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Abstract This paper analyzes natural language production as thé&espeede
of a cognitive agent. By integrating it functionally intoetleycle of natural lan-
guage communication, language production participateslliconceptual and
computational constructs motivated by the other two stépeocycle, namely
the hearer mode and the think mode, as modeled in Databasm8esn(DBS).
For the speaker mode, the agent’s cognition must supplyathigot to be mapped
into natural language surfaces. This content is providetiMaysources: (i) the
agent’s recognition, either current or stored in memoryg @n blue-prints for
action derived on-the-fly by the agent’'s autonomous control

While earlier DBS analyses of the speaker mode concentoatédnguage pro-
duction from stored content, this paper explores the fotiogof an autonomous
control, including the control of language production. Tinb across the basic
ideas, the presentation tries to be as intuitive as posdiaeertheless, the for-
mal illustrations of contents, patterns, and rules as wetha description of the
component structure and functional flow provide the outtiha declarative spec-
ification for a straightforward transfer into efficientlymuing codet

Introduction

A model of cognition requires a memory — which raises the tioe®f its structure.
The most basic choice is betweer@ordinateaddressable and@ntentaddressable
memory (cf. Chisvin and Duckworth 1992 for an overview). Tigh peppered with
patents, the content approach is much less widely used ligacobrdinate approach.
The content approach is applied mostly for the super-faseval of fixed content.

A coordinate-addressable memory resembles a modern pibléicy in which books
can be stored wherever there is space (random access) ardegtusing a separate
index (inverted file) relating a primary key (e.g., authdfef year) to its location of
storage (e.g., 1365). A content-addressable memory, imasinis like a private library
in which books with certain properties are grouped togatherertain shelves, ready to

1 More details may be found in earlier publications. Impletaéion of the $im theory of lan-
guage as a computer program began in 1983—-86 at Stanfordiklisleed in NEWCAT'86
with the Lisp source code for parsing 221 syntactic consibns of German. In 1986-89 the
software was extended at CMU Pittsburgh to the 421 syntaeticantic constructions of En-
glish underlying CoL'89. Since then, new versions have begstien continuously, firstin C
(up to 2002) and then in Java (2002 to present).



be browsed without the help of a separate index. For exaap@xford University the
2500 volumes of Sir Thomas Bodley's library from the year 8%9e still organized
according to the century and the country of their origin.

As an initial reaction to a content-addressable approaaim siream database scien-
tists usually point out that it can be simulated by the camaté-addressable approach
(Fischer 2002), using well-established relational datebaThe issue here, however, is
whether the formal intuitions of the content-addressapjg@ach can be refined natu-
rally into a model of cognition or not.

Our point of departure is the software system of DatabaseaBStos (NLC'06),
which was designed to accommodate certain obvious reqaireof cognitiod and
computatior? It was in hindsight that this system’s memory, called WorchBavas
recognized to be content-addressable. The following pegglere the ramifications of
this realization for modeling cognition and autonomoustaarat a level of abstraction
which is applicable to natural and artificial agents alike.

1 Data Structure of Proplets

In Database Semantics, propositional content is coded asrder-free set of flat
(non-recursive) feature structures call@plets serving as the data structure (a.k.a.
abstract data type). Consider the following example of eg@di content:

1.1 PROPLETS CODING THE CONTENT ORulia knows John.

noun: Juli verb: know noun: Joh
cat: nm cat: decl cat: nm
fnc: know arg: Julia John | fnc: know
prn: 625 prn: 625 prn: 625

In a proplet, the lexical and the compositional aspects adnimg are systematically
distinguished. The lexical aspect is represented by the ealue, e.g.know, of the
core attribute specifying the part of speech, eugrb. The compositional aspect is rep-
resented by the continuation attribute(s), eagg, and its continuation value(s), e.g.,
Julia John, which serve to code compositional semantic relations &éeaproplets,
namely functor-argument and coordination structureaiss well as extraproposition-
ally. The order-free proplets of a proposition are held tbgeby a commoiprn (for
proposition number) value, heé5.

2 Database Schema of a Word Bank

In their most basic form, the core values are defined as cosedyich are implemented
as recognition and action procedures of the cognitive agedtrepresented by corre-
sponding English words. The letter sequence of these conespes is used to com-
pletely determine a proplet’s location for storage andee#:

2 sych as an agent with a body and external interfaces, a lgagual a context component, the
sign kinds of symbol, index, and name, a speaker and a heads,ratc.

3 Such as the definition of a data structure with a time-linégorithm for storing, processing,
and retrieving content in a suitable database schema, lowlexity, easy upscaling, etc.



2.1 STrORING THE PROPLETS OFL.1IN A CONTENT-ADDRESSABLEWORD BANK

member proplets  position for new  owner proplets
. member records

[noun: Johd  [noun: Johr
cat: nm cat: nm .
fnc: ... fnc: know [core. Johﬂ1
|prn: 610 | |[prn: 625 |
[noun: Julid [noun: Julig
cat: nm cat: nm - Jul
fnc: ... fnc: know [core. Ju Ié
|prn: 605 | |prn: 625 |
verb: kno verb: know ]
cat: decl cat: decl [core' Kno V\}
arg: ... arg: Julia Joh '
prn: 608 prn: 625 T

This conceptual schema resembles a classic network datalithsowner records and
member records (cf. EImasri and Navathe 1989). It is just tte records are repre-
sented equivalently as proplets.

A sequence of member proplets followed by an owner propledlied atoken line
The proplets in a token line must all have the same core valdeaee in the temporal
order of their arrival (reflected by the value of a proplet'a attribute).

In contrast to the task of designing a practical schema fanging the books in
a private library, the sorting of proplets into a Word Banlsisiple and mechanical.
It is content-addressable in the sense that no separate (imderted file) is required
because the letter sequence of a proplet’s core value ctehpletermines its location
of storage, namely the penultimate position of the corredpw token line.

Furthermore, it is scalable (a property absent or problenrasome other content-
addressable systems). This is because the cost of insertimmstant, independent of
the size of the stored data, and the cost of retrieving a pégroplet grows only loga-
rithmically with the data size (external access) or is camistinternal access). External
access to a proplet requires (i) its core and (iipits value, e.g.know 625.4 Most cog-
nitive operations, however, require internal access, teimavigation from one proplet
tothe next (e.g., 4.2). Because contentis fixed, interradsgemay be based on pointers,
resulting in a major speed advantage over the coordinateeasable approach.

3 Pinball Machine Model of Cognition

The books in a private library and the proplets in a Word Banekadike in that they are
each used by a cognitive agent. It is just that in a privatatipthe cognitive agent is
located inside the arrangement of books on their shelveite Wie proplets in a Word
Bank are located inside the cognitive agent.

4 The token line for any core value is found by using a trie stmec(Fredkin 1960). Finding a
proplet within a token line may be based on binary sea@og(n)), Corman et al. 2009) or



As a consequence, the role of the browsing user in a privaterii seems to be left
vacant in a Word Bank. DBS fills the position, however, witfoaus which is like a
point of light navigating from proplet to proplet. This rasthe question of how such a
navigation through the content of a Word Bank should be otliett.

The control is not located in the focus itself. Instead, ipisvided in part by the
semantic relations between the proplets, which are usedililailroad system for the
navigation. Thus, just as the core value of a proplet setveslouble function of (i)
representing the lexical semantics and (ii) determinirgldication for storage and re-
trieval, its continuation value(s) serve the double fumtif (i) representing the com-
positional semantics and (ii) establishing a railroad esysfor the focus navigation,
providing each proplet with only a limited choice of sucaggsroplets.

Putting it metaphorically, the navigation of the focus thgh the railroad system
of connected proplets resembles a pinball machine, wittidbes serving as the ball
and the slanted playing field with its springs and leversiagras the railroad system.
There is no “retrieval” in the usual sense. Instead, thegsion of the focus merely
visits successor proplets — as an activation which may be visubtigdighting up the
proplets traversed, with an afterglow of suitable duratind rate of decay (annealing).

4 Cycle of Natural Language Communication

Having outlined the specifics of the content-addressabl& D@mory, let us review
the cognitive operations which are based on it. We begin thighcycle of natural lan-
guage communication (AlJ’'01), consisting of the hearer endide think mode, and the
speaker mode. Consider the following hearer mode derivatio

4.1 DBSHEARER-MODE DERIVATION OF Julia knows John.

Julia knows John
lexical lookup ‘ ‘ ‘ ‘
noun: Julia verb: know noun: John| | pnc:.
cat: nm cat:s3' @' v| |cat:nm cat: v' decl
fne: arg: fnc: prn:
prn: prn: prn:

syntactic-semantic parsing

[ noun: Julia] w‘nowi
cat: nm 183 a' v
1 Nom+FV fnc: «— | arg:

prn: 625 prn:
[noun: Julia | [ verb: know-] [noun:John
cat: nm cat:a' v MinVrE
2FV+Nom | fnc: know arg: Julia 41| fnc:
prn: 625 prn: 625 prn:
[noun: Julia | [verb: know | [noun: John| [pnc: .
3S+IP cat: nm catv cat: nm cat: v' decl
fnc: know arg: Julia John| | fnc: know prn:
prn: 625 prn: 625 prn: 625
result of syntactic-semantic parsing
noun: Julia verb: know noun: John
cat: nm cat: decl cat: nm
fnc: know arg: Julia John | fnc: know
prn: 625 prn: 625 prn: 625

interpolation O(log(log (n))) Weiss 2005), wherg is the length of the token line. The search
uses theprn value of the address in relation to the strictly linear imsiagprn values of the
token line. Thus, there is no need for a hash function (whiehnusual compared to most other
content-addressable approaches).



In line with the S.1m theory of language (cf. FOCL'99, NLC’06), the analysis igfaae
compositional in that each word form is analyzed as a lexiogplet (lexical lookup, cf.
Handl et al. 2009). The derivation is timénear, as shown by the stair-like addition of
one lexical proplet in each new line. Each line representrization step, based on the
application of the specified LA-hear grammar rule, efNpm+FV (cf. 5.1). The rules
establish semantic relations by copying values, as inglichy the diagonal arrows.
The result of the derivation is an order-free set of proplststable for storage in
the agent’s content-addressable memory (as shown in ZasgdBon the semantic re-
lations between the stored proplets, the second step inyttie of natural language
communication is a navigation which activates contentcsigiely in the think mode:

4.2 DBSTHINK MODE NAVIGATION

Using thearg, fnc, andprn values, the navigation proceeds from the verb to the subject
noun (1), back to the verb (2), to the object noun (3), and badtke verb (4).

Such a think mode navigation provides thkat to sayfor language production from
stored content, while the third step in the cycle of commatidm, i.e., the speaker
mode, provides theow to say ifMcKeon 1985) in the natural language of choice:

4.3 DBSSPEAKER MODE REALIZATION

Julia knows John .
1. 2 3. 4

The surfaces are realized from theal proplet of each navigation step, using mainly
the core values. In NLC'06, the DBS cycle of communicatios haen worked out in
detail for more than 100 English constructions of intra- arttapropositional functor-
argument and coordination structures as well as corefefenc

5 Algorithm of LA-Grammar

Having shown how the data structure of proplets may be useddpping surfaces into
content (cf. 4.1), for activating content selectively &R), and for mapping content into
surfaces (cf. 4.3), let us turn to the formal rules perfogninese procedures. Given
that the three steps of the cycle of natural language conuation are time-linear, i.e.,

5 For a concise summary see Hausser 2009.



linear like time and in the direction of time, they may be Haddy the same algorithm,
namely time-linear LA-grammar (TCS’92).

The rules of an LA-hear grammar combine a “sentence stsgti{th a “next word”
(nw) into a new “sentence starts$). Furthermore, the rules are formulated on the
basis of pattern proplets, i.e., proplets containing \deimas values, which connect to
the input level by means of pattern matching.

As an example, consider the rule application of the firstvdion step in 4.1 (expla-
nations in italics):

5.1 LA-HEAR RULE APPLICATION
i. rule name ii. rule package

Nom+FV {FV+Nom}

iii. ss-pattern iv. nw-pattern v. resulting ss-pattern

rule [noun:a [verb:B noun:a| [verb:B
cat: NP cat NP XVT| = cat: NP| |[cat: X VT

level

| fnc: larg: fnc: B arg:a

matching and binding of variables{} output o}

noun: Julid [verb: know] noun: Juli verb: know]
language |cat: nm cat:s3'a'v cat: nm cat:a'v
level fnc: arg: fnc: know arg: Julia

Lprn: Lprn: prn: 1 prn:1

An LA-hear grammar rule consists of (i) a rule name, (ii) @&méckage, (iii) a pattern
for anss( sentence start), (iv) a pattern for aw (next word), and (v) a pattern for
the resulting (next) sentence start. A pattern at the rudel lmatches a proplet at the
language level if (a) the attributes of the pattern are aeaubfthe attributes of the
proplet and (b) the values of the pattern are compatible thighvalues of the proplet.

By binding the variables of the input patterns (rule level}he corresponding con-
stants at the language level, the output can be derived Ertbaage level. For example,
by binding the variablel of the input pattern to the constahtlia (language level), the
[arg: a] feature of the resultingspattern (rule level v) provides the valJelia to
the arg attribute of the output at the language level. If the curree application is
successful, the resulting sentence start is provided Wihptroplet of a next word (if
available) by automatic word form recognition, resultingai new input pair to which
the rule(s) of the current rule package are appfied.

Variants of the method illustrated in 5.1 are used for theotivo steps of the com-
munication cycle, i.e., the think mode powered by LA-thinidahe speaker mode,
realized by LA-speak. One basic tdsk an LA-think grammar is a selective activation
of content stored in the Word Bank by navigating from one oo the next, follow-
ing the grammatical relations between them. The LA-thidksdior this operation take
a current proplet as input and compute a next proplet as butpu

6 The 100 English constructions analyzed in NLC'06 have beegrammed for Chinese (Mei
2007), German (Mehlhaff 2007), Russian (Kalender 2009),Taagalog (S6llch 2009), among
others. See Hausser (2008) on the handling of different wodrs in DBS.

7 The other task is the on-the-fly application of inferences.



Consider, for example, the LA-think ru¥éNs, which executes navigation step 1 from
the first to the second proplet in 4.2:

5.2 LA-THINK RULE APPLICATION

i. rule name ii. rule package
VNs {NVs}
iii. current proplet  iv. next proplet
rule level [verb: [noun:a
arg: Xa'Y = fnc: B
| prn: K | prn: K
matching and binding of variables 1} o}
[verb: know [noun: Juli
cat: decl cat: nm
Word Bank level arg: Julia Joh fnc: know
Lprn: 625 | prn: 625

By using the same variables 3, andK in the pattern for the current proplet and in
the pattern for the next proplet, and by binding them to tHeesknow, Julia, and
625 of the input propleknow the pattern for the next proplet provides the information
required for visiting the successor proplet, hduga.

Finally consider the LA-speak grammar. Its rules are liketh#k rules, except that
they are extended to produce appropriate word form surfacesing the core value as
well as the morphosyntactic information of tbat andsem attributes. The following
example shows the LA-speak rule application underlyingdition 2 in 4.3, which
navigates from the noudulia back to the vertknow mapping the core value of the
goal proplet into the appropriate surfdagow-+s.

5.3 LA-SPEAK RULE APPLICATION

i. rule name ii. rule package
NVs {VNs}
ii. current proplet  iv. next proplet output pattern
(moun:a [verb:
rule level i :
cat: sn sem: pre ~ Bis
fnc: B arg:a Y
L prn: K | prn: K
matching and binding of variables 1 i3 i3
noun: Juli [verb: know
Word Bank level Catf nm sem: pres know+s
fnc: know arg: Julia Joh
Lprn: 625 | prn: 625

As in an LA-think grammar, the output proplet (hdaeow) serves as the input for the
next rule application(s). The difference between an LAtrand an LA-speak rule is
that the latter also produces a surface (lke@v+s) used as a blueprint for the agent’s
language synthesis component.



6 Retrieving Answers to Questions

So far, the database schema of a Word Bank, i.e., ordered tinles listing connected
proplets (cf. 2.1), has been shown to be suitable for (i)esferin the hearer mode (cf.
4.1) and (ii) visiting successor proplets (cf. 4.2) in thesttmasic kind of the think mode,
with the speaker mode riding piggyback (cf. 4.3). Next wentta another operation
enabled by this database schema, namely (iii) retrievirgyvars to questions. This
operation is based on moving a query pattern along a tokemfitil matching between
the query pattern and a member proplet is successful.

Consider an agent thinking about girls. This means actigatie corresponding token
line, as in the following example:

6.1 EXAMPLE OF A TOKEN LINE

member proplets owner proplet

noun: girl noun: girl noun: girl noun: girl
fnc: walk fnc: sleep | |fnc: eat fnc: read L
} , , , [core:girl |
mdr: youn mdr: blond| | mdr: small| [mdr: smar
prn: 10 prn: 12 prn: 15 prn: 19

As indicated by thénc andmdr values of the member proplets, the agent happened to
observe or hear about a young girl walking, a blonde girlslege a small girl eating,
and a smart girl reading.

For retrieval, the member proplets of a token line may be kbdsystematically by
using a pattern proplet as the query. The following examipbevs the application of a
pattern proplet representing the qu&ich girl walked? to the token line 6.1:

6.2 APPLYING A QUERY PATTERN

noungirl
uery pattern fnc: walk
query p mdr: o
prn: K
matching?
noun: girl noun: girl noun: girl noun: girl
fnc: walk fnc: sleep fnc: eat fnc: read [core' irl]
mdr: youn mdr: blond mdr: small| [ mdr: smar 9
prn: 10 prn: 12 prn: 15 prn: 19

The indicated attempt at matching fails becauseftizevalues of the pattern proplet
(i.e.,walk) and of the member proplet (i.ggad) are incompatible. The same holds
after moving the pattern proplet one member proplet to thie@mly after reaching the
leftmost member proplet is the matching successful. Nowd#nebleo is bound to the
valueyoung and the variabl& to the valuel0. Accordingly, the answer provided to
the questiotwWhich girl walked? is The young girl (walked).®

8 For a more detailed presentation includifes/no questions see NLC'06, Sect. 5.1.



7 Reference as a Purely Cognitive Procedure

After discussing the derivation, storage, and retrievalatiiral language content in a
database let us turn to reference. In linguistics and pbjlbg reference is commonly
defined in a metalanguage as a relation between languagé&enddrid” (cf. FoCL'99,
Chapt. 19). DBS re-interprets reference as a cognitivéioaldetween a language and
a context level inside the agent. This results in a distimcbhetweernmmediaterefer-
ence (to items in the agent’s current environment) @rediatedreference (to items in
the agent’s memory). Both kinds of reference are treatefbimiy as computational
procedures, independent of any metalanguage (cf. NLC’'6&p€2), as shown by the
following diagram (for a more inclusive component struetaee Sect. 10):

7.1 INTERFACES AND COMPONENTS OF A COGNITIVE AGENT WITH LANGUAGE

cognitive agent

sign recognition
sign synthesise

© language component-------{---- theory of grammar

T pragmaticsl theory of language
context recognition
context action-

context component

external reality peripheral cognition

Immediate reference relies on the external interfaceo@mition and action) at the
language and at the context level, while mediated refereses the external interfaces
at the language level only. The crucial relation of both kinfireference is between the
language and the context level inside the cognitive agent.

In DBS, the language and the context component code comtethiei same way,
namely as concatenated proplets in a Word Bank. As a conseguthe interaction
between the two components may be based on yet anotherapiiof matching:

7.2 LANGUAGE-CONTEXT MATCHING
types

sur: der Hynd sur: pellte

language proposition | MOUN: dog verb: bark
guage prop fnc: bark arg: dog
prn: 23 prn: 23
matching
sur: sur:
. noun: dog verb: park
context proposition
Xt proposit fnc: bark - arg:-dog
prn: c16 . prn: c16

tokens

Language and context proplets differ in that tug (for surface) attribute of language
proplets has a non-NIL value, wheresas value of context proplets is NIL. Another dif-
ference is that in language proplets representing the sighdé symbols (cf. FoCL'99,



Chapt. 6) the core value is a concggie while the core value of corresponding context
proplets is a concepvken Thus, while the matching between rule patterns and praplet
(cf.5.1,5.2,5.3) is based on the use of restricted vargaibléhe patterns, the matching
between (symbol) language proplets and context propldiased on the type-token
relation (Peirce, CP, Vol.4, p. 537) between correspondarg values.

8 Coreference-by-Address

In computer science, the use of the term “reference” is ggifferent from that in
philosophy and linguistics. A computational reference@anter to a physical storage
location. Like a symbolic address, a pointer enables a progo access a particular data
item. However, a pointer is faster than a symbolic addrassjiging instant access in
constant time, and especially suited for data which ardgewibnce and never changed
— as in the content-addressable memory of DBS.

Because pointers to a physical storage location do not leeigelves to a declara-
tive specification, our representations use symbolic asa®instead. For example, the
assignment of continuation values during language iné¢agion (cf. 4.1) is described
as a copying operation resulting in symbolic addressessloiplemented as pointers.
While the symbolic copying operations are from core valeesontinuation attributes,
the resulting pointers are in the opposite direction, asleééor navigation (cf. 4.2).

Another use of pointers is for connecting new content to aldtent by means of
coreference. Consider, for example, a cognitive agentrelvggat momentjtthatJulia
is asleemnd at | thatJulia is awakereferring to the same person. Instead of represent-
ing this change by revising the first proposition into theoset; the second proposition
is added as new content, like sediment, leaving the firstqsitipn unaltered:

8.1 COREFERENTIAL COORDINATION IN AWORD BANK

noun: Juli [noun: (Julia 675
... |fnc:sleep | ... |fnc: wake ... [core: Julia
prn: 675 | prn: 702
[verb: wake
. |arg: (Qulia 675) ... [core: wake
| prn: 702
verb: slee
. |arg: Julia | ... ... [core: sleep
prn: 675

The occurrence odulia in the second proposition is represented by a proplet with a
core attribute containing a symbolic address as value[n@un: (Julia 675)], instead

of a regular core value, e.dnoun: Julia]. In the implementation, the symbolic ad-
dress is realized by a pointer to the origidalia proplet with theprn value675. A
second, bidirectional pointer (not shown) connects theetuiproplet to its immediate
coreferent predecessor, resulting in an incremental d¢bahre original.

9 A more application-oriented example would foel level highat t andfuel level lowat tj.



This method, called coreference-by-address, enablesem g®m to code as many
relations to other proplets as needed. For example, thegtsap the token line odulia
in 8.1 have thénc valuesleep in proposition 675, butvake in proposition 702. The
most recent (and thus most up-to-date) content relatingetiginal proplet is found
by searching the relevanttoken line from right to left, iiethe anti-temporal direction.

The use of addresses as core values complements the din@hinear storage of
proplets with relations which may refer back to coreferawipets in the same token
line. As a result, coreference-by-address provides foird Kind of LA-think naviga-
tion — in addition to moving along the semantic relationssetn proplets (cf. 4.2), and
moving a query pattern along a token line (cf. 6.2). Considerfollowing example:

8.2 COREFERENTIAL NAVIGATION

verb: slee noun: Juli noun: (Julia 675 verh: wake

- 1 . 2 . 3 ) )

arg: Julia o fnc: sleep - fnc: wake L |are (Julia 675
prn: 675 prn: 675 prn: 702 prn: 702

The connections 1 and 3 are intrapropositional and baseldeofuhctor-argument re-
lations betweedulia andsleep andJulia andwake respectively. Connection 2 is ex-
trapropositional and based on the coreference betweerpihtepproplet of proposi-

tion 702 and the originalulia proplet of proposition 67%° The content of 8.2 may be
realized in English adulia was asleep. Now she is awake.

9 Inference for Creating Summaries

Coreference-by-address allows not only (i) to revise thedfiformation in a content-
addressable memory by extending it, as in 8.1, but alsoo(iietrive new content from
stored content by means of inferencing. One kind of DBS &riee is condensing con-
tent into a meaningful summary. As an example, consider g &d, derived in detail
in Chapts. 13 (hearer mode) and 14 (speaker mode) of NLC'06:

The heavy old car hit a beautiful tree. The car had been spgedifarmer gave the
driver a lift.

A reasonable summary of this content wouldda& accident This summary may be
represented in the agent’s Word Bank as follows:

9.1 RELATING SUMMARY TO TEXT

member proplets owner proplets
noun: accide
mdr: (car 1) [core: acciderit
prn: 67

10 As usual, the proplets in 8.2 are order-free. During langupmpduction, an order is re-
introduced by navigating from one proplet to the next, feileg the semantic relations (point-
ers) between them.



[noun: cal noun: (car 1 noun: (car 1)
. |fnc: hit fnc: speed | ... |mdd: acciden ... [core: cat

Lprn: 1 prn: 2 prn: 67
[verb: hit
arg: car tre
nc: 2 speed ... ... [core: hif
pc:
Lprn: 1
verb: spee
arg: (car 1)
pc: 1 hit ... [core: speef
nc: 3 give
prn: 2

Propositions 1 and 2 are connected (i) by adjacency-basmdication coded in the
nc (next conjunct) angbc (previous conjunct) attribute values of their verb proplet
andspeed and (ii) by coreferential coordination based on the oagjoar proplet in
proposition 1 and the corresponding pointer proplet (pusdn proposition 2.

The summary consists of anothear pointer proplet and thaccidentproplet, each
with the sameprn value (heres7) and related to each other by the modifier-modified
relation. The connection between the summary and the afigéxt is based on the
address valuécar 1), which serves as the core value of the rightnzstproplet as
well as themdr (modifier) value of theaccidentproplet.

By summarizing content into shorter and shorter versidresgtemerges a hierarchy
which provides retrieval relations for upward or downwaedersal. An upward traver-
sal supplies more and more general notions, which may behystite agent to access
inferences defined at the higher levels. A downward travergaplies the agent with
more and more concrete instantiations.

The summary-creating inference deriving the new contetit thieprn value67 is
formally defined as the following rule, shown with the samipleut and output of 9.1
at the content level:

9.2 SUMMARY-CREATING INFERENCE

antecedent consequent
rule noun:a verb: hit noun:(3 noun: @ K) noun: accide
level fnc: hit arg:a fnc: hit| = |mdd: accident | mdr: (@ K)
prn: K prn: K prn: K prn: K+M prn: K+M
wherea ¢ {car, truck, boat, ship, plane, ...} arfiie {tree, rock, wall, mountain, ..) a
matching and binding{; o}
verb: hit
content noun: caf |arg: cartre¢ [noun:tre noun: (car 1)| [noun: accide
level fnc: hit nc: 2 spee fnc: hit mdd: accident |mdr: (car 1)
prn: 1 pc: prn: 1 prn: 67 prn: 67
prn: 1

input output



The rule consists of two sets of pattern proplets, conndmntées-.” The set of patterns
preceding the arrow is called tlatecedentwhile the set of patterns following the
arrow is called theonsequeniThe patterns are defined using the restricted variables
for the subjectp for the object, andk, M for theprn values.

Below the rule is an old content called timput, matching the antecedent, and a new
content called theutput derived by the consequent. The variables of the antecedent
are bound to corresponding values at the content level,dhévesar, (3 to tree, andK
to 1. By using the variables andK also in the consequent, the outgar accident is
derived as the new content.

In the rule, the possible values whiohand3 may be bound to during matching are
restricted by the co-domains of these variables: the oéstrivariablea generalizes
the summary-creating inference to different kinds of aentd, e.g.car accident, truck
accident.etc., while the restricted variabfelimits the objects to be hit to trees, rocks,
etc., as well as cars, trucks, etc. Any content representttetproplehit with a subject
and an object proplet satisfying the variable restrictiofts andp, respectively, will be
automatically (i) summarized as an accident of a certaid Wihereby (ii) the summary
is related to the summarized by means of an address value(daerl), thus fulfilling
the condition that the data in a content-addressable memayynot be modified.

10 Component Structure and Functional Flow

The relation between a DBS rule and a corresponding condgelpdsed on matching

between a small, order-free set of pattern proplets in tleeanud a corresponding order-
free set of content proplets in the database. The matchimgela an individual pattern

proplet and a content proplet is in turn based on their nonfsive feature structures.
This method has been used here for the following cognitiveratons:

a. natural language interpretatian
matching between LA-hear grammar rules and language psofoie 5.1)

b. navigation
matching between LA-think grammar rules and content ptete. 5.2)
C. querying
matching between query patterns and content proplets.@j. 6
d. reference
matching between language and context proplets in the dasendols (cf. 7.2)

e. inferencing
matching between inference rules and content proplet8 .

How should these different cognitive operations based ttepamatching be integrated
into the component structure and functional flow of a cogaitigent?

Consider the component structure of diagram 7.1. It mod@le{erenceas viewed in
analytic philosophy, i.e., as a vertical relation betweerizontal language expressions
and a horizontal world. At the same time, 7.1 departs fronstaedard assumptions of
analytic philosophy, including truth-conditional semast because it treats reference



as an agent-internal, cognitive procedure — and not as annattrelation defined in a
meta-language, as postulated by mathematical reafism.

While diagram 7.1 is essential for explaining the Sevendfplas of Pragmatics in
the S.im theory of languagé? there is a functionally more inclusive alternative:

10.1 REFINED COMPONENT STRUCTURE OF A COGNITIVE AGENT

cognitive agent

peripheral e _ .
cognion | central cognition 1 = external recpgnltlon
2 = external action
5 rule component | 3 = internal recognition
1 g | % : 4 = internal action
3 TS i7 5 = input to rule component
3 ‘ 6 = output of content component
2 3 6 content component . .
‘ ‘ 7 = rule-content interaction
ST i4 : e e 8 = content-rule interaction

Here, the leading assumption is that cognition, includiaghmunication, is based on
abstract patterns matching with more concrete structdresrgent. Therefore, the two
matching components (analogous to the language and thexta@amponent in dia-
gram 7.1) are the rule component and the content component.

The separation of patterns and contents in diagram 10.id@®a uniform structural
basis for the rule (pattern) level to govern the processingpatent (7) — with data-
driven feedback from the content level (8). This interattiased on pattern matching
is used for the cognitive operations of (a) interpretatigx),navigation, (c) querying,
and (e) inferencing.

The matching of (d) reference, however, is provided withfiedént treatmeninside
the content component of 10.1. Thereby, the reference mésha of the different
sign kinds, namely symbol (type-token relation), indexifiper), and name (marked
— focused on in diagram 7.1 — reappear as horizontal reati@ween (i) language
proplets and (ii) context or language proplets, stored kendines.

Technically, diagram 7.1 is integrated into diagram 10.Icbgnging to a different
view: instead of viewing content proplets as sets with a comprn value (proposi-
tions), and separated into a language and a context leval.@)f the same proplets are
viewed as items to be sorted into token lines according tio toee value (cf. 2.1).

The rule and the content component of 10.1 are each conngeigidectionally to a
general /0 component. All recognition output of this I/Geonent is input to the rule
component (5), where it is processed and passed on to thentaamponent (7). All
action input to the I/O component comes from the content aomapt (6), derived in
frequent (8, 7) interaction with the rule component. Théedént interfaces for the lan-
guage and the context component in diagram 7.1 may be redrgal 0.1 by dividing
7 and 8 into 7a, 8a for the context level, and into 7b, 8b foldhguage level.

11 For a more detailed discussion see FoCL'99, Chapts. 19-21.
12 See NLC'06, Sect. 2.6, for a summary.
13 Cf. FoCL'99, Sects. 6.1 and 6.2.



11 Cycle of Communication in the Refined Component Structure

The general component structure and functional flow 10derathe question of how
to integrate the cycle of natural language communicatiomadeled in DBS. In other
words, how should an autonomous control based on the iti@ndzetween the general
components for 1/O, rules, and content accommodate thehearde as characterized
in 4.1 and 5.1, the think mode as characterized in 4.2 ancdaB®2the speaker mode as
characterized in 4.3 and 5.3? Furthermore, what are thelgapinitiating the hearer,
think, and speaker mode procedures, and where do thesesiesprdme from?

Within the component structure and functional flow of diagr®0.1, the hearer mode
derivation 4.1 may be shown as follows (using the same nuimdpas 10.1 to indicate
the different mappings between components):

11.1 MAPPING INCOMING SURFACES INTO CONTENKHEARER MODE)

surfaces: 1 ——> Jylia —> knows —> John —>

lexical lookup 5,7

noun: Julia-|... | verb: know:|..| noun:-John )
content level: fnc: = argi o~ A fnci - lexical proplets
prn: prn: prn:

matching and binding

7
noun: o verb:- B noun:—y
rulelevel: fnc: arg: lon pattern proplets
m: m: m:

The impulse activating the hearer mode operations are tli@ces (1) which the 1/O
component provides to the rule component (5) which trigggdisal lookup in the con-
tent component (7). As a result, lexical proplets are addedhy one at the end of the
corresponding token lines of the content component. At #mestime, the LA-hear
grammar rules (cf. 5.1) of the rule component connect theded! proplets incremen-
tally via copying (7) in a strictly time-linear derivatiomaer.

Next consider the language production from stored cont@nivithin the component
structure of diagram 10.1:

11.2 MAPPING STORED CONTENT INTO OUTGOING SURFACEGPEAKER MODE)

noun: o verb>f3 noug-y
rulelevel: fnc: B arg: a vy fnc: B pattern proplets
m: K m: K m: K
| | v

matching and binding

content level: 8| : : noun: John
: : fnc: kndw
Y : rm: 625

noun: Julia :
fnc: know. :
prn: 625 Y
verbknow
arg: Julia Joh
rn: 625

surfaces: Julia knows John

content proplets

synthesis



The impulse may be provided by another agent’s questiorsgit. 6) or by a request
to recount a certain event. The navigation through the coigelriven by the rule level
and transmitted to the content level by means of patternmiragq7) 14 The LA-think
grammar rules (cf. 5.2) are initially activated by a conterdplet matching the start
state (8) and then by the rule packages in the derivationesegu The derivation of
blueprints for well-formed language expressions passetidd/O component (6) is
based on a frequent (7, 8) cycle between the rule and therdadmponent.

Finally consider language production based on the on-theféirencing of the agent’s
autonomous control. For reasons of space, the descriptioondrol has been limited
here to a partiaP intuitive outline (Sect. 3), the content-addressable ntgraba Word
Bank (Sect. 8), and the example of a summarizing infereneet(8). Nevertheless, for
language production from inferences this is sufficientiasas the output of their con-
sequent is a sequences of proplets which (i) have core vahge6i) code the semantic
relations of functor-argument structure, coordinatior aoreference.

In other words, the content produced by on-the-fly infenegdias the same format
as content resulting from recognition — and can thereforprbeessed by the same
language-dependent rules for surface synthesis. As angeaoonsider the inference
B hungrycm 3 eat food whereby the connectivam stands for countermeasure:

11.3 MAPPING NEWLY DERIVED CONTENT INTO OUTGOING SURFACES

antecedent consequent
noun: f verk- hungry noun: (B K)| | verbs eat noun,-food
rulelevel: | fnc: hungry- arg: B cm | fnc: eat arg: (B K)foo nc: eat
m: K m: K m: K+M m: K+M m: K+M
matching and binding T 8 i new contenti (output) i 7

trigger situation (input)
3,57

noun: moi verb: hungry noun: moi verb: eat noun: food
content level: | fnc: hungry| | arg: moi fnc: eat arg: moi food fnc: eat
m: 211 m: 211 m: 220 rm: 220¢ rm: fll

synthesis 6
surfaces: | would like to eat some food

The impulse activating this inference is a sensation of kupgovided by the agent’s
I/O component (antecedent 3, 5, 7, 8). One possibility totheecontent derived by
the consequent (7) would be as a blue-print for non-langaatien. Here, however,
the newly derived content is mapped into language, utiizime core values for the
synthesis of surfaces (6). This kind of language produdtarsed especially in dialog
(cf. Schegloff 2007), which requires, and triggers, therdigaeasoning for real-time
reactions to the actions of the partner in communication.

14 For simplicity, the navigation is more direct than in 4.3.

15 An analysis of autonomous control is provided in Hausset@@0nferencing in Database Se-
mantics Following Bernard (1865) and Wiener (1948), this papecdbses autonomous con-
trol as driven by the task of maintaining the agent in a stbbatance (equilibrium, homeosta-
sis) vis-a-vis a constantly changing external and inteen&ironment. Important ingredients
are automatic schema derivation, the subactivation andati@n of content, adaptation and
learning, and the definition and chaining of reactor, destuetnd effector inferences for de-
riving action blueprints. An autonomous control maintaga balance by relating recognition
to the evaluated outcome of possible reactions is decer@dglin line with Brooks (1985).



12 Managing the Data Stream

The use of a content-addressable memory for cognitiongaise question of how to
manage the data stream which continuously enters the eéagagent’s large but finite
memory space. Given that a content-addressable memorgtdamchanged, incoming
data should be selected and cleaned up prior to storagewtod] the natural prototype,
this may be done by providing a short-term and a long-term amgnand by doing
selection and clean-up in short-term memory prior to lozigrtstorage.

The other method to stave off data overflow, also following tiatural prototype, is
forgetting. Though a limiting case of data change (and foeeanot really permitted in a
content-addressable memory), forgetting is functionatigeptable if the items deleted
do not result in any (or only a few) dead ends in the assoeiakata network. As a so-
lution, Anderson (1983) proposed a frequency-based approamely to bleach those
areas of content from memory which are activated never grnagely by the cognitive
operations of the agef®. The procedure resembles garbage collection, familiar from
programming languages like Lisp, Java, or Oberon.

In a Word Bank, the many dispersed little spaces createddaching may be made
reusable by pushing the proplets in a token line to the l&f¢ pearls on a string
(defragmentation). In this way, the intrinsic ordering loé tproplets is maintained and
the contiguous spaces reclaimed on the right hand end oblemn fines are suitable
for new storage. The periods in which garbage collectiondefthgmentation are per-
formed in artificial agents may be likened to the periods eéplin natural agents.

The handling of the data stream as inspired by empiricabreben cognitive psy-
chology may be complemented by purely computational methduakt as an aircraft
may be designed to maximize payload, range, speed, and\pitbfiittle or no resem-
blance to the natural prototypes (e.g., birds), there may f&ftware routine which is
applied whenever the amount of memory in the Word Bank resaateertain limit; the
procedure compresses the currently oldest content segemmttining, for example,
all proplets withprn values between 30000 and 32000) and moves it into secondary
storage without any deletion (and thus without any need tmsé).

The only downside to the data in secondary storage would ligta slowdown in
initial activation. Depending on the application, an aciifl agent’'s overall memory
may either be sized from the beginning to accommodate theiahad data expected
for an average life time (for example, in a robot on a spacesiong, or it may be
expanded incrementally as needed.

Conclusion

Modeling the cycle of natural language communication inftren of a talking cogni-
tive agent is a goal of computational linguistics which isoasious as it is legitimate.
It requires a linguistic theory which allows to reconstrtiat hearer mode, the think
mode, and the speaker mode as a software system which camsilyeupscaled and
debugged. Methodologically, the software model providesah objective, automatic

18 |n addition, the intensity of a memory in its historical cextt must be taken into account in
order to handle examples like Proust’'s madeleine episode.



testing of the theory in terms of functional completenegb@ata coverage. It also has
a wide range of practical applications in the area of humaehime communication.

That this approach requires more than the usual grammatiedysis of isolated lan-
guage signs is especially clear in the speaker mode, betaeisegnitive agent must
choosewhat to sayin the situation at hand. From a software engineering pdiwisay,
this choice raises the question of how to structure the obritethe agent’'s memory
so that the agent’s cognition can select or derive in reat tivhat seems appropriate
action (including non-action) for the current situatiomeTbetter the model provided
by memory fits the agent’s current task, the less the agent malyson trial and error
(cf. Hausser 2002).

Our solution is a navigational database which is structliteda classic network
database. However, while the navigational databases gfabie(Bachman 1973) and
the present (Xpath) are intended for external human udsssytstem presented here
serves as the shell of an autonomous control, located iasidgtificial cognitive agent.
The database, called Word Bank, receives input from thetagexternal and internal
interfaces for recognition and is used by the autonomousa@aio produce output as
blue prints for the agent’s action components. The ovesak {s to maintain the agent
in a state of balance by connecting the interfaces for ratiogrwith those for action.

As a network database, a Word Bank stores flat feature stascttalled proplets
instead of records. Also, compared to a classic networkbdats a Word Bank is highly
constrained. First, the member proplets belonging to aneowroplet are listed in a
token line in the temporal order of their arrival. Seconthy@mbers in a token line must
share the owner’s core value (no multiple owners). Thire @hly connections between
proplets across token lines are the grammatical relatibfusotor-argument structure,
coordination, and coreference. Fourth, like the relatlmetsveen owners and members,
the grammatical relations are 1:n relations: one functreal possible arguments, one
modified—several possible modifiers, one first conjunctesdpossible successors, one
original-several possible coreferent pronouns.

Furthermore, a Word Bank is content-addressable becalsspaoate index (inverted
file) is required for storage and retrieval. By adding cohtide sediment, content is
fixed in the sense that it is written once and never changeadpQtationally, this is ideall
for implementing the grammatical relations between prgply means of addresses
which are both procedural and declarative. The procedmmalementation is by means
of pointers to physical storage locations because theyigeanstant access in constant
time, while symbolic addresses are used for the equivakstiadative specification.

The DBS database and control system is of complete generalitorks with any sets
of attributes and values, any set of triggers, any lexieah, and any grammatical con-
structions — presupposing, of course, that they all fit togieand there is a well-defined
interaction with the agent’s external and internal integgfor recognition and action.
Unlike Stanfill and Waltz (1986), whose memory-based reimgprequires a special
hardware (connection machine), the DBS system runs on vamilien machines.

A cognitive agent with a memory and interfaces to the exiexnd internal environ-
ment is in a principled contrast to systems of language pothaiufor weather reports
or query answering for ship locations, train schedules thadike. These aragentless
applications; they are popular in the research literatecabse they allow to fudge the



lack of an autonomous control. Their disadvantage, howevérat they cannot be ex-
tended to agent-based applications such as free dialog@®¢th2007), whereas the
inverse direction from agent-based to agentless is cortipalseeasy.
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