and the complexity of the exhaustive
search they require, make their use almost imposible except in lhe most

restricted circumsiances.

We claim that there are other’ reasoning techniques, like reasoning by
analogy, which are faster, more powerful and easier to handle. The price
is that they are unstable, thalt is they can produce faise conciutions from
true premises.  On Lhe other band, we have argued ihat a reasoning system
must be equipped to deal with inconsistencies independenily of the inferences
it carries out, simply because of the way interaction with the environment
is bound to progress. Once we accept the need to deal with the probiem
(in a reasonable way), it is clear that we ¢an take advantage of this and

employ unstabite inference techniques loo.

The basic criteria that we envisage in dealing with unstable inferences are
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that, [firstly, they must be recognised as such; secondly, their performance
must be contralled and their value modified according with it; thirdly, as in
the case of inconsistencies arising from observed data, the recovery must
imply some variation in the behaviour of the system, so lhal something has

been learned from the conuadiction.

We then propose the following description of a reasomable inferepce: 1 is
an inference which directly produces useful results (thus, 1t must also be
fast) while, when it fails, it indirecily provides additional useful information
about related matters, such as the interpretation of the dala or some

assumptions behind 1the inference.

We do nol use unsiable reasoming lechnigues n this work because, as we
have indicated already, a rather complex analysis and a partal solution 1o
our problems can be devised without using these inference techniques. We
have briefly mentioned them here, anyway, because ithey are central to the
advanced solutions that we envisage for certain paris of the adapuve
reasoning system. They also play a pivolal roie in the direction of
rescarch, outlined in  the next section, which forms the context for the

present work.

24 A General Direction of Research

The ceniral idea that characlerises our direction of research is thal reasaning
is  cenlral in many aclivities which we uy 1o simulate Parlicularly
important are the wunstable reasoning techniques, for the reasons of speed,

applicabiliy and power already mentioned.

We have identified several such techniques, which of course have poinis in
common  with ather methods elaborated by researchers in the field.  The
most  imporitant amongst these are: reasoning by analogy, reasoning by
ron-cariraciation,  rsasoning by cireumscription,  reasoring by scentific
induciion, reasoning by effect to cause (someumes cailed abduction), siatistical

reasoning.
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The reasoning by analogy technique has been formally analysed [(GRLS6].

We have reasonn to believe that in fact ail these techniques (and ptobably
still others) are wvatjations on the same 1heme, and that this theme could be
apalysed using hbhomogeneity theory. An interpretation of these apparently
very different technigues Lhrough one singie theory would allow w 1o

formulate a calculus of reasoning techniques on a very solid base

While we consider ihe “consistency recovery” mechanism essential in order to
deal reasonably and succesfully with unstable reasoning, on the other hand
we believe that the reasoning techniques will be needed 10 enhance the
power of the rmechanism iwelf. This interaction is further discused in
Chapter 6

The areas where we foresee imieractions of great potential are: the natural
language  interface, the large knowledge-base  management and the
interpretation of sensorial data. In all these cases, Lhere are very serious
ptoblems due 1w an excess of information, a requirement for very high
speed of processing, a likelihood of information being ambiguous, incomplete
or even inconsistent, and often a need to take action based on whatever

information has been undersiood, retrieved or processed at ithal stage.

We also think that part of the structure used for the consistency recovery
mechanism could provide a base, in a more sophisticated model, for 1he
organisation of the reasoning process in general. The ideas of molivations
expressed as performance trends 1o be approximated, of tension between
opposite motivations, of cases prepared for and against some options, of
trial runs could all have a role to play, expecially when they would be
freed from some of ithe mechanical nature which of necessity afflicts them

at the present stage.

Again, we expect homogeneity iheory to play a very useful role, helping
lo individuale homogeneous (rends and fractures which are, unlif now,
beyond the power of the system. A typical case would be the decision
rot 1o consider past evidence (what we cail the [nekhark parameter in
Appendix A) because something has happened thal suggests a fracture in

that sequence of events. The role of (he reasoring lechnigues would then
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be (0 organize and connect the evidence. Homogeneity theory would
provide the frame in which to analyse it and the mechanism inherited from

the present model would be used as a test bench.

It has to be sressed again that all this represents only a direction of

research, provided as a background against which to cas the present work.
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Chapter 3

A Formal Approach to Homogeneity

31 Principles of Homogeneity

The concepts of homogeneily and of fraciures in  homogeneity are
inextricably  interiwined.  This is a wvery natural consequence of our
interpretation of the way in which knowledge is pathered (ci. Chapter 2).
Nevertheless, for obvious reasons, we must begin our analysis examiting ane
of these two fundamental paris: the limits that we meet from one side will
provide exacitly the stariing point for expioring the other side, and vice

VErsa.

We begin our discussion with the concept of homogeneity. First of all, in
order lo discuss homogenelty we must jsolate a part of the world the
behaviour of which we want Lo analyse, and thai group of properties for

which we expect this behaviour to be somehow homogeneous.

Once the sample we are inlerested in has been isolated, we must be able
to look inside it to examine its behaviour under the chosen properlies OQur
interpretation of “looking inside” is to divide the sample into smaller groups
which we hope will behave in the same way in relalion to a given
predicate. Thus a first approximalion (w0 homogeneity is the concept of

similarity of hehaviour of the sample under some screening,

In order lo give a more precise mezning 1o homogeneily, Wwe need Lo
define more clearly what we mean by the behaviour of a properly. We
shall use the concepl of density, which measures to what extenl a property

applies 1o a sample.

Within this intzrprstation, it follows that a sample which is nol  divided
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under some reening is trivially homogeneous for all properiies under Lhat

screening, which is then useles for considerations of homogeneity.

This, in turn, strongly supgests ihat lhe smaller the divisions of our sample
generated by 1he screen, the morte informative is the screening about 1he
density of ihe sample under the property. We shall refer 1o the size of
the divisions 15 the depth - the smaller the divisions, the greater the depth.

Another problem we must confront is that there are very many properties
under which the sample is trivially completely homogeneous: for example,
any property which does not apply to any member of the world It is
clear that the only wuseful way in which homogeneity can be understood
and exploittd is by finding a boundary, in the world, where 1he

homogeneity breaks. We call this boundary a fraciure,

It is clear, then, that a sample is homogenepus under some property if iis
density under the properly is more or less the same for all divisions of
the sample. Similarly, a fraciure corresponds to a boundary across which

there is a sudden change in density.

The useful properties are thus the ones for which there is a sample, highly
homogeneous under the property and alsc for which there is a sufficiemly
sudden break in density across the boundary between the sample and its
complement. We call these properties discriminants, because they discriminate

between Lhe sample and the rest of the world

We now present the basis of a formal model for homogeneity.

3.2 Defiaitions for Homogeneity

In this Section we introduce the formal framework within which we can
capture and discuss homogeneity. An informal treatment of these definitions

can be {ound in Section 3.3.
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Definition 3121

If U is a ses, and Q is a predicale with type P(U) — Bool, then:

(i) any AcU such that Q(A)=True is a O -aet;

(i) the @-world in U is the set of all Q-asets in U;

(iii) Un(lf,0) is defined as WO-world 1n .

When no confusion can arise, we will abbreviate “QO-world n U™ 1o
“O-world” and “Un(l,0) to “Un(Q)’. We will also refer to the set U
as the “contatiner”.
Definition 312.2

If Uis a set, and O is a predicate wilh type P(IJ) = Bool, then © is
a screen for U if the Q-world in U is neither emply nor equal to
{U3], and the emptly set is not in tbe ©@-world in U.

Definition 3.2.3

If A is a set and P is a predicate with type A ~ Boel, then the
P-density of A, D,(A), is defined by:

D {(A)=I{zeA : P{(z)}I/IAl

Definition 3.2.4

If A is a set of real numbers then we define the radius of A,
rad (A), by:

rad (A) = maz (A) - min(A).
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Definition 3123

If & is a s, ©Q is a predicate with wype P(U}— Bool and P is a
predicate with type U — Bool, then the entropy of Q under I in U,
ent (U,P,Q), and the homogeneity of Q under P im U, hom (U,R0Q),
are defined as follows:

Q) ent(U,PQ) = rad ({ D,(A): A e @-world in U});

(ii) hom (U,P,Q) =1 -~ ent (/,P.Q).

33 An Explanation of the Basic Definitions for Homogeneily

We now compare each of the definitions made in Section 32 with the
accourt of the principles of homogeneity given in Section 1l

Definitions 121 and 322 provide us with a formal basis for screening,
using a predicate on the power-sel of the world. The generalised union of
the O -world is the “sample” discussed in Section 3l

It is interesting lo contrast the imuitive and the formal approaches 1o Lhe
definition of a sample: in the former (Section 3I) we start from the
sample considered as a unit and subsequently look inside il to analyse its
homogeneity. In the latler approach we begin with the division (screening)

and build the sample from i.

The reason for this difference is that in our intvilive discussion we assumed
some kind of “feeling” foar which pieces of the world could be sufficienty
homogeneous 10 make good samples, and the screening was seen as a way
of werifying it. On the other hamd, in the formal approach we do not
assume any previous knowledge about suitable samples, and the screening

technique is the way by whichk we deiermine areas of hizh homogensity.

In Definition 323 we formalise the concspt of density as the proportion of
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a set for which a property halds

Finally, in Defipitions 324 and 3235, we introduce entropy and homogeneity.
These are complementary measures in the range [0,1]. Entropy is the
difference between maximum and minimum densities of the xreening under
the property. In this way, the greater the diversity of behaviour of the
screening under the propetty, the greater the entropy, and consequently the

lower the homogeneity.

3.4 Fractures in Homogeneity

Having formalised our undersitanding of homogeneity, we are now in a
position to introduce the definitions of fraciures and discriminants We also

prave lwo basic results.

An informal description of the following material can be found at the end
of this Section.

Definition 341

If U is a se1, O is a predicate with type P(U)— Bool and P is a
predicate with type U — Bool, then the fracture value of C under P

in U, fr{U,P,0), is defined by:

frU,P,0) = D,(Un{O)) - D,(U- Un(0)).

Definition 3.4.2

If U is a set, C is a predicate with 1ype P(U)— Bool and P is a
predicale  with type U —* Bool, then a picture, UfA (P0), i5 defined
by:



Uf kR APQ) T Azl fr (ULP,O)], aign(z) =sign(fr(U,P0)), and

v ¢ hom(U,P.Q).

Definition 343

If U is a set, Q is 2 predicate with type P(U)— Bool and P is a
predicate with type U — Bool, then P is an [k, discriminant for O
in U if Ufh,(PO).

P is a positive diseriminant il z >0 and is a negative
digersrmanant il z < 0.

Theorem 314l

If U ix a set, O is a predicate with type P(U)--+ Beel and P is a
predicate with type U — Boel, lhen:

{i) D{A)=1-D_,(A)
Gi) fru,P0Q) = -fr (U,~P,Q);
(i} hom (U, P,Q) = hom (U,~P,Q).

Proof:

iy o,14) Hzea : P(z)}I/IAl by Definition 32.3,

n

[A-{zeA:-P(z)]/Al

1-1{zeA:~-P(z}}/1Al

1-~D,(4), by Definition 32.3.



@) frt,P,0) D, (In{Q)) - D, (U - Un(Q)}}, by Definition 4.,

]

= (1-D,(Un(@Q))) - (1 - D_(U-Unr(Q)) by G

- (D, (Un(Q)) - D (U -Un(a))

- frv,~-P,0}), by Definiion 14.l.
(i) hom(U,P,Q) = 1-rad ({ D,{A): A e O-world in U]),
by Definiion 3125,
=1-rad{{1-D_(A): A e Q-world in U]},
by (i).
rad{A} = maz (A} - min(A), by Definition 124,

(1-min{{1-z:z2e A)-(1-maz({1-z:2z¢ AD)),
by properties of min and maz,

rad{{1-z:ze A}).

Therefore:

hom (U,P,0) = 1-rad ({ D _(A): A € Q-~watld in U])

hom {U,~P,Q), by Definilion 325 (m]

Proposition 34l
If Ir is a set, © is a predicate with wype P(U)—= Bool and P i5 a

negative  f h_ dissrimirant for O in [/, then ~P is a pesiive Tk,

discriminant for Q in U.
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Proof:

Since P is a negative discriminant, z < 0.

By Delinition 34.2, sign(z) =sign{/r (I/,P,Q)), so fr(I,PQ) ¢ 0.

By Proposition 3.41(i), fr (U,P,Q) = - fr (U,~P,C), s0 fr (U,~-P,Q) > 0.

Therefore  sign(-z) = sign(fr (U,~P.O}) and Izl < 1fri{U,-P,0)i, by

above and Definition 34.2.
By Definitien 34.2, y ¢ hom (U, P,Q).

Therefore y € hom (U,~P,Q), by Theorem 3.4.1(ii). The result follows by
Definition 14.2. O

In Definition 341 we introduce the fracture value of a screening under a
property. This is the difference in density between the sample and s
complement in the world. We define a stendard, compact nowation for the
concepts of homogeneily, fraclures and discriminants in  Definitiens 34.2
and 343

The first result we prove, in Theorem 3.4, describes the behaviour of ihe
functions 2,, fr and hom under negation of the property wused as a
discriminant.  The interesting parts of this Proposilion are (ii) and (iii).
Here we see that fr is asymmetric under negation of the discriminant, while

hom is symmetric.

Using these results, we are able 1o prove, in Proposiion 3.4.1, that the
negation of a negative discriminant is a positive discriminant for the same

SCIEENINE.



315 Classes of Predicates: Properties and Screens

We now gereralise the condilions of the previous definitions to allow us 1o
use <lasses of predicales. An explanation of the purposs of Lhe following
definitions and results can be found in Section 36.

Definition 3351

If U is a2 set, Q is a predicate with type P(U)— Beol and & is 2 setl
of predicates each with iype [/ — Bool, then P defines Q in U

within fh if:

YASU. AP <P, AF A (AP0

Proposition 354

If USh,(P,Q) acd D,(Un(Q)) =1 then USh,(PAR,Q)

Proof :
YAsUr(O). D,A)= D, (A) .. (%) by hypothesis.
z ¢ fr(U,P,Q) = D, (Un(0)) - DU - UnlQ)), by Definition 34.4,

= D, (Ur(@)) - {z:ze (U-Unl@)). Pz)H/1U-Un(Q)|,
by (2} and Definition 323,
<D (Un(Q)) - {z:ze(U-Un(O)) P(z)aR(z)N /U - Un(Q),

FaR

¢ D, (Un(0Q)) - D, (U~ Un(Q@)), by Definition 323

n



y & hom(U,P,Q) =1-rad({ D,(A):A e O-world in U}),
by Definition 312.5,

1-rad ({ D, (A):A e O-world in U}), by (%),

hom(U,PAR,0), by Definition 325 0O

Corollary 151
If ¥ defires O in U/ within [k, and YPe® D, (L/n(0)) =1 then
YA s U. Af k(AP0
Proof:
If ? defines O in U within fh, then YA s U. 3P cP. Af h (AP.0), by
Definition 151 By Proposition 151, Af A ((AP’)a P,0) for all P such tha

D, (Un(Q)) = 1.

Therefore, by hypothesis, YA € U. Af k& (A®,0). o

Definition 3.5.2

If U is a set, B is a set of predicates each with type P(L/) = Buol
and P is a set of predicales each with type U — Beel, then

USfA (38 Gff VO e Q. 3F < P. P defines O in &/ within [ A .

Propositian 35.2

I gf h (2R) and V[ A(PRE), then (UnV)f R (PR), where
(rvd})= (z,9) or (c,d)} = (s2).



Proof:

By Definiion 332, UfA ($,8) implies:

YO e R. 3P <P P defines O in U within fh .

By Definition 351, ' defines © in U within fh implies:

YA S U, I3P" P af A AP"0).

Since {(UnV) = U, it follows, by transitivity of seu inclusion, that
YAas (UnV) . 3AP7sP. (UnV)f A APQ)

Therefore P° defines € in {(UnV) within f_h_, by Definition 35l and, by
Definition 35.2, it follows that {(UnV)f A (?,B).

The same argumeny holds for (r,d) = (3,2). (]
In the case when z24 and y2 ¢, we choose {ed)}= (z,y). Similarly when
the total order is inverted, we choose (c,d) = (s,t).

Proposition 3.5.3

U Uf A (P,0) and A e O-world in U/, then YP e P. hom (A,PO)2 y.
Proofl:

hom{A,P0)=1-rad { D,(B): B « O-world in A}), by Definition 125,

=1-rad({D,{B): B e {CsA Q(C)="True}l),
by Definition 312l,

2 1-rad{{D,(B}: B e {CsU: Q(C) = True }l),
by Definition 324,

I
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hom (U, P,0), by Definition 3125,

nr

¥, by Definition 342 0O

Proposition 154

I Uf Ak (PO) and Uf h(P,Q") then hom(lU,P,3+0Q"}2 maz({y,t}).
Proof:

Without los of generality, assume y 2 ¢,

hom (U, POAQY=1~rad {D,(B): B e Qa2 )-wotld in U}),
by Definition 325,

=1-rad ({D.(B}: B e {Ccl: O(C)
AT {(C) = True }}),

by Definition 3.2,

2 1-rad{{D,(B): B e{Cecl: QIC)=Truell),
by Definition 3.2.4,

Y hom((/,P,2), by Definition 125,

LI by Delinition 34.2 O

36 The Use of Classes of Predicates

In Definition 351 a set of predicates is used to “define” a screen. This sat
o[  predicates incjudes properties whose conjunction  provides a  good
discriminant between some part of the Q-world and some part of the rest

ol the world.




We then prove Proposition 151 and Corollary 15] which together show (hat
conjoining properties that apply w0 the whole of Ur(2) with any other
property does nov alter the homogeneity and can only improve Lhe {tacture

value of the screen under the latler propertiy.

This result tells us 1hat if we have a list of properties which apply
universally 10 a se1, we can take their conjunction as the definitiom of
the set, without losing any of the power of the individual conjuncis This
is particuarly useful when constructing and using “diciionary” definitions of
various concepts, since dictionary delinitions will be treated as conjunciions
ol characteristic properties, chosen, nevertheless, for Lheir individual power of
discrimination. It is clearly esssential that this power is not compromised by
forming this conjunction.

Next we make Definition 352 which generalises Definition 351 w0 2 set of
screens. This will form 2 building block in our construction of “world

divisions™ in Section 13.

In Propositions 152, 153 and 154 we consider the elfects of various
operaiions on homogeneily and fracture vajues Proposition 352 concentrales

on the intersection of containers {cf. remark foilowing Delinition 121).

Proposition 3.5.3 establishes a lower bound on the homogeneity of individual
Q-sets, which will be useful when we refine the treaiment of an entire
Q-world in order o concentraie on parijcular subsets. It is clear that i is
very important [0 be sure that ali the properiies of the Q-world are
preserved in this transition. In Proposition 154 we show a condition on

the homogeneity of the conjunction of two screens under a given property.

37 Homogeneity and the Class of Size-Flat Screens

We now proceed to define = class of screens which play a specal role in
our later use of homogeneity and fraclure wvalues. A fundamental result is

proved aboutl this class of screens.



An informal rendering of the (following malerial can be found in

Sections 38 and 39

Definition 371

If U is a w1, and @ is a screen for U then the depth of © in U is

defined as follows:

depth(U,Q) = 1 - (min({IAl - 1: Q(A), ASU}/ IUn(QH - 1).

Definition 17.2

If & is 12 set, 1 $k<IUn(O), and O is a screen for {/ then the

k~alice of Q tn U is defined as follows:

k-alice (U, QY={A: AU, Q(A), |Al=k 3.

Definition 173

It U is a set and © is a screen for U then Q is a size-flaz screen in

U if 0{A) implies Q(8) for all B in the | Al-slice of Q in /.

Definiticn 3.7.4

f U is a set, @ is a screen and P js a predicale with type U — Bool,

then the set of ezceptions to P uniger ( is defined by:

ez{U,P,0) ={z: -P(2), ze Un(Q}}.




Theorem 371

If IJ is a set, @ is a size-flat screen of depth 4 and F is a predicale
with type U —~ Bool, then:

hom(U,P,Q2) =maz ({0, 1 -n/k, 1-(1Un(Q)-n)k, 2-1Un{Q)I/k}),
where n=lez{(U,P,0)! and k=d+ (1-4)IUn{O]I.

(r is thus the number of exceptions o P under €, and & is the size
of the smallest set for which O holds).

Proof:
hom{(U,P,0)=1-rad ({ D,(A): A e O-wortd in U}), by Definiion 325,
=1-(maz({ D,(A): Ae O-world in UJ)
-min{{ D,{A): AeQ-world in U})),

by Definilion 3124,

=1-maz({ D,(A)}): A e O-world in U})
+min({ D,(A): A€ O-world in U},

={1-maz{{l{z: Plz}),ze A}I/IAl: A € Q-world in U}))
+{1-maz{{{z: ~P{z),2ze AJI/IAV: A € O-world in U})),
by Theorem 34.() and Definition 323

Since O is size-llai, then when A is a2 Q-set, all seis of size |A| are
O -sets.

Therefote, the wvalue of H{ z:-P(z),zeA}l/lIAl is maximied for a
particular value of YAl when ez(U,P,0) s A, or, if lezx(U,P,0)I > 1A,
when Acex (U, P,0)



So: rmaz{{{z: ~P(z).,zcA}|/v:A € O-world in &/ and Al = v })
=lez(U, PO /v , if lex{U, P, O} <,

=1 , i lez(U, P,.OY Y u.

Thus:
maz ({{z: ~P(z),ze A}/v:A € O-world in U and Al = v })
=lez(U/, P, Q) /v , if lez{U,P,G) /v,

=1 , if lez(UF,P,0)1/v >1.

This implies that:

maz ({l{z: ~P(z),2eA}/v:A e O-world in J and JA! = v })

min{{lex(U,P, 0} /v, 1}),

min({in/v, 13),

simplifying the above expression.

Therefore:

hom(U,P,Q)=(1-maz({l{x: P(z),zeA} /IAl:A e Q-world in U}))
+(1-maz({min{{n/v, 13};A e O-world in I/ and 14! = v3})),
using the abowve expression.

Since;

maz({min({e, 1}):R() D =min{{maz({e:R()), 1 D),

it follows that:
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ham (U5, P,0)= (1 -maz({{z: P(z},ze A} /1Al: A € ©-woarld in U}))
+{l-min({maz{{n/v:A e Q-~world in U
and 1AV = »3) 11})),

=(1-maz({i{z: P(z),ze AJI/FAl: A e O-world in U}})
s{1-min({n/min({iAl: A & Q-world in /3], 13)).

Now:

e
1]

depth (U,0), by hypothesis,

1-(min{{lAl - 1:0Q(A), AU}V |Un{C)l - 1), by Definition 37],

il

1 -(min({lAl: AeQ-world in &} -1)/(Tn{Q) - 1).

So min({lAlLAeQ-world in U})=d+ (1-d} Un({O)},

=k, by hypothesis

Therefore:

hgm(U,P,O)=(1—ma:!:({|{:c: P(I)’:EA}lllAlA e O-world in U})]
+(1-min({n/k, 13))

503

hom{U/,P,Q) = (1 -maz({l{z: P(z),2eA}I/1Al: A € Q-world in U]}))

s(-min({{z:~P(D),zeUn()}/k, 13)),

1

(1-mez({{z: P(z),7eA}I/|Al: A € Q-world in U3}))
+mar({o, 1-n/k}), by hypothesis.

A similar  argument can  be used 10 simplify the firsi part of the

expression, as follows

4]



1f:

{z: P(z),zeUn(0Q)]}l 2%k
then:

maz({i{z: P(z),zeA}I/IAl: A e @-world in U})=1,
and if:

z: P(z),zem(Q)}I < &
lthen:

maz{{l{z: P(z),2cA}/IAl:A € Q-world in U})=(/n(Q)-n)/k
Now, {{z:P(z),zeUn(@)}t=10n{0)~-n,
so the [ollowing two equalions hold:

Hz: Plz), zetUn(0)} 2 k implies (Ur(QN-n)/k 214,

I{z: Plz), zet/m{Q)3 <k implies (Un{QH-n)/k <1.
Thus:

mazr({{z:P(z), z2eA}/IAl: AeCO-world in U3)

=min{{1, (IUr(@) -n)k}),

which implies that:

hom(U,P,0) =1 -min{{1, {Un(Q)-n)/k}) + maz{{o0, 1-n/k}),

maz ({0, 1~ ({Un{Q) -nWk}) + maz{{0, 1-n/k}),

maz ({0, 1-n/k, 1-(1Un(Q) -n)/k, 2-1Un{Q)/k}) O
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Corollary 371
If U is a set, O s a sire-flat screen aof depth d, P is a predicate with
type I/ = Bool, and 2k-10Un(Q)| > k-n >0, where n=lex(U,P,G)I
and k=d+ (1 -d)1Un(Q)|, then:
hom(U,P,0)=2-1Un(O} /k.

Proof:

If 2k-1Un(Q)Y >k-n>0 then it is clear that:
2-lUn(C)/k>1-nfk>0.

Also, it follows that:

k> 1 Un(O) -n> | Un(Q)I - &,

so that:

2-lun(oM 7k >1-(1Un(Q)] -n)/ k>0

By Theorem 371,

hom(U,P,QY= maz ({0, 1-r/k, 1-(1Un(Q) -n)k, 2-1Un(0)/k}),

and therefore hom(U,P,Q}=2-|Un{(Q)|/k. (u]

318 A Discussion about Classes of Screens

In Definition 371 we present an imporlant measure which will alow us to
consider the behaviour of screens: the measure of depth of a screen, which
is a quantification of how Tfar into the O-world it is known a pariicular

degree of homogeneily exlends This is precisely the concept of depth
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referred to in Section 1l

Next we define a k£-slice, which is a collection of all 1the ©-wm1s of the
same size (Defn. 17.2). We then use this concept to introduce size-flat
screens (Defn 37.3). The classification of screens is an imporant task in
order to look for common properties of sets of screens  Size-flai screens
are one such class, falling into the imporiam category of “unintelligeat”

SCreens.

Unintelligent screens are characterised by using conditions which can be
checked using only properiies of the candidate O-set itself, that is, without
reference to relations with other elements of (he container outside the
candidate Q-set. For example, the membershin of lhe candidate O-set in
the Q-world, for a size-flat screen, can be checked by simply counting its
elements. In contrast, an intelligent screen is one which uses information
outside the candidate O-set.

A very impornant type of intelligent screen is the *“metric screen™. That is,
a screen using a2 metric imposed on the elements of some part of the
conlainer including the candidate Q-set. A typical application of such a
metric would be 1o use neighbourhoods of elemems as a screen. A
different type of imwelligent screen is the “statistical screen”, which uses some

form of random sampling 1o deliver O-sels

It might a1t first appear strange lo be interested in unintelligent screens when
the use of intelligent screens is so widespread and successful. The reason is
thal unintelligent screens, when applicable, offer a far greater power and
security in computing the degree of homogeneily of the Q-world. On the
other hand, the reliability of intelligent screens, when compuling the degree
of homogeneity of a Q-world, wvaries greally with the adeguacy of the

particular conditions on which the screen is based.
Finally, Definition 374 ideniifies a set of exceptions to a given property

under some screen, This set i used immediately in Theorem 3.71, which we

discuss in Section 39.
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319 Analysis of an Important Resuit about Size-Flat Screens

Theorem 371 provides a sigmificant expression for the homogeneity of a
size-flal screen  under a given property, in terms of the depth of the
screen, o, and the size of the exception se1, m. Theorem 371 is important

for several reasons, which we examine separalely below.

The definition of hom(U,P,Q) (Defn 125) implies Lhat the naive approach
10 computing its value is 1o examine the value of the P-density of each
QO-set, which in lurn, giver 2 set Un(Q), requires us 1o check every subset
of Un(Q) w depth . The number of subsels that muost be checked s
then exponential in the size of Un(Q), which is clearly exuremely expensive,
Theorem 371 tells us, however, that the only informalicn that is required
1o compate Aorn(U,P,0) is the size of the exception set in Un(0), which
can be compuled in O(IIm(OM) steps

Corollary 370 highlights an imeresting resull conlained within the expression
obtained in Theorem 37., which is that under certain conditions, the value
of hom{(U,P,Q} is given by a ierm which is independent of the number
of exceptions to the property P. This is unexpected and lo some extent
counter-intuitive. When the depth of the screen is 0, it is trivially the case
that hem{U,P,0)=1, but it is interesling to observe that this is the limit
value of thalt term in the expression of Theorem 371 which is independent

of the number of excepions.

The result of Corollary 371 can bz interpreted as saying that, when either
of the terms 1-n/k or 1-{{Im{Q)l-n)/k lies between 2k-(Uni0) and o,
then the value of hem{U,P,0)} is precisely that ol the lerm 2k- Un(Q)l.

We emphasise thai the expression given in Theorem 371 is an eguality, and
thal the value of hom(U,P,0} is bound to be exactly equal o one of
onlv  four precisely  defined numerical  values. Not only that, but
homogeneity is obviously a commodity that must be considered w be highly
desirable, wel despite 1aking the worsl case analysis throughout the proof of
the Theorem Lhe result is stll in the form of a maximum of several

values.
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Finally, since size-flat screens are absolutely the least intelligert screens, the
expression in Theorem 3171 it in fact a lower bound for all screens,
intelligent or not. This vindicates our study of size-flat screens , and

re-emphasises the power of the Theorem.

310 Assumptions of Homogeneity

So far, we have considered homogeneity and fractures as exacily compulable
values, and we have also proved that these computations ate feasible
(Theorem 371). It must be noted now that Lhese compulations are possible
only when the 1est of applicability of the property io each element in the
Un(Q) can acwually be made. This in turn requires knowing all these
elements, having access 10 them and possesing an accurate test. On top of
afl this, there is the problem of Lhings changing over tme. It is clear that
for most worlds, in our everyday or scientific experience, homogeneily and
fractures values will never be really known. We cannol even talk about
approximation as a general rule, even if, in many cases, that is exactly
what takes place, since often enough completely wrong eslimates can be and

are made

This situation is not an obstacle to Lhe smooth application of our model,
just as it is not an obstacle, in real life, tw everyday or siemific
reasoning. This is because our knowledge of the homogeneity of the world
is an even higher goal than the knowledge of relationships between specific
objects in  the world. Thus, each assumption of homogeneity can be
considered as a hypothesis about the homogeneily of the world, as well as

a provisional tool with which we can analyse the world.

In Section § we will examine whal assumplions of homogeneity are made

by different classes of reasoning sysiems, and how explicit they are.
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311 The Problem of Individuals

A fundamental primitive in any language is the concept of individuals
That is, the atomic constants aboul which Lhe language s designed and
whose felationships wilh each other are assigned truth wvalues However,
there is a problem in applying these representations, since the entities which
are most usefully and mos naturally considered as individuals are freguemly,
in reality, a colleciion of much smaller enities Identifying formally when
the division of individuals into smaller entities should siop has long been

considered a difficult probiem.

We claim that, through the ideas introduced in the preceeding seclions, these
“primitives” can actuaily be defined from more basic concepts, and when
this definition {5 mawched with our inerpretation of individuais in  the
world, the problem of individuals which are really collections of smailer

objects is dealt with in a very nawral way.

We assume Lhat there s, given, a “world” of sensorial data (real or
simulated), which is the set we consider as a container (ef. remark
following Deln. 3121), and also mofwwatzon. We will, for the purposes of
this work, consider motivation as a source of requirements that lead
naturally 1o the investigation of certzin properties in  a  hierarchy of

imporlance.

Motivation is a wvery important subject for study, and we believe that it
has a structure which can be formalised and analysed  However, we

consider this to be outside the scope of this work.

Since molivation wiill not be treated here and yet we claim thal the first
properties we explors are in some way suggested by Llhe motivation, we
will give an example of the wey we believe such a property might be

provided by motivation in human infants.

The rouvation in human  infants incledes such motives as  “explore  the

"

world”, “find things 10 eat and “reproduce pleasurable experiences”.

Together Lhese motives produce the commaonly observed behaviour of chiidren



whereby they puwi every newly discovered object ino their mouths The
property that is used lo discriminate between objects is "astes good” {in a
wide sense). This properly can be used to divide the world inlo wo

groups - those thai are nice to put in the mouth and those that are not

It is important to note that, while we consider individuals to be logical
building blocks, we observe that they can be construcled only through the
application of some properties That is, siatements about ke relaijonship
between properties and individuals are intimawely connected 1o the exploration
of the world itself.

It is from our initial impresions of the environment that we build the first
individuals and equip ourselves for exploring the world. In the following
sections we show how the construction of these individuals and the way we

atiribute properties lo them are very different processes [rom those thai are
usually conceived.

3.12 Individeals and Appearances

The following formal definitions are discussed in Section 313

Definitian 312

If Uis a set and ? is a set of predicates each with type ¥/ — Bool,
then a2 world division of {7, with depth o, fracture bounded below by

L3

z and homogeneily bounded below by y is a st {(A,.0)]1_,
salisfying:

i) U.,"A sU;

i) vi2 7. AnA, =
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(iii}) each Q, satisfies:
(a) Un(Q)=A;
(b) Q, is a size-flat screen with depih d;

() Ufh(2.002,1..")

Definition 312.2
if U is 2 set and {(A,,0)3. " is a world division with depih, d, and
with fracture wvalue and homogeneily bounded below by f and A

respectively, then each Q is an indivrdual.

Note that the vajues d, f and h are local constants, which wili bave been

provided by functions driven by motivaiion.

Definition 3.12.3
An appearance, U, . fh (R,Q), for Q an individual, is defined by:
Uy LAARQ) ME UJA(P,Q)

and 5 is a Q-set for which D, {5) =D,(S).

313 A New Understanding of Individuals

In Definition 3121 we iniroduce world divisions. A world division i3 a
partition (Defn. 3i21(i)) of some subset of the conlainer (Defn. 312.1(1)),
made in such a way lhat there is a secreen awmocizied with each set in the
partition. Fach of lhese screens  satisfies certain  conditions:  firsily,

(Defn. 3J2.1(iu){(a)) they isolale precisely that sel in the partition with which
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they are aspriated Secondly, {(Defn 3121(iiiKb)) each screen is size ~flat and
has a predelermined depth.  Finally, (Defn 3121Gii)(c)) each screen is deflined
(in the sense of Definition 151) by some subset of a pre-specified set of
propertiex

The sipnificance of waorld divisions is in  lheir application to the
determination of individuals By this we mean a caiegorisation of 1he
container inlo a small number of roughly equal (in imporiance) pars,

according 10 some identified set of interesting and useful properties

It will be noted that many wvalues in Definition 3121 are Jeft variable: in
particular, the number of divisions, k, the specified depth, d, and the
specified bound on fracture values and homogeneily, z and y. Nor do we
specify Lhe relationship between the union of the defining sets of properues,
?,. and the initial set of properties, . However, all these values are 10
some extent interdependent, even if frequently there will be good reasons o
optimise one or more of them. For example, if the relative importance of
each property in ¥ is more or les equal, then a criterion could be Lo
maximise the number of properties that occur in some . This, of course,
is subject top further constraints: firsily, the fracture value is of paramount
importance - if this is not sufficiently high, then there is confusion at the
boundaries between divisions. Another constraint is represented by the value

of k, which must usually be small
We now consider the process by which individuals are consirueted.

Properties and parameters sausfying the consirainis  outlined above are
provided by the motivation discussed in  Section 31 Using the wvalues
provided by motivation and the first small world of experience, world
divisions are constructed. The resulting size-flat screens are checked by
examining each O-sel In these small worlds fracture values and

homogeneity are exaclt lower bgunds
The size-flat screens thus created are the individuals (Defn. 112.2).

It might at First appear that the intuitively appropriate candidales for

individuals are the elememts of lhe <ontainer, or world. A closer



examination of 1this possibility reveals its flaw: the world we start with is
just a collection of sensorial daia, with no inherent siructure or order, sa
there are po defined obpects about which we can speak or reason (We
underline agai that by “senaorial data™ we also intend simulated sensorial
data, so that, for instance, texiwual inpul w0 a reasoning machine could
equally be considered “sensorial data”).

In fact, 10 be considered as an individual, it is esential that an object be
identifiable. That is, we must be able to distinguish it uniquely from the
rest of the world

To clarify this, take the example of a basket of apples: it is tempting o
pelieve that we can think of each apple as an individual, bul the reality
is that the Iindividuai is the collection of apples within the baskel. We can
distinguish the collection of apples in the basker from all other collections
of apples, because we have the baskel, and we have that collection of
apples inside it. We cannol distinguish any single apple from any other,
within the baskel, when the only screen we can use is whether they are in
the hasket. If we choose to distinguish the apples in the baskel by their
position then we have created another screen, induced by the praperty of

position, and thus a new individual - the newly distinguishable apples

We have already indicated the problem of deciding where tc draw the
limiv in  recognising an individual consistis of a collection of smaller
individuals.  Aclually, the decision is simply a question of motivation - once
the individuals have been recognised for a given property then there is no
reed (or rnolive} for fuorther subdivision to find smaller individuals. Lt is
the motivation that indicates the properties that are of interest and these in
lurn  are used lo define world divisions, which include the size-flat screens
defined by the originai properties and these are precisely the individuals we
recognise.  Notice that the molivalion does not decide Lhe individuals, but
the properties that must be used 1o define them and these are decided

without knowledge of which individuals they will create.
I iz important thai an individual can be distinguished from the rest of (he

wor'd by a diseriminant  property (Defn. 3123) - if there is no good

diseriminant  then the object is not really an individual, because there is
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some other part of the world from which the object <cannot be
distinguished A good discriminant is one which induces a screenp with a
high fracture value from the rest of Lhe world

The elemems of Ur(Q) are not individuals, because 1hey are not
distinguishable, nar are the OQ-sets distinguishahle, unless we make an expiicit
label 10 identify each piece of sensorial dala, or each Q-set, which creates
new propeties (labels) and thus induces new screens and therefore new
individuals.

It follows from this discussior, that the only entity which remaips that can
be considered as an individual is the screen, which it the justification for

the definition we have made.

When we have divided the world inlo individuals, we wani lo be ahle to
examine new properties of 1he individuals Unfortunately, it is frequently
impossible, impractical or loo lime consuming to test the behaviour of every
Q-set under a given property. Therefore, we usually make assumptions
aboul the behaviour of the whole of a @-world based on an examination
of the behaviour of a single O-sel, tlogether with a knowledge of the
homogeneity of the individual under its defining properties in the world

division inducing iL

We pul together all 1ihe information on which the asumption is based in
an appearance (Defn 3123}, When we uwse an appearance we usually
choose o hide the assumptions and treat the formula as if it were 2
picture {Defn. 3.4.2).

It is only when the asumptions prove false, and the appearance is in
contradiction with an observation of the world, thal, if a continued growih
of understanding is to be achieved, the assumplipns must be examined once
again and revised. This in tuen requires that Llhe contradiction is recognised
within a logical system strong erecugh to formalisz the assumptiors which
have been made, so0 thal they can be re-examined. (As we have already
observed, this revision ¢an in iiself be a gain in knowiedzz}. In Chapters 5
and § we formally define some necessary properties that a reasoning syslem

musl salisfy in order to allow for recognilion and examination of the



assumptions involved.

This concludes our treatment aof ndividuals

We have now formalized part of the general pbilosophy about assumptions
and needs for regularity that we have outlined in Section 2.3 Part of the
matetial of this chapter is used i Chapter 5, mainly tbe definitions of
screens.  Other results, particularly Theorem 171, are proficably applied later
in Chapler 6. We believe, anyway, that the wvalue of Lhe theory, as
already pointed out in Section 26, goes far beyond its use in ihe present

context.
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Chapter 4

A Formal Analysis of Five Classes

of Reasoning Systems

41 Introduction

In Chapter 3 we developed a formal theory of homogeneity and used it 1o
consider one of the most basic problems in understanding and reasoning:

recognising and discriminating the different individuals of ihe world.

[t is evident that in order to progress from 1the first steps in discerning the
parts of the world, i1 is necessary to create a suitable 100l with which 0
manipulate and extend knowledge. For centuries logics have been considered
the most rigorous instruments for both describing rational reasoning and
actuvally exercising i1, and therefore offer themselves as nalural candidates
We are prepared 1o subscribe 1o this point of view, provided ihat a
certain exiension to the definition of logic is allowed, in order te admit
recent entries in the field, like non monotonic logics, or certain kinds of
fuzzy logic. On the other hand, it is our conlenlion that even this
extended definition is nol enough for the needs of Al, and we propose as
an alternative, more restrictive concept, our definition of a reasoning

syatem.

The standard model-theoretic dsfinition of a logic is a triple containing a
formal language, a set af t(ransformation rules and a set  of possible
mappings from the well-formed expressions of the Jlanguage to a set of
velues. This usvally corsists of a set of individuzis, whase names are Lhe
constants of the language, a4 set of relations between the individuals, which

is expresed in the conneclives and predicales of the language, and a set of



ciasses f{aL least 1wo), which are usually understood Lo represent “iruth” and
“falsity”, but which in fact cap be imerpreted in several different ways,
from simple flags (eg. in boolean algebras) to0 complex epistemological,

temporai or deontic values

While not every interpretaiion can be applied 10 these clagses, there s
always more than one posiblee We  will refer to lhem as “kmantic
classes”™. The important thing is that there must be one special subclass on

which the transformalion rules apply. We call this subclass “7”.

The iransformatior rules themselves are defined so ibat the resuit of any
transformation is guartanteed to remain in that same special subclass, 7. This
condition is often called “validiiy™ U the logic is presented in aXiormalic
form, the axioms can be completely expressed in a richer proof theory (ke
transformation rules), while the opposite is not tirue. Therefore, from now

on we will drop any refersnce 1o axioms

In order w0 be applied, a logic also requires a universe of discourse, or
theory. Essentially, this is a set of well-formed sentences of the language
which are mapped to T, and on which the transformation rules can then
operate. In the more restriclive definiion of a theory, only sentences which
can be derived from the original ones through tiransformations, and their
negalions, belong to the theory. This view gives rise to some paradoxical
conclusions: for example, it foilows that 1he continuum hypothesis does not
belong 1o the axiomalic sel theory! A more relaxed approaeh requires only
that the constants and the predicatss named in the sentence under scruliny

have zll appeared already in some of the original sentences.

If any sentence of the theory maps to more than one semantic value at
any particular moment, the theory is said 1o be incomatstent, which means
that the transformation rules could then map every sentence to the special
subclass, making any useful interpretation impossible. This point underlines
our conlention that reasoning is aboult discerning, and that a formal (ool
which does not help Lo discern s worse than useless Tt is for this reason
that we regard logic as applied, not purz mathematics, despilte itz abstrac:
character and foundational use, since an absiract algebra could be interesting

on, say, aeshletic grounds even if it does nol model any piece of realily,
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while a logic in that condition would clearly be meaningles. 1t is aiso
clear that the assignment of sentences lo the special subclass 7 js the central
part of the mechanism, since the (ransformalion rules operate only on

sentences in 7, and deliver more members of 7.

The important point is that, in the standard definition of a logic, the
seniences mapped o 7 cannot ever be moved to something else, preserving
the same Iheory. As a consequence, if 2 sentence which was mapped 0 7
is then mapped lo something else, it ends up being mapped 0 1wo clases,
and the lheory is <considered inconsistent and hence collapsed.  When only
two semaniic classes are used, as in classical logic, 1his clearly means that
na mip cn be changed; other logics use more than two semantic classes
(they are called many-valued logics), in which cases some changes may be

possible, but not away from T.

This usually happens because the standard interpretation of 7 is Truth, in
an  ontological sense, while the additional values tend w0 be
epistemological, such as “not known”, “not understood”, “believed (but
not necessarily true}” and so on, and when the passsibiiity of reasoning a1
an ontological level s admiued, clearly 1he epistemological values are
subordinale lto the omntological one. Our position in this respect is that it is
possible and very practical (0 use ontological concepis on lecal theories, thal
is from inside the system, but that the only possible interpretation on 1he
global theary, that is as seen from outside the system during an interaction,

is the epistemological one.

The exiension we believe is needed for the concept of logic formalises a
tendency which has been manifest for some years, expecially, but not only,
amongst logicians working in the field of AL. NI i proposed that the
above oprivilege of the 7 c¢lass be celiminatcd, so that sentences c¢an be
moved away [from it without the theory necessarity collapsing. Our reason
for proposing this change in the definition of logic, instead of pushing this
fealure, 1ogether with the other ones we are going to propose, into our
own roncept of reasoning system, is ta harmonise the (sxpanded) use of
the term Jogic and to keep the numbsr of different groupings in the field

as low as possible. On the other hand, the (likeiy) reason [for which the
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change had been adopted in the first place, by the creators of these new
logics, was the desice to emulate the human ability to make a change of
mind about a particular aspect of a theory withouwt having 1o relinquish 1he

whole construction.

If the rationale for introducing changes in such a tlime-honoured a concept
as that of logic is 1o better equip a system for simulating human reasoning
activities, then the system should De analysed and judged with regard to its
behaviour as it 18 observable from outside, exaclly as we woud do in
judging the reasoning performance of a human being. What usuaily happens
instead is that our Jogical tools are examined f{rom the poimt of view of
their performance tn our hands, and then the conclusion is drawn that the
instrument has provided the core of the action, and thus it is expected that
embedding it in a machine should more or less be enough 10 reproduce Lhe
averall behaviour. The very serious flaw in this approach is that the really
important part of the 1task has been carried out by the human completely
outside the logical lool, using other mechanisms of which we are not

usually aware.

An example should clarify this point. A mathematician examines 2 theorem
that he has just proved. Ignoring the fact that any real size malhematical
theorem i¢ far 1co complex 1o be desctibed in terms of formal logic, let
us assume that the instrumenlt of clasical logic is used 1w do the check.
Suppose a contradiction is found, that is a sentence which maps both w0 7
and to a second wvalue, at the same time. If not oo depressed, the
mathematician  will trace back the source of the contradiclion to either a
wrong passage of 10 an orginal assumption, which could 1ihen, say, be
weakened, and subsequently the proof can be attempted again. The
mathematician has acted in a very rational way, of course. If the question
is raised of what logic has been employed during this course of action, the
mathematician  will surely reply “classical logic”. That is unfortunately
wrong! The only information thar could have been received from the
logical ool is that the theory has collapsed. The processes of tracing back
the source, and, even more, of salvaging most of the theory and weakening
the (apparently) responsible assumplion in the right way are completely
beyond the logic as formally expressed. Nevertheless these processes are

clearly the real core of the activity.
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It may help, in order 1o accept this apparent inability of highly rational
people to rescognise and describe 1he processes really pgoing on in  their
minds, 1o mention that the same situation has happened in the natural
sciences, where for centuries scientists have believed themselves 1o be acting
on Bacon's “collection™ rules, and it has taken a pgreat deal af effort from

the philosophers of science to prove how wrong that reconstruction was

For these reasons, we propose a new concepl, namely that of recasoning
dystem. A reasoning systemn is defined as 2 logic of the exlended kind

described above, but with some addilional properties.

The first property is that the system is expected 10 work in isolation,
which is to say that the transformation rules express all he operations Lhal
lhe system is able (0 perform. In this way, a reasoning system can very
easily be seen as a skeletonised program. It is imeresing to remember,
though, 1hat this is not necessarily so, and 1hat the descripiion of a

reasoning system could apply, under cerfain condition, 10 2 human as well.

A condition that follows from this definition is that any input registered by
the system must be mapped 10 some value: that is because, once the signal
is received, the system is doing something with ii, even just ignoring it, and
this amounts 10 mapping it to some wvalue, which will have its own arder

relation with other values in that system domain.

A second consequence is that any eventual meta-level must be specified
inaide the system, if it is to play any role in the acwal performance of
the system. While of course such a meta-level could be potentially
arbitrarily large, being expressed as a generation rule, in any moment il can
be only [inite, and only (hat part of the hierarchy can then be used. We
would like 10 underline the sirong links between this point of view and
the constructivist argumenls about the potemial infinite, generation rules anrd

programs as consiructive proofs.

It is elear that there is a straightforward transformation from 2 logic inwo
a reasoning syslem. Since severzl logics have been proposed to tackle the

prablems that we are addressing, we will compare them in order 1o



formally specify which requiremenis are the needed and which are the
undesirable  properties.  We firstly ranslate these logics, namely classical,
intuitionistic, non monotonic, unceriatnty and interval, inlo reasoning sysiems.
We think that such a iranglation is very close o the spirit in which these
logics are said to perform against our problems, Anvway, the iranslation
will not touch the siandard formalism in which each logic is expressed
(when there is such a thing). Instead, i1 will show iwself in the way in

which the systems are put intc operation and their performances checked.

In order 0 stay as close o the originals as possible, and also far reasons

of readibility, we express our transformation rules with an  axiomaltic

% »

L i35 © be read as “from the

notzlion, so that, for example, “a, o

information  *a—7 al siate rR’ we can derive ‘a7 at slale n+1'".
When the transformauon rules become too complex for this notaton, as in
Chapler 6, we revert 10 the functional notaiion. The traditional “bar”
nolation of Natural Deduciion texts is very effective pictorially, bul far oo

cumbersome  for sysiems of this complexity.

In this chapter we proceed 1o develop a peneral structure which can be
vsed 10 reflect the way in which the transformation rules of a reasoning
system can  be used 10 maintain, imptove or create knowledge. Using this
structure and a set of five classes of reasoning systems, some derived from
well-known Jogics, we show how the reasoning systems can be integrated

inta a common framework and considered from a common viewpoint.

We highlight some propenies of each pariicular reasoning system and analyse
the way in which the reasoning systems approach the fundamental tasks
before them. The most powerful tool we use in this analysis is once again

the theory of homogeneily.
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42 A Formal Model for the Progression of Understanding

The observed homogeneity of individuals under certain properties can and
does change over time. In order o model this, understand it and reason
aboul it a reasoning system is needed which is supporied by 2 model for
changing understanding. By “changing understanding”™ we intend a progression
of knowledge through time. We develop a set of 1ools by which classes
of reasoning systems c¢an be compared and evaluated subject 1o cerain

criteria,
In this section we do not resirict the definitions to refer to any particular
feasoning gysiem, but we use the general descripuon of reasoning systems
given in Seciion 4.
We now present the formai definitions for exploradon sets and the
supporting structure. An informal presentation of these definilions is given
in Section 4.3.
Definition 4.21

A sel, Sem, i5 a semantic set U |Seml?2, and the dislinguished
element, 7, is a member of Sem.

Definition 4.2.2

Let Sem be a semantic set, and let L be a language, L' L, and w//”
be the sev of well-formed formulae in L'. Then:

(i) a perceived gstate is any partial relation wff* +* Sem;

i) an open wstate, o-state, is any partial map wff" - Sem;

(131) 2 possible world is any teal map wff — Sem,



Deliniticn 4.2.3

fet L be a language, L'SL, w;f be the set of well-formed formulae
in L, and Sem bec a semanlic se. Lee TR be a st of

tranaformation rules of 1ype:

Lulwff« Sem)u (L x (wff = Sem])) —
Lu{w/f e Sem)u (L x (wff « Sem)).

Let PW be the set of possible worlds, for L’ and Serm, and 1 be the
set Uflwf/) tnelN].

Then R4 = ((L,L), TR,PW,1} is a Reasoniny System,

When a sequence of well-formed formulae in I has been given 1o a
reasoning sysiem, the system must organise the set of formulae so that
every formula is mapped (o at least one wvalue.

Definition 4.2.4

Let 5 be a set of perceived siates for some reasaoning system, then a
perceived  progreasion (pp) is lhe pair (S, <), where < is a total
arder on 5.

Definition 4.2.5

Let (5, ¢) be a perceived progression and se 5. Then (5, <,4) is an

ariginated perceived progresaion {opp).

We use the wsual definition of zn isomorphism between originated perceived
progressions, so that  f:5-*T is the unique isomorphism belween (5, <,3)
and (T, ¢,¢) iff f is a cre-w-one correspondence, preserving the order, <,

and identifying ¢ and 1.
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Definition 4.26

1G]

i ¥,

system, R, and c is a tolal order on En, then (E',E,(S,(,a)] is an

is 2 set of ornginated perceived progressions for some reasonng
exploraison det (es), if it satisfies:

i) (5<,3)els
i) Y(T.<,t)el,. (S,¢,0) s (T, 1),

(5, <, 3) is called the origin of caploration of the exploration set

Definition 427

I (f,,c, (85 ¢,9)) is an exploration set then, for each uef, [ul is the

equivalence class defined as [ollows:

() [ul={teT:(T,<,thel, and
ww¢ in the isomorphism between (S5, <,s) and (T,<,t)}.

I (T,4),(T,<,¢t)e&,, and ue T, then T'[ul denotes the perceived
state in T, u’, such that wuwsu’ in the isomorphism beiween
(T, <,t)and (T, <, ).

The & _-structure, [E 1, is defined by:

(i) [ 1={lthtes)

There is an ordering on ihe £ -afructure induced by the ordering, <,

on S, in the mnatural way.

It is clear that the £ _-structure it Bomorphic to some  continuous
sequence of the integers (not necessarily inficite), wilh (heir natural order
and identifying the origin of 5 with o Thas, for all ie S, ¢+1 is the

unique successor of t (if it has one)
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Definision 4.2.8

r '-E_,:.[S,(,.«;) s an exploration set  then (E“,E,S.match] it a

valid czploration et (vea) if:
i) match: ({T:(T ) & 1) =15

i) YU, <,u) (T ) ek .
(I7, <,uyc (I, ,t) implies match(U)c mateh(T);

(iil) mateh(§) = [s1

S is called the oriyin of E .

Definition 4.29

Let RS = ((L,L’},TR,PW,1) be a reasoning systern. Then a perceived
state, 4, is eloged if it is noL open and cannot be transformed, using

the rules in TR exclusively, inlo an open state

43 An Informal Presentation of Exploration Sets

In Seclion 4.2 we have ptesented the definitions that we require for our

model of a pregressien of undersianding.

Definition 4.21 defines two basic characletistic of a semantic domain, namely
that has at Jeast two elements and thal the special value, 7, belong to it

The reasons for this definitions have been given in Seclion 44

I Deflnition 4220} we introducs the corcepl of perceived siais.  They are
defincd simply as ary partial relation between the well formed lormulae in

the syntax and the semantics of a given reasoning system. In



Definition 422(i) an open state is defined as any pariial mapping (rom
the well formed formulae in the syntax and the semantics of a given
reasoning system.  In other words, in an open state each weil formed
formula maps at most 1o one semantic value. Definition 4.2.2(iii) specifies a
possible worlds as an open stale where each well formed formula maps

exactly lo one semanlic value.

Definition 423 formalises the description of a reasoning system which we
have given in Section 4.l

Definition 424 presents the most basic structure we use to consider the
development of knowledge and undersianding.

It is the perceived progression, and will be used as a representation of the
subjective view of the way in which events and knowledge have grown,
changed or persisted. Clearly, the progression is linear - all of us have a
subjective view of time as a linear progression. For most purposes we can
consider this progression as infinite in both directions - most people do not
have a particular point in their subjective 1lime which they consider to be

s beginning, nor one which they see as {15 end.

An originated perceived progression (Defn. 425} is a perceived progresion
with an identified origin. This is used in order 1o synchronise different
perceived progressions, held one-at-a-time by the same subject, which al
represent an understanding of the same wotld. The origins are all considered
to be represemtative of the same perceived stale as it is viewed with
increasing and changing knowledge. The sequence of perceived progressions

held by the subject is called an exploraiion set (Defn. 4.2.6).

The exploration set has an inlernal structure which is the canonical structure
of the originated perceived progressions included in it. This i5 named in
Definition 427 We then use the structure to define valid explotation sets,
in which the strucwure of the exploration set iiself is embedded in each of
the perceived progressions it contains (Defn. 4.28). The reason for this is
that the percsived pregrsssiens must also contain som:z kind of repressniation
(seen from the outside) of the faect thal Lhe view of :he world has itself

changed.



Finally, in Definition 429 we inroduce the concept of a closed state, the

importance of which will become apparent later, in Section 3.

Some of the siructure thal is presented in Section 4.2 is not used until we
have made a siudy of the basic properties of the reasoning sysiems that

we compare. However, for completeness it has been presented in one piece.

44 The Role of Reasoning System® in Knowledge Acquisition

Now we wrn our attention to the use of reasoning systems as a looi for

the preservation and development of knowledge.

In order o achieve Lhe first of Lhese pgoals, a reasoming syslem must address
several tasks. Here we consider each of these tasks in lurn and indicate
which rules of the reasoning systems embed the particular solution (or

failure 10 offer a solution) to each goal.

The first and most important of these lasks is to infer, from knowledge of
the past and present behaviour of the world, Lhe way in which the fuiure
behaviour will progress. All reasoning syslems are provided with rules of
deduction in some form, bul the basis on which these transformations rest
are the rules of identity, and dynamic monotoniesty, which (ell us
whether the premises used for Lhe applicalinn of a tule remain  constant

during that application.

Therefore, although 1he rules of identity and dynamic monotenicily are not
themselves tools for exiracting new knowledge about the fulure from
know!edge of Lhe past, the possibility for a reasoning system Lo predict the

fuwure is based on the sirength of these rules.

The next task which confronts teasuning systems is to resolve contradictions

that arize out of imaccurzts pradicnon about the [uture, or discovery of
contradictory information. A fadure 1o face this task must be paid for by

a collapse of the feasoning system when such contradiclions arise, because



once contradictions are freely accepted then lhere s no way lo continue to
reason successfully. As we will see, there are many differem approaches o
the resoluuon of inconsistencies, {rom the most trivial o the highly
sophisticated.  All  the methods are expressed through the rufes of

canatstency, dynamic monotonicily and nen-monotonicity.

The third (ask which the reasoning systems (ace is expressing their view of
the past, based on their knowledge of the present. There are two main
directions that are taken - one is to consider the world platonmisically, as a
fixed and unchanging entily and consider paining knowledge as a progressive
expioration of this world. The other approach is 10 view knowiedge as
“the world” and see it as a construclive development from the past and
into the [ulure. The parnicular view that is taken is expressed (hrcugh the
rules of double negation and of the sreluded middir

45 Unecertainty Structures and Observations

In this Section we make and explain a definition that will be used Lo
build some of he reasoning systems we discuss in  Seciion 448  _The

inwuitive meaning of 1these definilions is given alt the end of this section
Definition 4.5.1

An uncertainty structure (up) is the pair (C, <), where C is a sel,
the elements of which are called uncertainty values, and < is a total
order on ¢, such that:

1eeC.¥deC. c$d .

¢ Iy called bot. I C is finite, then {C, <) is a finite uncertainty

atructure and Lhe element, », sauiisfyving Yde C.d £e, is called top.



Definition 4.5.2

Let R be a reasoning systemn and {5_,<,3) be an originated perceived
progression.  Then @, ~ 7, in o-stale neS,, is a non-derivable
statement if it could not have been produced, by applicalion of any of

the transformation rules of £, from the o-sate, n-1,

Definition 4.53

Let (5,.<,«) be an originated perceived progresson for 2 reasoming
system, fi. Then the set of non-derivable siatements for 5, ND(Sn), is

defined as follows:

< . .
ND(S ) ={a :a *is a non-derivable statement}.

a

Definition 4.51 presents a simpie struclure, called an uncertainty structure. It
ts, essentially, a 1otally ordered set of elements called certainty values. There
is only one constraint, which is that there be a least wvalue, called dot. 1If
the structure is finite, then there is, of necessity, a maximum value. Of
course, there can be a maximum value in an infinite structure as well. In

either case, the maximum wvalue is called top.

The structure will be used to provide a scale of wvalues, which can be
interpreted as the degrees of conviction with which a certain statement is
believed 1o be true (or false) Thke uncerlainty siruciurz plays its most
important roie in the Lrealment of uncertainly ASs (cf. Secuion 4.74), where
we will restrict ourselves to finie structures. Later, in the wealmemt of

adaptive RS5s the structure will also play a significant part

In Definition 4.52 we introduce the concepl of an non-derivable stalement
This is defined as any statement appearing in a perceived progression which
could not have been dernved from the knowledge embodied in the previous
siates, using the rules of the rcasoning system.  The ser of all  these

siatements is defined in Definition 4.53.
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These two definmitions will be important when we consider the behawviour of
the classes of reasoning systems which we inroduce in Secion 4.7. The
important point coniained in the definition of an non-derivable siaiement, 1s
that the statement cannot have been derived internally, and must therefore
have entered from “outside” in the application of the reasoning systems 1o
genuine problems it is clear that there i5 a need to conmsider its ability Lo
interact,  with its enviropment. This will be dealt wih in much greater
detail in Chapter 5. However, it is not difficull to see that the greater
the wvarielty of inputs that a reasoning system can cope wilh, the grealer ins

flexibility in the interaction with its environment

46 Steps towards a Classification of Reasoning Systems

We mow examine certain notation and s meaning, as il will be employed

in our iniroduction of the rules for the reasoming systems we study.

It should be apparent that the use of any entailment in order 1w reach
some comequence from a given premise represenis a change in the perceived
state of knowledge - that is, the use of the enwailment rule carries the
perceived stale of knowledge from one sale 1o the nexi, progressing
through & subjective Llime. This is easily seen w0 be the case when orne
considers the way in which enlailment 15 inlerpreted: “since these premises
are true, them we infer thal these consequences follow™ - clearly, 1he

words “then” and “follow™ impiy a progression (hrough subjective Lime

We point oul that this is not the case for the symbol “ 7, which
represenis the impossibility of leaving the state on the left and reaching the
one on the right without additional information. Rules invoiving this symbaol
are rezlly redundant, since the non-existence of their doals s acloaily
enough: we have givern rules including it only (0 contrast with Lheir duals

when these are actualiy employed by other reasoning sysiems.

We note that the subjective lime is not “real tme”, nor the wvariable

recogrised as time by physicists, but is measured only by the perceived act



of changing understanding.

To represent  1his formally, we will use the struclure we defined in
Section 4.2, taking a valid expioration set, (£ _,c, S,match), for the given
reasoning system, R, and considering the progression in tme to be movement
from perceived state to perceived stale in a perceived progresion in E_.

Thus, we c¢an index a statement, a in Llhe reasoning system, with a

"

perceived state: so that “ao

refers 10 the apparent value of & in the

perceived state, n.

The transformation rule equivalent (o enailment will be denoted by the
usual symbols for classical RSs and ipwitonislic RSs  (“F7 and "
respectively). For Lhe other classes of reasoning systems that we study, an

index will be wused 1o distinguish Lhe different entailments.

For convenience, we will wuse the standard notation “|lel® as an
abbreviation for "either @ or -a”. This notalion is used partictlarly for

expressing guards that must be salisfied for the operation of a rule

The school of Intuitionism Jong ago recognised Lthe wvalue of a different
interpretation of negation 1o that used by <classical logicians That s,
negation is taken 10 mean “the absence of a proof”. This can be
interpreted in  two sublily different ways: eitlher as a simple absence of
posilive proof, as Dummett does [DU77], or as an absence of pioofls both
ways, which is equivalent to an “I don’. know either way” slalement. This
approach Is taken, amang others, by Kripke [BM77]. We will follow the
latier interpretation. The reason for 1his choice will be explained in
Section 4.7.2.

It is then clear thal a slatement, a, made in an intuitionistic RS must be
interpreted as saying “I have a proof of &”. Of course, there is still a

need for 1the negalion used in classical RS, so thalt one can make the

»

statement; “1 have a proof thal o is rot lrue”. This use of two differems

[T

negations fequires the use of two cifferent symbals - we use Lo

denote the classical nsgation and “+" 1o denolz the lack of proofs. We
follow in this the dislinclion made by Fiing [FI69], [oliowing Kleene

[KL52], in his intuitionistic falsification tableavx: this notaton is not



standard and many authors use only one svmbol, leaving it 1o the reader
to understand the meaning.

LT L

The three main properties of the concept denoted by are, firstly, that
there can be ai most one attached to any stalemeni, secondly, this must be
the lelimost negation in any sequence of negations, and finally, that there
can be no ue, in substitution, of statemenis prefixed by this negation. The
reason for these constraints is that this form of negation is really a
meta-statement pushed into the object-level and must refer o the whole of
an otherwiss purely object-level statemenl. MNolice, for example, that the
stalement “*:o”, which with our chosen interpretation, should be read “I1
dent know wether | don’t know wether a is true or f{alse”, corresponds to

an absurdity; that is, it is always false.

We  will Jater show that the rules of classical RSs can be reformulaled
using starred-negation, without any significant change in the meaning of the

rules

Several reasoning sysiems have been supgested and explored which fealure
some kind of degrees of belief, uncertainty or other similar concept. We

will model them using an uncertainty structure (Defn. 4.51). Thus “a " i

@

read “a js known with certainly e in perceived state r*,

Classes of reasoning systems which use [inite intervals of perceived time will

also be introduced.

47 Ruiles for Five Classes of Reasoning Systems

In this Section we introduce the reasoning systems that we will compare
nd  comrast  in the following sections.  Explanation of any particular

features of each of the reasoning systems will also be given.

Only the rules in which we are interested are listed, and Lhese in a ver
y

~1
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general form.  The rules which inlerest wus are, of course, Lhose which
connect ta the tasks listed in Section 4.4. Each set of rules defines 1 class
of reasommng sysiems satsfying the very general crnilena posed by the rules.
The classes are given the name of their best known member. When other
well-known reasoning systems are also members of a class, this will he

indicated.

The particular  rules  which are  considered are the rules of identity,
consistency, non-monotonicity and dynamic monotonicity, double negalion and

the excluded middle.

Here we concern ourselves only with propositional reasoning systems It is
clear that all these c¢lasses c¢an be exiended 10 first-order, and 1hit each
such extension would presenl characters and problems of its own. [ is also
true, on the other hand, that basic propositional rules are never zlered by
a transformation to first-order; in any case, whalever power the extension
can add, it will be useless i the reasoning system has nol been able to
face 1he more basic lasks of surviving, avoiding or solving inconsistencies

and preserving knowledge.

We present lhe following classes of reasoning systems:

classical ASs, inwitionistic RSs, non-monotonic f2Ss,  uncertainty RSs  and
interval fiSs. Later we will imroduce 1wo further classes of reasoning

systems, called unforgiving RSs and adaptive RSs.

As we have already sizled (Section 4.6), all the formulae will be subscripled
with a perceived slate (Defn. 4.21) taken from a particular originated

perceived progression (Defn. 4.23), (oppset, <, origin).



4.7.1 Classical Reasoning Svstems

In the <class we call <classical f#4s 1the following rules hold:

(a) a Fa rule of identity

(b) a,,~a, F ; rule of consisiency

() ~-a tra rule of double regalion

nel ¥

(d) Fa, v-~a,. rate of the exciuded middle

As we mentioned above, these rules could have been rewritien using the
starred -negadon  notalion, withoul any effect, and 1the same is 1rue for all
the other classes of reasoning systems: Llhat is, adding redundant notauon

does not alter the meaning of a formalisation.

We now prove this by giving an ahernative set of rules for classical FSs
using the starrred-negation notation of Intuitionism, and transforming it back
to the eriginal ane,

Proposition 4.7.1)

The following set of rules implies the one given above for Classical
fSs:

(@) o, Fex,, 3 rule of identity

(b e, ~mvaa, F; rule of consistency

f) wvn v 2en oo rule of double negation

(@) Foa v, v, rule of the ecxcluded middle
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Proof:
Rule f{a’) is the same as {a). rule (¢’) Impiies rule f{c),

Rule b}, o, ~a va b, i3 equivalent, by  substitution, 1o
o, e A

By rule ('), ~-~a vi-a Fa,

1"

Hence -a,, ~~avi~o, + implies =~a,, a, , +, which is rule (b)

Rule {d'), Fa v-o,v+7, can be transformed by subslitution intg:

F-a v, vt
Applying rules (c’), the above becomes:
ko va,, which is equivalent o
b ~o v, that is, rule (d). 0

Notice that #~a, Fo,  , which is a consequence of rule (c’}, is equivalemt

o (v, 2a, +-~a using substiiution and rule (') again,

ael ?

We note that Proposition 4711 proves an implication instead of a
bi-implication: this is simply because the language used in the second sel of
rulss is richer than the first. Thus it is impossible (o obtain expressions in
the second language by tramsforming expressions im the first, because of

absence of characlers.

The second set of rules is not, however, more powerful than the firsi,
exactly as giving more than one name to an objcl does nol create more

objects.

The same kind of proof can be consirucied for all the gther reasoning

systemns, bul  we believe that this proposition has proved the general point

n



bevond need for further resulls.

[t :5 also clear thar, since the c¢anonical semantics for classical RSs has only
iwo  values, adding the notation for uncertainty would not make any
dif ference. The variable would simply be interpreled always as “top”. The
intuiiive reason here is slightly different from in the previous case: whal
happens is that a new name in a language can onmiy be assigned an old,

available meaning, whatever is original one.

Notice that the rule, (¢'), in the second set of rules, could appear 10
support  the idea of “negation by fajlure”. This impression could be
conveyed by an imerprelation of Lhe siarred-negation, accarding 1o the

intuitionistic tradition, as “It is not proven that”, and using the form (*).

This interpretation can be succesfully made only because, as we prove in
the proposition, the rules of classical RS5s are such that they forre the
meaning of starred-negalion 1o coineide with (he usval negation, whatever
the interpretation. Once again, the rules are whal really mallers, not the

notation.

The concept of *“absence of proof” is thus really meaningful only when
used in an intuitionistic framework, exactly because negation by failure is

explicitly excluded.

Atlempts al mixing concepts derived from a philosophy of evolution, like
Inwitionism, with a platonistic, unchanging world, as is that enforced by
classical RSs, can only yield confusion, without offering any possibilily of

new inferences at all.

We note that some modal or temporal RSs fall into the class of c¢lassical
RSs, notwithsianding their additiopal conneciives In fact, as far as this
classificalion is concerned, the only important behaviour is that refated to
the rules listed, and this is unaffected by the presence of syntactical marks

for exira meta-properies.



472 Intuitionistic Reasoning Systems

In the class we call inwidonistic RSs the following rules apply:

rule of identity

(@) a ko, ;

(b o, ~a, vio b, rule of consistency
() -, I~ rule of double negation
(d) Yo v-ovio, rule of the excluded middle

This set of rules is not the standard one given for intuitionistic RSs: in
pariicular, rule (¢} is usually expressed as “~~a " (or, rather, by 1he
absence of ‘“~~x b 7). Also, no rule of the excluded middle s
normally provided: in fact, its absence is considered a sigrature of

lamitionistic  philosophy.

We now proceed 1o justifly our claim that the above set of rules do
correspond 1o the intuitionisiic philosaphy.

»

All imwitionistic logicians recognise the rule (=), “~-~q, Pa, ", a5 essential

for the expression of the inwitionistic philosophy.

Although marked negations have been used in intuitionistic 1ableaux [FI&9]
and in semantics for inwitionistic fSs [BMT77], they have not appeared in
any formalisation. We claim that, under all the three standard inietprelations
of inluitionistic negation, rule (+*) does not hold The three interpretations
of “~a ™ are:

(i) Until time n [ have no proof that a is true;

(ii} AL time m [ know that I will never find a proof that a is true;
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(it} At ume m I don’t know wether a is Irue or [false.

The first 'wo nterpretauons are presenied, among others, by  Dummen

[DUT71, while the thuird can be inferred from Kripke’'s work on semantics.

It must be noled thal we do accept the inwutionistic stand against the rule
of the excluded middle as a cemral feature of inmiuenistic philosophy. Our
claim here is that rule {(d) renders 1hat principle in a much more precise
form. That is because, once it has been accepted Lthat a second negation
symbol is needed according 1o the argument above, we are forced 10

recognise (at least) three values for imuiuomsiic RSs.

The name for rule (d} has been chosen for reasons of symmetry with the
formalisation for clasmcal 1155, {ofien called the rule of ex¢luded :third) even

if, in rule (d), the value excluded is actualiy (at least) the fourth

We are then in a position 1o maintain that inluitionistic HRS5s  are
many-valued reasoning systems, whatever the notalion chosen lo disguise the
fact. In this we link our interpretation to the work of Lukasiewicz
[LUT0], who first recognised Lhe necessary conneclion between a constructive

view of knowledge and many-valued reasoning systems.

It is interesting ta nole that rule (d} prevents interpretation (i) of
starred-negation, which would require not only an additional disjunct in rule

{d), bw also an additional rule; such as a F2-q,, in order o

1 *

distinguish belween <~a and *a,.

Alsa observe that we have no rule of idemiiy for smarred-negation, Lhat is
we do not allow il o propagale from state lo state.  This can be
irtuitively understood remembering that starred-negation would be irterpreted
as (iii}, being thus inconsistent with Lhe other two values. The presence of
the rule of excluded middle nevertheless guarantees that, in each stale, a

value is given to every formula whose terms and predicales are undersicod.
In facy, of the interpreiations listed, orly  imerpretation (i) i consistent

with the rules, since the st two are not saisfied by the rule of the

exciuded middle. However, the rtules as they are given do not force

%



interpretation (iii). When the truth values are 7, £ and O (“don’. know"),
then the value of e can be either & or £ when a 118 T or F, and siil
remain consistent. This is because our constraints on starred-negation do naot
allow us to talk aboul the value of <o, when the value of a, is known
o be 7 or £ (only the rule of the excluded muddle allows the intreduction

of starred-negation).

Now, consider the weakening of the constrainis on 1ihe ways ir which
starred-negalion can be used, so that we can have the value ~ia, or
similar, by removing the restriction that starred-negation must always be the

outermost of any siring of negations.

This alone does not force the imerpretation that we have given, but with
the additianal rale,
av-a, b~*a o,

we do force the inerpretation, so that 2o, is £ if the value of o, is T
ar F.

IL is interesting to note that if we also relax Lhe restriction on the number
of sitarred-negations which occur in a formula, and use the rule,

a v~x FH*2a N

a " LIRS

instead of the one above, then the value of #a is forced 1o be O when
a,is T or £ This is consitent with an interpretation of starred-regation as
a refusal 1o talk aboul a stalement. We have already made the point, in
Seclion 4.7, that with the interpretation (i), the value of 22, is always
F, using a semantic proof. On the other hand, with the ahernative

interpretation as refusal to alk about a stalement, **a_  lakes the meaning

“l am obliged 10 say whether o is true or false, at time n”.

hose  maczl or lemporzl RS w

rejost the double negation rule of

classical F7%s, that 15, have a third wvalue in their domain, are based on

inluinaonistic RSs.



473 Non-Monotonic Reasoning Sysiems

We use a finme uncerainty  strueture  (Defn. 4510) (fbot,topl, <) with

Lat < top.

In the class we call non-monotonic RSs the following rules apply:

bot

[P (¢=maz({{:]al,°})); rule of non-monotonicity

(&) o ke,

{b) nn‘. -a:h.-; rule of consistency

11 ol

@ ko "v-a " rule of the excluded mddle

"

There is nae standard formalisation for non-monolonic RS5s: as a matter of
fact, there is nol agreement over whalt a non-monotonic RS is  precisely,
and many of the candidates have no [ormalisations anyway. It is likely
that our formalisation would nevertheless be considered unorthodox by some
experts in the field, because of the wuse of an uncerlainy structure. We

claim that:

(i) our set of rules reflects the commen understanding behind the ideas

inspiring non-monolonic ESs;

(i1}  without such a structure non-monoloric RSs  flalen over database

management sysiems oOr Wworse;

(i) nowwithstanding the wse of 1he wuncertainly structure, our sysiem for
non-monolonic  RSs is nol eguivalent 10 the set of rules for uncerlainy
RR4%s  (iv), because of 21 fundamental difference berween (he rules of

ron-monotonicity and dynamic morotonicity.

Wi wil present Lhe argument Lo support each of these points i turr, but
first we prove a result about the non-derivable stalements for  the

non-monatoric P57

=1
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We introduce the notation “»»” Lo denote “does not map ta”.

Proposition 4.7.31

Let (5,,

¢,a) be an originaied perceived progression, containing only open

states (cf. Defn. 422), for a non-monotonic RS, N. Then a“(e.-VD(S_)

iff o =7 in state neS, with ¢ = top.

Proal:

(=}

Suppose

a:e ND(5,). Then, by Delinition 453 ahcr—ri" in perceived state

n and could not be derived with he rules of N

rule {c)

Suppose

bot bot

grants that o v~a

L} L

tor

-an_lbmb—ir and @, , — 7. Then rule (a) implies a“m'—' 7., so

that ¢ # bot.

Suppose

rule (a)

Suppose
by rule

Finally,

L]

-a,_, ‘7 and rrn_mir‘o}". Then rule (b) implies cxp_mwr and

implies -c1_“‘-—- 7. Therefore, by rule (b), ¢ # bot.

1 1

-]

"7 and - " 7. Then tule (2) implies ~a,”" =7 and,

cxn’l a-1
{b), ¢ # bot.
suppose aﬂ,lb“'—-?' and  ~a, "' wsT. Then rule {a) implies

o ‘._.;r, so ¢ # bot.

Therefore, ¢ = top.

(=)

Conversely, suppose n“' —7 in sate neS, with ¢ = tap.



Then, since there are no rules which introduce swtatements marked top, i

cannot be that o, could be derived internally.

Therefare n: e ND(5,)- [}

Point (i)
The principal ideas on which non-monolonic RSs are based are as [ollows:

1. they must be able 1o survive coniradicuons, accepting the new
information as the good one;

2. they must prefer information input by the user (o that deduced {rom
inside (olherwise they would progres {rom one false deducion ta the next,
building heir own imaginary worldl

3. they must recognise a comtradiction when one is input or derived;

4. they must, of course, preserve information (which has not been

overridden) from one stale to the next

In order to satisfy point {2) there must be some way of distinguishing
between information inpul from outside and information derived [rom inside:
the role of the reasoning system is then lo manipulate Lhese distinguished

pieces of information according o point (2).

These points are ali satisfied by the rules we have given: the [irst and
second points by lhe use of rule (2], marking inpul with tep ceraimy (by
the resat of Proposition 4.731) and internzl deduciions with bat ceriainty.
The third point is precisely that made by rule (b). Notice that the only
ways in which conitadictions can arise are by deduclion [rom inconsisient
premises, leading 1o coniradiclory stalements marked bof, or when the wuser
inserts g stalement and its negation at lhe sgwme time. Most implementations
expect only ong statement (o be enlered at a Llime, so that only the
forrmer reason is likely to be of concern. Finally, the [ourth point is
satisfied by rule (a), which allows informeton (0o be preserved provided it

i1s marked as internal (Bot).

We would like to nole that, despite the apparently contreditory nature of

&)



the points listed above (the first with the third, [or instapes), the set of

rules we have proposed is internally consisient.

Point (i}

Having shown that our set of rules is sufficient for expressing the above

points, we pow show thai it is also necessary.

Firstly, if the unceriainty indices are removed, the set of rules collapss into

classical RSs

Assuming the uncertainty indices are temoved, some of the ather rcules must
be changed as well, in order lo maintain Lhe non-monotonic nature of the

reasoning system.

A natural candidate would be 1o use the progression of stales ilsell as a
way o order the formulae and thus having an order of survival in case

of contradictions. Rule (a}) would then be replaced by, say, rles {a’),

"
1

‘o Fa, ", and "), “a,-~a,_ & -a, ,”, by which the new formula

-1 +2

always replace the old in case of inconsistencies. The problem with this
auempt is that, using rule (a’), the old formula can always be propagated
into the next state, until it reaches the siate when the new one is inserted,

thus causing unsolvable contradiction by rule (bj.

It is clear that rules (2'), (a”) and (b) cannot a!ll be maintained. Therefore
one possibility could be to eliminate the rule of identity, f(a'). This

approach would violale point (4) above, since memory would be lost.

The next plausible atemp: on this line could be to weaken the rule of
identity, for example by imposing the condilion that identily propagation is
suspended  when new informatien is input, and then retreived later. This
device, apart from being a rather low-level mechanism, does not work.
The reason is that, since there zare nao 1ags o  disticguish input  from
suspended memory, lhe relrieved memory must be considered as new inpul,

and would thus override the previows infarmation, viclating point (2).

A last atempt could be rencuncing the rule of consistency itsellr the system
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wouid now be a simple dalabase, accepling evervihing and preserving all

the inconsistencies,

The same argumemt holds if the uncertainty siructure is kept, but other

rules are renounced as above.
Poimt  (iii)

The importanl thing lo notice here is that, in rule (a), the certainty value
of the f{ormula surviving the contradiction decreases, while in the dual rule,
(a), in wurcertainty RSs the certainty of the surviving formula does not

change.

If an rule of double negauon s given in the inwnionisuc form, 'men a

“don’y know” wvalue is introduced.

Alterpatively, this rule can appear in a classical form (ke (%) abowve), as

bat ,,

“:ug 'ka .

It is imeresling lo note that in this conlext negaunn-by-failure is neither
flattened onto classical RSs nor leads Lo immediale coniradiction. This s
because ome of the possible source of inconsistencies, the one caused by
clash with external input, is already dealt with by axion (a). This doss
not make negation-by-failure safe, anyway, since by the use of this rule a

purely internal contradiclion could always develop, and that wuld be fatal.

A soluuon to (his last problem s by using a more complex uncertainty
situcture, and marking the formulae inferred by nepation-by-failure with an

index lower still than that used for other internal deductions.

We wil not pursue this route any further here, though, since this concepl
is completely extraneous lo the ideas of non-monotonicity, and belong 1o

the adeptive class of reasoning systems which we will develop later.
Wz rnoiz Lhal, adding the negatipp-byv-fzilure rule, nuor sot of rules for

ron-monolenic R4 provides a precise destription of 1he behaviour, as far

as clases of M55 are concerned, of the mechanism behind the PROLOG
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programming language.

There is 2 second possible [ormalisation for non-monoionic RSs, based
on the following infinite uncertainty struciure (Defn. 4.51),
({bot,top3 x {neoppset:norigin },(I} (cf. comment pteceding (tealment
of clasical RSs).

The order “< " is defined as follows:

o (Bot,n) < (top,n) and « {top,n)= (bot,m+1).

The set of rules which is then used is as fallows:

(a’) a,_c ko (c=ma1{{d:|al_’})); rule of dynamic monotonicity

ael ?

« . .
®) a ,~a, & . rule of consistency

') = V[ancv -an‘:ceC}. ruife of the excluded middle

We will refer to the first set of rules as “finite NM RSs”, and 1o this
second set  as “infinie NM [Ss”. Tt can be seen that using this new
unceriaimy structure and sel of rules, almost the same behaviour is achieved
as wilh the finite NM R<9c In order Lo make Lhe behaviours identical, the
second set of rules must be altered to Torce the infinile NM £51 to view

the siates from the “past” as equivalent, so that (b’) is suplemented with:
") @ ~a, "k, (e,d C(bot,n))

Assuming that there is a way of distingeishing information input from
outside from that derived internally (as we proved was the cise in the
finite NM FRSs. Propn. 4731) , we clim that point (2) is satfied by the
infinite. NM RSs, by marking information input at perceived state n with

certzinty {tep,n). This works because this way rule (a') allows the Jlas
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input to overrride previous contradictory information, however obiained,

4.7.4 Uncertainty Reasoning Systems

We use a finite uncertainty structure {(Defn. 4.51) (G, <)

The rules of the class we call uncerlainty RSs are as follows:

3 3

(a) o, ko

L] ael *

(¢=mari{ f!:lﬂlnd}]]; rule of dynamic monotonicity

by o, -2k, (bot <) ru

e of consistency

() kvia v-a"1ceC-{bot}}va,”™ rule of the excluded middle

n

It is interesting lo note the similarity belween Lhese rules and the nfinite
NM reasoning systems rules above. The only differences arise because the
uncertainty structure that is used is finite in this case, and the bot elements
are consdered as equivalent in this set of rules In fact, the latter
difference can be modified in the infinite NM R5s rules, to achieve a class

of non-monotonic RASs using a “don’t know” value

An important consequence of the use of a finite uncertainty structure,
together with rule (a), is thal the domain of uncertainty RSs has the
property of dynamic monclonicity. The mearing of this is that in order to
change a belief that a statement is true 1o a belief that i1 is false, there
must be an increase in Lhe certainly. Since cerlainty cannol  increase
indefinitely in a finite siructure, there must come a point alL which there
can be no more changss of mind. This is the fundamental difference with

the non-monotonic RSs.

urcerlainty struclure  with a ¢ep value is  used rhen a
reasorning system based on a clasical A% framework can be built, in which

certaindes (or probabilities} are specified for each sialement and assumed 1o
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be good forever. These reasoning svsiems have all the properties of classical
RSs as far as this analysis is concerned.  Several kinds of classic probability
RSs fall inlo  this group. Otherwise, the reasoning systems with infinite
uncertainly stfuclures are non-monotonic RSs, such as most of the reasoning
systems based on [fuzzy set theory. Even if 1the uncerlainty siructure is
finite, it is still esential o have the dynamic monectonicity rule, or else the

reasoning system flattens cnta one of the preceding reasoning sysiems

4,75 Interval Logics

For the purpeses of these rules we wiil require an extra index which we
call a persiatemey conundor. BOis drawn from the set Nu{al.
The rules of the class we call Interval RSs are as follows:

» r-1
(@) "a, T, . wEpr0);

rules of identity

%) ela,ml
(b) a W O
© a,~o vie k rule of consistency
B) ko ve~a, v*a,. rule of excluded middle

In rule (b), f:Syn xoppaet—+Nx{w]} defines an interval of persistency for
the statement, o, al perceived stale, m, with f satisfying the single restriction

that if fla,n)=w, [or some a and some r, then

Ymeoppart. (m<m)= fla,m) = ..

In the class ef inmterval [i5s that we have proposed, a pallern s expecled

in the behaviour of the world, which i¢ embodied in the function, f. The



use of his function is to determine an  interval, for a given statement
¥known in 2 particular perceived stale, for which it is expected that ihe
truth  of  the statememt will persis.  The uwse of this form of expecied
bebhaviour s very easy io see in human reasoning, for example, when
humans invest money, it is usually with the premise that they will live
long enough 1o reap the benefits of their investment, On the other hand,
they do not expect w0 live forever. it is also clear that humans expect
different intervals of pernstency, depending on the stalement in question. In
the previous example, the investors usually expect their life span 1o extend
Lo several years, but they probably expect the institution in  which they

invest 1o persin much longer.

Aithough interval f25s have in common with non-monotonic R5s the fact
that it s possible (o review the behaviour oi a siatement, they are aciuajly
very diffsrent.  non-monotonic 2S5 do nat try o understand, or comml
themselves to a prediction of, the behaviour of the world they perceive
They simply accept change without question, reshaping their warld 1o fit

the new informalion and neol seeing any pallern in the changes.

Unlike non-monolonic RSs, inlerval RSs are preparec o pay the price of
incorrect prediction aboul (he future, by entering an inconsistent stale, ang
thus collapsing, when the 1ruth of a stalement changes before it is expected

to.

It is important 1o realiss that the persistency couniers are mef uncertainty
indices, but only a way to measure the expected life of a statement. The
function f which determines the interval of persistency of the statement is
clearly a meta-leve! function, and thus opague 1o the rules at the
object-level. The presence of counters in rules (a) and (5) is then 2 signal
aiding the outside observer o understand whal is going on; for the same
reason, these counters are no{ introduced in rules (¢} and (c), in which Lhe
impor:ant information conveyed is about each pariicular perceived sizle, and

the counler is then irrelevant

role imoine adeplive
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Note that the interpretanon of siarred-negation 15, oncs again, constrained by
the rules that we adopt about subsiilvtion. In fact, if substituion of
starred-negatton  for another formula is allowed, then the rules of idemity
hold for starred-negated formulae as well, which means that we are allowed

to make predictions about the persisiency of our ignorance.

1f, on the ather hand, such a substitution is not allowed, then
starred-negated  formulae can  be introduced only by the rule of the
excluded middle, which means that ignorance cannot be reasoned abaut, bul

anly admitied when knowledge is absent

This concludes our prelimnary discassion of the classes of reasoning sysiems

lhal we wish Lo examine.



Chapter 5

A Comparison of Five Classes

of Reasoning Systems

5.1 Introduction

In this chapler we analyse the five «classes of reasoning systems and
compare ‘them, firstly tihrough (he lens of homogeneily theory and then

using the tests of successful interaction.

We define 2 set of screens and properties and prove that each rule of
identity of a reasoning  svstem  is  equivalent 1o an  assumption  of
homogeneily of a particular properly on the relevanlt screen. The screens

are then proved 1o naturally determine a partial order.

We then set the context for studving the interactive power of the systerns
We construet, for each sysitem, the possible interaction that reveals

its weaknesses, either in the field of reaction or in that of survival

A secord order based on these performances 15 construcied. This order s

embedded in the first one.

All these results have relevance from many perspectives, throwing light on
tte  natere of the rules of icenity, on the role of assumplions of

komogensity, and periiculerly, because of the embedding of the orders, en

the conmections betwesn  basic rules like iden and complex  interactive

performances.  These points are all discussed ai the
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5.2 Various Screens for Viewing Perceived Progressions

The definitions presented in this seetion are used in the first siage of our
compatitive amalysis of the reasoning sysiems we have considered. Their
informal explanation is presented in Section 53

Definition 5.21

iet ($,,¢4) be an originated petceived progression for a reasoning
system, /2 Then O_: P(5,) — Bool is defined as follows:

0X) = (Y £5 A X #2).

Definition 5.2.2
Let (S5,¢, 8) be an originated petceived progression for a  reasoning
sysem, R, and t is a perccived siate in 5, Then O.: P(5,) —~ Bool

is defined as follows:

0 Y(X) = I.‘(E{u:uesR and t<ul} a X # @),

Int

Definition 5.2.3

Let (5,¢,4) be an originated perceived progression for a reasoning

system, R, and ¢ be a perceived sute in 5, Then Q.: P[5,) - Bool

o
is defined as follows:

O, (X) = (Xs{t,t+13 A X # g).

Definition 5.2.4

Let (S.<,8) be an originated perceived progression for a reasoning
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system, R, ¢t be a erceived state in 5 with ¢ <u, del[0,0] and
3 p n

A &5, salsfying:
VYneS VYu,neK (uin<uv) =nek.

[4

Then O "% P(5,}— Bool is defined as follows:

(r.d, K7

QM e (XK A XD 2 dr(1-d) 1K

Aldu,veX YVeoweK.(u<cwen == we V)

Tais  conciudes the set of screens we  require. We now  define  (wo

properties which we wiil need for our analysis in Section 54.

Definition 525

Let & be a perceived progression for some teasoning system, f  Then
the predicale P;(s) is defined w0 be true iff Q:HT for some d such
that ¢ €4,

Definition 5.2.6

Let s be a perceived progression for some reasoning system, R Then
the predicate R,°(¢) is defired 10 be wue iff a:H?' for some o such
that ¢ ¢d.

Definition 52.7

I8 o, Origmatek) is a2 vilid exploraztion sy, (5,¢,4) e ¥ and

PS5 Bool, then F is the sel of first states for P in &5 il



Vnels. (i) P(n) hoids;
and (i) ¥teS.(n is a successor of &) = (P(:) does not hold);
or VtES.(t<ﬂ)‘°(Pu‘(t) does hold).

implies ne¥.

Proposition 5.2.1

Let (£,,c, Orig,ratech) be a valid exploration set, (5,¢8)e& _,

P:S—>Boel, and ¥ be the set of first sates for P in S, then if
$=9, P(t) is false for every teS.

Proof:

Suppose teS and P (t) hoids

Then let T={u:uves, uw<tl

If P(u) holds for all 1 eT then, by Definition 527, te ¥, -contradicting
the hypothesis.

Therefore, 31 eT such that P{w) does not bhold.
So, the siale v =mar{{u:ue?, Plu) does nol hold}) is well-defined.

Then, if P(e+1) holds, v+1e¥ by Delinition 527, contradicling the
hypothesis.

So Pluv+1} does not hold, and if v+1e7 then this contradicts the
definition of w. But, if ve7 and v+1g¢ T, then, by consiruction of T,

v+1 =1#, so that, by supposition, P{v+1) holds, which is a contradiction.

Therefore there is no teS for which P{7) holds. ]
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5.3 Informal Aspects of Some Screens on Perceived Progressions

In Section %2, four different sereens operating on perceived progressions are
defined: O, © 0" and Olu.u,n

Ine * L]

These will be uwsed in Section 53 10
anaiyse 1he asumptions that are made in the fundamemal rules of the

classes of reasoning systems considered in Section 4.7.

The Tirst and simplest of the screens, Q. (Defn. 521}, takes as is Q -sels
all thase nen-emply subsets of 1he perceived siates in Lhe progression to
which it is applied. This screen is the Jeast discerning of all the four, and

identifies the entire set of siates as the uvnique individual (cf. Section 113).

The second of the screens, Om" {Defn. 5.22), is acwally a class of screeng
with n as the parameter of the class. 1t simpiy considers all non-empty
subsets of the perceived states following (and including) the state n in the
progression [t therefore produces a  different individual for each sate,

which is all the perceived “Tuture” of that state,

Definition 523 introduces the class of screens, Q"", again with parameter rn,
This screen  considers the state m and  its  successor in  the perceived
progression (and the subsels containing each alone). Once again there are as
many individuals as slates, and each individual is & pair of consecutive

states. This screen is more discerning than the first, but extremely myopic.

Finally, In Definition 524, we introduce 1he most sophisiicated class of
screens, 077", wilh thrze parameters: a state, a depth and a set of
conseculive petceived states. This screen looks at sequences of consecutive
siaies in the subset K of the progression, examining the set only 10 a
depth o and assuming ¢t is the first state in the sequence in K. The
individuals in this case are all the wvarious intervals of consecutive stales in

the progession.

Having considered the four screens Lhat we use, we presenl 1wo praperties,
1n Deleiors 525 armd 526, wheh lake a statement and a ceniainly value

as parameters and are cdesigned o consider the behaviour of the partcular

. . . N . . € .
stzlemer), with the given certainly, in a given state. The first, P, is used
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10 check if a*— 7 with a certainty value greater than or equal w0 ¢ while
the second, R;, is used 10 chzck whether a—7 in a sate with 3

certginty  value greater than e

In Definition 5.2.7, we introduce the important concept of first staies for
some properly in a given progression. This is a set of siates of one of
two types: those for which (he property holds and did not hold i the
immediately preceding siate, and those for which the property holds and
held in all the preceding states. The reason for the consideration of the
second type of states, which might appear a rather peculiar set lo consider
as “first states™, s that if all the sales of a perceived progression, until
some stale, have the given property then, if the progreesion does nol have
a starting state, there will be an infinitely long sequence of stales with the
property and  having no first siate! We consider any  siale in such a

sequence 15 of equal imporance as any more natural “first state”.

The Section concludes with a single resull (Propn. 5.21) proving that a
progression with no first state for a given properly conlains no siale with
that property at all.  This result is uwsed in the following seciion, where we
continue our comparalive swudy of Lhe reasoning sysiems presnied  in
Section 4.7,

54 A Formal Treatment of Identity through Homogeneity

In this Seclion we proceed Lo match each of 1he reasoning sysiems
intreduced in  Section 4.7 with a screen from the selection in Section 5.2, in
order 1o show the way in which the rules of each reasoning sysiem force
a particular view of their perceived progressions. The study concentrates on
the assumptlions of homogeneity that lie behind 1the parlicular rule of

identity {or its equivelent) adonled by each class of reasoning systems.
Tre final resalt of 1hls secnn proves part ol the partial erder between

the assumplions thal are proved equivalent to each of the rules of identity.

The rest of the parlial order is also given, allhough Llhe proofs are omitted,
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since they are dentical in paltern

A discussion of the meaming of these results can be found in Section 355

Proposition 541

Let (€,,c,0rig,match) be a valid exploration set for a classical RS,
C, oewff in the reasoning system, (S.<. s)e& ., and ¥ be the set of
first states for P.° in 5. Then, given he validity of the ruies (b), {c)
and (d), listed in 4.7, the assumption of the wvalidity of rule {(a) is
equivaient 1o the assumption hum(S’c,P:,O:) =1.

Proof:

()

Suppose ne ¥ and teS.. Then let u=mn({n,t}) and v =mazlin,t})
Rule (d} iexcluded middle) implies o v~a,. Suppose -~a,.

Then, repeated use of the rule of identity, (2), implies:

L T - S oY e S O R I

3 us g v

Now, #=u or m=v. Thus, ~a — 7T (with top cerainy, since the certainy

in classicsl ItSs can only be top).

By Deflinition 527, P;(n) is true, so that e ,—7T ({again, ¢ can only be

top).

By rule (&) (consistency), -a,,c b, so that siate 3 is closed, contradicling

ine  hy pothesis,
Therefors, a,— 7 {and ~a, is false).

Again, by the repealed use of the rule of idemtily:
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Now, t=u or t=v, so that o Then, ij'(t) is true.

Therefore, the 2P "-density of any subset of perceived states in §_ i 1.
Thus, hom (S, P50, =1.

If ¥=9 then, by Proposition 321, the P:~densily of any subset of
perceived states in S is 0, so thal hum(.‘;‘c.Pa‘,O:) =1.
(=)
L2t teS., and o — 7.
By hypotkesis, hom(S5., P 0,) =1, so that

1-rad({ Pu(—density of X: (X)) =1 {Defn. 3.2.5).
So: rad ({ P,"-density of X: Xe5.~X#2}) =0 (Defn, 3.2.1).
Therefore, maz({ P;-densily of X: Xes . aX#4g})=

min({ P, -dersity of X: Xs5. ~X#4d})
(Defn. 12.4).

Thus, there is some value, &, such that, for every X such that OJ{X) is
lrue, the Putrdensily of X is &

Now, if P:(t) is true, and O ({t7), so that there s a O-ml wilh
P S-density 1. So the P_ ~density of all O,-sels is 1.

Hence, the P;-densily of {t+1} is 1 and P;(t+1) is true.
This implies o For

which is the rule of identity. O

(XS 04
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Proposition 54.2

Let (¥ .,=,0rfg, mateh) be a wvalid sxploration sel for a imuwuitionistic
reasoning sysiem , Int, aewff in the reasoning sysiem, (.‘.’l"'.<,a)sE,M
and ¥ be the set of first states for P; in 5,. Then, given the
validity of the rules (b), () and (d), listed in 4.7.2, ihe assumption of
the  wvaiidity of rule (a) is  equivalent to the  assumption
vned. hom(S,. P .G, ) =1L

I1ny

Proof:
(=)

Lat ne¥ and te $ such Lthat n £¢.

tne?
Rule (d) (excluded middle) implies a,v-o,vic,. Suppose -~a,

By hypothesis, P:{n) is true, 5o that a — T (with fop cenaimy, since this

is the only value availabie in Intuitionistic R2.Ss)
Then, repeated use of the rule of identity, (a), implies:

alFa o b..Fa,

" LR} n

By Rule (b) (consistency), -a,,o -, so that state t is closed, coniradicling

the hypothesis.
Suppose :a,— 7.

Again, by the repeated use of the rule of identity, we have «a =7, and

by rule (b) (consistency}, za,,a -, which is a contradiction

Therefare, a, — 7, and hr'm(ﬂ'm,P;,O ") =1, which gives:

Int

Yned. ham (.‘)"N‘,P:.O:A._ J=1
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()

Let teS,,,, and 7.

Suppose that there is no ne¥ for which n ¢ ¢t
Then let T=({miues,, w<t) and suppose P_(u) far every ueT.
Then, by Definition 327, T<3¥, conuradicting 1the assamption that there s

no ned for which n ¢t
So, the state v =mar{{u:ueT, P;(u) does not hold}) is welt-defined.

Then, if P:(v+1) holds, r<1e F by Definition 527, and so v+lgT.
Then, by Definition 527, v+le and if veT and v+1gT, then, by

construction of 7, v+l =¢.
So ted which is a contradiction of the assumption.
Therefore there is some ned such that m< ¢t

By hypathesis, hem (5., P .0, ) =1, so that:

1-rad({ Pur-densily of X: 0 "(X)¥=1 {Defn. 32.5).

Int

and t<u} A X v@)})=0

So: rad({ P;—density of X: (Xs{u:ues,

(Defn. 5.2.2).
Therelore,

maz({ Pﬂ‘—densily of X: (¥xs{u:ues  and £<ul} o X 2@}l =

13

min({ P '-censiy of X:(Ve{u:ue 5. and t<ul » X#8)})

(Deln. 31.2.4),
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Thus, there is some wvalue, k, such Llhat, for every Y such thar O "(,\') is

ins

< .
true, the P -densty of X is &

Now, P {t) is true, and Q. ({t}), o that there is a @, "-set wih
P '-density 1. So the P, -densiy of all @, ~-sets is 1.

Q. (t+1) holds, so {t+13} is a Q,, -seL

Hence, Lhe P;-d:nsity of {t+1} is 1 and Pa‘(hl) is true. This implies:

which is the rule of identity for intuitionislic RS% O

We remind the reader that “lal™ is used to abbreviate *“either a or -a”.

Proposition 5.4.3

Let (¥,c, Orig,match) be a valid exploration set for a non-monotonic

RS5, N, ae wf/ in the reasoning system, {5,<.8)e &,, and:
Inp(s,,a)={neS,:aeND(5,) 1

Then, given the valicity of the rules {b} and fc} listed in 473, the

assumption of lhe walidity of rule (a) is eguivalent ta the assumplion:

¥YreS,.
((neInp(5,.a)vn,n+1gInp(5,,lal)) = kem(S,, P "0,

}=1).
Proof:
(=)

Let » be a sate in S5,



Suppase n e Inp(S,, a0}

Then o, —7, since only internally derived slalemenis are marked bot.
Bui, by Rule (a), if a '~ ~7 then amlbm — 7 must hold, so P:“(ml)
holds.

bot

Now, P ""(n) holds and £ ™(n+1) haids, so, by Definition 3.2.3
hom (5, P, 2"} = 1.

Alternatively, suppose n,n+1 ¢ Inp(S,, lal).

tos 1op

Then none of a , «

a

: tor
, -, and -o,

. maps 0 7, since only

nsl

internally derived statements are marked bot [(Propn. 4.7.11).

. bot - bor
So, by rule (a), if a —7T thea o, =7, and conversely, if «,  does

-1
Lot

not map o 7 then ~a "7 (excluded middle), so thal -a, 7 and

.l
batu n

a'lb“ does not map to 7. In either case, hom(S,, P, ,Q, )=1

3

Thus the assumptlion is proved.

(&)

Let med, such tha P""(n) holds.
top

Suppose @ = 7.

Then, since only stalements that are rol derived inernally are mated top

(Propn. 4711, nelnp(5,,a). S, by assumplion, P:‘“(n«»n’ and  since

. . . . . 1 b
this is true regardless of the particular S,, it must be Lhat a " o,

bot tor hot bot tor bot

That is, @, , Ea and ~a, ,a ko

w n nel n

Supposz conversely that o, does no: map o 7.

bat

Then, ¢« +~*7, since P:“(n) helds. I -o“m'—'f', then the rule of

double negation allews the wse of the second part of the ru: derived



. .
above, lo obuin: ~a, ,a, k=~a

Sa, assume -a"m does not map o 7. Then there is some S5, for which
n+lelnp(s, lal), and, by ihe assumption, hom(5,, P:“,Onn ) =1, so
that Pa“‘(rul) must haold.

Therefore, the rule that leads to this behaviour must be anb“l.— an.lb“, when
neither a"m nort -o."“’ maps to T.
Putting together these parts the final rule is:
€ bot d
a, ka  when e=maz{d:lal I,
which is the rule (a) a

Proposition 5.4.4

Let (EU,C,Orig,matr:h) be a valid exploration set for an uncertainty
RS, U, using certainty strucwere (C, ¢), ae wff in the reasoning sysiem,
(5,,¢,9)e¥, and ¥ be the set of first states for P, in S,. Then,
given the wvalidity of the rules (b) and (c) listed in 4.74, the assumption

of the validity of rule (a) is equivalent (o the assumption:
() ¥Yne¥ hom(s,, Pu:v Rm',om") =1;
(it) r,.at). ((T,,<1t) is an opp for U, coniaining only o-slales) a

3

(@ =T, c=maz{d:lal’)) » (VdeC. hem(T, P, Q") =1)

* ~int

Proof:

Tt ne¥ and t2n.

By Delmition 527, if ¢=n then P (1)
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Suppose t>n and P:(H does not hold. Then, without loss of generality,
suppase ¢ is the first siawe tin the order <) afier n» such that Fﬂ((tJ does
not hold.

Now, P:(t-l) holds, so a‘_l"H.T for some d 2¢ - assume this s Lhe

largest value of 4 [for which a‘_,dHT.
Then rule (a) implies o —7, unles d#mazi{r:lal”}). Bu, by

supposition, 77" (1) does not hold, so asume d # maz({e:lal 1)

Thus, ihere must be some vajue ¢ :d for which =~a,., =7 - assume this
value 15 the maximum of ail such values Then rule (a) implies -ct"'—-T,
and thus R_(t) holds.

o, hem(S,. P, vR .C

@ Int

") =1, which proves {i).

Let (T,,<,t,) be defined as follows {laking all inlegers as the sl of
indices for states in T, and ordering the states by the order of their
indices inherited f[rom Lhe inlegers}):

Vinlegers, z, ley ¢ = (a“—T).

Then the only statement that maps w0 7 in any stae in T, is 2. This is

an opp conta2ining only o-siales and cannol become c¢losed using the rules
of U and Vd e C. bcrm(TU,Pau.O -1

Y3

(&)
Let teS,, and (]‘t'—’r. with c=maz({d:|a|‘d}}.
Suppose thzl there is no me¥ for which n € 2.

Then ot T'={wueS,,, uw<dt), and suppose [’;(u) for every ueT.

Then, by Definitien 527, T=3# conirzdicling Lhe assumpian thal there s
3 ' £ T

no ned for which n < ¢,
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So, the state v=maz({u:ueT, P:(uJ does not hold}) is well-defined.

Then, if P_(v+1) halds, v+ie¥ by Definition 527, and so n+1¢T.
Then, by Definition 527, v+1e ¥ and if veT and v+ig¢T, then, by

construction of T, v+l = ¢,

So te¥ which is a comradiction of the assumption.

Therefare here is some med such that m <2,

By assumpion (i), hom (S, P v R 50,") =1, so thau

f ~ing

L-rad({ P v R S-density of X:Q JiX)})=1 (Defn. 323).

Int

So:

rad ({ P:vﬁ_at-densily of X: (X {u:ues, and t<ul a X #a)1)=0

tae

(Defn. 5.2.21
Therefaore,

maz({ £ vR_-density of X: (X e{u:ueS  and t<ul}a X ¢#a@)])=

T

min({ P v R S-density of X: (Xs{u:ues, and t<ul a X #a}})

1

(Defn. 324).

Thus, thete is some vaiue, k, such that, for every X such that O, (X) is
irue, the P,°v R_-density of X is k.

Now, Pat(t) is true, and Qm"({t}), so that there s a Q‘"‘"—sel with

<

PR ‘-densiy 1. Sa the Py R _“-demsity of ali @, -seis is L.
~a a - Iat

a

O, (t+1) holds, so {z+1} is a @ "-set
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Hence, lhe £ v R__‘-density of {t+1} is 1 and PR(t+1)v R _(i+1) s

true.

By asumption (ii}:
3I(T,Gt). (T,.<,t) i an opp for & conlaining only a-states) a
{a T, c=maz{d:tal”}) a (¥deC. hom(T,, P ,Q, "1 =1)

The rules which apply in 5, must also apply in T, 50 it must be that:

[ 3

o, & a e=maz({d:1a} 1) .

nel ?
If teS,, and o =T, with ¢#maz{{d: Inl‘d 1), and suppose a —T with
¢ =maz({ :l:Ic!l‘d}), Then the asumptions stl! apply with @, replacing

. . .
a, and the same rule is derived as above.

Finally, if teS,, and o — T, with c# maz({d:'al’}), and ~a —7 with
v = maz({rl:l(zl:}). Then the assumptions still apply with -n‘- teplacing
o, 2nd the same rule is derived as above, with ~a " replacing n, .

Therefare, the rule 1hal is derived from the assumptions (i) and (i} is

«
a ko

<
n nel ?

(r.-=maae({ri:|a|:})). which is precisely rule (a). o

Definition 5.4.1
Let n be a perceived state for an interval 'S (cf. Section 4.73), and

aewff in the teasoning sysiem. Then the predicare I (r) is delined

to be true iff a=T in state n with a persistency counter w.
Proposilion 5.4.5
Lev (¥,,c,0rig mateh) be a valid exploration set for an interval RS,

I, aew/f in the rrasoning system, (5,.¢ 4}ek and ¥ be the s of
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first siates for PG‘A fi_ in 5,. Then, given the validity of the rules (c)

and {d) lised in 475, Llhe assumption of the wvalidity of rules (a) and

{(b) is equivalent to the assumplion:

Ia,1,K1

Vned ham(5,P. 5,0 )=1,
where:
if fla,n)eN then JueS, . K={teS:ngtsul and |Kl=fla,nj+2
and
if fla.n)=w then K={teS:m<t]
Proof:

)

Let me¥ Then, by Definition 527, either P '{n-1)}a (1 (n~1) does not
hold, or VteS,.t <n =P (£)af2 (t)

Suppose f(a,n) e®. Then, by rules (b) and (e}, if all the siates in §
are oppen, a« 7T and has persistency f(a,n). Then, for the subsequent
fla,n) states a=T, so that there is a continuous sequence of fla,n)+2

states for which a7, suarling from stale n.

Suppose f(o,n) =w Then, by consiraint on f,
VmeS.(n<m) = fla,m) =w

Therefore, by rule (b}, YmeS,.(n<m)=+a_ —7T.

tn,1, X3

It follows thal hom(5,.P, 0 )=1.




(<)

Let te5, and a — 7.

Suppose that there is no ne¥ for which n ¢t

Then let T={u:ues, u<t), and suppose P (u)af2(u) for every
weT. Then, by Definition 527, Ts# contradicling the asumption that

there is no me ¥ for which r { t.

So, the state v=mar{{u:ueT, P;(u)Aﬂa(uJ does not hold}) s

well-defined.
Then, if P; (v+1) holds, v+le ¥ by Definhion 527, and so v+1aT.
Then, by Definition 527, v+1e ¥ and if veT and v+1¢T, then, by

construction of T, v+l = ¢

So te¥ which is a conlradiction of the assumption

Therefore there is some me¥ such lhat n < ¢

1n.1,K7

By hypothesis, hom (S, P, 0 =1,
where:
if fla,n)eN then JueS . K={teS:n<tLu) and |K1=f{a,n)+2

and

if flasn)=w then K={te§:n<t}

5o
1-rad({ P\ ~censity of X: 0" (X)3) =1 {Defn. 12.5).
So: rad({ PS-density of X:0,"""(x)1)=0.
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Therefore,

LB Ry

maz{{ P'-density of X: 0, xh =

min({ P -density of X: 0,""(X)}}
{Defn. 124).
Thus, there is some value, k, such thal, for every X such that QI(”'“(X)

is true, the P, -denmsity of X is &.

tn 3, KI

Now, P (t} is true, and O, ({t)), so that there is a OI'""'"-seL wilh

P -densiy 1. So the P£,°-density of all QIE"""J—sels is 1.

fn.l.Kj

If Oll"'l"'(tv.l) holds, then {t+1} is a O set and hence, the

P -densly of {t+1) is 1 and P (£+1) is wue

This implies that Yue K -{rnl}. e, o, holds. Thus there is a conlinuous

sequence of f(a,n)+1 siates for which o, _ &k a, holds.

Clearly, a persistency counter can be used to keep track of where a given

state is in such a sequence. Thus, an index can be introduced:

o, e, wep>o);

These are the rules of jdentity, (a} and (b), for interval RSs. a

We now show how the assumptions listed in the propositions above can be

placed in a partial order in the following way:

If  we can show that, for any reasoning system, and any consisiznt
perceived progression in that reasoning syslem, one of the assumptions of
homogeneity in the above propositons implies a second, them the first is

belore the second in the order.




Conversely, if there is some reasoning system for which there is a consistent
perceived progression in which one asumption holds, but a second
assumption fails, then the second does not come before the first in the

partial order.

There are some fourteen proofs required to prove the enlire otder, of
which the majority (eight, in fact) are all very similar - the proofs that a
particular asumpilion does not imply a second. The patiern for thes is 1o
lake the particular reasoning system for which the rule of ideniity is
equivalent to the assumption of homogeneity, and then consider some
consistent  progression which uses a parucular feawure of the reasoning system
nol compatible with the second assumption. This then leads w0 a proof that
the second assumplion cannot imply the f{irst, Since these proofs are all

very straightforward and not particularly instructive, we omil Lhem.

It is aiso clear that the assumplion of homogeneity in the first proposition
(which when writen in its most general form, for a reasoning system with
a ceruinly structure, (C, <), becomes: ¥Yce C. hom(S,, P;,Oc} =1) implies
the assumpiions used in all the other propositions.

For ease of reference, we use the name of the reasoning system for which
an assumption has been proved equivalem 10 the rule of idemty, as an

abbreviation for each assumption used.

The full partial order is then as follows:

classical RSs = intuitionistic RSs =+ uncenaimty RSs and interval RSs
and

classical RSs =~ non-monotonic RSs.

All other pairs of reasoning systems in the group are incomparable.

We present here lhe proofs that inluitionistic f2Ss = uncertaimy RSs and

interval RSs.
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For all reasoning systems, A, and for all originawed perceived progressions
containing only o-states, (S,.<,¢), and for any salement, a e wff in
the reasoning system, which maps to 7 in some nate of 5, with some

certainty, ¢, the following holds:

if R ues the uncertzinty structure {C, <), 3 is the set of first states for

Pu‘ in §, and % is the s of first states for P;.-\ 2, in §_ then:
WeeC.¥ned  YdeG.hom(5,, P 0, ") =1) =
1) (i) YeeC.¥ne¥ . hom(S,, P vE 5,0, )=1:

(i) 3(T,, <,t). UT,, <¢,¢) a consistent opp for R) a

(@ . c=maz(ld:1al’}) » VdeC. hom(5, P, 0, ) = 1);
() VeeC.¥ned  hom(5, P° Q" ") =1,
where K is a continuous sequence of f(a,n)+2 states in 5,
starting from n.
Proof:

Since P (n)= P "(n)vR_(n} wivially, pan (D) follows,

Since P:(n) holds for some neS, by hypothesis, then, by assumption,
YdeC hom(.‘}a,P:,Q "}=1, so thal when r:=maz({d:!cx|:}) the opp

st

(S, <.n) savsfies (I)(ii).

ima,K) n

Finally, since 3':53‘, and Un(Q, YeUn(@,, ), it is clear that (If)

fallows from the assumption.
Now, the assumption is the general form of the assumption used in
Proposiion 54.2, and ()i} and (i) are the assumptions wsed in

Proposiion 54.4, while (II) is the assumption used in Proposition 34.5

Therefgre, intuitignistic RSs = uncertainty RS5s and imerval RSs O



55 Analysis of the Results about Identity through Homogeneity

In the previous section we have proved the equivalence of the rules of
identity, for the five classes of reasoning syslems, lo some expresions in
homogeneity theory. We now explain why this is a worthwhile analysis

and what we have learned from iL

Firsily, we have concenirated on the rules of identity because of the very
particular role played by thess rulee As we mentioned before in
Section 4.4, the rules of identity are the foundations upon which every
deduction must be made. This is so for 1wo distincl reasons: the first is
that the rules of 1denuty propagate the exisling knowledge Lhrough time,
representing lthus the logical memory of the sysiem; Lhe second, which is
more subtle, is that any attempt at coping with a changing reality must
begin with a madificalion of these rules Their connection 1o any kind of
deduction is then clear: we need premises inherited from the past in order
lo start deductions, and we must also make sure that any formula ued in
the inference will not change ils semantic value while the deduciion s

carried through.

It is interesting and telling, however, that identity is always taken for
granted, seldom discussed, and somelimes even left oul as trivial from the
formalisation of some systems We think that there are (wo main reasons
explaining this oddity, one hisiorical-psychological and the other much more

technical.

The historical - psychological explanation springs from the observation of the
stalus gained by classical logies (expecially in the Frege-Russell form). While
an enormous amount of work has been devoied 10 details of any sort
(often without visihle molivation), the foundalions of the system have been
challenged only through completely antagonistic conceptions, many of which
lack the rigour of their opponent. This silualion nawrally creates polemics
instead of analysis, and the clash of philosophies obscures and denies (he
need, in order 1w put ihe discussion on a proper fooling, for a common
formal base. Partly as a reaction against the damzaging quarrels of 1he first

part  of this «century and partly due 10 an unfoftunale process of



mythificatorn of c¢lassical logic (reminiscent of the analogous and disastrous
authority achieved by Arisiolelian syliogistics in the Middle Ages), the need
for an open-minded analysis of esserujal feawres like the principle of

ldentity as been ignored.

On top of all this resis Lhe well known psychelogicai device by whieh the
most corplex (and basic) mental operations abou, the external reality are
made to appear, to each of us, as exiremely simple and shallow. The
basic ammption of homogeneity, which we discused in  Chapter 2, s,

perhaps, the most startling example of this mechanism.

The technical reason is that, in order 1o analyse such a fundamental part
of any reasoning system, a lool is required which is more general and basic
stifl.  Thi ool should also be powerful enough w examine several reasoning
systems it once, if the exerciss is 1o have any meaning. It 5 clear that
no competitor can be referee, so that a theory allogeiher different from the
reasoning systems under consideration is needed. Given these requirements of
generality, strength and fundamenality, very few canditates are left for the
position. One possible candidate could be the Topoi theory [GOR3], if it
were nol for its own underlying philosophy, which posilions the Lheory

itself in opposition to some of the logics Lo be examined.

We claim that homogeneity theory presents all the necessary characteristics of
rigour and generality, while the plane of s philesophy automatically places
it above any direct confrontation with the philosophies embedded in each
reasoning system. This can happen because homogeneity theory does not
provide a1 logical calculus of some kind, or a subsiiiute for set theory: W
expresses formally a point of view about how a vision of the world could
be created, a problem which clearly precedes any particulzr definition of
such a vision. This level of problem has been considered, until now, as an
estential part of the realm of pure philosophy, and trealed through the
argumentitive technigues characteristic of the field, with (he unavoidable
degree o confusion asmociated with thai. As far as we know, homogeneity

theory is the [irst formal mode! to occupy that ground.

Trhere am three practical ways in which we have employed homogeneity

theory in the anmalysis of the problem of identity. Firstlv, to define the



screens and predicates we have discussed above; secondly, to prove that, (or
each class of reasoning sysiems, a particular combination of predicates and
screen i3 equivalent 1o the rule(s) of identity, when conpined w0 the
remaining rules (Propositions 54), 542, 543 544 and 354.35). Thidly, we
have shown how these combinalions of precjcates and screens form a partial

order (Proposition 5.4.6).
A new understanding, in many directiors, can be drawn from these resulis

The first lesson s, obviously, about the principle of identity itself. Far
[rom being the simple, seif-evident observation it is widely believed 10 be,
it has proved to embody a complex and muitiform structure of assumptions.
Il can now be said with absolute confidence that the principle of Identity
represents the basic vision aboul the behaviour of the world {or of our

knowledge of the world) through time.

Several points can be made in this regard: firstly, the principle of identity
is mot the same for all reasoning systems, even when the rules look
identical {as for classical reasoning system and intuilionistic reasoning syslems,
of fnon-monotonic reasoning syslem and uncertainly  reasoning  systems).
Secondly, the wiew of the world which it represenis can be rather naive or
very sophisticated.  The classical reasoning sysltems, on one hand, force a
pre-eminence of lhe “exlernal world” over our knowledge of it, and claim
that the only possible receplicle of knowledge is a divine one. This can be
clearly seen by the analysis of the screen and  predicate wed in
Proposition 5.4.), which condemns 1o eternal collapse any knowledge which is

not complete and perfect 10 stant with.

All the other sysiems, each in their own way, consider the process of
acquiring knowledge as part of the reality which they try 10 capture. The
intuitionistic RSs do il by requiring absolute persistence from the moment of
discovery: this is somehow a towal reversal of the classical poimt of view,
notwithstanding the apparent cleseness of the formalisms; here in fact it is
the knowledge which subordinates the external reality, which was free to
assume  any  valus beferz being krown, but is frozen in that position from
the moment of discovery on. It could be suggested that  the harsh

aniagonism, often recorded, beiween classical and inwitionistic logicians, is due



o this c¢lash of  beliefs more than 10 the invoked differences over

uncompunble funclions.

The non-monotonic reasoning systems present, under Lhe homogeneity analysis,
yet another point of view; there, there is no belief whatsoever abour the
far future, the only requirement being aboul how a lransition is achieved
from one sate 0 the next. This stand could be imagined as that of
someone who has a (clasically inspired) view of how the world should
be, but 5 prepared to relinquish it if so lold. In addition, nothing can be
learnt from such a change, since this disillusioned classical logician rould not

give any meaning 1o a2 world that does not behave as it should.

The uncertainty reasoning sysiems tepresenl  a  cumulaiive  approach 1o
knowiedge, since the strength of our belief weighs more than 1he truth or
falsity of the belief iwself. Of course, Lhis is lrue only up Lo a point,
given the finite uncertainty struciure which characterises uncertainty RSs  The
need for a finite sequence of increasing indices is due 1o the reafistie
view of belief embodied in this reasoning syslem: believing here means
“being prepared 10 act upon”, and this clearly requires a final “point of
action”. This also corresponds to the human model, where it is not possible

to increase beliefls indelinitely.

It is inteesting 1o contrast this auitude with the “beliefs” represented in Lhe
reasoning systems based on infinite non-monotonic logics, like some forms of
Fuzzy RS, where everylhing is no more than an opinion, which can be

reversed without consequence.

An imporlani point is Lhat the concept of identily in the uncerlainty RSs
is a compromise betweszn Llhe classical and inwuilonistic exirermes: here, in
fact, a world is recognised, in which, sooner or later, it will be necessary
1o act, but in lhe meantime an increase in  knowledge is considered
important enough o oulweigh the discavery of [falsities in the previously
keld  knowledge.  This  concept  of  the  balance  baiween  events  ard
assumptions, level and rmew-level s close w0 the ideas expressed in

Secrion 30, and forms the techrical backbone of the clams of adaptive Fos

The role of assumplions, analysis and prediction in identity is even clearer



in the clas of interval RSs This is the first class where a complete swap
in the smantic value aof a stalement i3 acceptable {(under certain
circumsiances) and yet the world, or our knowledge of il, is not assumed
to be the meaningless random sequence postulated by non-monotonic RSs
This idea, that between the immobile eternal order and the complele chaos
there is always space for finding complex, limiled, uncertain but extremely
useful pauerns of regularity, is one of the main principles behind the

adaptive R5s.

A much deeper understanding of the scope and role of the principle of
Identity is not, anyway, the only rewrn from our analysis Just asx
interesting is the result by which a partial order is proved among the five
classes of reasoning systems. It was known that deleting the rule of double
negation (ransforms classical RS5s inwo  intwitonistic RSs (even if the process
is not that simple, cf. Seclion 4.7.2), producing thus an order between
them: having a general model against which 10 maich several clases of
reasoning systerms, and doing so by the analysis of the most fundamental
property of them all, Identity, is however a new standard, which shifls the
form of competilion among reasoning systems from the disputed argument 1o

the formal proof.

One further gain {5 about the theory of homogeneity itself: our analysis of
the Identity principle can be seen as a test of Lhe strength of this theory.
It is worth noting that, while the propositions themselves declare and prove
the equivalence between the rules of identily and the respeclive assumplions
of homogeneity, the rules are compleely opaque, and none of the above
analysis could have been suggested, lei alone carried through, by the simple

observation of the formal struclures

The point is thal the theory of homogeneity makes absolulely explicit what
the formalisation is made 1o disguise, that is, that no theary resis on itself,
everything rests on some kinds of assumplions, and being aware of them
can only lead to a betlter conirol of our own 1heories, and W@ an
improved adaptability of those (heories to the lasks they are created to

face.
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5.6 Interaction between RSs and their Environments

In order w0 serve a usful purpose, a reasoning system must have the
machinery to interact with ils environment. In this section we introduce the
definitions of those structures we use to examine this inieraclion, modelling

the environment and naming certain explicit behaviours thal are of interest.

These definitions extend and expand the rudimentary examination of external
sources of information which were used in Chapter 4, and led us w define

non-derivable statements (Defn. 4.5.2).

An informal treatment of Lhese definitions can be found in Section 5.7

Definition 5.6t

Lec R be a reasoning syslem, with syntactic domain, Symn. Then
(Obs, ¢,p0) is an obaervation line, iff Obs is a subset of wff, in R,
totally ordered by < and Yo eObs.o <o The elements of Obs are

called pbaervations.

Definition 5.6.2

If £ =(f,,c,8,match) is a wvalid explotalion sel for the reasoning
system R, and (T, <,t)e&,, then Timateh(T)) is called the perceived
present in T, p(T).

Definition 363

If £5=(E ,c,5,mateh) is a2 valid exploration set for lhe reasoning

system R, then the [ife line far E5, {(ES), is the originated perceived
progression: (Ep(T): (T, <, t) ek ). <, n(5)).



Definition 5.6.4
i) If ES=1(%,c,5, mairk) is a valid exploraion st for the
reasoning system R, and O =(Obs, <,0} is an observaiion line then
(ES,0) is a potential interaction. There is a natural order-prestrving

agsociation of elements from E. with elements from Obs.

(i) If o’eObs is associated with (T, <,t) then o' is observed between

(T, ¢,t) and its successor, (T", ¢, ¢"), in &

iii) If o ={a’), and a'— T in perceived state p{T’), then o' is said (o

be accepted as a’y it s Sully accepted, if ¢ =d.
(iv) The eecepiance set for (ES,0), A(ES,(), is defined as follows:
A(ES.0) = {(‘z"d:cr“c is observed and accepled as o between n-1
and n, for n-1 and n stales in {{£5),

and state n is not closed}.

Definition 35.6.5

A potential interaction, {ES,0), is an interaction iff
ND(T) € A(ES5,0), where [(E5)= (T, <,t).

Il is an active interaction when ND(T) # a.
We will follow our previous ruling, and maintain that a reasoning system
must accept any observations it does nat specifically and explicily modify
or reject by its own formal specification.
Definition 566

X ES=(X,,c,S5,match) is a valid exploration set for the reasoning

system R, then ES collapara if the life line for ES comains a closed

state.

13



Definitian 5.6.7

et R be a reasoning system. Then R reucés after the sequence of

observations, 3eq, il there is a second sequence of observalions, seg’,
such that:

(i} if {£S,3eq) is an interaction for R, then ES does . collaps;

i) if (ES,3eq.0" . '), (ES’, seq.a™ . -0"" . geq’), (ES™,9eq.-a"

and (ES”‘,qu.-a"".Jeq’) are interactions for R, then:

)

AES’, seq.a™ =™ geq”) - ALES,3eq.0" . ~a™)

2 AIES™ aeg. ' 32’ - A(ES T, aeq. ~a ).

Definition 5.6.8

Let R and R, be reasoning sysiems. Then R, < R, iff [or every sequence
of observations, aeq:

(i) ii (ES,,seq) and (ES,seq) are interaclions for R, and R,

L
respectively, then if ES, does not collapse, E5, does not collapse;

(i) if R, reacts afier 3eq then R, reacts after seq.

5.7 An Informal View of the Interaction Process

In Definiion 360 we presenl the observation line, which will be wused to
model the sequence of informztion entering the reasoning system from its

envirormen:.  Of course, the process of translation of the raw material that
received from the environment imo comprekensible and usefui statements is

e comgp'te gme, but we izrore this probiam for the o

porposes of  this first enzlysis we assumz  that the translelion has already



As Lhe reasoning system creates and recreates its perceived world - the view
that is held by the system of the environment in which il opefrates - it
perceives ils own progres through he world. This progres is  from
petceived present 1o perceived presemt (Defn. 5.6.2), and we call the series
of these perceived presents the life line (Defn. 5.63)

A polental  interacuon  (Defn. 564) s obtained by pairing 2 valid
exploration set with an observation line. The interaction can be seen as the
process whereby the sysiem creates s first view of the werld, an
observation is made and as a result, 2 new view of the world is created
(which mght be identical 1o the old view, if the observation is rejected).
If the system accepts the observation, it appears in the perceived present
immediately following the stale in which Lhe observalion was first made,
although possibly with a modified certainly (the use of this will be

apparent when we discuss Adapuve fU5s).

In Definition 5.65 we distinguish the lrue interactions from ihe absurd, 3o
that a 1true interaction only finds non-derivable stalements in its life line if
it has observed them. An aclive inleraction is one in which a1 Jeast one

non-derivable observalion is accepted,

Collapse (Defn. 566) is a straightfforward name for a particularly notable
form of behaviour, I will be usclful when we consider the behaviour of
reasoning systems confronled with the lest set by Definition 567, which is
designed 10 consider whether a reasoning system can react to what is, at
Jeast inwitively, an apparent inconsistency in its environmenl. It will be
scen  fater that most of the reasnning systems we have so far considered
over-react in the face of this problem, while non-monotonic RSs do not
react at all. When we construct the unforgiving RS and the adapiive RS,

we will see the possibility of a more useful reaction,
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58 Performances of the Reasoning Systems under Interaction

An informal explanation of the following result is presented in  Section 3.9
Proposition 5.8.1

Eet (£5,0) be an interaction for the reasoning system, C, with
I(ES)=(5,,¢,a), then ES does not collapse iff ND(S.) =@ (That is,

there can be no non-derivable statement in the observation line).
Proof;

[t bhas already been shown, in Theorem 341, that the validity of the
identity rule for classical RSs within the opp (S, <,4) is equivalerw w0 the

. < .
assumption ham(S_, P_,0Q.)=1, for each statement o in C.
P er a0 We

If o eND(S.} then o,
by the mle of identity. But then Aem(5_, P;,DE) #1, and ES collapses.
Therefore, if ES does not coilapse, then ¥D(S.) =@

cannot hold, since otherwise o could be derived

Conversely, if ND{(S5.] =@, then every stalement that appears in {(ES) is
derivable from the rules, so {{ES) must be consistent for € ]

Note that any valid exploration set for a reasoning system, which starts in
a consistent siatz and does not aler jts perceived progression, must remain
consistenl.  Thus if there are no non-derivable stalements on the life line of

the exploration set, then the reasoning system must remain consistent.

Proposition 58.2
Fach of the five classes of reasoning sysiems, described in  Section 4.7,

except classical RSs, has a wvalid exploration sei, ES, such that there is

an active interaction, (£5,0), for which ES does rot collapse.
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By Proposition 581, therr can be no active interaction for a classical RS

whizh does not collapse.
Consider the following interaction:
For each integer, ¢, let (T, <, ,) be defined as follows:

T,=1{¢ :for all integers 7} so that < is inherited {rom the order on the

second index of ¢, .

For +=0 and for >3, let ¢ ={a""~T1} for uncertainty KSs and

[

t,,={:a—7T3 for intuitionisic RSs

For 1¢i<7, let ¢, ={a " +T} for inwitionisic RSs, and the same for
—Th

. L1 L]
uncertainty RSs, except ¢, ={c T Ta"

Let ES=({(T,.¢.t, )i an integer},c {T,.<.t, ) match) be a wvalid
exploration set, with © inherited from the order on the index of T,

Let O= ({n,l":i an integer}, <, o)

I is elear that (ES,0) is the aclive interaction in which @ is not kngwn
before the origin and is observed and accepted between the origin and s
successor.  The Jife line of FES is trivially consistent for both of the

reasoning sysiems.

The same example will serve for non-monotonic [RSs, with the small
modification that for =0 and for 77, t,, = {-c:lmH T}, and, for
142475, L, = (a7 }, excepl for 1=7=1, where
t,={a™ =7, ~a" =7}

Finally, the example can be used feor interval RSs assuming I("'t1,1)="‘"' [m)
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Proposition 5.8.3

Of the five classes of reasoning svstems described in Secuon 47, all

except non-monctonic RSs react after the empty sequence of observations.
Proof:

In all the reasoning sysitems described, other than non-monotonic RSs, the
acceptance of a'™ leads to 1he inference that @ —7 in the immediately
following state. Thus, the acceplance of -a  in the next state will cause
a contradiction to arise in Lhat siate, and the exploration set will collapse.
This, in turn, implies that the reasoning systems, other than ihe
non-monatonic  BS, do not accept anything after the coniradiction s

observed.

However, if '™ s fully accepted between the origin and the next state,
then if no further observations are made the exploration set will naot
collapse ({assuming. for classical RSs, that ~a  is fully accepted without
collapse - thus, by Proposition 581, is derivable). It is therefore impossihle
for thes reasoning systems to find an active interaction which repeats the
same behaviour as this, while firw fully accepting «'™. Non-monotonic

RSs, on the other hand, do not react after the empty sequence.

For, suppose (ES5,0)), is an active inleraction, for a non-monotonic RS, R,
i

such that {(ES) is consistent in R and O,=(Obs,<,(~am)), whete ~a'” s

observed and accepted betwesn the origin of ES and its successor.

Then, il ES=(E_,c, S, match), define ES” = (&, £, 8, mateh’) as follows:
V(T < t)el (T,<,2-1) el

and (5°,¢,3)e EH’ where:

Yaes5 (3<p(5) = 3e’, inheriung the same order and with a° > 4)

Medpls) s> -{a™ =T Hul-a""=T 15, inheriting the same

order and with &' ¢ )
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and ¢’ =p(S)u {71
mateh’ (T) = match(T) and match’(S5*)=[s"1

Then (£5°,0.) is an aclive imeraction for R, where:

top tor

O, = (Obsul (a )}, < (a ),

and o'~ is observed and fully accepled between the origin of ES’ and is
successor and -c . is observed and fully accepled between the second and
thud  opps in ES', and, by construction, the acceplance sz for

ES and ES’ [ollowing the lal observations must always be the same. (m|

Froposition 538.4

If © is an observation line and £S5 is a valid exploration set for an
inwitionistic A5 which does not collapse, then ‘there is a valid
exploration set, ES, &5, or £S5, for each of non-monotonic,
uncertaimty and interval RS5s, respectively, which does not collapse, and
for which the aceceplance set, A(ES_,0), for each reasoning system, R,

comtains the acceptance set, A{ES,0)

Proof:

¥ o« is in the acceplance sel, A(ES,0), then it is not possible for -a™
o be derived from any of the other elements of the acceplance st, in
case the life line of ES is inconsistent. Thus, ~a'” cannoi arise in the life

line.

Therefore, an uncertainmly reascning sysiem can be constructed for which *ex
maps Lo T until o™ s accepted, this being the same observation a3 was
accepted from  the abservation set by the inwitoristic RS, end no
contradiclion can arise, since - cannol be introduced as an observation in

A(ES5,0).

The same is true of interval RS.
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For non-monotonic ASs, that there is a valid exploration set in which all
the slates are consistent and a . is fully accepled at the sarne stale as in
ES is arivial. a

Proposition 58.5

There is an observation line, O, and valid exploration sels, ES and
ES, for uncertainly and interval RSs respectively, which do  not
collapse, and such that A{ES ,0) = A(ES5,0), bu for which there is no
valid exploration set, £S5, for an imuitionistic RS which does not

collapse, and for which A{ES,0)=A(ES,,0) = A(ES,0).
Prool:

Let
o= ({ (n‘)l . (ﬂ:)[ !(ﬁ‘);o' . '!(ch)”ﬂ_;) +2? (-ﬂu)l(a.ll03’('9(}'(&.!104" " }" < ’(ac)l )’

where the order < is imheriied from the index, and d >

Consider the exploration set, ES, for an uncenainty RS, with an
uncertainyy structure  containing ¢ ‘and d, which starts with an origin in
which all the stales contain only “don’t know” wvalues and the rules, and
which fuly accepts all the observaiions in the above observation line. The
exploration set does not coliapse, since the greater certainty of -a in

observation f(a,t)+3 averrides the ceriainty of a

Consider the exploration set, ES, for an interval RS, with origin Orig, in
which all the siates conlain anly “daon’t know” wvalues and the rules, and
t=p(S), where Orig+i=1(5,¢,4a), and which fully accepts all the
observations in the above observation line. The expioration set does not
collapse, since the persistency of @ stops before observation flo,t)+3 is

made,

Now, the acceptance scis for each of the inleractions (XS ,.0) and

(ES,,0) are both aclive, with A(ES ,0} = A(ES,0) = 0.
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Suppoase that S i3 a valid exploration set for an inwitionistic RS, which
does not collapse and for which (£5,0) is an aclive inleraction, with
acceptance set  A(ES,0). Then, supposs A(ES,0)=A(ES ,0) = A(ES,,0).
It has already been shown that A(ES,0) = A(ES,0) =0, o A(ES5,0)=0.

But then {(ES) conlains states for which o is true, (from 1he scond state
in I(ES)). Then, by ihe idemity rule of inluilionistic KSs o is lue for
all states subsequent 10 the first state for which a—7. But, i the
(flo,t)+4)th staie, ~a must be fully accepted, since it is an observation
and A(ES,0)=0. This is a contradiction in inwitionistic RSs, and ES

collapses, contradicling the asumption.

This concludes the proof of this result. 0

Proposition 5.8.6

There is an observation line, O, and a valid exploration set, £5, for
an uncerlainty RS, which does not collapse, such that there is no valid
exploration se1, ES, for an inlerval RS, which does not collapse and
for which A{ES5,,0) = A(ES,,0).

Proof:

Let ©=({(a'),, (~ad).,(-a'),.(-ad]‘,(-a‘]s.... }, <.(a"), ), where the order
< is inherited from the index, and d>e.

Let ES, be a wvalid exploration set for an uncerltainty RS, with an
uncertainty siructure containing ¢ and d, which sarts with an origin in
which all the staies conlain only “don’t know” wvalues and the rules, and
which fully accepts all the observations in the above observation line The
exploration set does not collapse, since the grealer certainty of -a in
observation f{a,t)+3 overrides the certaimty of « Therefore A(ES ,,0) = 0.

Suppose that ES, is a valid exploration set for an interval K5, which does
nol collapse and for which (ES,0) is an active imteraction, with acceptance
st A(ES,,0).  Then, suppose A(ES,0)=A(ES,,0). I has already been



shown that A(ES,0) = O, 0 ALES,0Q)=0.

But then o is true in lhe second sate of [(ES), ¢, with persistency
counter w. Thus, @ is true in in tbe third state of I{ES)), with persisitency
counter f(a,t), by the rules of identity for interval RSs  Then, if
A(ES,0)=0, -a—T7T in the third state of [(ES), which, by the rule of
Consistency for interval RSs, is inconsistent, contradicting the assumption thai

ES, does not collapse. O

Proposition 5.8.7

There & an observation line, O, and a valid exploralion set, £S5, for an
interval RS, which does not collapse, such that there is no valid
exploraion set, ES5,, for an uncertainty [R5, which does not collapse and
for which A(ES,,0) = A(ES .0

Proof:

Let
c <

O=({(a"),, (8,08 )58V 0o O s e 2l Vi oo - 1o L),
where the order ¢ is inherited from the index.

Let ES be a valid exploration set for an interval RS, with origin Orig,
in  which all the states comain only “don’t know” wvalues and the rules,
and ¢ =p(5), where Orig+1 = (5,<,9), and which fully accepts ali the
observations in the above observation line. The exploration set does not
collapse, since the persistency of a stops before observalion fla,¢)+3 is
made. Therefare A{ES,0) =0O.

Suppose ES, is a wvalid exploration set for an uncerainty RS, with an
uncertainly siructure containing ¢, which starts with an origin in which all
the stales contain only “dont know” wvalues and the rules, and which

accepts all the observations in the above observalion line.

Then, by the rule of identity for unceriainly R£Ss, o is wrue in (he second



state of {(£5,) and in all subsequent states uniil overridden by a saiement
lael with higher certainty. But there is no such statement inernally
derivable and there is no such satement in the observation line. However,
~a is in the observation line, and since a is not overridden, the two
slalemenis must appear in the same perceived present in [(E5), a the
stale when ~a is accepted. This js a coniradicion by the e of
Consistency of  uncertainty 55,  which  implies hat  E5, collapses,

contradicting the assumplion. [m]
Proposition 5.8.8

Under the order of inclusion of possible acceptance sets, there s a
partial order imposed on clasical, intuilionistic, uncertainty and interval
f5s, so that:

classical RSs < intuitionistic RSs < uncertainly RSs and inlerval RS,

(the final pair being incomparable).
Proaf:
By Proposition 581, the classical RSs can only perform inactive interactions,
which all the other reasoning systems can do  trivially, while
Proposition 38.2 shows that all the other reasoning systems c¢an acually
perform active interactions.
Thus

classical RSs ¢ intuitionistic RSs, uncertainly RSs and interval RSs
Proposition 5.8.4 proves that:

uncertainly RSs and interval RSs are not less than intuilionistic RS

By Proposition 3.8.5, combined with the above result,



intuitionistic RSs ¢ uncertaimty RSs and interval RSs.

Finally, the results of Propositions 586 and 58.7 show 1bat the uncerainty
RSs and interval RSs are incomparable in this order. o

All the reasoning sysiems explored, except the non-monotonic RS, react in
precisely (he same way when they do react. Thus, it i5 easy to see that

the result of Proposition 588 implies, trivially, thai:
classical BSs < inlvitionistic RSs < uncertainly RSs and interval A3Ss,
while the [ast two are incomparable.

Since noa-monotonic RSs do not react at all afier the null sequence, for
which none of the reasoning systems collapse (Prop. 58.3), it is clear that
they do not succeed any of the other reasoning sysltems in the ordering.
However, the non-monotonic RSs also do not precede any of ihe other
systems, snce they do not collapse after any sequence while the others each

have a sequence that causes them to collapse.

Thus non-monotonic RSs ate incomparable with the others in 1his ordering.

59 Analysis of the Comparison of RS’s by Interactive Power

In the previous sections we present the formal definitions and propositions
which form a second comparisan of the clases of reasoning systems, this

time from the point of view of the interaction with a second agenl

As we mentioned before, we do nol see reasoning systerns as  abstract
algebras, whase values reside in the beawy and richness of their structures:
reasoring systems are primarily instruments by which we twy 1o understand
cur view of the world and improve our control of it. Their mathemaiical

propertiss arz then o be matched against these  yardsiicks, rather then



The Al researcher, who L(ries 1o construct and use formal instruments
which can simulate complex real life behaviours, has t0 add to the list of
requirements whicb a reasoning system is expecied lo salsly, the ability to
deal with much more confused, corrupted and inconsisient information than

any logician of the past generation would have ever had to face,

The term “real life problem” is in iself subect to confuson and
misunderstanding, so it is necessary 1o build a formal frame in which the
performance of different reasoning systems can be checked and measured or,
at least, orderd according o some precise procedure. Thizs is lhe role
played by the definitions of Section 56 The Propositions 581 10 %83 then
use this formal frame lo procede in ihe evaluation of bebaviours of the

different reascning systems.

Because of the range of problems thalt an AL reasoning system has to
face, and also for reasons of theoretical generality, we have not considered
any particular kind of application, but have concentrated on he way in
which the simple existence of an inleraclion can affect the wo more
essential features of any reasoning syslem: it survival ability and its

capability and range of reaction.

We have already pointed out how important it is lo delect the conditions
under which a reasoning systems collapses: it s interesting to note \Lhat,
until recently, this problem was of almost exclusive concern lo philosophers
of mathematics, since the only practicai users of a logic were the working
mathematicians, perfectly able (o organise the “collapsing and reconsiructing™
process in their mind, wilhout any explicit formalisation. The need of a
complete simulation in a machine has changed all that, sbedding light on
the facl that the survival problem is absolutely inherent 10 the formal
system Qiself, and thal it has been possible to avoid the recognition of this
feature only by a surreptitious introduciion of human behaviour inlo 1he
system. An analogous process has already taken place in linguistics where
components of the speaking process, considerad automatic and trivial, have
revealed an  unexpected complexitly once a proper simulation has  been

attempted.

127



This is an addilionali bonus from the parallel and dual processes of
applying formal methods o Al research, and tesiing AL  models aganst
formal simulalions of real life conditions, which should not be

underestimated.

Another advantage of an absiract model for (elementary) interaction is that
the nalure of that inleraclion can be left compleiely undefined: it could be
human 10 human, machine to user, machine to machine or entity 10
sensorial data. The same consiraints about applicability, survival and reaclion

of the reasoning system would apply in each case.

Our arnalysis is then based on the apparently obvious principle of laking
the logical rules seriously, and requiring that any mechanism for surviving
an inconsistency be expressed consistently in the formalisalion, not hinted at
oulside the sysitem. Some of the results of this method may be disturbing,
like that of Proposiion 581, proving that the class of classical RSs can
survive only if no active interaction takes place. On the other hand, it is
only by applying principles and rules of each reasoning system o itseif,
and camying the process to ihe extreme consequences, that we c¢an learn the
limits and strengths ol each approach, and advance toward a better founded

and more realistic model.

Iv must be said, however, that we do not intend our proofs about the
limits of the existing classes of reasoning systems as a stalement about the
wisdom of the creation of their reliated logics, not only for the obvious
reason of their role as necessary steps in the history of the field, but also
because most of them had never been intended for use oulside their originai
scope, (nside which they maimain the same effectiveness  For example,
classical logic was devised as an instrumemt to justify mathematical proofs,
and in that sense iL remains valid by our standards as well, since a proof
(from known rules and already proved theorems) does lake place in an
immuiable (though finite) world where every necessary piece of knowledge

is already present and no aclive interaction is requesled.

In the same way, the intuilionistic logic was consiructed for Formalising the
process of increase of knowledge in mathematics (strictly, in the mind of

each mathematician).  Again, granting allowance for false theorems believed



true (it does happen even (o the best mathematicians), and ignoring the
problem of actual mathematical creativity, the logic satisfies its original

requirements.

Giving 1o the reasoning systems eXamined their due credit, we can
nevertheless claim that our analysis represents a useful clarification in three
distinct directions: in the realm of pure logic, it shows what kind of
hidden assumptions are present behind the apparently neutral face of some
rules, and reveals limits of application and restrictions of philesophical
meaning which e¢an only contrihute to a better understanding of (he field:
in the area of existing Al activity, it is hoped that our analysis will
contribute towards slowing down the unfortunate existing trend of asocialing
languages, programs and even implementations fout court with logies which
where not designed for the purposs and are absolutely inadequate for it
Finally, having examined other sysiems under these constraints prepares the
ground for the construction of our proposed class of reasoning systems,
Adaptive RSs, which borrows heavily from the best scoring features of the
other reasoning syslems, lrying at the same time Lo avoid inheriting ino Lhe

same shoricomings

As we have already siated, we believe that the formally expressed power
of a reasoning system must be the yardstick against which the reasoning
system is measured. The same principle has been exiended m  the
construction of the frame needed in order 10 carry out the analysis (¢f.
Defn. 562, 563 and 566). The idea is that the same rules that a
reasoning system applies to the world in order 1o make sense of it (in s
perceived progression) are ihen applied 1o the reasoning system itself, in its
passage from one view to the next. This concept is, at the same Lime,
very natural, easily formalisable and controilable, and exiremely effective:
which thing, it must he said, speaks strongly in favour of the internal

coherence of the systems,
The propositions can now be considered each in turn.
Proposition 581 states that the communication with a system based on a

classical RS ¢an only be one-way, in the sense that the sysiem is prepared

to be told only what it already knows. The apparent absurdity of this
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conciusion, and the right historical perspective needed in order to understand

it, have been discussed abave.

It is interesting to note 1hat all the results would hold even if the
reasoning sysltems were provided with a possibility of refusing or medifying
informauon. This possibility is not, however, conceived in any of the five
classes c¢onsidered, and rightly so, since this feature is a rather dangerous
one, which can wurn a reasoning system syslem into an obsessive solipsist, if

applied without due precautions

The central point is that information should be refused (or modified) only
if the source is unreliahle {or less reliable than anather one), while the
construclion of a picture of the world, explaining and canurolling maost of
the information, must be pursued. On top of all this, a refusal or
modificaion of infofmation must also produce a meta-change inside the
reasoning system, so that a leson is learnt owt of what should be
considered as an anomalous event. It is clear that none of the five classer
of reasoning systems are in the least equipped lo satisfy such a complex
requirement, hence the impossibiliy of a last-momem insettion of the refusal
feature, The class of adaptive RSs, con the ather hand, has the formally
expressed power to deal with this requirements, as 1t is shown in the next

sections.

Proposition 582 simply shows that he other four classes of teasoning
systems can survive an active inleraction. As for severzl of these proofs,

this i3 done by exhibiling one example of such interaction.

In Proposition 583 it is proved that non-monotonic RSs do nol react, in
the sense specified in Definition 567 This means that non-rmonotonie RS5s
can go through the same problem again and again and never learn anything
from it This concept is lightly linked <t that of abdility to
predzct Predictions about (he fulure are an  essential feature of every
cognilive system connected 1o the idea of science (othet cognitive systems of
a contemplative kind have been consiructed, partjcularly in  the East) On
the othee hand, 2 system which does not take nolice of its own errors in
forecasting the futute can hardly be said to produce any ptediction; al

most, il holds apparenty reasonzble opinions, which i1 is paradoxically



prepared to relinquish on request bul nol to use in order to imprave its

own "beliefs”.

The same propostion shows that all the other four classes do reac, b in
a very drastic manner. This could lead 10 the conclusion 1hat a
non-monolonic RS exhibits here a more reasonable behaviour, since at least
il manages 1o survive. It is our contention, though, that this is not the
case, because Lhe (wo behaviours are incommensurable: survival is neteded in
order w0 continue to function, but on the other hand the ceniral funetion
o be saved is exactly being able to produce good predictions or, at feas,

learn from one’s own mistakes

The result proved in Proposition 384  highlights the order belween
inuitionistic RSs and the clases of uncertainty and interval RSs 1t shows
that  the interactions, which can be performed without collapse by
intuitionisitic /2S5 can be carried out with equal succem by uncertainty and
interval RSs  This resull is complemented by Proposition 538.5, in which it
is shown that the converse does not hold for either of the uncerainty or
interval RSs in comparison with intuitionistic RSs  Together, thes resulls
show hat unceriainty and interval RSs sirictly succeed intuitionistic RSs in
an  order naturally induced by interactive power, as shown in
Proposition 53.8.

That same order is further developed in the following (wo results
(Propns. 586 and 537), which revea) Lhe fact that uncertainly and interval
RSs both have relative advanlages and disadvantages, so are incomparable.
The differences between the approaches of the lwo reasoming systems and

their merits and demerits can be seen in the following example.

Suppose a machine equipped with an uncertainty RS is used as an
investrment adwisor, and it is informed that, on a particular day, it is
believed with a certain degree of certainty that the dollar is on an upward
wrend.  If this cerlainty is not top then, when the investor asks whether
dollars would be a wise investment, the machine will be cautious and
suggest delay. If later the investor informs the machine that it it now
cerlain  that dollars are entering a crisis, then the machine will have been
vindicated, and it can adjust its certainty about the trends of the dollar



accordingly.

Imagine the same situation had confronted an interval RS machine. To this
machine, certainty is meaningiess, so it would advise the investor that dollars
are a good bet that day. If the dollar slumps, not only wiil the investor
lose the investment, bul the machine will be unable to adjust 1o the new

information, and will enter a collapse.

Now imagine a rather different sene: if 1the investor informs the machine
with an uncertainty RS that it i3 certain that the dollar is on an upward
trend, then the machine will happily advise investment in dollars Suppose,
a month later, when the machine is still advising investment in dollars, the
investor informs the machine that in fact dollars are suffering a decline -

then the machine fails and collapses

However, the interval RS machine fares rather better in this case, for,
knowing that the persistency of trends in currency markets last only over a
period of a few days, it stops advising the investor to buy dollars jong
before the investor learns of the dramatic fall in the dollars® worth. The
machine willingly accepts the new information, and assigns a period of a
few days persistency, during which it will treat dollars with a healthy
disinteresL

I can be seen that the first machine har the advantage of the methodical
researcher, which accurnulates evidence and acts slowly, while the second
machine recognises, or gambles on the existence of, {possibly short) paiterns
of regular behaviour, which, as everybody’s daily experience confirms, ofien

occur,

Proposition 588 proves that there is a partial order among four of the
five clases, which is induced from the inclusion relation owver atceptance
sely  non-monotonic RSs have not been considered in this result because of
their divergent behaviour in relation to reactions. As we pointzd out
before, the extreme reaction of collapsing and the absence of reactions at
all are incomparable behaviours, since Lhe opposite of both is clearly

NECESsaATY.



[t iy inleresting to note that the partial order so obtained is embedded in
the one enforced by our analysis of asumptions of identity
(Proposition 5.4.6). The embedding is that much more startling since the
instruments used are very different, and so are the points of wview
embodied in them: on one band, formal rules and homogeneily theary,
expressing the view of the world embedded in each reasoning sysem; on
the other bhand, interaction, acceptances and freactions rendering lhe way in

which those views can adapt to external contacts

With this remark we conclude our comparative examination of [ive clases
of reasoning systems: the model claborated for this purpose c¢an now be
further developed in order (o define the class of reasoning systems,
adaptive RSs, which we want 1o introduce.



Chapter 6

A Model of Consistency Recovery

for Adaptive Reasoning

6.1 Intreduction

In this thapter we introduce a maodel for a basic part of what we call
adaptive reasoning. We refer 1o 1this part as a conasisterrcy recovery
mechanism. In fact, this is a shorthand for a rather complex behaviour,
which involves the ideas of an *acceptable frequency of contradictions”, and
a “sufficent proportion of incoming information believed”. The concepts of
reasoning system, positive use of inconsistencies, capacity of reaction and
survival, sources management, persistency, homogeneily, and individuals, all of

which have been met before, are also used.

We have already stressed how capacily of reaction and survival must be
two essentia! features of the way in which a reasonable mode!l deals with

incansistencies.

In Section 6.3 we inuroduce the umrforgeving model. This model is already
stronger than the ones presented befare, with Lhe exception of interval RS,
which could be, however, easily émbedded in it. Propositions 651 and 6352
prove the dominant position of the unforgiving RS in the order obtained
above. The main function of this model is as an intermediary siep loward
the constuction of the simplified model for adaptive RS, which we prescnt
in Sections 6.7, 68 and 69 (with a functional specification in Appendix A).

In Section 6.2 we prepare the pground for the definitions of the unforgiving

and adaplive models.



6.2 Initial Strocture

The following definilions are wused to support the unforgiving and adaptive
models presented in this chapter. An explanation of Lheir use and meaning
s given at the end of this seclion

Definition 6.2.1

A content is an m-luple (n>1) in which the fitst lwo coordinues are

an ppp and a s of formulae (possibly empty), for the same reasoning
sysiem, respectively.

Definition 6.2.2

Let & be a set of contents of the same type, tolally ordered by c,
with a minimum element under =, Orig, and let match be Lhe
order-preserving embedding function as follows:

(i) match: {xopp): 3l ed. x () =oppl = {la]:sexr (7 (Orighl;

(i) match(S)=1[s]), whete r (Orig) = (5,¢,3)

Then (X%,c,0rig, mateh) is a life span.

Definition 6.2.3
Let (%,c,0rig, match) be a life span.

Then the link for (5,c,0rig,mateh) is the funclion defined as

follaws:

i) link:$—%:
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Gi) vied hinkil)=1i+1;

where {+1 is Lhe immediate successor of [ in 1he order c.

Conversely, if link:4~3%, then link defines (&,c,0rig, mateh),
where Yl e . lclink(!) defines ©, Orig is the minimum element in
% in this order, and match is constructed in Lhe usual way.
Definition 624

Let [§=(%,c,0rig, match) be a life span, O=(0bs, <,0) be an
observation line, and (E5,0) be an interaclion, where

ES=(!,E,Or,match’), in which:

Es{rl(cont): contell}, © is inherited from the otder on &, Or is
the opp in Orig, and match’ is defined in the usual way.

Then L5 conrtaira the interaction (ES$,0), and each member of & s
called an ob- state.
Definition 6.2.5
Let O={k,k*i,.,k+n-1} be a continuous sequence of n ob-staies.
An &-persistency for the formula, a', ((B,mclper) s a continuous
subsequence of 8, {m,m+1,.,m+!-1}, such (hal:
P pim-1)) A ~ALP_“(plz)):ize{m,m+1,.m+l-133}).

(6,a,c)per is headed if Pﬁ;(p(md)) and

it is topped if mel-1=k+n-1.

In Definition 621 we introduce contents, which are the building block for

the body of our reasoning systems They form internal states, which keep



track of the current formation of the system. In fact, all the other
reasoning systems would use the same basic structure for a complete
description of their operation, but their internal structure is so much simpler
than the models we present here, that there is no confusion created in

having left out these implementation oriented details

The life span that is defined in Deflinition 622 and jink of Definilien 623
are used in the machinery that drives Lhese models In fact, as will be
seen later, the machinery is used explicitly only in the unforgiving model,
lo indicate the way in which it is achieved The adaptive model would
follow the same pattern, bumt be considerably more laden with detil, so i

has been ommilted.

In Definilion 624 we identify two pieces of terminology which will be
convenient in  the construction of the models, and Definition 625 is a
lechnical construction, used in the specification of a funciion in the adaptive
model. lis role is to give a name to an unbroken serjes of staes, in a
sub-sequence of a life line, with a particular property - that of stisfying

pe

63 The Unforgiving Model: Definitions

The [ollowing definilions are explained in Seciion 6.4, although a more
delailled account of 1heir meaning can be found in Section 66, after the

model has been explored in Section 63

The mode! divides into four categories of function: the obect level
function, the  acceptance function, the meta-level funciion and the
book-keeping  functions.  These will each be presented in a separate

delinition.

In al! the following definiions (C,¢) is the uncertainly struclwe with

GC=1{0,...,top} N and the order ¢ inherited from the natural numbers
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Definition 6.4.1
The obgect level rules for the unforgiving model are as follows:
0 e rea, , (e=mazid:lal’);
i) e, -a.'l-l’{a.‘, -a:}, (e » bot).

The symbol “P* is called shtft.

Delinition 64.2
The object level functions for the unforgiving model are as [ollows:
i) Oby:{opps}xForm — {opps}x P{Form);

(i) Obj(epp.a’) = lopp’, 8);

where opp® is opp, extended by adding o to the statements that hold

in p(x{opp)) and applying the transformation rules 1o build the entire

perceived progression, if this does not lead to a shiftt Then 6 =ga.

Il the originated perceived progression oblained by the zbove procedure

leads w0 a shift, with {e ', ~e, ). then &={a'} and app” s buill by

removing from epp all those sialements which include a o ~a.

Delinition 6.4.3
The book-keeping functions for the unforgiving model are as foliows:
(i) down,: Sources = N;

(1) seu,: Form - Sources;

where £ is an opp.



Definition 6.4.4
The interaction [unction for the unforgiving model are as foilows:
(i) ace : Form x Sources x { opps} — Form
(ii}) ace ((a‘)‘,u.k) =a’;

where d = maz ({0,¢ -down (x)})

Definition 6.4.5

The meta-level funclion for the unforgiving model is as follows:
(i) mi: P{Form)x{opps}— {down : & an opp}xForm;
(i) mi({a "}, k) = (down,,a"), if sou(a)= sou (-a°)

undefined, otherwise ;

where ¥V u € Sources - {sou‘(a‘)}. down (u) = down,(u)

and dawnl(sou‘(a:)) = (iawn‘(anu‘(a‘)) +1.

{In fact, {:ink defined below will force = k+1).

Definition 64.6

Let O = ((ba, <,0) be an observation line. Let & be a sel of conlenis:
&={lopp,B,s0u_ ,down )}

The funclion link’ is then defined as follows:

(i) link:8-%;



(i) {ink'((k, 8, 30u,, down)) = (x (x),x,(z),80u_, down ),

if 8=a,

Kal?

= (x (y).x (y), s0u_,,. down ),

if 6#p,

where z =0Obj(k,acc ((a‘]‘. u,k)) and ((a‘}k, u) is  observed
beiween contents with opps, & and k+1 (“+” being in the order on
contents), such that:

.
sou,, , = sou uia —uland down,, K =down;

and
where y=Objk,x, (2]}, z=mi( 6, k), aou, | = I0u, and
down, = x(z)

fink® defines the life span, (d,c,0rig,match), and comains the
interaclion, (ES5,0), where ES=(&,c,Or, mateh’), in which:

E={k:(k,F,80u,,down )ed and €=}, c is inherited from the
erder on &, Or is the opp in Orig, and match’ is defined in the

wual way.

6.4 Eiplanation of the Unforgiving Model Definitions

in Defipition 631, the mosl significant iransformation rules of the system are

given, The most jnieresting parnt of this is the occurrence of shifi, which

aclually used as a messzge to the rest of the sysiem that a contradictio

has occurred and must be resolved.

The

tansformation rules are applied by the object level funciion inwroducsd

m Defizition 63.2,
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The book-keeping functions for the system are explicitly defined in
Definition 633 These are functions which are indeted by the curent opp,
in order that they can be updaled as (he system regenerates ils views of

the world.

The observations are introduced to the rest of the system through the
acceptance function (Defn. 634), which applies any downgrading of
information that is necessary due (o an unreliable source (or 2 source

believed to be unreliable, at least).

The canicol of the system resides in the “meta-levei” function introduced in
Definition 6.35. This function is nol actually as high in its observalion and
conteal of the system as several of the functions In the adaptive model.
Nevertheless, the function is still the first one explicitly defined which
moderates the behaviour of the entire system in the level below it, which

is why we have granted it the name “meta-level”.

Finally, in Definition 616, the complete mechanics of the system are
exposed, by defining the link function which ensures the correcl passage
from internal state to  internal state, and provides the communication link

berween all the olher functions

65 The Interactive Power of the Unforgiving Model

We now show how the unforgiving model for a reasoning sysiem, URS,
fits into the order we explored in Chapter §.  Although the unforgiving
model has been defined with scope for several soutces o be differentiated,
we will assurme throughout that there is only a single source. In an
improved and more sophisticated model it would be desirable, indeed
essenlial, to deal with conlradictions between different sources, which is why
ptovision has been left for recognising and recording the performance of

several sources.

The reason we have ncl atlempted lo solve the problem of contradictions

141



between two scurces is Llhat to solve it saiisfactorily requires a reasoning
power which it is not the purpose of this work 10 consider. Thal this is
the cas can be seen in the [ollowing example: suppose one political party
informs the electorate that it is both possible and desirable to defend the
couniry which it proposes to govern without a nuclear arsenal, while an
opposing party informs the eleclorate, with apparently equal conviction, that
no country can consider iiself adequately defended withoul a nuclear arsenal.
I is not praciical to completely remove both statemenis from those believed,
so that one is feft pot believing one thing or the other, nor is 0t
necessarily the case that both sources are equally unreliable. Thus, there
cannot be any auiomatic decision about the relative merits of the stalements
made by the two parties, but a reasoned response based on wother evidence

and previous performance of the Iwo sources must be made.

Reasoning power is nol within the scope of this work, which is aimed al
the problems of the most fundamenial management of information, and the
problem highlighted by the previous example is not approached in the

unforgiving model, or later, in the adaptive reasoning sysiem.

Proposition 6.5.)

There is no sequence of observalions which causes the generated E5 for
q g

the unlorgiving model for a reasoning sysiem lo collapse.
Proof :

Suppose a formula, a, is mapped both 1o 7 and to £ in some state in
the life line of an exploration set for a /RS, Then, by Lhe standard rufes
of neglion, a7 and ~a —7, which means thal when the object level
transformalion rules are applied to the state, rule (ii) of Definition 641 will

cause a shift to be generated.

By Deliniion 64.2, 2 new opp will then be created, in which a and -c

prerated By by, wil comiin a .

A

are removed and the sot, &,

. . . . N 4
Since 1 is assumed tha! the source is identizal fer the 1wo formulag,



and -a’, in the subsequent application of mil, the source will be
downgraded and a’ (o) will be generated as a replacement to bt inserted

in the next eopp.

This final epp then crealed will then have a present siate, in the life line

of the exploration set, which is open.

Therefore, any state in the life line of an exploration set which is not
open is transformed by the transformation rules of the URS, into an open

state in the life line.

S0, exploration sets for the URY can never collapse. [w]

Proposition 6.5.2

For any sequence of abservalions, seq, which conlains fewer than IC]-1
contradictions, the Unforgiving Model based reasoning system reacts afier
deq.

Proof:
By Proposition 6351, the /RS does not collapse after seq.

Let seq” be the sequence of observations containing only g7 and et
(ES,seq.a . ~a

), (BSarg.a’ -a™ seq”),  (EST,seq.-a’”)  and

(ES"’,seq.-a"'.seq’) be interactions for L/RS.

Then, A(ES aeq.0" .~ aeq’) - A(ES,oeq.a . ~a'")={ £}, where

c+l

¢ < top, while A(ES™ aeq.~a . seq") - A(ES " seq.~a " )y={8""3,
provided the source has not been downgraded |C|-1 or more times in the
entry of seq, and A(ES™, seq. o seq’) - A(ES", aeq.~a )= {81},

otherwise,

Therefore, provided ¢eg contains fewer than ICl-1 contradiclions, the

unforgiving model based reasoning sysiem reacts afier seq.
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if seq contains |Gl-1 ot more conuadictions, then all observations will be
downgraded to 4ot cenaimy, which will mean that URS f{ails 1o react
Lhereafter. a

It is clear from the two Propositions proved above, that:
uncertainty RS < URS, and non-monolonic RS < [JRS.

However, i seq is a sequence of observaions containing ICI-1
contradictions, in which each pair of conuradictary formulae are separated
by a number of observalions of ™™ which is greater Lhan the persistency
assigned 1o either of the contradictory formulae in an interval RS, then Lhe
interval RS will react afier seq, by collapsing, while /RS will nol, as seen
in the final point in the proof of Proposition 652 Therefore, the interval
RS is incomparable, in this order, with URS.

66 The Final Position of the Unforgiving Model

The unforgiving RS is interesting for both its strengths and ils weaknessex
The firn 1hing we learn from it is how far away from a realisiic model
are Lhe anes based on the five classes of logics considered, since they are
easily beaten by a mode! so crude and unsophisticated as the unforgiving.
Iis main weaknesses come from two features: the inability 1o react 1o
contradictions between different sources without collapsing, and the possibility
of a pseudo-coliapsed situation in which the system does nol communicate

with the exlernal world any more

The former problem is shared by our presemt model for adaptive RS: it
would have been possible, of course, 1o devise some prepackaged technique
1o deal with the situation, but we believe thal resolving 1he difficuliies
involved in deciding reasomably which source is resporsible  for a
contradiction that has arisen, requires the use of reasoning power. While we

do not see this as an insurmountable obstacle, even at Lhe present siage of
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research, it is clearly beyond the scope of this work. As mentioned before,
it is our policy to introduce simplified, skeletonic models only if we expect
them 1o survive in the more mature developments At ‘this stage, an
algorithm for dealing with contradictions between different sources would
have in fact played the opposite rtole, by suggesting a solution going in the

opposite direciion from the one we envisage.

The second problem with the unforgiving RS, on the other hand, highlights
the central difference in a comparison with the adaptive one: the former
madel is prepared to refuse any comtact with its sources in order 1o
preserve its  consistency, while the latter has an obligation o keep
communicating with the waorld. Note that we wused he expression
“pseudo-collapse” Dbecause the unforgiving RS is stll ptepared to talk (o
new sources, and as such is not collapsed, even thoughk it can look as if it

is

This brings us to the idea of tension between different motivations It is
clear that the “solution” of refusing all contact with a substantial part
of one’s environment as a way of avoiding contradiclions is ridiculous,
and the reason is that we want a model able 10 operale and interact
with the reality in a sufficienily efficient way 10 be even partially
comparable with a human behaviour in the same situation. This idea is
explored in the adaplive reasoning system, which we intraduce in the next

section.

6.7 Adaptive Reasoning Systems

The structure of the adaplive reasoning system is so much more complex
than he models we have presented hitherto, that i1 requires 2 rather
different preseniation. Here we pive a complele picture of the way in
which its parts mesh together and it controls both its interaction with ijts
environment. and iis own progressive development of 1thal conrol. The
description  will be fleshed out with as much detail as is usful and

instructive, without hindering understanding. However, the specifications of the
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particular functions themselves have been placed in Appendix A, together

with a brief description of each individually.

in the previous section we discussed the ways in which the unforgiving
modet fell short of the demands of pgenuine interaction with a real
environment. In the adaptive model we attempl to face these demands with
a  coherent sirategy lowards the maintenance of a balance between

coniradictions and accepted observations

The ideas of acceptable frequency of contradiciions and sufficient proportion
of incoming information believed thus spring from the awareness of the fact
that, given the changing nature of the world and the incompleteness and
inaccuracy of the information we receive about jl, we are bound, every
now and then, to [ind ourselves in contradiction (that is, believing opposite
data at the same time). The recovery of consistency can thus be only
partial, for a limited period of time, unless we are prepared to completely

stop our inleraction with the external world.

This leaves us with two problems: how (0 balance the motivation lowards
consistency with that towards interaction (that is, amount of information
believed and hence usable); and how o recognise the best possible balance

in a particular siwation and move toward it

The problem of balance can be divided into wwo parts: first of all there
must be a way of measuring the 1wo motivations, and secondly these 1wo
measures must be comparable in a sensible way. A nalural measure for the
degree of interaction is the amount of information believed over the amount
of information input in the same period (computed through the varialions
in the degrees of certainty). A system could then be said to tend towards
an increasz in interaction if, given a long enough period, this ratio increases

over time.

The measure for consistency is constfucted along the same lines, except that
the periods of lime are determined by the occurence of  contradictions.
Thus, we would say that a systernm tends loward consistency if the length

of the periods (calculated in lerms of observalions, or inputs) belween 1wo



successive contradictions increases with time. We call this “convergence at
level one”. This trend is, unfortunately, a wvery difficult goal to achieve,
unless we are prepared to make huge sacrifices on the interaction side. It
may very well be, though, that considering periods containing no more than
wwo contradictions is enough to realiss Lhe convergence, which would then
be called “of level two”. The process can clearly be reproduced for higher
levels, 11 is nevertheless desirable 1o achieve the convergence at low levels

{for very high levels, in fact, the concept tends (o loose its relevance).

The problem of comparison is strictly connected to that of mativation. Far
example, a program simulaling a working mathematician would cansider
consistency as an overall priority, while another acting as a consultant in
an emergency ward should place more emphasis on the speed of response
and the readiness for reaction. This side of the balance of motivation is
clearly due o externai factors, like the kind of work the system s
expected 10 do. In the human case, these external reasons can be 50 deeply
entrenched 1o be completely outside the control of any conscious mechanism,

for example the gregarious needs which most of our species feels

We have devised a balance constructed on “order priority”, and assumed
that, for the Lime being, we tiry first to minimise the level of convergence
for inconsistencies (up to level two), and then we (ry to maximise Lhe
interaction for that level. Other levels of balance could be easily devised,
and the functioning of the system is independent of the chosen hbalarnce of

motivation.

Optimising these 1wo measures is a hard problem, if arbitrary solutions are
10 be avaided, since very different elements are involved in the analysig
and 1t is almost impossible 1o devise weights from outside. This 5 because
the weight with which different evidence c¢an bear on an oplimisalion
depends essentially on the kind of reality on which the system is working,
and this is exactlly the point which we want to keep talally flexible

Our methodology is, first of all, 10 compare eguals wilth equals in the
sense that we run “trial tests” of the sysiem on an intermal smuolation,
varing one parameter at a time. While of course the lechnique does not

guarantee success, it is a very reasonable way of looking for improvements,
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provided the length of the trial is sufficient. We will come back to this
point later. The idea of a 1rial protects us against sudden, unjustified
changes, since the old parameter is not abandoned until a new candidate

has emerged with enough strength.

The problem with this approach is that the wial is expensive, even more
s0 because only one or at most two parameters are allowed to vary at a
time, and there is, of course, a very large number of possibilities for the
variation M follows that any randomised search has a very poor chance

of succeeding.

We present a soluton 1o this problem based on an “enquiry” rmodel:
evidence is collected, by specialised functions, which suggests a wvaration in
some parameters  According to the apparent strength of  lhe evidence
(which could be wvery different from its real bearing on the case), and lo
the present general siwation (which indicates to the baelancing funciion, in
control, a lisn of priorilies), irials are run boih on minimal and suggested
changes of parameters. If, according 1o the balance of motivation explained
above, the cthallenge is succesful, the new parameter is installed, and Lhe
evidence used is wiped out. 1f, on the other hand, the result has been
negative for the candidate, the evidence can be reused, strengihened by new

evidence, to make a stronger case,

The  cuse-preparing funclions have been devised following reasonable
arguments, but the important thing is that they act in such a way that
any decision can be subsequently reversed. The system thus achieves a very
high degree of flexibility. Also, the information used for building the cases
is all high-level, in the sense that it is not concerned with single instances
but with trends. This way, we avoid prematurely linking the system 1o
some posible environment or use,’ by embedding general enough analysis in

the case-preparing functions, which is anyway reversable.

The performance of the balancing function, which s responsible for
monitoring the pgeneral performance graph in the light of the motivation,
for establishing priorities among cases, and for judging the winner in a 1rial,
is then monitored in turn by another funciion. This controls 1he lenght of

the trials, according to the following rule: if a decision 1o change a
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parameters is subsequently compleiely reversed, then the iral is thought to
be too short. If, on Lhe other hand, the same conclusion as reached at the
end of the trial could have been reached ait a previous stage, then the
duration of the trial is considered 1loo long. This algorithm is a simple
hifl-¢climbing one, which for example does not lake into account possible
sudden fracturea in the realtiy, which could jusiify the reversal of a

decision.

In addition 1o the halancing of motivations, this model deveiops several new
ways of organising its information - in  particular, the use of
circumscriptions  to divide its view of the world ino disjoint paris so that
coniradictions between formulae in different pans do not mater.  This

corresponds to 2 similar use of circumscriplions in human organisaion of

knowledge - for example, most people would happily accept the validity
of the satement “cals don’t bite” - until they are big-game hunling in
central  Africa. There is no  contradiction between the  apparently

contradiclory statements “cats don’t hite”™ and “cais do bite”, provided we
recognise that the first is true within a circumscription containing the world
of everyday animals that are encountered in Western Europe, while the
second is true within the circumscription containing big ecats in cenural
Africa.

As we have pointed out already in the introduction (Chapter 1) to this
work, there are several poinis where the use of reasoning techniques would
improve the sysiem: we think that the [features illustrated here represent
important lines of auack which we expect to be improved, bw not
campletely replaced, in a more advanced version. When we recognise the
sttuation to be otherwise, as for example is the c¢ase with the analysis of
fractures in a source’s behaviour (cf. rpcale defined in Appendix A), we
prefer simply to define the “socket” where the more powerful mechanism

should plug in.

It is interesting 10 nole that the cases where the consistency recovery
mechanism cannoi  be sensibly developed any further without requiring
reasoning power are Llhose where information about the world is needed.
On the other hand, the further we absiract [rom the individual daa input

in the particular situation, and the more we proceed loward an intfospective
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analysis in which the system works only on data which it has itself
provided, the more the 1techniques we present acquire effectiveness,
completeness and elegance. We consider this w0 be a clear signal of the
fact that other esential units lie at the peciphery of this model, such as
an inteligent user interface, actiors analysis and above alf reasoning

techniques

An additional feature of the system is that it has action poinis, that is
points in the certainty scale at which a belief is considered sufficiently
reliable by the system for it to a¢t upon. As we have already poinied
out in the discussion of uncertainly RS (cf. Section 4.l), the existence of
lhese points is essential o distinguish non-monotonic RS from uncertainty RS
with infinite degrees of certainty  (in the ({inite case, Lhe aclion threshold
can be trivially identified with the top). Even in the finite case, action
points are useful to distinguish between absolute belief and a belief strong
enough 1o act upon. This is particularly 1rue when, as in our model, the
data are organised in circumscriptions, which can then have different action
points.  The balancing funclion is also provided with a motivation to decide
the weight of inconsistencies above the acilion points with respect o those
below it (they are organised in two separate graphs), bul @t is very

reasonable to assume that the former have much greater weight.

It is interesting 1o note thal, wunder our homogeneity analysis, Lhe

circumscriptions are individuals (cf. Section 312).

The whole idea of convergence towards some balance poini, which is used
repeaiedly within the construction of this model, rests <o©n the Dbasic
hyvpothesis of homogeneity which we discussed in Section 25. The intuition
behind this is that, if there is such a balance point in the reality in which
lbe sysiem operates (that is, there is a general point of view under which
the reality is homogeneous enough to be predicted), then our techniques
have some chance to find it. This hope is based on the reasons exposed
in Chapler 2 1M, on the other hand, there is no such a thing, then the
system i [likely 1o revea! this through its difficully in finding a convergence

al a meaningful level.



We would like 10 point out ibat, while several parts of the system, as
described below, are computationally very expensive and should be cut to
size before being implemented, there are no parts of the algorihm of
greater than polynomial complexity (in fact, almost always linear), despite
the specifications of some f{unctions appearing to suggest an exponential
complexity. In the case of the computation of best homogeneily and
persistency for  circumscriptions (cf. Aps defined in Appendix A), 1his is
achieved using Tbeorem 37L In other cass, as for the construction of the
graphs used  for  performance monitoring  (cf.  graph defined in
Appendix A), Lhe low complexity is obtainced hy wusing an efficien daa

siructure.

6.8 The Principal Features of the Adaptive Reasoning System

The design of 1the adaplive model can be analysed in terms of a few
major concepts, namely source and domain identification, survival against all
observations, reaction (o  inconsistencies, tendency towards  stabilisation,
modifications over dala, sources and domains (both downgrading and
upgrading), adaptation of its own reactions, 1endency lowards maximum

information and the need for action.

Some of the mechanisms devised 1o carry out these lasks are intereting in

their own right: we now examine them in rore detail

A general point about these mechanisms is that they have been created to
avoid the arbitrarity of numerical values (that often do not correspond 10

anything) by instead embedding in them a qualitative argument.

The operation of the system is best described by examining fist he
acceptance functions These, just as in the wunforgiving model, are used to
regulate the information which §s fed by the sources. In particular, the
principal function must decide whal is the destination of a particular
observation, and what certainly must be ascribed w0 it according lo  the

current rating of the source providing that informatjon.
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The obect level function is responsible for applying the transformation rules
of the system 1o the formulae in the perceived sates If a contradiction is
discovered, a major part of the machinery of the sysiem is called into
play. Firsly, the funclions which resolve 1ihe responsibility for the
contradiclion are called. These must evaluate the liklihood of the source or
the circumscription being the guilty party. Once decided, the puilty parly is
punished appropriately, by the punishing functions. The punishments that are
used e downgrading for sources and cutting of the assumptions of
homogeneity and persistence for circumscriptions. There js a third option,
which is that the contradiction could be ascribed o a misundersianding
between the system and the source, so that the information should aciually
be placed in a differemt circumseription to that originally asigned,

The whole system is pgeared tlowards learning from the flow of
contradicions, as has been emphasissd many times The first part of the
machinery responsible for attempting to attain this goal is a “clock™ which
counts the observalions thalt are being made in order to calculate the rate
of flow of contradictions. The firmt part of the count is rnade using a
special ¢lock function, until the count exceeds the period for which an
incoming contradiction would destroy the current picture of the flow of
contradictions. Once this period is over, any subsequent time without
contradictions appearing ses an increasing relaxation of the controls within
the sysem that hold back atiempls o increase the belief and rust of the
sysiem in circumseriptions, parlicularly at the borders of persistency or

homogeneily, and the reinsiatement of sources

However, should a contradiction arise within the period of danger, a
principal funclion responsible for (ightening up the response of (he machine
to  contadictions is  called  This wuses the evidence of the previous
contradicion 10 decide how to increase the control of source or
circumscription. The result is that the guilty party is much more severely
punished and redeemed more slowly, in future contradictions attributed to

the same problem.
Functions that play a central role in this group are inecornraratency and

resolve and action. The principal idea here s 1o make the system

somehow aware of Lhe assumptions it is making abow the environment, and
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it is fundamentally connected 10 the point made in Chapter 2 about 1he
circular reiation between assumpiions, observations and reasoning. Since in
this model there is no reasoning power in the abstract form, but only
embedded in the consistency recovery functions, this circular relation
simplifies to a binary one between assumptions and observalions

Parts of the sysem are constantly monitoring the performance of sources
and circumscriplions, watching for opportunities w0 upgrade either of them,
and trying to form bodies of evidence 0 suggest that ome or otier of
them has been too severely deall with by the activities of ihe inconsistency
controlling side. A mejor weapon in composing this evidence is the
existence of «calls for action from outside the sysiem, which request the
provision of information above the appropriate action threshold for the
circumscription  in which the informaion resides. I such a il  goes
unsatisfied, a group of functions responsible for moritoring the falure of
the system 1o act are called The main role ef the principal function in
this group is to see if having believed a source more, or having trusted a
circumscription  more  would have allowed the action afier all. i s,
evidence is presenied for the appropriate change in the system 1o be made,
in order that fuwure requests might be met

A large part of the machinery is devoted to the organisalion and the
evaluation of “uials”. These take place when a sufficient body of evidence
has been collected 1o suggest that a beuier set of wvalues for the parameters
controling the behaviour of the system exists A trial is then organised in
which a second “shadow” system, identical to the first, except for all the
trial control functions, is run In parallel to the first system, uing the
alternalive paramelers. At the end of an appropriate leagth of time, {again
subject to internal conirol and adjusiment) the urial is evaluated, bYased on

the relative flow of comradictions and acceptance of information

The central function in this group is obviously balarmce. The idea behind
this mechanism is, as we pointed out before, to compare equals with equals,
and to run trials, which are short simulations of the system inside i.. This
is an atempl (0 recreale the human ability to devise mental scenaros of a

simplified world and *run” them, then iranslate the resuits in the real

world and iake actions based upon these results According to some authors,
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this 3 in fact tbe single mox important characteristic of human mental

behaviour.

There is a group of [unciions wbich have not been introduced in any of
the previous models, principally led by danger, the purpose of which is Lo
preempt any possible contradiction.

The preempling group is stronglyl related 10 the balancing group, since its
task is related 1o prediclions too. The difference is that, while the
balancing group does i1 job by building a2 whole scenario, and then
walching what would have happened and comparing it with <he real
interaction, in order to learn about the best way to deal with s
environment, the preemptive ones are interested only in dangerous siluations,
which we do not want 1o be tried out at all, i[ it can be prevented
These functions do nrot build a whole scenario, but simply take some
precaulionary actions for a limited time. They are less sophisticaled than
the balancing ones, and [ess authoritative than the group containing action,
itnconsistency and redelve, bul we believe that they have a very
effeciive role to play. Tt must be remembered that the actions taken by
these functions are (ransitory, and do not iy to reflect a view of the

world, but simply Lo avoid major predictable problems

The main functions here are danger and gsugpemsion, which operate by
walching any formulae which are overridden several iimes, changing semantic
value back and forth and climbing the cerainty scale. IF there is a
formula behaving in this way which it is estimated will cross the action
threshold on the next occasion that an override occurs, and the override, it
is estimated, will occur soon, then the formula s suspended. I the
prediction turns out 1o hHave been accurate, then the consequences of the
contradiction are nol broughl down on the whole system, but only on the

responsible source.

The complete behaviour of the system is monilored by a complex series of
data structures, which ¢an be seen as a graph of performance. The
opetration of this mechanism has been described already, to some exteni.
The principal function iself is respansible for coordinating the collection and

evaluation of ail the performance details, refying on many book-keeping



functions 10 provide it with the necessary facts The (function itself can be
[ound in Appendix A, as can the specifications and brief descriptions of all
the other functions. It will be seen thal the {tmk funciion has not been
written, This i3 because the flow of the machine is deseribed in the details
of each of the functions individually, while the technical detail of link is
both unpleasantly complicated by the treatment of all the many cases that
arise in the internal state of the system and, at the same time, not at all

instructive.

69 Final Comments on the Adaptive Reasoning System

Having construcled and described the mechanisms of the adaplive reasoning
systern, as weil as the principles on which it i3 based, it is of interest to
consider the gains it embodies, over the reasoning systems we have

considered in the earlier chapters.

Clearly the adaptive reasoning system is far more complex than any of its
predecessors, Which raises the obvious question - has the gain been worth
the increased vcomplexity 7 I is our belief that the system not only
completely ouwisttips all the others we have considered, from the point of
view of interactive performance, but it also contains several features which

go beyond this basic requirement, such as self -improvement.

With the benefit of hindsight we can now see how naive was the attempt
to conmsider the systems which were essenijally logics in Lhe role of reasoning
systems. On the other hand, it is wvery difficult 1o imagine 1he adaptive
reasoning system, we have proposed, in use as a logic, nol only because of
ils complexity, which would make it totally impractical, bul als since it
contains exactly that thing which Jacking makes logics 100 weak to be
effective reasoning systems: the ability to observe and control its own

behaviour and recover rationally from inconsistency.
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Conclusion

As suggested in Chapter |, we see the conuibution of (his work being
towards methodology as well as owards the isues it addresses directly.
With respect 1o the methodological plane, we would like 1o enphasise the
particular relationship beiween philosophy and AL that we bave pursued
It is widely recognised that A, by its own nature, raises highly sensilive

philosophical questions, such as “is procesing the same thing as thinking ?7;
usually this kind of discussion js pot found ip papers at the forefront of
AL remarch, especially nowadays, but are reserved for specialised occasions,

and we believe this is wise

There it anolher aspect o the relationship between Al and philosophy:
undersianding and analysing which philosophical hypotheses can support a
view af a process which we want to model, or of a lechnique that we
wanl to use. Symmetrically, a general view, held for reasons independent
from the AL application, can prove toc be ihe key for breaking free of
well-known techiques and into a new ground. We have exploited both
paths; an example in one direction is the need o compare systems using
differemt logics, which has brought us to define the concept of reasoning
systems A typical and important example of the opposite way has been
the stimulus provided by our pragmatic view of knowledge 1owards the
recognition of the needs to distinguish and unify, from which homogeneity

theory has evolved

Moving onto the plane of contents, three areas can be idenlified where we
think a contribution has been made: the thecry of homogeneity, the
definition and classification of reasoning sysiems, and the speeification of the

consistency recovery mechanism for. the adaptive reasoning sysiem.

In our experience, homogeneily Lheory has proved 1o be a wvery powerful

lool and it is also, we think, not devoid of a cerlain elegance. As we
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have pointed out already, we expect this theory 1o provide us with Lhe
theorethical basis on which to  wunify the different unstable reasoning

lechnigues that we have identified

The definition and classificalion of reasoning systems has pul the coniroversy
about which kind of logic is appropriate to simulale human reasoning on
firmer foundations. This is a task which has been recognised more and
more often receatly (eg. [CHO84) and [FA86]), but which has usually
been addressed by an  empirical comparison of feawures, very much
dependent on the particuiar example chosen (sometimes implicily) and on
some intuitive imerpretation. Our method, by contrast, explicitly declares any
assumplion used and formalises the framework in which the systems are to
be tesied. Furthermore, the tests are all run in a wvery formal manner, and
the results proved. The results aboul ordering acguire a particular strenght
from having been obtained through two very different technigues, one
imernal - the eguivalence of the idemtity rules to asumpuons of
homogeneity - and one external - the interaclive behaviours against some
specified and  eontrolled, but completely abstract, set of inpuis  The
abstraction that we have achieved allows us to claim that these resulls are
completely domain independenl, as long as the general conditions specified in

the propositions are satisfied.

The specification of the consistency recovery mechanism for the adaptive
reasoning system brings us to our own proposal in order to deal with the
original problem of poor information. This f{ollows natorally from the
analysis carried oul before, so that for example the need for the system to
manipulate the data input before acceplance emerges clearly from the
contraposition of reasoning sysiems thal over-react and others that do not

react at all

The main ideas embedded in the adaplive reasoning sysltem are the
[ollowing: the need to identify sources and domaint of discouse; the
capability to transform single inputs (usually to reduce their scope); the
possibilny 1o act on sources and domains of knowledge, downgrading the
reliability of the formers and weakening the predictive power embedded in
the latters; the potentiality for reversing previous decisions about sources and

domains; the existence of maotivalion 1owards an optimal interaction; 1the
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capacity of confirucling cases in favour or againm each particular decison,
and the existence of a 15al mechanism by which o decide the cases

The nerl stage in our research will be in two main directions. On the one
hand, our work will concentrate on developing our understanding of each
unstable reasoning lechnique, and 10 interpret 2nd unify them through
homogeneity Lheory. ©On the other hand, it will be concerned with
connecting the consistency recovery mechanism described here to the reasoning
lechniques, in order to compicte the farmer by “plugging in” Lhe missing
modules that, we believe, require additional reasoning power. Also, in a
similar vein, we envisage the use of motivalion, balancing technigues and
case-preparing functions o provide a lop level regction and adaptatien

mechanisn to control the interplay of the reasoning lechniques



The Functicnal Specification of
the Consistency Recovery Mechanism for

an Adaptive Reasoning System

Jst:P(Xx{oppsl) =X

[4t(8) = x,(z), where x(z)=min{{r,(y):yveI}).

This function is used to deliver the member of the sel 5 which occurred
first, without itz tagging epp.

remf P{X x {opps}) 2 P(X x{opps})

remf{5)=5-{z:fat(F)=n(2)}

This function removes the first element from 5.

st :P(Xx{oppsl) 2 X
l3t(5)=x(2), where x,(z)=maz{{xr (y):yeS5})

Analogous to  fst except delivering the last

reml:P(Xx { apps}) = P(Xx{eopps )
reml(5) =5 ~{z:Lat(S)=nr ()}

This function removes the last element from S.
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take:Nx P(X x {opps }) = P(X)

take(n,5)

1}

This function cuts the first n elements of S and makes a

drop: M x P(Xx {opps}) = P(X x{oppa})

dropi{n,S)

dropin-1,remf(5)), ow..

This function drops the first » of the elements of S.

indez : NxP(Xx{opps])» X

indez(n,S)

undefined, o.w.,

This funclion produces the nth element of S.

All  the previous group of functions are wused in

mainienance of the graph records, ‘introduced later.

exe :[0,13x[0,1]xN N

exc (hd,U)=min ([ k{1-h), k(h-1)+U, U-k, k1), where k=d+(1-d)1/

fatidrop(n -1, 5)), if 15l2n,

the

a, if =0 or S=0,

{fat(S)Yutake(n-1,remf(S)), if n#0 and S+

S, if n=0 or 5=9,

manipulation

“list” from those.

and

This function computes the number of exceplions that are compaible with a



given valse af homogeneity, depth and size of world The {function is
derived from a rearrangement of the result of Theorem 171

mp: {opps} > P{Form) x N — P(N}
mp(k, #,n) = {min ({18, c)per| : (B,a,c)per is headed, or (S,oc)per is
topped and there iz no headed (8,a,c)per, where |Gl=n

and obs, « 6)):a’ed].

This funciion computes the minimum persistency periods for each of the

formulae in &b, using a look-back over the last n ob-states,

peale: {opps 3 x P(Form)x N x N = N
peale(k, 8, n,ez) =min(mp(k, 8, n)-F)

where [Pl=ez and Yv e mplk, 0, n).
({Jued.viu) = ved).

This function determines the best persistency possible, over th: set  of

formulae €& wusing look-back n, and allowing €% exceptions.
cg, : Sources +» N

Boak -keeper: storing the current grading for a source.

ud, * Sources - N

Book -keeper: storing the rnumber of tmes a source has been upgraded and

then downgraded.
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sm, ¢ P(Form)

Book -kesper: storing the set of observed formulae which were nol accepred

at the same certainty as they were entered.

pc, - Sources ++ N

Book-ketper: storing the number of potential contradictions a source would
have been responsible for. This is computed with the aid of the record of

the formulae, sm .

rp, : Sources -+ N

Book-keeper:  keeps a record of the performance required of a source
before it can be upgraded

rpcalc:Cx NxNxN—= N

This function gives the required minimum performance before a source can
be upgraded. Tts wvalue will be stored in rp,. lis arguments are: certainty
at  which the coniradiction for which the source hay been downgraded
occurred, ud,, pe,, cg, (for appropriate source). This function is not
specified in greater detail, because we believe thal a more sophisticated
method for deciding when a source has performed well enough to be
upgraded is required, based on reasoning abour possible fractures in the

behaviour of a source.

ce, : Sources » G

Book-keeper: recording the cenainty 2t which the conmracictior for which

a source was Jast downgraded occurred.
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sp, :Sources ~» N x N
Book-keeper: kezeps record of the number of observations a source has
delivered over t(he action threshold and over re,, and secondly Lhe number
of observations over ce,.
wgt,: Sources +» [0,1]
Book-keeper: records the current weight given 1o inputs below cc,, for each
source, in measuring the performance of a source.
wgtstacks, : Sources + P{N x {opps ]}
Book-keeper: keeps records of source weight values when 1hey are upgraded
and downgraded, in order that they <an be restored il the source s
upgraded.
pfeale: {opps } x Sources —+ R
pfeale (k, source) = (1 - wgt, (rource)). z (ap, (source)} +

wgt, (souree). x, (ap, (20urce)) ~ rp (source).
This function calculates Lhe currenl performance of a source aver and above

its reguired performance for upgrading, using the weighting currently assigned

o aobservations above and below ¢, for that source.

Sourcea, : P(Sources)

Boak -keeper:  keeps the szt of current sources,
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ts: {apps} = P(Sources x R)

te (k) = {(source, perf):aource € Sourcea,

and perf=pfeale (k,aource) >0},
This function delivers performance wvalues for sources 10 frust, pairing
source with performance, Iis name abbreviales “irust seeker”.
Lkb, : Bool x Circs +» N
Book-keeper: records the look-back parameter for a circumscription, which is
a number of ob-staies. This value is used to decide how {ar imo cthe past
the records of behaviour of a circumseription should  be considered.

Essentially, the [urther back Lhe search goes, lhe more conservalive and

restrictive is the sysiem.

Czrcs, : P(Circs)

Book-keeper: rtecords the names of current circumscriptions

mirhom, : Cires = (0,1]

Book-keeper: stares the minimum homogeneity f{or a circumscription, which is
the least value for which information so unreliable can be used in that

circumscriplion for any purpose.
depth,: Cires -+ [0,1]
Book-keeper: delivers Lhe depth for a circumscription. (That is, the number

of oh-yates that must be taren lozother as lhe smaliest size set under the

screen),



worldas, (cire) = {a:eirc({a}) .

Book-keeper:  recording the set of formulae which belong 10 a
circumscriplion.

fr,: Farm + Circs

Book-keeper: gives the world circumscription from which a formula has
been drawn,

whe : Form -+ Sources

Book-keeper: recording the source responsible for a formula.

oba_: N

Book-keeper: stores the number of ob-states that have passed by state &

filter: { opps 3 x Cires x N — P(Form)
filter(k, cire,n)={a:a & worlda (eire) and
Ime{loppsd.(obs, -nSm Soba, and m is a

firt. momemt for o)}

Sfilter isolales within the set of farmulae in a world circumscription, 1hat

subsel which has appeared al any time= within the look-back period, n.
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heale: {oppa} x Circs x N — [5,1]

heale (k eire,ez) =maz({o,1-ez/z,1-(U-ez)/z,2-Ulz}),

where U = {filter(k, circe)l
depth (ctre) - (1 - depth (cxre))U.

and
This [unction serves a similar purpose (o ezc delivering the Tbest
homogensity that can be autribmed (o a circumseription given a specified
number of exceptions.

hpa : {oppa} — P(P{Circs x N x [0,1]))

hpa (k)= [ {lcire, peale (k, filter(k cire, Lkb (cire)), Lkb (cire), ex),
heale(k, circ, ez)):

0C ez { eze(minhom, (circ),depth (cire),|filter(k,cire, [kb (cire)) )}
circ e Circa, }.

This function determines the homogeneity and persistency wvalues for each
circumsetiption, delivering 2 set of (riples containing the name of the
circumsciption and  a  persistency and homogeneity value that can be
achieved at present.
times,: Circs + P(TimeCires)
Baok-kezper: storing the set of time-circumsriplions for formulae in a
given world-circumscription. It s in this book-keeping [unction (hat the
informaiion generated by the previous function is indirectly stored.

pir i TimeCires — N

Book-keeper: recording the persistency of a tme-circumscripiion in ob-states.



ha, i Cires x TimeCires + {0,1]

Book-keeper: maintaining records of Lhe zssumpiions of homogeneity for
lime-ciccumscriptions in world-circumseriptions. This function and the last are

the direcl records accessible through the names kept in timeas,.

ty, : Form -+ N

Book-keeper: keeps track of the time of origin of a formula (this is the

origin given by the source) in ob-states.

eloek, : Bool —+ N

Says how many ob-staies have passed since the alarm rang - thal is, the
number of ob-stales beyond the earliest point at which a contradiction
could have come wilhout upsetting incondistency. An ob-state s one a

stale in whichh an observation has been recorded.
alarm_: Bool = Nx N
The first wvalue is 1the number of ob-states that have passed since the last

contradiction, incloding state k, while the second is the number of ob-states

which must pass before it is “safe” 1o have a contradiction

cert: [0,1]— C

This function tells what the certainty is of a formula in a circumseription,
with given homogeneity. It maps 0 o beld and 1 to fep, and @t is order

presecving.



incer: C — [0,1]
incer{c) = maz({h e [0,1]1 ; cert(h)=¢]).

This [function “inverts” cert.

at, :Cires » &

Book-keeper: giving the action threshold for each world circumsription.

par_ : Bool x Sources + N

Book-keeper: records the cufrent minimum performance and/or time required
before a given source can be reinstated. The boolean value is used to
distinguish between information about observations zbve and below 1he aciion
Lhreshold.

trust: {opps } — P(Sources)
trust(k) =4, if elock (T)+vwgt {r (z)).clock (F)=0,
={r(z): zete(k) and
w (Z)*+clock (T)+vwgt, (x(2)) clock (F)

> par (r{z))}, otherwise.

This function gives a list of sources which are to be upgraded at time &

The fellowing funcliors are all concermed  with  the  maintenance  of
irformaiion in order 10 consirucl and develop the graph. The ievels in the

graph are forced to always follow a single irend upwards, then possibly a



trend downwards - they are not allowed to fluctuale up and down. This
is prevented by keeping track of information when on a downwad trend
that will ailow the reconsiruction of the uvpper levels should the downward
trend be halted. The boolean walues in all the book-keeper funclions is
used to distinguish the graph of walues above the action thresholds from
that of values below the threshald

lev :Bool = N

Book ~keeper: records the current level required in order to view the
performance graph.

fvs, :Bool = P (Nx{opps})

Book-keeper: records the set of last values of counts between contadictions,
together with the (ime at which each was evalualed.

cvy, :Bool = P(Nx{oppsd)

Book-keeper: keeps track of the set of all values of count since the trend
became downward, logether with their evalualion limes.

count: Bool x {opps} = N

count(bl, k) = = (alarm (bl)) + clock (5l)

This function computes the number of stales thal have pased from the last
contradiction.

tremid,: Bool — {“u”,“d”}

Book-keeper:  saves lhe «current rend in changes between levels of



examinaton of the graph of performance.

stack,:Bool = P((Nx N)x{opps})
Book -keeper; recording the values of lev,, the contradiction count, conts_,

and tht state m in which it was recorded. This is used when unrolling a
mistaken downward trend

down :Bool x {oppa} =+ N
down (b, k) = maz{{r: Ztake(n,lvs, (61)) Ccount{dl, k)}) - 1.
(Assume Z{ } =0).

This function is used to determine whether a downward move in lev, is
possible.

process: Bool x {opps} x P((NxN)x{opps}) —

NxP((NxN)x{oppa}}

proceds (b, k,S) (lev, (b)) +1,m), if 5=a,

{x, (15t(5)), reml(5}}, if check(conta = (lat(S)),
x ({8t (S)),rvs, u { (count(k),k)}),

procesa (b, k,reml(5)), o.W..

This function is used in unwinding (he stack when a downward trend is
proved false.



check : Nx N x Nx P(Nx{opps}) = Bool

]

check (pon,q, S) = 7, if 1§l¢<nz2p-q,

{z ¢indez(r,S5)) A check (p,m,q,rem f(S)),
if 1512n2p-q,

check {p,m,q+ 1L, rem f(S)),

This function is also used in unwinding the stack.

conts, : Bogl = N

Book-keeper: keeps track of the number of contradictions having occurred

by state k.

atart, : Bool — N
Book-keeper: records the comradiction number ai which cvs, starts
graph : {opps} —
{Bool = N) x (Bool = P{N x { opps }) x (Bool = P{N x { opps })) x
(Bool — {“u”,“d” }) x (Bool = P({N x N) x { opps1)) x (Bool = N)
graph (k) = (ev,,,. lvs,  ,cvs, , trend, . stack, , stare ),
where :

if count (bl) > fet(lvs (b)) and down(bl,k) =0 then:

fev  (bl)

R+l

lva, (bl)

tew (1),
remf(lve (61))u { (count (&),k)},
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if

cvs,, (b1) = cvs (Bl)u {(count (BI), K)}, if trend, (bl)=“d",
= @, oW,

trend, (bl) = trond (5]),

stack,,, (bl) = stack (0d),

start, (L) = atart (&i);

count, (b)) > fat(vs (5()) and dewn(bl,k) >0 then:

lev, (b1} lev (1) - down (b, k),
lva, (&l) dropldown{bl,k)+1,lvs (b)) u
{{count (b1), k)13,
cva,  (bl) cva (b)Y u {(t'ou.ntl(bl),k)},
trend  (B) = “d",
atack, (bl)u [ llev, (b)), conts (b)), k)3,

stack, (bl)
atart,  (bl) = conts (bl);

count (b1)< fat{lvs, (Bl)) and trend (b)) =“u" then:

lev, (61} = lev (bl)+1,

lvs, (61} = luvs (bl)u {(count (b)), £)1,
cvs, (8l) = @,

trend, (bl) = “u”,

atack, (bl) = @,

atart,, (bl) = start (bl);

count (bl) < fat(lvs (b)) and trend (bl) =*d” then:

tev, (&)
lva,, (bl)

x,{proccas(bl, k,atack (b)),
dropleonts (8l) - atart (bl)
=dew, (B) 41, evs (B U {{count (B),k)3),
@, if w (process(bl, k, stack, (HL))) = @,
=cva, (Bl) u { (count (bl), k)], o.w,
trend,  (bl) = “u”, il x,(process(bl,k,stack (&)} =@,

= “d”, o.w.,

cus, (bi)
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atack, (8l) = x (process(bl, k,stack (b))},

gtart  (Bl) = start (Bi).

xel
This function is the heart of the graph maintenance. It is responsible for

interpreting the information stored in the book-keepers and for updating

them.

valeire, valsouree: {opps ) x Form — N

Functions giving the responsibilivies of source and cicc in a conltadiction.
These functions remain unspecified, since to allocate responsibility sensibly is
a problem requiring reasoning. An uninielligent allocation can be based on
the current “criminal records” of the suspects, logether with the cost of
losing either in terms of lest information, but this would be wvery

unsatisfaciory.

CreateGire,: Bool

Book -keeper: records true when a new circumscription record has been
entered in the current state. It (s assumed that when a contradiclion occurs,
this will only be true if the offered circumscription satisfies the problem.
GircCreate, z Circsx P(Form) x (0,11 x C

Book-keeper: keeps track of the data for a circumscription that has just

been created and awaits entry into the main files



PunishCire:{ opps } x Form —

{TimeCires x P(Form) x (Citesx P{Form} x [0,1] x C) x P (Sources))

PunishCire(k,a’) = ({ te: te eTimesl(fr_(nz‘]), obs, - to.(a‘ ) € per{tc)
and ke (fr(a ) te) 2 incer(c) 3, {-a"},
(frota ) e, depth fr (a’)), at, (fr (e’ ))), @)

Thizs function delivers the set of time-circs which must be destroyed, ihe
formula which will be retained in the opp, a circumseription description
(name, formulac, depth and action threshold), and an empty set of sources
1o be downgraded. o is the glder formula in the pair in contradiction.
The function is called when a circumscription has been found responsibe for

a contradiction.

PunishSource: { oppes} x Form —

(TimeCires x P (Form} x (Cires x P(Form} x [(0,1] x C) x P{Sources))

PunishSouree(k,a’) = (8,{a"}, (fr ("), 0, depth { fr (a*)), at,(fr (a")),
{who,(a’)])

This  function delivers the ({empty) set of lime-cires which must be
destroyed, the formula which will be retained in the opp, a cire description
(name, formulae, depth and action ihreshold), and a set of sources lo be
downgrided. o' is the older formula in the pair in contradiction. This is

called when a source is blamed for a contradiction.
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reaolve: {oppa 1 x Form —
{TimeCires x P(Form) x (Ciresx P{Form} x [0,1] x [0,1) x C)x P{Sources})) x
(Circs x Sources x { “¢",“s" 1 x )
resolve (k,a") = ((8,{ o ,~a" },CircCreate,, 8), (fr, (a’), who, (a),*c”, )
i r =1 and CreatleCirce,,

= (PunishGire{k,a”), (fr (a'), whe (o), “c",0)),

if r#1 or ~CreateCire,, and

valeire{k,a’) > valsource(k,a’),
= (PuniahSourr:e(k.a‘),(fr,(a‘),whO_(a‘},"S”,c)), ow.,
whete v = x (alarm (6I)/ x (alarm (6])), and &l = (c2 at,(fr,(at)).
This functien is responsible for controiling the punishment of offending
circumscriptions or sources following a contradiction. o' is the Satement

found 10 be in contradiction and is lhe original statement - 1thal is, the
one observed firt of o and ~a.

lkbine, : Bool = N
parine, : Bool — N
Book -keepers: thess 1wo paramelers control the action that imconsistemcy

cann take and are set by balance. The boolean values are 1o differentiate

between frecords above and below (he action threshold.

inconsiatrnecy @ {oppa} x Bool x (Circs x Sources x {“c",“s"} x C) —

[0,1] x N x{0,11 x N
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incondistency (k,bl,(eire, s0u, tag,c))

Gneer (¢), Lr. lkbine (b)), wot (s0u),0),

if tag="",

i

(minhom (cire),0, wyt (sou), Lr.parine (6)]),

if tag=%s" and bi=F,

u

(minhom {cire),0,wgt (sou).r, Lr.parine (b)]),
o.W.,

where r = 7 (alarm (bl))/ x (alarm (&),

This function takes action when inconsisiencies occur too quickly. It delivers
in the first part of the result, the new minkom value for eire, in the
stcond part is the increment to (&b for eire. The third part iy the new
wygt value for sou, and the final wvalue is the increment to the parole
value, par, for aou. Iis arguments are the boolean for whether or not the
contradiction s above the action threshold, the circumscription, source,

responibility tag and the certainty of the offending formula

Incpar, : Bool x Bool = N x P (Sources)
Book-keeper: records the number of calls to Jmeors which have resulted in

source being punished, and which sources have been hit. The first boolean

is for tria! or no-trial, the second is for above or below action threshold.

Incacts :Bool > Nx N



Bock-keeper: records the number of successful calls 10 actior 1hat have
resulted in a source being uvpgraded, and 1he 1otal of the used budger on
all Lhese calls, The booiean is for trial, no-trial

Incacte, :Bool -+ N x N

Book -keeper: records the number of successful calls 10 action 1bat have
resulted in a circ look-back being reduced, and the total of e wused
budget on all these calls The boolean is for trial, no-triak

Inelkb,: Bool x Bool —+ N x P(Circs)

Book-keeper:  keeps track of ke number of cails 1o Jmeoms which have
resulted in source being punished, and which circs have been hit The fiest
boclean s for trial or no-irial, the second is for above or below action
Lhreshald,

actfail :Bool 2N xNxN

Book-keeper: racks the number of times action failed to act due to lack
of budget, the maximum walue of the failed budget in sources and in cires.
The boolecan is for trial, no-trial.

trial : Bool

Book-keeper: true if there is currently a rial

trilen : N

Book-keeper: sives lhe cuitent length assigned 1o trials.



torun :N

Book -keeper: saves, when a trial is running, a count of how long there is
10 go - when it reaches 0 the (rial stops

ProlIncp:Bool x { oppa} = N x N

Prolnep(sl, k) = (:rl(Incpar.(T,bl))—l:r!(fncpar‘(f.bl))l+leut(b1),
b(1+ [x (Inepar (T,60))1/ % (Incpar (T ,4))). parine (b1} ])

This function is used 1o deliver the case for increasing parinc(df) (thus,
there are two of these cases). The [irst value is the priority measure,
while the second is the requested new value for parime (B}
ProSource: {opps} *NxNx N
ProSource( k) = (r (Incacts (7)), Lr.acts, |, tr.parine (7)) 1),

where r = {1 - r (neacts (T )/ x (Incacta (TN).
This funilion delivers the case for reducing the parameters that relate 1o
sources, so Lthat Lhey ate not punished so severely and a1 the same time,
action cannot retrieve sources from such a severe punishment

ProIncl:Bool x { opps} =+ N x N

ProIncl(bl, k) = {x (Inelkb (T,b)) - |x (Inelkb (T, 81)) | +lev (bl),
L1+ bx (Inclkb (T, 60} /= (Inclkb (T, b)) Lkbine (bl) 1)

The same as fot Prolncp but working on look-back.

ProCire: {opps} =+ Nx N x N



ProCire(k) = (x,(Incacte (7)), Lr.acte, ), Lr.lkbinc (T) 1),
where r=(1-rx (Incacte (7T))/x (Incacte (T ))).

As for ProSourcc, but using cires instead of sources

ProAct: {opps] >NxNx N

Proact(k) = (x (actfesl (TN, x (actfail (7)) + acts,,
r (actfail (T )+ acte )

This function is in favour of actiom, giving a case for Lhe increase in
acty and actc, using the apparent deficiencies in the current budget as a
guide w what to ask for.

reduet: {oppa JxForm - Nu{-11}

reduct (k,a ) = clock, (T) + wgt_(whol(a( )).elock (F) + perfk(whol(at))
- par (e 2at (fr (a Dewho (")),

if accert{cg,(whola" N +1,¢) 2 at(fr la" D),
= -1, otherwise,
This function computes what reduclion would be necesary in  ihe
performance required for a source to be upgraded, if (he source were to
be reliable enough now ta act on
acceri: Nx O = (O
This function iakes the current grading of a source and a certainty wvalue,

and delivers the certainly which the sysiem is prepared to assign o 1he

appropriate formula, based on the current reliability of the source.



The folowing type is now used: BasicForm = {a:a’ e Form 3.

action:{ opps } x BasicForm — P (Sources x N) x P(Circs x N) x N x N x Bool

action{k,a) = (8,9,0,0,F), if YeeC.(c2 at_(fr‘(a‘)) = a gam),
and, if a"ep(k), and ta'(ad) is defined, for some d 2 at‘(a‘), then:
Ynr.(1${n C{kb, Ur_(a‘)) - pcalc(to,(u‘),filter(k,fr.(u‘), n)n,
exc (incer(att(frl(a‘ n, depthl(frl(a:}) ,
Ifiteer (k, fr,(a’),n))} +to, (") Coba,

= (g,8,reduct(k,o Y-acts ,0,7),
if IceC.lc2at(frla"))aa esm,) and

reduct (k,a') > acts,,

= ({{(who (a'), reduct (k,a'))},9,0,0,7},
if IceC.(c Zat.(frl(a‘))naleaml] and
reduct (k,e’) ¢ acts,,

=(m, {(Jr (o ), tkb (fr ("N -n)},0,0,7),

if YeeC.lc2 at.(frl(a‘)) =a »mn,l,
and o e p{k), and tol(a‘) is defined for some d kat‘(a‘), so that:
In.(1<n (kb (fr (a’) = pealelto(a’), filter (k, fr (a'), n),n,
eze (incer (at,( fr (a)), depth (fr (a')),
Ifilter (k, fr {a"),n))) + to (a”) Cobs,
and kb (T, fr (o)) - = £ acte,

=(.,8,0,kb (T, fr (a’)) -n-acte,. T), ow..
This function is called when an action is not available immediately, 1o see
if some source has entered the information needed, but it has besn

downgraded, or if the information has deteriorated in its circumscription. 1In

either case the function checks if il has sufficient power to upgrade the

180



appropriate  value. The function rewrns five wvalues The final wajue
indicates whether ihere was any posibility for action. The first and second
values indicate Lhe source or circumscripiion which is affected and how
much either look-back ot par values must be aliered. The third and fourth
values are used when action might have been taken but the freedom to act

is 100 restrictive. They show by how much action was short of the mark.

caution: N

This is 2 motivation lowards caution.

act, know, talk : N
Motivations in each area.
mot: { “actcacts +"”,*Ikbinc 7+, “lkbinc £ +7, “actclkbine 7-",

“parine T+7, “parine £+, “actsparine 7-","nextiry” § — K
This gives lhe “mativation” towards each of these values. In this system
these are primilives, but in a more sophisticated sysiem they would be

provided by a higher (modifiable} function based on the more primilive
motivation of the system.

susp, : P(Form)

Book-keeper: records the set of formulae being monilored for danger.

ever_: BasicForm » P(Nx Cx N)

Book-keeper: keeps the overriding histories of formulae. The values stored



are the number of this override, the current certainty of the formula, and

the ob-state in which it occcurred.

extrap: P(RxR}xN — N
extrap(X,n)=m

where m is the firm integer value for which the corresponding value in the
best-fit line computed by extrapolating the values given in X excesds n.

An algorithm for this can be found in [RA57}, say.

danger: { opps} — P(Form x N}

danger(k) = {(a',n):a e U{ worlds, (cire):circecires, §,
extrap({(x(z),x(z)):iz eoverl(ac)},atn(fr'(at)) =
maz({ ri(z):z:over_(ac)})+1,
and
{extrap({{x (z),x (z)):zcover {a )}, at, (fr ("))

-maz{{r,(z):zecover, (@ )})).caution = n }

This function decides whether there is any danger in an oscillaling series of
inputs converging on the action threshold for the appropriate circumscription.
It delivers the formulae to be suspended and the time for which suspension
is requested.

suspend, : Form -» N

Book-keeper: records current times of suspension for formulae. They are
decreased, il non-zero, unil they reach zero, when they are eligible for
readmission.
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trileve,: Bool = P{N x {oppal})

Book-keeper: keeps records during Lhe (rials of the two graphs levels True
it used for the current graph, false for the dummy or on-trial graph.
numitrials, : N

Book-keeper: records the number of trials that have been carried out since
previous reset.

ehorter N

Book-keeper: records the sum of the required lengths of each trial.

lorger : N

Book-keeper: records the number of times an action previously made s
subsequently undone (since last reset).

done, : P{{ “actcacts+”,“lkbine 7+",“Ikbinc F+”, “aciclkbinc 7-",

“parine 7+, “parinc£+" ,“actsparine 7-" 3 x N x Nx {opps })

Book-keeper: records whal aclion has been taken by bkalamce. Fimslly 1o
what, secondly, how much (possibly a pair of wvalues) and thirdly, when.

mi N xN

Book -keeper: stores sum of cenaipties of inpuw informatien and sum of

certainties of accepted information. This is reset at the start of each trial.
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lentrial: {opps} — {1,0,-1}

lentriallk) =1, i longer, > shorter Jirilen, and numirials, > tests,
=-1, if shorter /trilen >longer, and numirials, > tests,
=0, a.w..,

This function requests increases or decreasss in the lengths of trials

(implemented by link in the record of trilen).

testa:N

The number of trials used 1o decide whether 10 increase or decrease the
length of subsequent trials.

tries :N x { “aclcacts+”,“lkbinc7+",“IkbincF+", *aciclkbinc 7-7,

”» 4

“parineT+”, “parine £+, “acusparine 7-" 3 x Nx N

Book-keeper: used to store current contenders information.

»ou

tried, :{ “actcacts+”, “lkbinc7+7,“Ikbinc F+”, “actclkbinc 7-", “parinc 7+,

“parine £+, “acisparine T-" 3} x N x N x Bool

Book -keeper: used to store the last trial record.

value: {oppa} x { “actcacts+”,“lkbincT +","Ikbinc £+, “actclkbinc 7 -7,

» oo » oK " o

“parinc7+”, “parine £F+7 , “acusparine 7 -",“nextiry” 3} = N
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value(k,z) = mot(z).y, if 2 “nexitry”,

= mot(x,(tries))}. x (triea), 0.W.,
where:

y = r,(ProAct(k)), if £ ="aclcacts+”,
=x {Prolnecl(7T,k)), if z="IkbincT+",
= x, (Profnel(F,k)), il z="lkbincF+",
= x, (ProGire(k)), if z=*actclkbinc¥-",
=r,(Prolnep(T, k), il z
=x (Proefrcp(F,k)), if z="parincF+",

“parincT+”,

= :r,(PraSource(k)), if x =*actsparinc?=-".

This function is used by wim in determining the most needful twse for

trial.

win: {opps} — { “acicacis+”,“lkbincT+",“Ikbinc £+”, “aciclkbine T -7,

LI "o o«

“parinc 7+, “parinc F+",“actsparine 7 =", “nexwry” }

win(k) el z e { “actcacts+”,“lkbinc7+”,“Ikbinc F+”, “aciclkbinc T -7,

»ou »

, parinc £+7,

”

“parinc7+ aclsparine 7~ ",“nexttry” }:

value( k,2) is maximal for ze{ *acicacts+”,“lkbinc 7+, *lkbincF+",

"o

“actelkbine 7-","parinc 7+7, “patinc £+"

actsparine 7-",“nexttry” } }

This function decides which change to give trial to.

nezitry: {oppal = { “actcacts+”, “Ikbinc 7+”,“lkbinc F+*, “aciclkbinc T -,

”» s

“pating 74", *parinc £+, “actsparinc 7-" } % N x N x Bool
nezttry (k) = (x (tries, ), av,,av,,F}
where av, and av, are the averages of the » (tries,) and x (tries) with

theic  appropriate corresponding value in  the sysitem, depending on

m (tries ).
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This function determines the next values for a trial if 1his is requested,

from e last trial

balance: { opps} — ({ “acicacts+”, “lkbinc 7 +",“Ikbinc F+7, “actclkbinc 7-7,
“parinc 7 +”, “parinc F+”,“actsparinc 7-" } x N x N x Bool)
x (N % { “acteacts+”, “Ikbinc 7+, “Ikbinc £+, “actclkbinc 7 -=,

“parincT +", “parinc F+”,“actsparing 7-" } x N x N)
balanee(k) = (try, totry),
where:

try = (“actcacis+”, x (ProAct (k)), r, (ProAct(k)), T),
if win(k) = "acicacts+”,

= ("lkbinc7+", x (Prolnci(T, k}),0,T), if win(k) = "lkbincT+",
= (Clkbinc F+”, » (Prelncl(F,k)),0,T}, if win(k)} = “lkbincF+",
= (“actclkbine7-",1,1,7), if win(k) = *actclkbinc7-",
= (‘parineT+", x (Preincp(T, k)),0,7), if win(k) = “parineT+",
= (“parincF+", x (Prolnep{F, k)),0,T), if win(k} = “parincF+",
= (‘actsparine 7-",1,1,7}, il win(k) = “acisparine7-",
= nexitry (k), il win(k)="nexury”,
and:
totry ={r (ProAct(k)),“acteacts+”,1,1), if win(k) = “acicacts+™,

=(x,(Profncl(T,k)),“IkbincT+",1,1), if win(k) = “lkbinc T+,

={x (Proincl(F,k)),“lkbincF+”,1,1), if win(k) = “lkbincF+",

= {x, (ProCirc(k)),“actelkbinc 7 -", r (ProCire(k)), x, (ProCire( k1)),
i win(k) = “aciclkbiner -7,

= (x,(Prolncp(T , k)},"parinc7+”,1,1), if win(k)= “parincT+",

= (x,(Prolncp(F,k)),"parncF+" 1,1}, il win(k) = “parincF+7,

= (x {ProSource(k)},“actsparinc 7 -",r (ProSource(k)),

x, (ProSource(k))),

il win(k)=*“acsparincT-",

=tried,, if win(k)= “nextiry”.

186



This function is the principal function used in setting up urials It decides to

run trials specifying the values that are 10 be uried.

endtrial . { opps} — Bool

endirialik) = F,
it act. lev (T +know lev, (F) > act. lev (7)) + know.lev’ (F)+ talk,
=7,
if act.ley (T)+know. len (F) +talk > act.lev ] (T) + know lew  (F),

=(x (1, )/ x(mi]) 2 xr (mi )/ x(mi’)), ow.

Here, the use of ' s lo distinguish the dummy graph f{rom the reai one
(unmarked). A true result indicales a successful irial for the dummy, Note
that when the trial ends, if it fails then the wvalue of ¢ries, must be
updated - if tried, ends with 7 then the value of tries,  is updated 1o
give it zero priority, since the first urial in the series failed. Otherwise,
tries, is updated to he tried,, but for the boolean value. This allows 1he
next trial wvalue (if a continualion of this trial) to be reduced. Also note
that if the trial fails the wvalues of all the records are updated from the
true and false parts together f{i.e. {rom the tral/no-trial parts put together)
while if the trial is successful, only the ones not used by the Pro running

a trial are updated. The other is reset

lef,: P(Form)
Book-keeper: recording low cenainty formulae that are being maintained o
check how dangerous they might have been had they been accepled into

the opp. Formulae in lef are all those with certainty lower than

cert(minhom (cire))

infoe :Ciresx €+ N
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Book-keeper: deliveting the number of tlimes a formula in Icf has passed
without contradiction {through its persistency period) and for which Lhere
have been no contradictions at a higher certainty, since star! of count (ihat
is, lhe count is zeroed for certaimty ¢ and higher, when a contradiciion

occurs at certainty ¢).

belief:{oppa} ~» P(Circs x [0,1])

belief(k) = {(circ,incer(c)): circ e circa,, infoc, (cire,c) 2 bel and
Vde C.infoc (eire,d) <bel ), if elock, (T)# 0

=d, if clock (T) =0.

This funclion decides which circumscritions are eligible for having their

minhom values raised

accept:{ opps } x Form x Sources x Circs —
P(Form)x P{Farm) x P(Form) x P(Form)

< .
accept(k,a , source, circ)

(E,F,G,H)

where:

E={dLF=G=a, if d2 cert(minhom (cire)) and Vee C.a ¢ susp,,
F = {u'},E=G=B, if d&2c¢ert(minhom (eirec}) and 1eeC.a « suap,,
E=F=¢,G=1{a"}, if d< cert(minkom (circ)),

H=aga, if c=4d,

H={c"}, if ¢=*d,
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d = incer (mimhom, (cire)).

This [unction determines the acceptances for the system. The firs set s
destined for the objct level (in fact, the opp), the second for swpension
set, the third for lef and the fourth for sm.

object:{oppa} — {oppa}xP(Form) x P(Form)

This function takes one opp and delivers the next using the avioms of the
system. These are mostly 1he same as the axioms of the Unforgiving
Madel, except that there are white triangles in addition to the black
triangles used there. These are used o indicate an override rather than a
contradiction and il is importam for resolve 1o learn about thit The
formulae that are black triangled are in ithe scond part of the result,
while the white triangle [ormuiae are in the third and final part When
contradictions or overrides occur between formulae entered by differem

sources, Lthe [untion delivers nothing - the system collapses

ident: P{Form ) = P{Form}x P{Form) x P(Form}

This funciion applies the rule of identity w0 the formulae in its st using
all the appropriate side issues thai relate, Black and white triangles can be
produced and it i3 the responsibilily of link to ensure that the right
funciions are informed. The black and white triangle formulae are put in

the second and third seis delivered.
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