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Chapter 1

Introduction

This document provides a complete and up-to-date specification of Non-
Aziomatic Logic (NAL).

1.1 NAL and NARS

NAL is the logic part of NARS (Non-Axiomatic Reasoning System).
NARS is an Al project aims at a general-purpose thinking machine.

NARS is designed according to the theory that intelligence is the ability
for a system to adapt to its environment while working with insufficient
knowledge and resources [Wang, 1995a, Wang, 2006].

NARS is developed in the framework of reasoning system. The logic part
of NARS is NAL, a formal logic, consisting of a formal language Narsese
and a set of formal inference rules, plus a semantics. The control part of
NARS mainly consists of a memory mechanism and an inference control
mechanism.

NARS is an attempt to provide a normative model of general intelli-
gence, rather than a descriptive model of human intelligence, though the
latter is a special case of the former, therefore these two types of model are
similar in various (though not all) aspects.

As a normative model, NAL starts from some basic principles, then
derives a concrete design for what a system should do to adapt when its
knowledge and resources are insufficient with respect to its tasks.
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1.2 Structure of NAL

NAL is established in multiple layers, each of which extends the logic by
adding new grammar and inference rules, with proper addition of the se-
mantics. Consequently, each layer has a higher expressive and inferential
power than the previous ones, so as to give the corresponding NARS a
higher level of intelligence.

In the current design, there are 8 layers. Consequently, each of the
logic is named as NAL-n, and the corresponding formal language is named
Narsese-n, with n being a number between 1 and 8.

This document starts at the meta-language of NAL. Using it, NAL-1 to
NAL-8 are introduced one by one, with formal and semi-formal specifica-
tions of its addition in language, semantics, and inference rules.

1.3 Specifying NAL

This specification only explains what NAL is and does, rather than why it is
designed in this way, what kind of overall functionality is produced, or how
it differs from other systems. For those contents, references are provided by
citing previous publications on NARS. All the NARS publications referred,
except the book [Wang, 2006], are available online at the project website
http://sites.google.com/site/narswang/.

This document is under constant revision. As an up-to-date description
of an on-going research project, this specification of NAL is not identical to
the previous publications on NAL in all details. Wherever such a difference
occurs, this document should be considered as representing the current
opinion of the author.

This document does not address the control part of NARS, which is de-
scribed in [Wang, 2006, Chapter 6], as well as [Wang, 1996¢, Wang, 2004b,
Wang, 2009b]. Currently NARS is an open-source project, hosted at
http://code.google.com/p/open-nars/.

There are still some open issues in the design of NAL. In the document,
they are introduced in the footnotes.!

1Even after all the known issues are resolved, whether NAL is “complete” depends
on a new notion of completeness, because the traditional notion cannot be applied to
non-axiomatic logics. The new notion should be based on a formal definition of adaptive
system, whose interaction with the environment is described as streams of sentences in a
formal language. In that situation, NAL will be considered as “complete” if (1) Narsese
is shown to be powerful enough to describe all possible interactions between a system
and its environment, and (2) NAL inference rules are shown to be powerful enough to
describe all possible adaptive behaviors of a system.
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Chapter 2

IL-1: Inheritance Logic

NAL is described using several meta-theories, though cannot be reduced into
any of them, that is, results in NAL and results in any of its meta-theories
are distinct, though there are partial overlaps and intuitive similarity here
or there. The meta-theories include set theory, formal language theory,
first-order predicate logic, and inheritance logic (also known as NAL-0).
Since only the last one is not well known, it is specified here.

Inheritance Logic, or IL, is an idealized version of NAL, in the sense
that it is similar to NAL in language, semantics, and inference rule, though
it assumes sufficient knowledge and resources. Therefore it is not a “non-
axiomatic” logic, but a tool used when building such a logic. For each
layer n (1 < n < 8), the corresponding IL-n will be defined first, then the
effect of insufficient knowledge and resources is introduced, to turn IL-n
into NAL-n. This chapter defines IL-1, the simplest inheritance logic.

2.1 Language: term and inheritance

IL-1, like all members of the IL-NAL family, is a “term logic”. This type
of logic is characterized by its usage of categorical sentences and syllogis-
tic inference rules. Therefore, it is also known as “categorical logic” or
“syllogistic logic”.

Definition 1 The basic form of a term is a word, a string of letters in a
finite alphabet.

There is no additional requirement on the alphabet. In this document the
alphabet is that of English, plus digits 0 to 9 and a few special signs, such
as hyphen (‘).



6 CHAPTER 2. IL-1: INHERITANCE LOGIC

Definition 2 The inheritance copula, ‘—’, is a binary relation from one
term to another term, and defined by being reflexive and transitive.

There is no additional requirement associated with the inheritance copula
beside the above definition.

Definition 3 The basic form of a statement is an inheritance statement,
“S — P7”, where S is the subject term, and P is the predicate term.

The “subject-copula-predicate” form of statement is what traditionally
called categorical sentences.

Definition 4 IL-1 is defined on a formal language whose sentences are
inheritance statements.

The above definitions are summarized in Table 2.1, using a variant of
the Backus-Naur Form (BNF).

(sentence) = (statement)
(statement) == (term){copula)(term)
(copula) == ‘=
(term) == (word)
(word) :  a string in a given alphabet

Table 2.1: The Grammar Rules of IL-1

When embedded in expressions, “S — P” is often written as “(S — P)”
to avoid misunderstanding.

The above formal language is used in IL-1 both for internal representa-
tion and external communication.

2.2 Semantics: truth and meaning

Intuitively, “S — P” states that S is a specialization of P, and P is a
generalization of S. Tt roughly corresponds to “S is a kind of P” in English.

Definition 5 A sentence in IL has a binary truth-value, as a proposition
in propositional logic.

The following theorems directly follow from the definitions.

Theorem 1 For any term X, statement “X — X7 is true.
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Theorem 2 For any term X, Y, and Z,
(X=>Y)ANY —=2)C(X—2)

In this theorem, IL sentences are treated as propositions, and “A” and “C”
are the “conjunction” and “implication” connectives in propositional logic,
respectively.

The inheritance relation is neither symmetric nor anti-symmetric. That
is, for different X and Y, given “X — Y alone, the truth-value of Y — X”
cannot be determined.

The initial knowledge of the system, obtained from the environment, is
defined as its “experience.”

Definition 6 For a system implementing IL-1, its experience, K, is a non-
empty and finite set of sentences in IL. In each sentence in K, the subject
term and the predicate term are different.

K can be also represented as a (directed and unweighted) graph, with terms
as vertices and statements as edges.

Definition 7 Given experience K, the system’s beliefs, K*, is the transi-
tive closure of K, excluding sentences whose subject and predicate are the
same term.

Therefore, K* is also a non-empty and finite set of sentences in IL-1, which
includes K, as well as the sentences derived from K according to the tran-
sitivity of the inheritance relation. In systems implementing IL or NAL,
the words “belief” and “knowledge” are usually treated as exchangeable
with each other. Therefore, K* can also be called the knowledge base of
the system.

Definition 8 Given experience K, the truth-value of a statement is true
if it is in K*, or in the form of X — X, otherwise it is false.

Therefore there are two types of truth in IL-1: empirical and literal
(or call them synthetic and analytic, respectively). The former is “true
according to experience,” and the latter is “true by definition.” Truth in
these two categories have no overlap.

In IL-1, all analytic truths are positive, in the form of “X — X”. Syn-
thetic truths may be either positive (on what is true) or negative (on what
is false). In IL-1, negative knowledge are implicitly represented: they are
not sentences in IL-1, but propositions in its meta-language. The amount of
positive knowledge (i.e., number of beliefs in K*) increases monotonically
with the increase of the experience K, but that is not the case for negative
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knowledge, which is implicitly defined by the former as “statements that
not known to be true” (the Closed-World Assumption).

For a term T that does not appear in K, all statements having T in
them are false, except “T" — T7.

Definition 9 Given experience K, let the set of all terms appearing in K
to be the vocabulary of the system, Vi . Then, the extension of a term T
is the set of terms T¥ = {z|(x € Vi) A (v — T)}. The intension of T is
the set of terms TT = {z | (x € V) A (T — z)}.

Obviously, both T# and T/ are determined with respect to K, so they can
also be written as TE and T}. In the following, the simpler notions are
used, with the experience K implicitly assumed.

Since “extension” and “intension” are defined in a symmetric way in
IL, for any result about one of them, there is a dual result about the other.
Each belief of the system reveals part of the intension for the subject term
and part of the extension for the predicate term.

Theorem 3 For any term T € Vi, T € (TENTY). If T is not in Vk,
TE =711 = {}, though “T — T is still true.

Definition 10 Given experience K, the meaning of a term T consists of
its extension and intension.

Therefore, the meaning of a term is its relation with other terms, according
to the experience of the system. A term 7T is “meaningless” to the system, if
T? =TT = {} (that is, it has never got into the experience of the system),
otherwise it is “meaningful”. The larger the extension and intension of a
term are, the “richer” its meaning is.

Theorem 4 If both S and P are in Vi, then (S — P) = (S¥ C PF)
(Pt C st.

“—»

Here is the “if and only if” connective in propositional logic.

If “S — P” is false, it means that the inheritance is incomplete — either
(SE — PE) or (P — S7) is not empty. However, it does not mean that S
and P share no extension or intension.

Theorem 5 (S = PF) = (S = Pl).

This means that in IL-1 the extension and intension of a term are mutually
determined. Consequently, one of the two uniquely determines the meaning
of a term.
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Consequently, IL-1 gets an “experience-grounded semantics”, since the
truth-values of its statements and the meanings of its terms are determined
by the experience of the system, except in trivial cases (analytical truths
and meaningless terms). No ontological assumption is made about the
outside world. To the system, the world is nothing but what the experience
reveals.

2.3 Inference: deriving and matching

IL-1 has a single inference rule that derives new knowledge from experi-
ence, justified by the transitivity of the inheritance relation. This rule is
syllogistic, in the sense that it takes two premises, By and Bs, that share
a term M, and derives a conclusion between the other two terms S and P.
It is shown in Table 2.2.

’Bg\Bl HM—>P\P—>M‘
S— M| S—P
M— S P—-S

Table 2.2: The Inference Rule of IL-1

Definition 11 For different terms S and P, a question that can be an-
swered by an IL-based system has one of the following three forms: (1)
S — P?, (2)S — 7, and (8) 7 — P. The ‘?’ in the last two is a “query
variable” to be instantiated. A belief S — P is an answer to any of the
three. If no such an answer can be found in K*, “NO” is answered.

The first form of question asks for an evaluation of a given statement, while
the other two ask for a selection of a term with a given relation with another
term. If there are more than one answers to (2) and (3), they are equally
good. Literal truth “X — X7 is a trivial answer to such a question, so it
is not allowed.

The matching rule is shown in Table 2.3, with @ for question and B for
matching belief.

Similar to negative knowledge, in IL-1 questions are not represented as
sentences in object language, but in the meta-language only. IL-1 does not
accept question “What is not T'7”.
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[ B\Q[[S—P?][|S5—=7][7—>P|
(S—=P[|S—P|S—>P[S—P]

Table 2.3: The Matching Rule of IL-1

References

[Wang, 2006, Chapter 3], [Wang, 1994, Wang, 1995a]



Chapter 3

NAL-1: Evidential
Inference

NAL-1 turns IL-1 into a non-axiomatic logic, under the Assumption of
Insufficient Knowledge and Resources (AIKR).

3.1 Evidence and uncertainty

As shown by Theorem 4, a perfect inheritance is equivalent to a complete
subset relation between the extension or intension of the two terms. It is
natural to extend a complete subset relation into a partial subset relation,
and, by the above equivalence, it also extends a perfect inheritance into an
imperfect inheritance.

Furthermore, since the subset relation can be seen as a summary of a set
of inheritance statements, an inheritance statement can also be seen as a
summary of inheritance statements. Based on this observation, “evidence”
of an inheritance statement is introduced.

Definition 12 For an inheritance statement “S — P”, its evidence are
terms in ST and PL. Among them, terms in (ST N PE) and (P' N ST)
are positive evidence, and terms in (ST — PF) and (P! — ST) are negative
evidence.

Here ‘N’ and ‘—’ are the intersection and difference of sets, respectively, as
defined in set theory.

Evidence is defined in this way, because as far as a term in positive
evidence is concerned, the inheritance statement is correct; as far as a term
in negative evidence is concerned, the inheritance statement is incorrect.

11
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Since according to the previous definition, terms in the extension or
intension of a given term are equally weighted, the amount of evidence can
be simply measured by the size of the corresponding set.

Definition 13 For “S — P”, the amount of positive, negative, and total
evidence is, respectively,

wt = |SENPE|+|PInSI|
w- = |SF - PE|4+|PI -S|
w = wt4+w”

|SE| + |P1|

When comparing competing beliefs and deriving new conclusions, rel-
ative measurements are usually preferred over absolute measurements, be-
cause the evidence of a premise normally cannot be directly used as evidence
for the conclusion. Also, it is often more convenient for the measurements
to take values from a finite range, while the amount of evidence has no
upper bound.

Definition 14 The truth-value of a statement consists of a pair of real
numbers in [0, 1]. One of the two is called frequency, defined as f = w™ /w;
the other is called confidence, defined as ¢ = w/(w + k), where k is the
“evidential horizon” of the system, a positive constant.

Informally speaking, frequency is the proportion of positive evidence among
all evidence; confidence is the proportion of current available evidence
among available evidence in the near future, after the coming of new evi-
dence of amount k. This evidential horizon k is a “personality parameter”
of the system, in the sense that in different NAL-based systems, it can take
different values, and in general it is hard (if possible) to say what value is
the best.

In this two-factor truth-value, the frequency factor indicates the ratio
between positive and negative evidence, and the confidence factor indicates
the ratio between current and future evidence. Since it is impossible to
consider infinite future, an evidential horizon is introduced to restrict “fu-
ture” into a constant “near future”. Since what matters is the relative
confidence of beliefs, they should be measured against the same evidential
horizon, though the exact distance to the horizon (the k value) is not always
important.

The above definition implies that in a truth-value, the frequency factor
and the confidence factor are independent of each other, in the sense that
given the value of one, the value of the other is not determined, or even
bounded.
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The frequency value will be restricted in an interval within the evidential
horizon, until the coming evidence reaching amount k.

Definition 15 The frequency interval of a statement [, u] contains its fre-
quency value from the current moment to the moment when the new evi-
dence has amount k. The lower frequency [ is w™ /(w + k), and the upper
frequency u is (wt + k)/(w + k).

The frequency of a statement does not necessarily converge to a limit. Even
if it does, the limit is not necessarily in the frequency interval at every
previous moment.

Definition 16 The ignorance of a statement is measured by the width of
the frequency interval, i.e., i = u — .

Theorem 6 For a statement, its confidence and ignorance are comple-
ment to each other, that is, c+1 = 1.

The interval representation of uncertainty provides a mapping between
the “accurate representation” and the “inaccurate representation” of uncer-
tainty, because “inaccuracy” corresponds to willingness to change a value
within a certain range. If in a situation there are only N words that can
be used to specify the uncertainty of a statement, and all numerical values
are equally possible, the most informative way to communicate is to evenly
divide the [0, 1] interval into N section: [0, 1/N], [1/N, 2/N], ..., [(N-1)/N,
1], and to use a label for each section. A special situation of this is to
use a single number, with its accuracy, to carry out both frequency and
confidence information.

In summary, NAL uses three functionally equivalent representations for
the uncertainty (or degree of belief) of a statement:

Amounts of evidence: {w™, w}, where 0 < w* < w, or using w~ =
w — w™ to replace one of the two;

Truth value: (f, ¢), where both f and ¢ are real numbers in [0, 1], and
are independent of each other;

Frequency interval: [I, u], where 0 < < u < 1, or using i = u — [ to
replace one of the two.

Among all possible values of the measurements, there are two extreme
cases that only appear in the meta-language, and a normal case that actu-
ally happen in Narsese:
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Null evidence: This is indicated by w =0, ¢ =0, or 4 = 1. It means the
system knows nothing at all about the statement, so does not need
to be actually represented in the system.

Full evidence: This is indicated by w = oo, ¢ = 1, or ¢ = 0. It means the
system already knows everything about the statement, which cannot
occur in a non-axiomatic logic.

Normal evidence: This is indicated by 0 < w, 0 <c< l,or0<i< 1. It
means the statement is supported by finite amount of evidence, which
is the normal case for every belief in NAL.

Though the extreme cases never appear in actual beliefs of the system, they
can be discussed in the meta-language of NAL, as limit cases of the actual
beliefs, and therefore play important roles in system design.

This is why IL can be considered as an idealized version of NAL, while
still being a meta-logic of it. The beliefs of IL is supported by “full positive
evidence”, and therefore having binary truth-value. On the contrary, in
NAL each belief may have both positive and negative evidence, and the
impact of future evidence must be considered, too. Therefore, the truth-
value true of IL can be mapped into truth-value (1,1) of NAL, since the
former assumes that there is neither negative evidence nor future evidence.

For the normal case, formulas for inter-conversion among the three forms
are displayed in Table 3.1.

’ to \ from H {w™, w} \ {f, o \ [1, u] (and 7) ‘
{w*, w} wr=kfe/(1—c) |wT =kli/i
w=ke/(1—c) w="k(1-1)/i
To [T=o/w F=1/1—)
c=w/(w+k) c=1—1
Lol [ T=w @+ R =7e
u=(wr+k)/(w+k)|u=1-c(l-f)

Table 3.1: The Mappings Among Measurements of Uncertainty

3.2 Grammar and semantics

The grammar of Narsese-1, the language used in NAL-1, is that of IL-1,
except that a binary “statement” plus its truth-value becomes a multi-
valued “judgment”. Also, “question” is included in the object-level of the
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language, as a statement without truth-value, and may contain variable to
be instantiated.

(sentence) = (judgment) | (question)
(judgment) = (statement)(truth-value)

(question) == (statement) | ‘?" (copula)(term)|(term){copula) ‘7’
(statement) (term){copula){term)

(copula) == ‘=
(term) == (word)
(truth-value) :  a pair of real number in [0,1] x (0,1)
)

a string in a given alphabet

Table 3.2: The Grammar of Narsese-1

The truth-value of each judgment is defined by a chunk of evidence
represented by IL-1 sentences. In communications between the system and
its environment, the other two types of uncertainty representation can also
be used in place of the truth-value of a judgment, though within the system
they will be translated to (from) truth-value.

Similarly, the definition of “meaning” in NAL-1 also comes from that
in IL-1.

Definition 17 A judgment “S — P (f, ¢)” indicates that S is in the ex-
tension of P and that P is in the intension of S, with the truth-value of the
Jjudgment specifying their grades of membership.

Consequently, the extension and intension of a term in NAL-1 are no longer
ordinary sets with well-defined boundaries (as in IL-1), but sets with (two-
dimensional) grades of membership.

Definition 18 The actual experience of a system implementing NAL-1 is
a stream of Narsese-1 sentences. The experience defined in IL-1 is renamed
idealized experience in NAL-1.

What differs idealized experience from actual experience is:

1. The former contains true statements only, while the latter contains
questions and multi-valued judgments,

2. The former is a set (without internal order or duplicated elements),
while the latter is a stream (where order matters, and duplicate ele-
ments are possible).
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Since NAL-1 works under AIKR, the transitive closure of its (actual)
experience is not defined. The system may not have the resources to ex-
haust all possible conclusions derivable from given experience, nor can it
be assumed that the conclusions will converge to a stable set of beliefs,
since new experience comes constantly, and consists of sentences with un-
restricted content.

Definition 19 The evidential base of a truth-value is the set of sentences
in the experience from which the truth-value is derived.

Therefore, the evidential base of an input sentence (in the experience of
the system) is a set containing itself, while the evidential base of a derived
conclusion is the union of the evidential bases of the premises. If the same
sentence appears multiple times in experience, each occurrence corresponds
to a separate evidential base.

In the actual implementation of NAL, the evidential base of a truth-
value is represented by a “stamp” containing sequential numbers of input
sentences, with a maximum length. To calculate the union of two eviden-
tial bases, the two stamps are interwoven, and the overflow part is ignored.
The system decides if two truth-values are based on overlapping evidence
by checking if their stamps contain any common element, which may fail
to recognize overlapping evidence for beliefs derived from many input sen-
tences, which, though not desired, is inevitable for a system with AIKR.

3.3 Forward inference

As a syllogistic logic, a typical forward inference rule in NAL takes two
judgments as premise, and derives a judgment as conclusion, with a truth-
value function to calculate the truth-value of the conclusion from those of
the premises. That is, it looks like

{premisei(fi1, c1), premises(fa, ca)} F conclusion(f, c)

where (f, ¢) is calculated by a truth-value function from (f1, ¢1) and {fa, c2).
Alternatively, the rule can be put into a table where each row and column
corresponds to a premise, as in IL-1.

In NAL-1, all the premises and conclusions are inheritance statements,
and the two premises share at least one common term. Furthermore, to
avoid circular inference, the premises cannot have common stamp elements.

Because the two premises share at least one term, their contents are
semantically related to each other. NAL never infers on two arbitrary
premises and only considers their truth-values in deriving a conclusion.
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For a pair of judgments that do share at least one common term, their
structures and the position of the shared term determine the content of the
conclusion, as well as the truth-value function.

A truth-value function is usually designed (with a few exceptions) by
treating the related measurements in [0, 1] as extended Boolean values, by
the following procedure:

1. According to the experience-grounded semantics, decide the uncer-
tainty values of the conclusion for each combination of the values in
the premises, when all of them are binary values 0 or 1.

2. Represent each value in the conclusion as a Boolean function of the
values in the premises, using Boolean operators “and’, “or”, and
“not”. Among the Boolean functions satisfying the given condition,
the function selected usually is the simplest, and with an intuitive
justification.

3. Assuming variables x4, ..., z, are mutually independent (i.e., the value
of one cannot be bounded by the value of the others), the Boolean
operators are extended from {0, 1} to [0, 1]:

Definition 20

1—£Ci
T1 X ... X Tp
1—(1—21) X .. x (1 =xp,)

not(x;)
and(xy, ..., Tp)
or (21, ooy )

When the operators are applied in truth-value functions, the inde-
pendence requirement is satisfied when the two premises have distinct
evidential bases, since the two factors in a truth-value (frequency and
confidence) are already independent of each other in this sense.

4. Rewrite the uncertainty functions as truth-value functions if they are
not in that form, using the mappings between truth-values and other
uncertainty measurements in Table 3.1.

In term logics, when two judgments share exactly one common term,
they can be used as premises in an inference rule that derives an inheri-
tance relation between the other two (unshared) terms. When the copula is
directed, like inheritance, there are four possible combinations of premises
and conclusions, as listed in Table 3.3. For each combination of premises,
there are two conclusions, corresponding to the two directions of inheritance
between the two terms that only appear on one premise. The involved in-
ference type include deduction, abduction, induction, and exemplification.
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’ J2\J1 H M—>P<f1,61> ‘ P—»M(fl,q}‘
S*)M<f2762> S—P <Fgeqg>|S—P < Fypuq>
P—S <F/ >|P—S<F, >
M—>S<f2,62> S—P <Fipa>|S5S—>P <Fe>
P—S <F ,>|P—-S<F,, >

Table 3.3: The Basic Syllogistic Rules

In the table, F,,, indicates the truth-value function that calculates
the truth-value of the conclusion, and F) . is F,,, with the order of the
premises switched. The associated truth-value functions are given in Table
3.4, together with the type of inference. The function Fj.q is derived from

the transitivity of the inheritance relation, while the other three are derived

from the definition of evidence.

Deduction Boolean version: | f = and(f1, f2)
c = and(f1,c1, f2,¢2)
Fyeq | truth-value version: | f = fixfy
c = fiXxaXfaxXc
Abduction Boolean version: | wt = and(fi,c1, f2,¢2)
w” = and(f1,c1,n0t(f2),c2)
Fupq | truth-value version: | f = fo
— f1xe1Xea
¢ — fixeciXeotk
Induction Boolean version: | wt = and(fi,c1, f2,c2)
w~ = and(not(f1),c1, fa,c2)
Finq | truth-value version: | f = fi
_ c1 X faxeo
¢ — caXxXfaXcatk
Exemplification Boolean version: | wt = and(fi,c1, f2,c2)
w- = 0
Feye | truth-value version: | f =1
c fiXec1X faXco
fi1xc1 X faxXcotk

Table 3.4: The Truth-value Functions of the Basic Syllogistic Rules

In term logics, “conversion” is an inference from a single premise to a
conclusion by interchanging the subject and predicate terms of the premise.

The conversion rule in NAL is defined in Table 3.5.
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’{P_)S<f0,00>}l_s_)P<Fcnv>‘

Table 3.5: The Conversion Rules of NAL-1

By definition, statements “S — P” and “P — S” have the same positive
evidence, but distinct negative evidence. However, in conversion inference
directly letting w = w[J{ and w~ = 0 lead to the undesired result that
“P — 8 (1, 1)” derives “S — P (1, 1)”. Instead, in NAL inference rules
evidence for a premise should not be taken as evidence of the same amount
for the conclusion (except in a few special rules to be introduced later). A
proper truth-value function for the conversion rule can be obtained by treat-
ing the conclusion as derived by abduction from premises “P — S{fo, co)”
and “S — S(1, 1)”, or by induction from premises “P — P(1, 1)” and
“P — S{fo, co)”. Both of them lead to the function in Table 3.6, which
also means that in conversion the premise only provides positive evidence
(with the amount of fy X ¢g) to the conclusion.

Conversion Boolean version: | wt = and(fy, o)
w- = 0
F.pny | truth-value version: | f =1
¢ — foxco
foXcot+k

Table 3.6: The Truth-value Function of the Conversion Rule

3.4 Revision and choice

In NAL, revision, given in Table 3.7, indicates the inference step in which
evidence from different sources for the same statement is accumulated. It
is applicable when the two premises contains the same statement, and their
stamps contain no common element. The two premises are still kept as
valid beliefs after the revision.

It is the only two-premise rule in NAL where the evidence of the premises
can be directly taken, with the same type and amount, as the evidence of
the conclusion (because they all contain the same statement). Therefore,
the truth-value function, given in Table 3.8, is not designed according to
the general procedure introduced previously, but comes directly from the
additivity of the amount of evidence.
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[ \N [ Sth,a) ]
’SfQ,CQ H S<Frev> ‘

Table 3.7: The Revision Rule

Revision evidence version: | wt = w] +w]

w1y + Wo
fier(1—co)+faca(l—cy)
01(1—628-'1-02(1—61)
c1 17C2)+02(17C1)
c1(l—ca)tca(l—ci)+(1—c1)(1—ca)

S
|

Frey | truth-value version: | f =

Table 3.8: The Truth-value Function of the Revision Rule

As in IL-1, judgment “S — P(f, ¢)” provides a candidate answer to
evaluative question “S — P77, as well as to selective questions “S — ?7” and
“? — P”. However, unlike the situation of IL-1, in NAL-1 all candidates
are not equally good. The choice rule of NAL chooses the better answer
between two candidates.

For an evaluative question “S — P7?”, both candidate answers contain
the same statement “S — P”, though have different truth-values. Between
them, the better one is the one with a higher confidence value. This is the
case because an adaptive system prefers an evaluation supported by more
evidence.

For a selective question “S — 7”7 or “? — P”, the two candidate answers
usually suggest different instantiations 77 and 7% for the query variable in
the question. Between them, the better one is the one with a higher expec-
tation value, which is a prediction of the frequency for the statement to be
confirmed in the near future. This prediction is based on the past frequency,
but more conservative, by taking the confidence factor into account. The
expectation function is given in Table 3.9.

Expectation | frequency-interval version: (I+u)/2
evidence-amount version: | e (wr +k/2)/(w+ k)
Feup truth-value version: | e = ¢(f —1/2)+1/2

Table 3.9: The Expectation Function
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In summary, the choice rule is formally defined in Table 3.10, where
S1{f1, c1) and S (fa2, co) are two competing answers to a question, and
S (Fepo) is the chosen one. When S; and S, are the same statement, the
one with a higher confidence value is chosen, otherwise the one with a
higher expectation value is chosen. It is also a special rule because no new
conclusion is derived.

’ Jo\ J1 H S1{f1, e1) ‘
[ S2 (fa, c2) [ S (Feno) |

Table 3.10: The Choice Rule

3.5 Backward inference

Backward inference happens when a judgment and a question are taken
as premises, and a derived question is produced as result. The question
derivation rules are specified by the following general principle, or meta-
rule, using the other (forward inference) rules defined previously.

Question derivation: A question @ and a judgment J will give rise to a
new question @’ if and only if an answer for ) can be derived from
J and an answer for @', by a forward inference rule.

Therefore, if a question cannot be properly answered by the choice rule,
backward inference is used to recursively “reduce” the question into de-
rived questions, until all of them have direct answers. Then these answers,
together with the judgments involved in the previous backward inference,
will derive an answer to the original question by forward inference.

In NAL-1, all backward inference rules are obtained by turning the
forward syllogistic rules in Table 3.3 in a reverse direction, and the cor-
responding backward-inference rules are in Table 3.11, where P can be a
query variable (marked by ‘?7).

This table turns out to be identical to Table 3.3, if the truth-value
functions and the question/judgment difference are ignored.
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[ J\Q [M->P[P—>M|
S—M(f,e)|| S—=>P | S—P
P—S | P—S
M—-S(f,ey|| S—=P | S—P
P—-S| P—>S

Table 3.11: The Backward Basic Syllogistic Rules



Chapter 4

NAL-2: Similarity and
Sets

In this chapter and the following ones, first the language of IL is extended,
then the inference rule of NAL is extended to handle the new items in the
language under AIKR.

4.1 Similarity

Definition 21 For any terms S and P, similarity “-’is a copula defined

by
(S P)=((S—P)A(P—S9))

Since ‘=" and ‘A’ are the equivalence and conjunction connectives in propo-
sitional logic, respectively, the expression in the definition is not a statement
in IL, but in its meta-language, though it introduce similarity statement
‘S < P’ into IL.

Theorem 7 Similarity is a reflexive, symmetric, and transitive relation
between two terms.

Theorem 8 (S <« P) D (S — P)

Here ‘D’ is the implication connective in propositional logic. Since in all
the following definitions and theorems, symbols like S, P, and M are used
for arbitrary terms, they will not be explicitly declared as so.

Theorem 9 (S < P) = (S € (PPnPh) = (P e (S¥nshH)

23
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Theorem 10 (S « P) = (S¥ = PF) = (81 = Pl)

That is, “S < P” means the two terms have the same meaning, or are
identical to each other.

To extend the binary similarity statement in IL-2 to the similarity judg-
ment in NAL-2, the evidence of a similarity statement is defined, alike the
evidence of an inheritance statement.

Definition 22 For similarity statement “S < P”, its positive evidence is
in (SP N PE) and (P 0 ST), and its negative evidence is in (ST — PF),
(PE — SEY, (PT — 8T, and (ST — PT).

In NAL-2 a similarity statement is true to a degree, where the amounts
of evidence and truth-value are defined in the same way as in NAL-1. In
the following, the word “identical” will be reserved for terms .S and P when
they are related by the binary “S «» P” in IL, which is an extreme case of
“similar” in both IL and NAL.

Corresponding to the basic syllogistic rules in NAL-1, in NAL-2 there
are three combinations of inheritance and similarity, corresponding to com-
parison, analogy, and resemblance, respectively, as indicated by the names
of truth-value functions in Table 4.1. To make the table (as well as the
following inference tables) simpler, the truth-values of the premises are
omitted in the table, though it is obvious that the truth-value of J; and J;
are (f1,c1) and (fa, ca), respectively.

[ L\AL ] M—-P | P-M | MoP |
S— M S P{Feom) | S— P(F.. .)
MHS SHP<FFOm> PHS<Ffina>
S M| S— P(Fona) | P— S(Fana) | S P(Fres)

Table 4.1: The Similarity-related Syllogistic Rules

The associated truth-value functions are given in Table 4.2.

4.2 Compound terms

To represent more complicated experience, “compound terms” are needed.

Definition 23 A compound term (con ¢; --- ¢,) is a term formed by
a term connector, con, that connects one or more terms ci,- -, Cp, called
the component(s) of the compound. The order of the components usually
matters.
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Comparison Boolean version: | w* = and(f1, c1, f2,¢2)

w = and(or(f1, f2),c1,c2)
F,. | truth-value version: | f = %

= (fit+fo—fi1xf2)Xc1Xea
(fitfo—f1Xx fa)Xc1Xcatk
Analogy Boolean version: | f = and(fi, f2)

¢ = and(cy, f2,c2)

Fyna | truth-value version: | f = f1 X fa

c=2¢C X f2 X Cg
Resemblance Boolean version: | f = and(fi, f2)

¢ = and(or(f1, f2),c1,¢2)
Fyna | truth-value version: | f = f1 X fa

c=(fi+fo—fix fa) X1 X

Table 4.2: The Truth-value Functions of the Similarity-related Rules

Definition 24 FEach term in NAL has a syntactical complexity. The com-
plexity of an atomic term (i.e., word) is 1. The complexity of a compound
term is 1 plus the sum of the complexity of its components.

Sometimes the “infix” format of a compound term can be used to write
(con ¢1 -+ ¢,) as (c1 con --- con ¢y), and the syntactical complexity of
the two forms are the same.

When introducing term operators with two or more components in the
following, usually they are only defined with two components, and the gen-
eral case (for both the above prefix representation and the infix representa-
tion) is translated into the two-component case by the following definition.

Definition 25 Ifcy --- ¢, (n > 2) are terms, and con is a term connector
defined as taking two or more arguments, then both (con ¢1 --- ¢,) and
(c1 con -+ con ¢,) are defined recursively as (con (con ¢1 -+ ¢n_1) ¢n),

though the latter form has a higher syntactical complezity.

In Narsese, all term connectors are defined in the grammar, and with
predetermined (experience-independent) meaning.

Definition 26 In IL, two compound terms are identical if they have the
same term connector and pairwise identical components. Especially, if both
have one component, the above “if” becomes “if and only if 7. That is,

((cpr = di)) AN N(en = dp)) D((concy -+ cy) < (condy -+ dy))
(¢ = d) = ((con ¢) < (con d))
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Just like there are analytical truth and empirical truth, the meaning
of a compound term has two parts, an analytical part and an empirical
part, where the former is determined by its definitional relation with its
components and other analytical truths about the term, while the latter
comes from the system’s experience when the compound term is used as a
whole. All compound terms can be used by the inference rules as atomic
terms. When doing so, their internal structures are ignored. Furthermore,
compound terms can directly appear in the (idealized or actual) experience
of the system.

4.3 Sets and derivative copulas

Definition 27 IfT is a term, the extensional set with T as the only com-
ponent, {T'}, is a compound term, and its meaning is defined by

(Vo) ((z = {T}) = (z = {T})).

That is, a compound term with such a form is like a set defined by a sole
element or individual. The compound therefore has a special property: all
terms in the extension of {T'} must be identical to it, and no term can
be more specific than it (though it is possible for some terms to be more
specific than T').

This compound term uses a special format, with ‘{ }’ as term connector.

Theorem 11 For any term T, {T}F C {T}!.

On the other hand, {T}" is not necessarily included in {T}".
An instance copula, ‘o—’, is another way to represent the same infor-
mation.

Definition 28 The instance statement “S o— P” is defined by the inher-
itance statement “{S} — P.”

Theorem 12 ((S o— M)A (M — P)) D (S o— P).
However, “S — M” and “M o— P” does not imply “S o— P.”
Theorem 13 (S o— {P}) = (S — P).

“T o— {T'}” follows as a special case. On the other hand, the statement
“T o— T” is not an analytical truth, though may be an empirical one.

According to the duality between extension and intension, another spe-
cial compound term and the corresponding copula are defined.
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Definition 29 IfT is a term, the intensional set with T as the only com-
ponent, [T], is a compound term, and its meaning is defined by

(V) (([T] = x) = ([T] — 2)).

That is, a compound term with such a form is like a set defined by a sole
attribute or feature. The compound therefore has a special property: all
terms in the intension of [T] must be identical to it, and no term can be
more general than it (though it is possible for some terms to be more general
than T).

This compound term also uses a special format, with ‘[]” as term con-
nector.

Theorem 14 For any term T, [T C [T]F.

On the other hand, [T]¥ is not necessarily included in [T].

A property copula, ‘—0o’, is another way to represent the same informa-
tion.

Definition 30 The property statement “S —o P” is defined by the inher-
itance statement “S — [P].”

Theorem 15 (S — M) A (M —o P) D (S —o P).

However, “S —o M” and “M — P” does not imply “S —o P.”

Theorem 16 ([S] —o P) = (S — P).

“[T) —o T” follows as a special case. On the other hand, the statement

“T"—o T” is not an analytical truth, though may be an empirical one.
An instance-property copula, ¢ o—o ’ is defined by combining ‘ o—’ and

‘o .

Definition 31 The instance-property statement “S o—o P” is defined by
the inheritance statement “{S} — [P].”

Intuitively, it states that an instance S has a property P.

Theorem 17 (S o—o P) = ({S} —o P) = (S o— [P])
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(copula) = ‘o' |fo=" ] =0 | ‘om0

(term) ' (term)} | ‘[ (term)]’

Table 4.3: The New Grammar Rules of Narsese-2

4.4 Grammar and inference rules

In summary, while all the grammar rules of Narsese-1 are still valid in
NAL-2, there are additional grammar rules of Narsese-2, as listed in Table
4.3.

Since each derivative copula is fully defined in terms of the inheri-
tance copula, its semantics and relevant inference rules can be derived from
those in NAL-1. To simplify the implementation of the system, deriva-
tive copulas instance, property and instance-property are only used in the
input/output interface, and within the system they are translated into in-
heritance. Therefore there is no need to introduce inference rules for them.
The same thing cannot be done to the copula similarity. Though in IL-
2 the binary form of similarity is defined in terms of the inheritance, in
NAL-2 similarity judgments usually cannot be translated into equivalent
inheritance judgments. Therefore, NAL-2 uses five copulas in its interface
language, but only keep two of them (inheritance and similarity) in its in-
ternal representation, without losing any power in expression and inference.
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NAL-3: Intersections and
Differences

In NAL-3, compound terms are composed by combining the extension or
intension of existing terms in certain way.

5.1 Intersections

Definition 32 Given terms Ty and T, their extensional intersection, (171N
T5), is a compound term defined by

(Vo)((z = (i NT2)) = ((z = Th) A (z — T2))).

From right to left, the equivalence expression defines the extension of the
compound, i.e., “(x — T1)A(z — T)” implies “z — (T3 NT%)”; from left to
right, it defines the intension of the compound, i.e., “(T1NTy) — (T1NTL)”
implies “(Ty NT3) — Ty and “(Ty N Ty) — Tb.”
Theorem 18

(TiNT)E =TENTE, (nnTy) =T uT!

In the above expressions, the ‘1’ sign is used in two different senses. On the
right-side of the first expression, it indicates the intersection of sets, but on
the left-side of the two expressions, it is the term connector of extensional
intersections.

Definition 33 Given terms Ty and Ts, their intensional intersection, (77U
T5), is a compound term defined by

Vz)((ThUTe) = z) = ((Th — z) A (Ty — x))).

29
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From right to left, the equivalence expression defines the intension of the
compound, i.e., “(Ty — z)A(Te — z)” implies “(T3UT,) — «”; from left to
right, it defines the extension of the compound, i.e., “(ThUT,) — (T3 UTy)”
implies “Tl — (Tl @] 1—’2)77 and “TQ — (T1 @] 1—‘2).77

Theorem 19
(MU =T/ nTi, (MUuT)* =TFuTf

The duality of extension and intension in NAL corresponds to the du-
ality of intersection and wnion in set theory — intensional intersection
corresponds to extensional union, and extensional intersection corresponds
to intensional union.

Both operators can be extended to take more than two arguments. Since
‘N’ and ‘U’ are both associative and symmetric, the order of their compo-
nents does not matter.

Theorem 20
(Tl N TQ) «— (T2 n Tl)
(T1 U Tz) — (T2 U Tl)
Theorem 21
(Tl n TQ) — Tl
T1 — (Tl U TQ)
Theorem 22
(TUT) & T
(TNT) =T
Theorem 23
T — M A _‘((T1UT2)—>M) D) _|(T2—>M)
—‘(T1—>M) AN (TlﬂTQ)—>M D T, — M
M—-T, A ﬁ(M — (Tl ﬂTQ)) D) j(]\4 — Tg)
_‘(M—>T1) A M—>(T1 UTQ) D) M — Ty

Here ‘=’ is the negation operator in propositional logic.

Theorem 24
S— P DO (SUM)—)(PUM)
S—P D (SNM)—(PNM)
S—P D (SUM)« (PUM)
S—P D (SNM)« (PNnM)
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In the results of the above theorem, M can be any term in Vi. The same
is assumed for some other theorems to be introduced later.

Definition 34 If Ty, ---, T,, (n > 2) are different terms, a compound
extensional set {1y, ---, T} is defined as (U {T1} --- {Tn}); a compound
intensional set [T1, - --, T)] is defined as (N [Th] --- [Tn)])-

In this way, extensional sets and intensional sets can both have multiple
components. The former defines a term by enumerating its instances, and
the latter by enumerating its properties. The order of the components does
not matter. These multi-component sets no longer have the property of
single-component sets that their extension or intension is minimum.

Theorem 25
Vo) (({z} = {T, -, Tn}) = (z=T)V - V(z=T,)))
V) ([Ty, -+, Tl = [2]) = (Th=2)V - V(T, < 1))

5.2 Differences

Definition 35 If 71 and T are different terms, their extensional differ-
ence, (T1 — T3), is a compound term defined by

(Vz)((z = (Th = T2)) = ((z — T1) A =(x — T2))).

From right to left, the equivalence expression defines the extension of the
compound, i.e., “(z — T1) A =(z — T3)” implies “z — (T} — T»)”; from
left to right, it defines the intension of the compound, i.e., “(T7 — 1) —
(Tl - Tg)” implies “(T]_ - Tg) — T]_” and “ﬁ((Tl N Tg) — Tg).”

Obviously, (To — T1) can also be defined, but it will be different from
(Th — Ts).

Theorem 26
(T —T)P =TF -1y, (T, - To)" =T/

Definition 36 If Ty and T, are different terms, their intensional differ-
ence, (T} ©T3), is a compound term defined by

(Vo)(Th © Tz) — x) = (Th = 2) A (T2 — ).

From right to left, the equivalence expression defines the intension of the
compound, i.e., “(Ty — z) A =(Ty — z)” implies “(T1 © Tz) — 2”; from
left to right, it defines the extension of the compound, i.e., “(T} © Tz) —
(Tl o TQ)” 1mphes “Tl — (Tl S ,1—’2),7 and “_‘(TQ — (T1 S Tz)).”
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Theorem 27
(Moh) =T -Tf, (1o T)? =TF
Theorem 28
(T —Ty) =T
T — (Th©T)
Theorem 29

M — (Tl*TQ) D"(MHTQ)
(Tl @TQ)_?MD_‘(TQ_)M)

Unlike the intersection operators, the difference operators cannot take
more than two arguments. Also, neither (T'— T) nor (T ©T) is a valid
term.

Theorem 30
n—-M AN ~(TheTx)— M) D Ty — M
_\(TlﬁM) N _\((TgeTl)ﬁM) D _‘(T2—>M)
M—1T, A _|(M — (Tl —TQ)) D) M — T,
_|(M i Tl) A _|(M i (TQ 7T1)) D _‘(M — TQ)
Theorem 31
S—P DO (S—M)—(P-M)
S—P > M-P)—(M-25)
S—P D (SeM)—(PeM)
S—P D (MeP)—(MoS)
S—P D (S—M)—(P-M)
S—oP D (M—-P)« (M-25)
S—P D (SeM)—(PcM)
SeP 5 (MoP)— (MoS)
Theorem 32
({Tla Ty Tn}_{Tn}) — {Th Tty Tn—l}
([Tlv ) TTL]@ [Tn]) - [T17 ) Tn—l]

5.3 Grammar and inference rules

The additional grammar rules of Narsese-3 are listed in Table 5.1.
The previous grammar rule for extensional set and intensional set be-
comes a special case of the new rule.
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’JQ\Jl H M—>T1 ‘ T1—>M ‘
T — M (Tl UTQ) — M <Fz‘nt>
(T ©T) — M (Faif)
(e Th) — M (Fyy)
M — T2 M — (Tl n TQ) <Ent>
M — (Ty — Tz) (Faiy)
M — (Tx = Th) (Fyy)

Table 5.2: The Composition Rules of NAL-3

Each inference rule in Table 5.2 introduce a compound term in conclu-
sion. Such a rule is applicable only when 77 and 75 are different, and do
not have each other as component. Also, the two premises cannot be based
on overlapping evidence.

The truth-value functions in Table 5.2 are defined in Table 5.3, in an
extended Boolean version, The plus operator is used in the confidence func-
tions in place of an or operator, because the two cases involved are mutually
exclusive, rather than independent of each other.!

References

[Wang, 2006, Chapter 4], [Wang, 2004c, Wang, 2007b)]

1When T; and Ty are either highly similar or highly complement to each other, the
compound term produced by these rules do not have much value. One option is to use
the expectation value of “T} < T»” e to calculate a “discount factor” 1 — 2|e — 0.5| to
be multiplied to the confidence or priority value of the conclusions.
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F;.: : Intersection

f = and(f17 f2)

¢ = or(and(not(fi),c1),and(not(fa),c2)) + and(f1,c1, fa, c2)
Funi : Union

[ = or(fi,f2)

¢ = or(and(f1,c1),and(f2,c2)) + and(not(f1),c1,not(f2), ca)
Fay @ Difference

f = and(fi,not(f2))

¢ = or(and(not(fi),c1),and(fa, c2)) + and(f1,c1,n0t(f2), c2)

Table 5.3: The Truth-value Functions of the Composition Rules
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NAL-4: Products,
Relations, and Images

NAL-4 has the capability of representing and processing arbitrary relations
among terms that cannot be treated by the copulas.

6.1 Products and relations

Intuitively, a “product” is a compound term consisting of a sequence of
components.

Definition 37 For two terms Ti and T, their product (T} x T3) is a
compound term defined by

((Sl X 52) — (Pl X PQ)) = ((Sl — Pl) A\ (SQ — PQ))

This definition can be extended to allow more than two components in a
product. The product connector allows duplicate components. The order
of components matters. The prefix format can be used for products.

Theorem 33
(S — P) = (M x 8) — (M x P)) = ((S x M) — (P x M))
(S = P) = (M x 8) > (M x P)) = (S x M) < (P x M))
Theorem 34

((S1x 82) & (PLx Py))=((S1 & P1) A (S2 « P))

35
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As a special case of the definition of product, when the terms involved
are products with common components, the system can “concatenate” them
into longer products with more than two components:

Theorem 35

(((X,Sl,Sg) — (X,Pl,PQ)) N ((X,Sl,53) — (X,Pl,Pg,)))
= (X,Sl,SQ,Sg) — (X,P17P27P3))

Theorem 36
{(zxy)lzeTl yeTy} C(Th x To)"”
{xy)lzeT,ye Ty} C (Ty x Tr)"

The ‘C’ cannot be replaced by ‘=’ in the above theorem, because (T} x TQ)E
and (T} x T»)! may contain other terms that are not products.

Definition 38 A relation is a term R such that there is a product (Th x T5)
satisfying “(Ty x Ty) — R” or “R — (Th x Tz)”.

Since “(Ty x Ty) — (T1 x T»)”, a product is a relation, though a relation is
not necessarily a product. In NAL, a relation can be an atomic term.

Though in the meta-language of NAL, a copula (inheritance or simi-
larity) is a “relation” as defined set theory, it is not a relation in Narsese,
as defined above. A copula has a fixed meaning provided in the meta-
language of NAL, while a relation has an experience-grounded meaning, as
other terms in Narsese.

6.2 Images

Definition 39 For a relation R and a product (x Ty T»), the extensional
image operator, ‘L’, and intensional image operator, ‘T ’, of the relation on
the product are defined as the following, respectively:

(xT1 o) > R)=(Th - (LR o T)) = (T2 — (L RT} 0))

(R—> (X T1 TQ)) = ((TR & TQ) —>T1) = ((TRTl <>) —>T2)

where ©’ is a special symbol indicating the location of Ty or Ts in the prod-
uct, and it can appear in any place, except the first (which is the relation),
in the component list. When it appears at the second place, the image can
also be written in infix format as (R LTs) or (RT Ty).
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The above definition can be extended to include products with more
than two components, where the image can only be written in the prefix
format.

In general, (RLT) and (RTT) are different, but there are situations
where they are the same.

Theorem 37
T1 g ((T1 X TQ) J_TQ)

Tl “— ((Tl X TQ)TTQ)
Theorem 38

(RLT)xT)— R
R— ((RTT)xT)

The ‘—’ in the above theorem cannot be replaced by the ‘.

Theorem 39

S—P > (SLM)—(PLM)
S—P > (STM)—(PTM)
S—P > (MLP)—(MLS)
S—P > (MTP)—(MTS)

6.3 Grammar and inference rules

In summary, NAL-4 introduces the new grammar rules in Table 6.1.

(term) == ‘(x'(term)(term)**)
| {(L'(term)(term)** o' (term)**)’
| {(T'(term)(term)* o (term)*‘)’

Table 6.1: The New Grammar Rules of Narsese-4

There is no new inference rule directly defined in NAL-4, except the
equivalence and implication propositions in the definitions and theorems,
which will be turned into inference rules later.

References

[Wang, 2006, Chapter 4], [Wang, 2004c, Wang, 2007b)
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Chapter 7

NAL-5: Statements as
Terms

When a statement is treated as a term, there are statements on statements,
as well as inference on this kind of higher-order statements.

7.1 Inference: higher-order vs. first-order

The new grammar rules of Narsese-5 are listed in Table 7.1. It includes
“higher-order statements” (statements on statements), so that NAL-5 can
carry out “higher-order inference” (inference on higher-order statements),
while NAL-4 is “first-order” (where statement and term are distinct).

(term) == ‘('(statement)‘)’
(statement) = (term)
| {(='(statement)*)’
| {(N(statement)(statement)™*)’
| {(V/(statement)(statement)™*)’
(copula) == ‘='|‘s’

Table 7.1: The New Grammar Rules of Narsese-5
In IL-5 and NAL-5, a statement can be treated as a term, and a term

can also be used as a statement. However, it does not mean that there is
no difference between term and statement. In IL and NAL, a statement

39
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has both meaning and truth-value, while a non-statement term only has
meaning, no truth-value.

Compound statements can be formed using statement connectors nega-
tion (‘=), conjunction (‘A’), and disjunction (‘V’).

The two copulas, implication (‘=) and equivalence (‘<’), are “higher-
order”, because they are defined between two statements. In their binary
form, ‘=’ and ‘<’ are different from ‘D’ and ‘=’, though their intuitive
meanings (“if” and “if-and-only-if”, respectively) are similar. The former
two belong to the object language (Narsese), while the latter two belong to
the meta-language of Narsese (propositional calculus).

Definition 40 If S; and Se are statements, “Sy = So” is true if and only
if in IL Sy can be derived from Si.

The derivation in the above definition can consists of any (finite) number
of inference steps.

Theorem 40 The implication copula, ‘=, is a reflexive and transitive
relation from one statement to another statement.

Since the above theorem of implication is parallel to the definition of
inheritance in IL-1, higher-order inference in IL-5 can be defined as partially

isomorphic to first-order inference. The correspondences are listed in Table
7.2.

First-Order IL Higher-Order IL
inheritance implication
similarity equivalence
subject antecedent
predicate consequent
extension sufficient condition
intension necessary condition
extensional intersection | conjunction
intensional intersection | disjunction

Table 7.2: Isomorphism of First-Order and Higher-Order IL

The definitions of the new notions in Table 7.2 are in the following.

Definition 41 An implication statement consists of two statements related
by the implication copula. In implication statement “A = C7, A is the
antecedent, and C' is the consequent.
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Definition 42 Given idealized experience K expressed in the formal lan-
guage of IL-5, the sufficient conditions of a statement T is the set of state-
ments TS = {x|x € Vi A x = T}; the necessary conditions of T' is the set
of statements TN = {z |z € Vg N T = x}.

Definition 43 For an implication statement “A = C”, its evidence are
statements in A% and CN. Among them, statements in (A% N C%) and
(CNNAN) are positive evidence, while statements in (A5 —C®) and (CN —
AN) are negative evidence.

Definition 44 Equivalence copula, ‘“’, is defined by
(AeC)=(A=C)N(C=4)

The amounts of evidence and the truth-value for a higher-order state-
ment are defined in the same way from evidence as for a first-order state-
ment.

Definition 45 When S1 and Sy are different statements, their conjunc-
tion, (S1 A Ss), is a compound statement defined by

(Vx)((z = (S1 A S2)) = ((z = S1) A (z = S2))).
Their disjunction, (S1 V Ss2), is a compound statement defined by
(Vx)(((S1V S2) = ) = ((S1 = ) A (S2 = x))).

The above two statement connectors are symmetric, and can be extended
to take more than two arguments.

Because of this isomorphism between copulas, there are isomorphic in-
ference rules in NAL-5 for the following rules defined previously (and each
pair of rules uses the same truth-value function):

e The NAL-1 rules for deduction, abduction, induction, exemplification,
and conversion.

e The NAL-2 rules for comparison, analogy, and resemblance.

e The NAL-3 rules for the composition and decomposition of intersec-
tions.

e The backward inference rules corresponding to the above forward in-
ference rules.
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The term connectors for (extensional/intensional) set, product, and (ex-
tensional/intensional) image are not involved in the isomorphism between
first-order and higher-order terms. They treat higher-order terms just like
first-order terms, and there is no special rule added. Similarly, the revision
rule and the choice rule work the same way on first-order and higher-order
statements.

Though implication and equivalence are isomorphic to inheritance and
stmilarity, respectively, they are not the same. The higher-order copulas
indicate the substitutability between statements in truth-value, while the
first-order copulas indicate the substitutability between terms in meaning.
They both specify the extent to which one item can be used as another,
though in different ways.

7.2 Implication as conditional statement

Another group of rules are introduced by the identity between an implica-
tion statement (S; = S2) and an inference process ({S1} F S2).

By definition, in NAL a judgment “S (f, ¢)” states that “The degree
of belief the system has on statement S, according to available evidence,
is measured by (f, ¢)”. Assume that the available evidence currently used
on the evaluation of S can be written as a compound statement F, then
the same meaning can be represented by “E = S (f, ¢)”, that is, “The
degree of belief the system has on statement ‘If E is true, then S is true’ is
measured by (f, ¢)”. In this way, a statement “S” is equivalently translated
into an implication statement “E = S”.

This translation is a conceptual one, not an actual one, since E is not
really a statement in Narsese. Even so, this conceptual translation can be
used to justify certain inference rules. The implicit condition E can be
added into the premises, so as to change the premise combinations into
the ones for which we already have inference rules. Finally, the implicit
condition is dropped from the conclusion. Table 7.3 contains several rules
obtained in this way (truth-values of the premises are omitted).

premises | add condition conclusion | drop condition
M=P M |M=P E=M| E= P{(Fju) P {(Fyeq)
P=M M |P=M,E=M| E= P(Fua) P (Fapa)
MeP M| M<&P E=M|E= P(F.,.) P{F...)

Table 7.3: The Conditional Syllogistic Rules (1)
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Similarly, when the two premises can be seen as derived from the same
evidence, the evidence can be used as the common virtual condition of the
two, and some conclusions can be derived accordingly, as in Table 7.4.!

premises | add condition conclusion drop condition
P S E=P E=S S = P (Fiaq) S = P{(Fna)
P S E=P E=S S < P(Feom) S < P(Feom)
P S E=P E=S| E=(PAS){Fin) P AS{(Fint)
P S E=P E=S|E=(PVS){(Fun) PV S{Fyn;)

Table 7.4: The Conditional Syllogistic Rules (2)

For practical purpose, the two middle-columns in the above tables of
conditional rules can be ignored, and the rules can be treated as directly
go from the first column (as premises) to the last column (as conclusions).

All together, NAL has three groups of syllogistic rules (deduction, ab-
duction, and induction), one defined on inheritance statements, one on
implication statements, and one on a mixture of the two, though the same
truth-value functions are used.

Theorem 41 For any statements Sy, Sa, and S3,
(S1 = (S2 = S3)) = ((S1 A S2) = S3)

that is, a conditional statement of a conditional statement is equivalent to
a conditional statement with a conjunction of the conditions.

This equivalence give NAL the rules in Table 7.5.

The truth-values of the premises are omitted in the rules in Table 7.5.
As before, the induction rule is applied only when the two premises are
based on the same evidence. These rules can be seen as generalizations of
the corresponding rules in the previous two tables by adding a condition C'
into J;. Table 7.6 gives further extension of these rules by adding another
condition S into Js.

In each group of the syllogistic rules, abduction and induction can be
obtained from deduction by switching a (different) premise and the conclu-
sion, so they are “reversed deduction” in different ways.

INAL does not take two arbitrary judgments as premises in an inference step. Instead,
the P and S in Table 7.4 must be semantically related to each other in some way. In
the current implementation, the conjunction statements are introduced only in NAL-6,
while the implication and equivalence statements are introduced only in NAL-7. It is
still unclear when the disjunction statements should be introduced to get non-trivial
results that cannot be produced in another way.
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Ji Jo J|F
(C/\M):>P M C = P | Fyeq
(C/\M):>P C=P M | Fapqg

C=P M| (CAM)= P | Fpy

Table 7.5: The Conditional Syllogistic Rules (3)

Ji Jo J|F
(CAM)=P S=M| (CANS)= P | Fiea
(CAM)=P|(CAS)=P S= M| Fuq
(CAS)=P S=M|(CAM)= P | Fia

Table 7.6: The Conditional Syllogistic Rules (4)

In NAL, conjunction and disjunction are not defined by truth table.
With the help of the isomorphism and the implicit condition technique, the
following theorem can be proved.

Theorem 42

(51 AN SQ) o5
S1 D (S1 V SQ)

7.3 Negation

Since the negation connector in NAL-5 takes one argument, it is not directly
isomorphic to the (extensional /intensional) difference connectors defined in
NAL-3. Instead, it is defined directly from evidence.

Definition 46 If S is a statement, its negation, (=), is a compound
statement, and its truth-value is obtained by switching the positive and neg-
ative evidence of S.

Intuitively, the negation of a statement S can either means “It is not the
case as S”, or “It is the opposite case of S”. In a binary logic (like IL),
these two interpretations coincide, but it is not the case in a multi-valued
logic. In NAL the latter interpretation is used.

The definition leads to the negation rule defined in Table 7.7.

The truth-value function is in Table 7.8.
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| {5(fo, o)} F (29) (Fneg) |

Table 7.7: The Negation Rule

Negation evidence version: | wt = w;
wo = wg

Freg | truth-value version: | f = 1—/o
C = O

Table 7.8: The Truth-value Function of the Negation Rule

Theorem 43 (—(—5)) =S

Theorem 44 When the truth-values of statements Sy and So are deter-
mined independently, and they decide the truth-values of the related com-
pound statements, then De Morgan’s laws hold, that is,

ﬂ(Sl A Sg) = (_\Sl) V (_\52) and —\(Sl vV 52) = (_‘Sl) A\ (_‘SQ)
Theorem 45

(St A(=(S1AS2)) D (=52)
(5S1)A(S1VS) D Sy

Theorem 46 (S; < S3) = ((=S51) & (—52))

By definition, the evidence of (=(S; = S2)) is obtained by switching
the positive and negative evidence of (S; = Ss), which is the same as the
evidence of (S = (—52)). The same is true for the equivalence copula.

Theorem 47

(=(S1 = 52))
(—(S1 & S52))

(S1 = (=52))
(S1 & (=52))

When the truth-value of “S; = S5” is determined by the induction rule
in Table 7.4 from the observations of the truth-values of S; and S,, an
observation provides positive evidence if both S; and S, are true, negative
evidence if Sy is true and Ss is false, and no evidence if Sy is false. It follows
that “S; = S3” and “(—=S2) = (—S1)” have the same negative evidence,
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[ {51 = S2(fo,co)} F (552) = (551) (Fene) |

Table 7.9: The Contraposition Rule

but completely distinct positive evidence. This leads to the contraposition
rule defined in Table 7.9.

In contraposition, though the negative evidence of the premise is taken
to be negative evidence of the conclusion, they do not have the same
amount, since the former is only taken as indirect evidence for the lat-
ter in NAL. This situation is similar to the situation of conversion, defined
in NAL-1. The truth-value function of contraposition is given in Table 7.10.

Contraposition evidence version: | wt = 0
w” = and(not(fy),co)
F,p; | truth-value version: | f =0
c _ (1—fo)co
(1—fo)co+k

Table 7.10: The Truth-value Function of the Contraposition Rule

7.4 Analytical truths of IL applied in NAL

The analytical truths in IL have been introduced by the definitions and
theorems, as propositions in the meta-languages of Narsese. Given the def-
inition of the implication and equivalence copulas in IL, ‘=’ and ‘<", in the
current context they are exchangeable with the implication and equivalence
connectives in propositional logic, ‘O’ and ‘=’, respectively, though they
are not defined in the same way.

Though binary IL truths correspond to NAL judgments with truth-value
(1, 1), such a judgment can only appear in the meta-theoretical discussions
about NAL, not as a belief actually stored in the system, given AIKR. Even
so, there are meta-rules that allow the IL definitions and theorems to be
used in NAL inference.

Theorem 48 An IL analytical truth S can be used as “S(1, r)” by a NAL
inference rule as an implicit premise, to derive an empirical conclusion
from another empirical premise. The parameter r is a “reliance factor” in
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[0, 1], which takes the maximum value 1 when there is no compound term
composed or decomposed in the inference.

The reliance factor is necessary, because many analytical truths are
introduced to define the analytical (literal) meaning of compound terms.
Though these definitions remain true in IL, in NAL the meaning of a com-
pound term also depends on the system’s empirical knowledge about it,
which can be more or less from the related analytical definitions. Con-
sequently, the analytical truths are not absolutely reliable when applied
under AIKR, even though they still contribute to the meaning of the terms
involved.?

References

[Wang, 2006, Chapter 5], [Wang, 2001a, Wang, 2004c]

2When a compound term is composed or decomposed in an analytical truth, there
are several possible approaches to decide the reliance factor: (1) It can be simply defined
as another “personality factor” of the system, to indicate the extent to which the system
relies on analytical meanings of compound terms; (2) It can be handled according to the
type of the term connector, since the most obvious issues happen in the following term
connectors: intersections, differences, images, and product; (3) It can be handled in a
case-by-case manner in each inference step, according to the statistics on how often the
compound term is used according to its literal meaning.
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NAL-6: Inference with
Variable Terms

8.1 Variable terms

Definition 47 A query variable is named by a word (or a number) pre-
ceded by ‘?°, and can only appear in a question; an independent variable
or dependent variable is named by a word (or a number) preceded by ‘#’,
and can appear in any type of sentence. The meaning of a variable term is
determined locally by its relations with the other terms within the sentence.

On the contrary, a normal term is constant, in the sense that at any given
moment, its occurrences in the whole system have the same meaning, de-
termined by its (empirical and analytical) relations with the other term in
the whole system. The name of a variable term is unique in a sentence,
while the name of a constant term is unique in a system.

Definition 48 For a judgment containing variable terms in it, its truth-
value is defined by the truth-values of the statements obtained by replacing
the variable terms by constant terms satisfying the meanings of the vari-
ables. FEspecially, an independent variable can be replaced by any constant
satisfying the condition, and a dependent variable can be replaced by a sin-
gle constant satisfying the condition. A dependent variable may depend on
some independent variables when picking the constant it replaces.

In IL and NAL, an independent variable is used to describe the property of a
group of terms, typically in the extension or intension of a term; a dependent
variable is used to describe the property of a unspecified term, which may

49
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depend on some independent variables. As a result, an independent variable
normally appears in both sides of an implication or equivalence copula, as
extension or intension of two terms. A dependent variable normally appear
in two components of a conjunction, also as extension or intension of two
terms. Therefore, the following are the simplest statements with variable
terms:

(#x — 5) = (#x — P) (#x() = S) A (F#z() — P)
(S — #x) = (P — #x) (5 = #z() A (P — #x())

In this way, an independent variable is used to indicate the inclusion of
the extension (or intension) of one term in that of another; a dependent
variable is used to indicate the overlap of the extensions (or intensions) of
two terms.

The scope of a variable is the statement in which it appears. In a sen-
tence with multiple variables, each of them uses a different name, therefore
its scope does not need to be explicitly specified — it is the smallest state-
ment that contains all occurrences of the variable. The scope of a variable
can be embedded in that of another one.

The IL-6 definition of query variable is an extension of the query variable
implicitly introduced in IL-1 as forms of questions in “S —7” and “? — P”.
With the new definition, there can be multiple query variables in a question,
and a query variable can appear in other positions other than top-level
subject or predicate. Even so, the rule of its processing remains the same,
that is, all occurrences of a query variable can be substituted by the same
constant term.

Both a dependent variable and a query variable can be anonymous,
without a name, so each occurrence of it is taken to be a different term. An
anonymous dependent variable does not have to appear in two components
of a conjunction.

All the types of variables in NAL are summarized in Table 8.1.

(term) == (variable)
(variable) = (independent-variable)
| {dependent-variable)
| {query-variable)
(independent-variable) = ‘#(word)
(dependent-variable) = ‘#'[(word)‘(’(independent-variable)**)']
(query-variable) == ‘V[{word)]

Table 8.1: The New Grammar Rules of Narsese-6
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8.2 Variable elimination and introduction

Definition 49 For given terms R, s, t, a substitution R{s/t} produces a
new term by replacing all occurrences of s by t in R, which is usually a
compound term.

Theorem 49 If a true statement S contains independent variable #v, then
the statement S{#v/t} is true for any (constant or variable) term t.

Theorem 50 If a true statement S contains a (constant or variable) term
t, and does not contain dependent variable #v(), then the statement S{t/#v()}
18 true.

Some independent-variable elimination rules are given in Table 8.2, and
each of them can be seen as carrying a substitution {#x/M}, followed by an
inference defined previously. A complete list of such rules include almost all
the two-premise rules with a common term, where “a common term” now
is replaced by “two terms that can be instantiated by the same constant”.

{(#xz—-8S)=(#x—P), M - S} + M — P (Fyeq)
{(#$—>S)3>(#.’E—>P),M—>P} F M_)S<Fabd>
{#x—S)e (#x—P), M-S} + M—P(F,..)

Table 8.2: Sample Independent-Variable Elimination Rules

The reverse of independent-variable elimination is independent-variable
introduction, as given in Table 8.3. These rules are justified in the same
way as the rules in NAL-1 and NAL-2, except that here the “extensional
inheritance” and “intensional inheritance” between S and P are separated,
due to the using of an independent variable.

{M—-P M-S} + (#x—95)= (#x — P) (Fina)
{M—-P, M—S} b (#z2—95)< (#x — P) (Feom)

Table 8.3: Sample Independent-Variable Introduction Rules

The rule in Table 8.4 introduces a dependent variable into conjunction,
which can be seen as the conjunction-composition rule defined in Table 7.4
followed by a substitution {M/#x()}.
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[ {M—P M-S} F (#e()— P)A#2() = 5) (Finr) |

Table 8.4: Sample Dependent-Variable Introduction Rule

The reverse of the rule in Table 8.4 can be seen as a special type of
unification to match a dependent variable with a constant, as given in Table
8.5. The truth-value function of the abduction rule is used here, because
the conclusion gets evidence only when the first premise is positive, in
which case term M is compared to the anonymous term #xz(). Under the
condition of M — S, if (#x() — P) A (#x() — 5), then M — P looks
more likely, otherwise less likely.!

M =S FaQ) = P)A(#a() = 8)} F M — P (Fapa) |

Table 8.5: Sample Dependent-Variable Elimination Rule

The rules in Table 8.4 and Table 8.5 are only about the extensions of
S and P. Similarly, there are rules that only process the intensions of the
terms involved. As required before, in NAL a dependent variable is only
introduced into a conjunction, and an independent variable into both sides
of an implication or equivalence.

Variables can be introduced into statements where other variables ex-
ist. When an independent variable is introduced, the existing dependent
variables become its function. The rules for multiple variables in Table 8.6
can be extended to handle more than two variables.

The revision rule is also extended to unify independent variables. For
example, statements (#x — S) = (#x — P) and (#y — S) = (#y — P)
can be merged together. On the other hand, this rule cannot be applied on
two judgments containing ((#z() — S)A(#z() — P)), since the dependent
variables in them do not necessarily correspond to the same (constant) term,
even though they share the same name.

L Another option is to treat “(#z() — P) A (#x() — S){fz, c2)” as two judgments
“#x() — P(f2, c2)” and “#z() — S(1, 1)”. From them by induction a conclusion is
“S — P(f2, ca/(c2 + k))”. Then, this result and “M — S(f1, c1)” lead to “M —
P{f1f2, f1f2cic2/(c2 + k))” by deduction.
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(#x — P) = (M — (L R#x o)), M — S}
F((#y = S) N (#e = P)) = (#y — (L R #29)) (Fina)

(#2 = P) = (M — (LR #x9)), M — S}

F (#y(0) = ) AM(F#e — P) = @#y() — (L R#x9))) (Fint)

F((F#y — 5) = (Fz(#y) = P) A Gy — (L R#x(#y) ©))) (Fina)

(#() = P)AN (M — (L R #x() o)), M — S}
y() = S A (#x() = P) A #y() = (L R #2() ) (Fint)

{
(
g
E( z() = P)A (M — (L R #x() o)), M — S}
{
(#

l_

Table 8.6: Sample Multi-Variable Introduction Rules
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Chapter 9

NAL-7: Temporal

Inference

NAL-7 introduces time into the logic, both in the language and in the
inference rules.

9.1 Time and events

Definition 50 Time in a system is measured by an internal clock, with
the unit being certain recurrent activity in the system, such as its inference
cycle. Therefore, different systems may have different “subjective time”.

Definition 51 The real-time experience of a system using NAL is a se-
quence of Narsese sentences, separated by non-negative numbers indicating
the interval between the arriving time of subsequent sentences.

Now there have been three notions of experience used in NAL:

e In IL, idealized experience is defined as a set of binary statements,
with the Closed-World Assumption. The order of sentences does not
matter, and is ignored by the logic.

e In NAL-1 to NAL-6, actual experience is defined as a stream of sen-
tences of the corresponding Narsese (i.e., Narsese-1 to Narsese-6),
without the Closed-World Assumption. The timing in the stream is
omitted in the language, and ignored by the inference rules (though
it matters for the inference control mechanism).
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e Since NAL-7, real-time experience explicitly indicates time in the in-
put stream, using the internal clock. It covers the previous notions of
experience as special cases.

In NARS, the meaning of a term and the truth-value of a statement can
be produced from many different actual experiences in Narsese, they are
defined by an idealized experience consisting of IL statements.

Definition 52 An event is a statement with a time-dependent truth-value,
that is, the evidential support summarized in its truth-value is valid only
for a certain period of time.

Accurately speaking, almost all empirical statements are time depen-
dent, and few statements are about relations holding forever. However, for
practical purposes, it is not always necessary for a system to take the time
attribute of a statement into consideration. Therefore, whether a state-
ment should be treated as an event may change from context to context,
and events are just statements whose time attributes are specified. On the
contrary, the time interval of a “non-event” statement is unspecified, except
that it includes the current moment and all the moments of relevance.

Between two events Fy and F», their basic temporal relation can be one
of the following three cases:

e 1 happens before F5 happens,
e [J) happens after Fs happens,
e F; happens when E5 happens.

Obviously, “before” and “after” are the opposite directions of the same
temporal relation.

Definition 53 There are two basic temporal relations between two events:
“before” (which is irreflexive, antisymmetric, and transitive) and “when”
(which is reflexive, symmetric, and transitive).

If the temporal relation between two events is more complicated than
these cases, it is always possible to divide an event into subevents (such as
talking about “when Fj starts” and “when Es ends”), then describe their
temporal relations in detail.

If event E; is represented as “before” event Fs, the time interval between
“F finishes” and “Fs starts” is omitted as negligible, even if the duration
of this interval is not zero. When the interval is not negligible, it should be
represented as an event E3, which happens after F; and before Fs.
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Similarly, when two events are described as happening at the same time,
it does not mean that their time intervals perfectly overlap, but that their
difference in timing is negligible. If an absolute time is used to represent
the temporal property of an event, then a moment in that time dimension
can be treated as a special event, and these two events are described as
happening at the same time.

By using a relational description of temporal information, NAL can be
applied to fields where phrases like “at the same time” and “immediately
after” are used to mean very different scale, scope, and accuracy. This
treatment is consistent with the general semantic principle of Narsese, that
is, the language is not used “to represent the world as it is”, but “to sum-
marize the experience as the system needs”.

9.2 Temporal operators and copulas

Since in NAL temporal information is optional, the two temporal relations
are never used alone, without any logical relations between the events.
Instead, they are used in combination with certain copulas and term con-
nectors that have been introduced before.

First, “F1 happens before Fo happens” and “FE; happens when E5 hap-
pens” both assume “E; and Es happen (at some time)”, which is “Ey A Ey”
plus temporal information.

Definition 54 The conjunction connector has two temporal variants: “se-
quential conjunction” (%”) and “parallel conjunction” (%7”). “(Ei,Es)”
corresponds to compound event “Ey then Es”, and “(E1; Eq)” corresponds
to compound event “E1 and Ey”.

Like ordinary conjunction, either of the two temporal operators can take
more than two components, and is associative.

Similarly, there are temporal variants of copulas implication and equiv-
alence.

Definition 55 For an implication statement “S = T7 between events S
and T, three different temporal relations can be distinguished:

1. If S happens before T happens, the statement is called “predictive im-
plication,” and is rewritten as “S /= T”, where S is called a sufficient
precondition of T, and T a necessary postcondition of S.

2. If S happens after T happens, the statement is called “retrospective
implication,” and is rewritten as “S\= T, where S is called a suffi-
cient postcondition of T', and T a necessary precondition of S.
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3. If S happens when T happens, the statement is called “concurrent im-
plication,” and is rewritten as “S' T, where S is called a sufficient
co-condition of T', and T a necessary co-condition of S.

Definition 56 Three “temporal equivalence” (predictive, retrospective, and
concurrent) relations can be defined.

1. “S /& T (or equivalently, “T'\& S”) means that S is an equivalent
precondition of T, and T an equivalent postcondition of S.

2. “Sks T7 means that S and T are equivalent co-conditions of each
other.

3. To simplify the language, “T'\& S7 is always represented as “S /<
T7, so the copula “\&7 is not actually included in the grammar of
Narsese.

As explained in NAL-5, judgment “S{f, ¢)” can be equivalently rewrit-
ten as “E = S(f, ¢)”, where E is a virtual compound statement summa-
rizing the currently available evidence. Now if statement S is an event, its
temporal attribute can be specified relative to E, taking as an event that is
currently occurring. Since in Narsese E is implicitly assumed, the temporal
implication operators serve as tense operators.

As a result, adjectives like “past,” “present,
resented in Narsese.

»

and “future” can be rep-

Definition 57 The tense of an event indicates its occurring time with re-
spect to “whatever happening now”, taken as a special event. The temporal
implication symbols \=", {=", and ‘/=" are also used in a sentence to
indicate “past tense”, “present tense”, and “future tense”, respectively.

What makes the situation complicated is that in a real-time system, “now”
changes constantly, so “future” gradually becomes “present”, then “past”.
Furthermore, while “present” is unique, the moments referred to as “past”
and “future” are not. Consequently, the same judgment may have different
truth-values while having the same “past” or “future” tense, and it may
not be considered as conflicting evidence, because each of them is acutally
about a different moment.

The new statements introduced in NAL-7 are summarized in Table 9.1.

9.3 Temporal inference

The inference rules introduced in NAL-7 are variants of the rules defined in
NAL-5 and NAL-6. The only additional function of these rules is to keep
the available temporal information.
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(Judgment) = (statement)[(tense)|(truth-value)
(question) == (statement)[({tense)]
(statement) = ‘() (statement){statement)™*)’

| ‘(5" (statement)(statement)™*)
(tense) == ‘= | |‘B
(copula) =/~ | | B |t |

Table 9.1: The New Grammar Rules of Narsese-7

As an example, the following is a deduction rule introduced in NAL-5,
{(CAM)=P, S= M} (CAS)= P{Fgeq)

Now it has a variant in NAL-7, as listed in Table 9.2.

{(M, C) P, S /= M}F (S C) = P (Fi) |

Table 9.2: Sample Temporal Inference Rule

Since the logical factor and the temporal factor are independent of each
other in the rules, these variant rules can be obtained by considering the
two factors separately, then combining them in the conclusion.’

Similarly, inference rules on tense can be derived from ordinary temporal
inference rules, by first adding the event “now” into the premises (so as to
turn the tense operators into temporal relations), and finally dropping the
“now” from the conclusions (so as to turn the temporal relations back into
tenses). This procedure is similar to the usage of “virtual condition” (which
turns a statement into an implication statement) in NAL-5, though is more
complicated here, since the meaning of “now” changes from moment to
moment. Therefore, the rule needs to access the system clock to get the
current time, and compare it with the estimated occurring time of the event
under description, to decide the tense of the conclusion.

Before temporal information is introduced, in NARS whenever there
are two judgments containing the same statement, it will be taken to

1There is additional uncertainty introduced by temporal inference. For instance, in
deduction from (E; /= E»2) and (E2 /= E3) to (E1 /= E3), it is possible that the
time interval between F; and E3 is not negligible, like those in the premises. Similar
problems happen to abduction, induction, and many other inference rules. This issue
may be managed by adding a “confidence discount” to all temporal conclusions derived
from two temporal premises, though it is not implemented in the system yet.
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mean different evidence about the same relation, and revision will be at-
tempted. With temporal information, however, there is another possibility,
that is, the two judgments are about different moments, so they do not con-
flict. However, to decide which one can be applied to the current moment,
an update operation is needed, which takes their temporal attributes into
consideration.?

Another group of NAL-7 rules are variants of the two rules defined in
NAL-5:

{P, S}+S = P(F;,a)

{P, S}FS < P(F.om)

Though these rules do not apply to arbitrary P and .S, they are applicable
when the two are temporally related. Especially, when the two are events
happening at the same time, then the conclusions are “S | P (Fj,4)” and
“S | P (Feom)”. If S happens right before P, then the conclusions are
“S = P(F;nq)” and “S & P (Fopp)”.3

References

[Wang, 2006, Chapter 5], [Wang, 2004c, Wang, 2007b]

2In the current implementation, if a new truth-value of a presently-happening event
is sufficiently different from the most recent one, it is taken to be an update (and the
two pieces of evidence are not merged), otherwise it is taken to be a revision (and the
two pieces of evidence are merged in the conclusion, as far as they have no overlap). In
the latter case, the temporal version of revision rule treats confidence values as decaying
over time.

3Since in NAL “right before” is not accurately defined, the confidence of the conclu-
sion is multiplied by a “discount factor”, which decreases with the increase of the time
interval from S to P.
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NAL-8: Procedural
Inference

NAL-8 interprets certain events as operations of the system itself, and uses
them to achieve goals.

10.1 Operations and goals

Definition 58 An operation of a system is an event that the system can
actualize. In Narsese, an operation is represented as a operator (a spe-
cial term whose name starts with 4’) followed by an argument list (a
sequence of terms), which can be empty. Within the system, operation
“Mfrop a1+ a,)” is treated as statement “(x ay--- an,) — op”, where op
belongs to a special type of term, which has a procedural interpretation.

Therefore operation is system dependent: the operations of a system will
be observed as events by other systems. An operator is a system-specific
term connector. For a system implementing NAL-8, its list of operators
remains constant, though not specified as part of NAL.

While statements are declarative knowledge and events are episodic
knowledge, operations are procedural knowledge, in the sense that the mean-
ing of an operation is not only revealed by how it is related to the other
terms in Narsese (according to the system’s experience), but also by what
it does to the “body” of the system, as well as to the environment.

An operation usually distinguishes input and output among its argu-
ments. When an operation is described abstractly, its input arguments are
typically independent variables, and its output are dependent variables.
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Such an operation corresponds to a function that maps certain input val-
ues into output values.

The knowledge about operations is usually represented as (temporal or
not) implication or equivalence statements, which indicate the conditions,
causes, and effects of an operation. Typically, it takes the following form:

(condition, operation) /= consequence

where condition and consequence are both events. This form is common,
because it is a simplified version of

condition = (operation /= consequence)

For an operation to be meaningful and useful for the system, it will have
some consequence that is eventually observable, that is, trigger certain input
judgments, as feedback of the operation, in the system’s experience.

As other statements, the truth-value of the above statement indicates
the evidential support for the stated relationship. The system usually has
multiple such statements for each operation. Under AIKR, in NAL the
conditions and consequences of an operation are never exhaustively speci-
fied in each belief about it. Instead, each belief only records its (limited)
experience on the relation between the operation and the stated events.

Compound operations work like (object-level) programs, which organize
primitive operations into hierarchical control structures. The basic control
structures include

Sequential execution, formed by the sequential conjunction operator on
operations;

Parallel execution, formed by the parallel conjunction operator on op-
erations;

Conditional execution, formed by the implication (or equivalence) cop-
ula between events and operations;

Repeated execution, formed recursively by conditional execution.

These control structures give Narsese the capability of a general-purpose
programming language. Furthermore, the equivalence copula can be used
to give a compound operation a simple name.

Operations can make changes both within a system and in its outside
environment, with consequences expressible as Narsese statements. How-
ever, not all activities in the system can be perceived and controlled in NAL
in this way.
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Definition 59 A goal is a sentence containing an event the system is at-
tempting to realize by carrying out operations.

Given the inevitable uncertainty in the event, to “realize it” actually means
“to make it as close to absolute truth as possible.”

NARS usually has multiple goals, and they may conflict with one an-
other, in the sense that the achieving of a goal makes another one harder
to be achieved. Therefore, the system must make decisions about whether
to pursue various goals or whether to take various operations.

Definition 60 The desire-value of an event measures the extent to which
a desired state is implied by the event, that is, the desire-value of event
E is the truth-value of the implication statement E = D, where D is a
virtual statement describing the desired state of the system, a summary of
its current goals.

Here D is “virtual”, in the sense that it is not a concrete statement in
Narsese, but a conceptual one in the meta-language, used in the design of
the system. By it, the derived-values of the events involved are reduced
to truth-values, whose calculations have been specified by the truth-value
functions.

A desire-value is attached to every statement in the system, because
it may become a goal in the future, if it is not already a goal. This value
shows the system’s “attitude” about the situation in which the statement is
true.! The desire-value of a goal is always explicitly expressed, though the
desire-values of other statements are often omitted unless they are relevant
to a discussion.

To more clearly separate different types of sentences, in Narsese-8 a
punctuation mark is added at the end of each sentence: ‘. for judgment,
“?” for question, and ‘!" for goal. The new grammar rules introduced in
NAL-8 are summarized in Table 10.1.

10.2 Inference on operations and goals

Since operations and goals are events, the previously defined inference rules
on events work on them, too.

Forward inference on an operation derives new beliefs about its precon-
ditions and postconditions. Furthermore, compound operations are selec-
tively formed from useful combinations of operations, and become “skills”

I This desire value will eventually be attached to every term, to represent the system’s
“feeling” about it. If the term is not a statement, its desire value will be determined by
the beliefs in which it appears.
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(sentence) = {(judgment) | (question) | {goal)
(judgment) := (statement)‘. [(tense)](truth-value)
(question) = (statement)‘? [(tense)]
(goal) == (statement)‘! (desire-value)
(statement) == ‘(f/(word) (term)**)
(desire-value) = (truth-value)

Table 10.1: The New Grammar Rules of Narsese-8

of the system that can be executed efficiently, without step-by-step delib-
eration.

Backward inference on a goal derives new beliefs about how it can be
realized, as well as reveals its by-products and side-effects. Especially, for
a given goal GG, the inference engine can find a plan, which is a compound
operation Op that achieves the goal (i.e., to have a high expectation value
for “Op = G”). By executing the plan, and adjusting it when necessary,
the internal or external environment is changed to turn the goal into real-
ity. When repeatedly appearing compounds of operations are memorized,
repeated planning is avoided, and the system learns a new skill.

When a goal is an operation, it can be directly realized by executing
the operator on the arguments. If a goal cannot be directly satisfied in
this way, by backward inference it can increase the desire-values of certain
events. For a given event, the desire-values coming from different goals are
merged together using the revision rule, just like how truth-values from
different evidential bases are merged.

The decision-making rule will turn candidate goals with high desire-
value and plausibility into goals being actually pursued by the system.

Definition 61 The plausibility of goal G is the truth-value of implication
statement “# = G”, that is, “there is a way to achieve G.”

The Decision-making Rule A candidate goal G is actually pursued by
the system, when its expected desirability pg and expected plausibil-
ity dg satisfy condition pg(dg —1/2)+1/2 > t, where ¢ is a threshold
larger than 1/2.

The above “decision-making function” has the same form as the expectation
function, with desirability as frequency and plausibility as confidence.

If a goal G has been decided to be actively pursued, the system will
also derive a question with the same content to check if the desired event
has already happened. If that turns out to be the case, the goal will be
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directly satisfied by a judgment, and therefore its desire-value will be greatly
reduced.

10.3 Sensorimotor interface

As a reasoning system, NARS communicates its environments in Narsese,
a formally defined language.

On the top of that, NAL-8 introduces an interface between NARS and an
external system, a tool, or a “body”, by allowing an out-going command to
be represented and processed as a NARS operation. Here the only require-
ment is that the command can be put into the form of “(ffop a;--- ay)”,
with all the arguments represented as terms in NARS.

In this way, NARS, as a general-purpose “mind”, can be embedded
within, or connected with, various host systems with different sensorimotor
mechanisms, either in a physical world or in a virtual world. For a given
host, a special interface module needs to be built, which registers all the
relevant commands in the host that is exposed to the control of NARS, so
that whenever NARS decides to execute an operation, the corresponding
command is sent to the host system.

Similarly, the sensors in the host are also formalized as operators, in-
voked by Narsese questions, and the result of the operations will be received
as new experience (input knowledge) to the system. Driving by questions
derived both from goals and from other questions, the system’s observation
is not a merely passive process which accepts whatever comes from the en-
vironment, but an active process directed by the system’s goal-achieving
activities.

NARS leaves the low-level sensorimotor management to the host sys-
tem, which still contribute to the perception and action processes, by al-
lowing operations defined on multiple levels of abstraction (with different
granularity and scope), as well as using anticipations and goals to selec-
tively process incoming information. With a sensorimotor mechanism con-
nected to NARS, the effect of an operation can be anticipated, checked,
and confirmed, and the feedback will provide information for various types
of learning.

Though the integrated system (NARS plus host) as a whole can have
experience with multiple modalities, the NARS part of the system remains
amodal in design. On the other hand, the content of the system’s beliefs
and concepts will depend on its “body”.
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Chapter 11

Summary

11.1 Narsese grammar and semantics

The complete grammar rules of Narsese are listed in Table 11.1.
Additional notes about the Narsese grammar:

Confidence values 0 and 1 are used in the meta-language of Narsese
only, and cannot appear in actual sentences in the system.

In the communication between the system and its environment, a
truth-value can be replaced by amounts of evidence or frequency in-
terval.

In the communication between the system and its environment, cop-
ulas “o—”, “—0”, and “o—o” are also valid.

Most prefix operators in compound term and compound statement
can also be used in the infix form.

The symbols used in Narsese grammar are listed in Table 11.2.

11.2 NAL Inference Rules

The inference rules of NAL are summarized into several categories, accord-
ing to their syntactic features.

(A) Two-premise inference rules: each of these rules takes two
premises J; and J,, and derive a conclusion J, with a truth-value calculated
from the truth-values of the premises by a function F'.
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(A.1) First-order syllogistic rules, in Table 11.3, are defined on copu-
las inheritance and similarity.

(A.2) Higher-order syllogistic rules, in Table 11.4, are defined on cop-
ulas implication and equivalence.

(A.3) Conditional syllogistic rules, in Table 11.5, are based on the na-
ture of conditional statements.

(A.4) Composition rules, in Table 11.6, introduce new compounds into
the conclusion.

(A.5) Decomposition rules, in Table 11.7, are the opposite operation of
the composition rules. Each decomposition rule comes from a high-
level theorem of the form (st; A sta) D sts, where sty is a statement
about a compound, sty is a statement about a component of the
compound, while st3 is the statement about the other component.
As a two-premise inference rule, in the first step the truth-values of
sty and st are used to calculate the truth-value of (st; A sta) (using
F;nt), then the resulting truth-value is used by an Implication Rule
(to be defined in the following) to decide the truth-value of sts.

(B) One-premise inference rules: cach of these rules takes one
premise Jy, and derive a conclusion J, with a truth-value calculated from
the truth-value of the premise by a function F'.

(B.1) Conversion rules, in Table 11.8, are rules only need to consider
the evidence provided by the premise.

(B.2) Equivalence rules, in Table 11.9, come from theorems of the form
“statement, = statements”. Each of them can be used in inference
as equivalence statement “statement; < statements(1,7)”.

(B.3) Term reduction rules, in Table 11.10, come from theorems of the
form “term; < terms”. Each of them can be used in inference to
reduce term term; into a simpler term terms, and turns a premise
into a conclusion with the same truth-value.

(B.4) Implication rules, in Table 11.11, come from theorems in the form
of “statement, D statements”. Each of them can be used in inference
as implication statement “statement; = statemento(1,7)”.

(B.5) Inheritance rules, in Table 11.12, come from theorems in the form
of “term; — terms”. Each of them can be used as two implications
“X — termy) D (X — termg)” and “(termg — X) D (termy —
X)”, by the above Implication Rules.
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(C) Meta-level inference rules: Each of these rules specifies how to
use the other rules defined above for additional usages.!

(C.1) Question derivation. A question @ and a judgment J produce a
derived question @', if and only if the answer to @', call it J’, can be
used with J to derive an answer to () by a two-premise inference rule;
a question @Q by itself produces a derived question @', if and only if
the answer to @', call it J’, can be used to derive an answer to @ by
a one-premise inference rule.

(C.2) Goal derivation. A goal G and a judgment J produce a derived
goal G, if and only if the solution to G’, call it J’, can be used with .J
to derive a solution to G by a two-premise inference rule; a question
G by itself produces a derived goal G’, if and only if the solution to
G’', call it J’, can be used to derive a solution to G by a one-premise
inference rule. In both cases, the desire-value of G’ is derived as the
truth-value of G’ = D from the desire-value of G, as the truth-value
of G = D, as well as the truth-value of J (if it is involved).

(C.3) Variable substitution. All occurrences of an independent variable
term in a statement can be substituted by another term (constant or
variable); all occurrences of constant in a statement can be substituted
by a dependent variable term (constant or variable). The reverse cases
of substitution are limited to Table 8.3 and 8.5. A query variable in
a question can be substituted by a constant term in a judgment.

(C.4) Temporal attributes. Temporal inference is carried out by pro-
cessing the logical factor and the temporal factor in the premises in
parallel. The former is based on the inference rules, and the latter on
the properties of the two basic temporal relations. When both fac-
tors can be decided, they are combined in the conclusion, otherwise
no conclusion is derived.

(D) Direct-processing rules: Each of these rules directly processes
a new inference task, based on the information local to the content of the
task.

1Beside the following meta-rules, it may be possible to summarize some other rules
into meta-rules. For instance, the rules in 7.5, 7.6, and 8.6 probably should be replaced
by the following meta-rules:

If {P17P2} [ C(Fn>, then {(A = Pl),Pg} = (A = C)(Fn>

If {Py, Py} - C(Fy), then {(AA P1), Py} F (AAC)(Fy)
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(D.1) Revision/update. When the system gets a new judgment (or goal),
it is used with an existing judgment (or goal) by the revision rule,
under the conditions that (1) the two have the same content (top-level
statement), (2) the content does not contain dependent variable term,
and (3) the two have distinct evidential bases. The conclusion has the
same content, but a higher confidence value. When the statement is
an event, and the new judgment is significantly different from the old
one, the operation is update, and the old belief is adding a past tense,
and the new one becomes the current belief.?

(D.2) Choice. A judgment provides an answer to a question, and a so-
lution to a goal, with the same content. When there are multiple
candidate answers or solutions, the one with high expectation and
low complexity is chosen if the question contains query variables,?
otherwise the one with the highest confidence value is chosen.

(D.3) Decision. A candidate goal G is actually pursued by the system,
when its expected desirability pg and expected plausibility dg satisfy
condition pg(dg — 1/2) + 1/2 > t, where t is a threshold larger than
1/2. When the goal is an operation, it is executed.

11.3 NAL Truth-value Functions

All truth-value functions are summarized in Table 11.13, in their simplest
form. Different types of uncertainty measurements are mixed in the func-
tions, and their relations are given in Table 3.1.

The functions are clustered into groups, according to the syntactic fea-
ture of the rules using them. The functions used in the syllogistic rules are
divided into strong functions and weak functions. In a rule using a strong
function, the confidence of the conclusion has an upper bound 1, and the
rule remains valid in its binary form; in a rule using a weak function, the
confidence of the conclusion has an upper bound 1/(1+k) (since w has an
upper bound 1), and the rule is invalid in its binary form. A NAL inference
rule with a strong truth-value function will be a valid inference rule in IL if
when the truth-values are omitted (so the premises and conclusion become
binary), which is not the case for the rules with weak truth-value functions.

2There are situations where revision and update are both applicable. The system will
either to both or use additional information to select between the two interpretations of
the situation.

3When resource restriction is taken into consideration, the syntactic complexity of
the candidates should also be taken into account, together with the expectation value of
the candidate, and simpler answers should be preferred. In the current implementation,
the choice rule compare two candidates by their exzpectation/complezity ratio.
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(sentence)
(judgment)
(question)

(goal)
(statement)

(copula)
(tense)
(term)

(variable)

(independent-variable)
(dependent-variable)
(query-variable)
(truth-value)
(desire-value)
(word)

(judgment)|{question)|(goal)
(statement)*.” [(tense)](truth-value)
(statement)‘?’ [(tense)]
(statement)*!’ (desire-value)
‘("{term){copula)(term)‘)" |(term)

| ¢
|
|
|
|
|

'(statement)‘)’

N (statement)(statement)™**)’
Y

¢

!

( 1)

(statement)(statement)™t*)’

) (statement)(statement)

/ +
)

)
:)l

’

‘(5" (statement)(statement)

‘(M (word) (term)**)’
_>/|‘(_>/‘(:>l|c<:>/|c/:>l“\:>/|c':>/|n/<:>/|c|<:>/

c/:>/ |:\:>l ‘4‘:>l

(word)|(variable)|(statement)

| { (term) ™} | <[/ (term) ™ ]’

SN {term) (term) T’

(
(
(
¢
(
(

|

[
¢
| “(
[
¢
|

YT’ (term)(term)** o' (term)**)’
(independent-variable)
|{dependent-variable)

|{query-variable)

‘H#'(word)

‘#' [(word)‘('(independent-variable)**)’]
2 [{word)]

a pair of real number in [0, 1] x (0, 1)
the same as(truth-value)

a string in a given alphabet

Table 11.1: The Complete Grammar of Narsese
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type | symbol | layer | name
sentence punctuation . NAL-1 | judgment
? NAL-1 | question
! NAL-8 | goal
copula — NAL-1 | inheritance
— NAL-2 | similarity
o— NAL-2 | instance
—o0 NAL-2 | property
0—0 NAL-2 | instance-property
= NAL-5 | implication
& NAL-5 | equivalence
/= NAL-7 | predictive implication
\= NAL-7 | retrospective implication
=g NAL-7 | concurrent implication
/= NAL-7 | predictive equivalence
= NAL-7 | concurrent equivalence
term operator {} NAL-2 | extensional set
[] NAL-2 | intensional set
N NAL-3 | extensional intersection
U NAL-3 | intensional intersection
- NAL-3 | extensional difference
o NAL-3 | intensional difference
X NAL-4 | product
L NAL-4 | extensional image
T NAL-4 | intensional image
o NAL-4 | image place-holder
statement operator - NAL-5 | negation
A NAL-5 | conjunction
\% NAL-5 | disjunction
, NAL-7 | sequential conjunction
; NAL-7 | parallel conjunction
term prefix # NAL-6 | variable
? NAL-6 | query
T NAL-8 | command

Table 11.2: The Symbols in Narsese Grammar
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[ L\AL ] M—-P | P-M | MoP |
S — P(Fgea) | S — P(Fupa) | S — P(Fypa)
S—M | P— S(F,) | P— S(Fyu)
S < P(F,,)
S_)P<and> S_>P<Fewe>
M-S P— S<Fz/nd> P — S<Féed> P — S<F<;na>
S P{Feom)
S — P{Funa)
S «— M P — S(Funa)
S P(Fpres)

Table 11.3: The First-Order Syllogistic Rules

[ L\AL ] M=P | P=>M | M&P |
S = P{Fyeq) | S= P{Fua) | S= P{F.,.)
S=M| P= S(F.,.) | P=S(F.,.)
S P(Fom)
S = P<and> S = P<Fezc>
M = S P = S<Fl/7ld> P = S<F<§ed> P = S<Fz,1na>
S & P{Feom)
S = P(Funa)
S M P = S(Funa)
S & P(Fres)

Table 11.4: The Higher-Order Syllogistic Rules
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| T | T2 | JIF |
S S P P | Fona

S P S< P | F.om

M= P M P | Fyeq
P=M M P | Fopa

P M M= P | F;hq
(C/\M)ép M C = P | Fyeq
(C/\M):>P C=P M | Fupq
C=P M| (CAM)= P | Fing
(CAM)=P S=M/| (CANS)= P | Fiea
(CAM)=P|(CNS)= P S= M| Fyg
(CANS)=P S=M|(CAM)= P | Fi

Table 11.5: The Conditional Syllogistic Rules

J1 Jo \ J \ F ‘
M — T1 M — Tg M — (Tl n TQ) Fint
M i (Tl U TQ) Funz
M — (Th - T) | Fauy
M= (I~ T)) | Bl

TN —>M|T, - M (T1 U Tg) — M | Fin:
(ThNTe) = M | Fup;
(T1 @T2) — M Fdif
(T2 o Tl) — M F/»
M=T | M=1T,| M= (T1 A TQ) Fins
M = (Tl Vv TQ) Funi
Th=M|To, =M (T1 \/Tg) = M | Fiu.
(Th ANTo) = M | Fypi
T Ty Ty NTo | Fipg
Tl vV T2 Funi

Table 11.6: The Composition Rules
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Stl StQ ‘ 8t3
_|(M — (T1 n TQ)) M — T1 _|(M — TQ)
M — (Tl UTQ) _|(M*>T1) M*)TQ
_\(M — (Tl — Tg)) M — T1 M — T2
(M= (T, =Th)) | ~(M = Th) | ~(M —Tp)
_|((T1 UTQ)*)M) T1*>M _|(T2*>M)
(TlﬂTQ)%M _|(T1—>M) T2—>M
(6T —M)| Ty—-M | Th—M
~(T6T) = M) | ~(Th = M) | ~(T> — M)
(ST A S5) Sy -5,
Sl \Y 52 _‘Sl S2

Table 11.7: The Decomposition Rules

L hlJ [ F
S| =S Freq
S—P|P—S Fono
S=P|P=S5 Fo.
S=P|(=P)=(=5) | Fenst

Table 11.8: The Conversion Rules

SUMMARY
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statementq \

statements ‘

S—P
Ss P

(S— P)AN (P —S)
(S=P)AN(P=1S9)

S~ P
S— P
S — {P}
[S] — P

{5} = {P}
[5] < [P]
S« {P}
[S] < P

(Sl X 52) —
(51 X SQ) —

(P1 X PQ)
(Pl X PQ)

S1 — P1> A\
Sl — Pl) A (SQ — PQ)

(S2 — P2)

S — P
S— P
S— P
S— P

(
(
(M xS)— (M xP)
(SxM)— (PxM)
(M x S) < (M x P)
(Sx M)« (Px M)

(X T1 TQ)—)R
(X T1 TQ)%R
R—>(>< T1 TQ)
R—>(>< T1 TQ)

T1—>(J_R<>T2)
TQ—><LRT1 )
TROTQ)HTl
TRTl )—>T2

ﬁ(Sl A\ 52)
_\(Sl V 52)

(
(
(=S1) V (=S2)
(=51) A (=52)

51 <~ SQ
ﬂ(S1 = 52)
ﬁ(Sl = 52)

—51) & (=52)

(
S1 = (—S2)
S1 & (=S2)

Table 11.9: The Equivalence Theorems

’ termq \ termso ‘

(1) | T
(WAL} - A{T0}) [ {Th, -, T}
(N[ - [Ta]) | [Th, -+, Tl
({Tla Tty Tn} {Tn}) {Tla Tty Tn—l}
([Tlv ) ] [ ]) [Tlv ) Tn—l]
((Tl X TQ)LTQ) T1
((Tl X TQ)TTQ) T1
Sl (SQ = Sg) (Sl A\ SQ) = Sg

Table 11.10: The Reduction Theorems

7



78

CHAPTER 11.

statement, \ statements

S— P

S—P|S—P
S<P|S=P
S1 NSy | S
S1]S1V.S,
S—P|(SUM)— (PUM)
S—P|(SNM)—(PNM)
S—P|(SUM)« (PUM)
S—P|(SNM)< (PNM)
S=P|(SVM)=(PVM)
S=P|(SAM)=(PAM)
SeP|(SVM)s (PVM)
SeP|(SANM)&s (PAM)
S—P|(S—-M)—(P-M)
S—P|(M-P)—(M-25)
S—P|(SeM)— (PeM)
S—P|(MoeP) - (MoS)
Se—P|(S—M)— (P-M)
S—P|(M-P)—=(M-25)
S« P (S@M)H(P M)
SoP|(MoeP)— (MoS)
M—>(T1—T2) ﬁ(M—>T2)
(ThoeTh) - M| ~(Ty > M)
S—P|(SLM)—(PLM)
S—=P|(STM)— (PTM)
S—P|(MLP)—(MLS)
( ) = ( )

Table 11.11: The Implication Theorems

SUMMARY
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’ termy \ terms ‘

T ND) | T
T | (T, uT)
(I —T3) | Th
T (Tl @Tg)
(RLT)xT) | R
R|(RTT)xT)

Table 11.12: The Inheritance Theorems
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and(fa,c1,c2)

and f17f27C1702)
and f1,f2,C1,Cz)
and f1,f2,01,02)
and(or(f1, f2),c1,c2)

+

exemplification | Fege

+

comparison Feom

and(f1, f2)
= or(and(not(fi),c1),and(not(fz2),cz2))
+ and(f1,01,f2,02)
= or(f1,f2)
= or(and(fi1,c1),and(f2,c2))
+ and(not(f1), c1,not(f2), c2)
difference Fuy f = and(f1,not(f2))
c = or(and(not(fi),c1),and(fz,cz))
+ and(f1, c1,not(f2), c2)

term composition intersection Fint

type inference name function
same-statement revision Frev wt = wf‘ + w;
W= w; +wy
single-premise negation Freg wt = wy
wo = war
conversion Fony wt = and(fo,co)
w- = 0
contraposition | Fens wt = 0
w™ = and((not(fo),co)
strong syllogism deduction Fiea | f = and(fr,fo)
c = and(fi, f2,c1,c2)
analogy Fona f = and(fi1, f2)
c = and(f2,c1,c2)
resemblance Fres f = and(f1, f2)
c = and(or(fi, f2),c1,c2)
weak syllogism abduction Fua |wt = and(f1, f2,c1,c2)
w = and(fi,c1,c2)
induction Fina wh = and(f1, f2,c1,c2)
w (
w (
w (
w (
w (
f
c

union Funi

o
|

Table 11.13: The Truth-Value Functions of NAL
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