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| CHAPTER I

OVERVIEW AND GOALS OF THE
PROJECT |

1.1. Qverview

This thesis describes a cognitive architecture named DUAL and a cog-
nitive model that has been built on its basis. It provides detailed specifica-
tions of the architecture and the model and discusses their properties from
the perspective of the study of human cognition. In addition, it reports
some simulation experiments performed with the model.

The research documented here is part of a large research program
launched by Boicho Kokinov about ten years ago (Kokinov, 1988). The
project which is the focus of this thesis aims at replication, solidification,
and extension of the results obtained so far (Kokinov, 1994a,b,c; Kokinov
et al., 1996). An important ingredient of the project is the development of
a computer implementation of the architecture as a foundation for future
research on DUAL. '

The model discussed in the next chapters is called AMBR — an acro-
nym for Associative Memory-Based Reasoning (Kokinov, 1988). AMBR is a
cognitive model with very broad scope. Its ambition is to offer a unified
account of deduction, induction, and analogy. They are treated not as dif-
ferent and idiosyncratic modes of reasoning but rather as manifestations of
one and the same underlying mechanism. ° : ~

This thesis describes AMBR2 — a revised and extended sequel of the
model presented by (Kokinov, 1994a). The new version is characterized by
a number of new features on the theoretical side, as well as an entirely
new and portable computer implementation. ’ ,

The model has been tested on a number of examples in a simulation-
experiment setting. Since all the examples can be classified as analogies,
AMBR?2 is discussed here chiefly as a model-of analogy-making. This does
not imply that the model has given up the generality of the original pro-
posal. The presentation is deliberately centered on analogy-making in or-
der to stay focused on the concrete results that have been obtained so far.
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1.2. Main Ideas of DUAL

Theorists are strongly influenced by their various pre-
conceptions. The most deeply rooted preconception guiding .
my theorizing is a belief in the unity of human cognition,
that s, that all the higher cognitive processes, such as
memory, language, problem solving, imagery, deduction,
and induction, are different manifestations of the same
underlying system. ' _

(Anderson 1983, p.1)

The prime mover of DUAL research is the notion of integration. This
general thema (Holton, 1973} is instantiated in various ways, some of
which. are outlined below and will be discussed extensively in the next
‘chapters.

DuaAL is a general-purpose cognitive architecture that eomprises a uni-
fied description of mental representation, memory structures, and proc-
essing mechanisms. All these aspects of the archltecture are organized
around a small set of principles:

e Hybridity. DUAL is hybrid — it consists of complementary aspects
that are brought together into a coherent whole. Moreover, -it is hybrid in
two ways. On one hand, it hinges upon the symbolic/connectionist distinc-
tion and the integration between the two. On the other, there is the de-
clarative/procedural distinction and integration thereof. The four aspects
derived from these two pairs are merged together and are present simul-
taneously at every level of granularity in.the architecture.

e Emergent computation. All processing and knowledge representation
in the architecture is carried out by a cohort of small entities called DUAL
agents. There is no centralized executive that controls the whole system,
makes large-scale decisions, allocates resources, resolves conflicts and so
on. Instead, small-scale DUAL agents interact with one another, loeally, and
the global behavior of the system emerges from the self—orgamzmg pattern
of these interactions.

¢ Dynamics and context-sensitivity. An important feature of DUAL’s
operation is that it is constantly changing in responsé to influences from
the environment. This is possible due to the emergent nature of the proc-
essing that underlies DUAL’s operation and to the lack of rigid and pre-
programmed specification of the computation. In particular, there is no
sharp boundary between the ‘task’ or the ‘problem’ given to the system to
solve, and the ‘context’ that accompanies this problem. One and the same
problem can be solved in different ways during two successive runs of a
DUAL-based model, in splte of the strictly deterrmmstlc character of the
architecture. -
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In a little more detail, each DUAL agent is a hybrid entity that serves
both representational and processing purposes. It has a micro-frame that
stores declarative and procedural information. The micro-frame has slots
which are usually filled by references to other DUAL agents. These refer-
ences can be conceptualized as links that connect the agents in a network-
like structure. Correspondingly, each DUAL agent can be conceptualized as
a node in that network. Thus, there are two metaphors related to a DUAL-
based system. On one hand, it can be viewed as a population of interacting
agents; on the other, it resembles a network of interconnected nodes.

Each DUAL agent is capable of performing certain simple information-
processing tasks. Most of these tasks involve interaction with its neighbors.
DUAL interactions are relatively simple — they boil down to exchange of
symbols (discrete, compositional units) and. activation (continuous, additive
quantity) between two agents.

Each DUAL agent has a comnectionist processor that is capable of re-
ceiving activation, transforming it in accordance to some simple numerical
rule, and sending it further. There is an activation level associated with
each agent and a wetght associated with each link. The former is a meas-
ure of the degree of relevance of the particular agent to the particular
task and context. The latter is a measure of the intensity of the interaction
between a pair of agents.

On the other side of the coin, each agent has a symbolic processor that
is capable of receiving a symbol, transforming it in accordance to some
- simple symbolic routine, and potentially sending (another) symbol to its
 peers. The symbolic processor can discriminate its neighbors on the basis
on the contents of their micro-frames as well as on the label of the links
that establish the interactions between them.

DUAL agents are heterogeneous — they differ both in their declarative

'~ components and in the characteristics of their processors (connectionist and

symbolic). In addition, some of the agents are temporary. They are created
dynamically to meet some particular demand and disappear when are no
longer needed. The question whether some agent is needed (relevant) or
not is answered by the connectionist aspect of the architecture: temporary
agents fizzle out when their activation level drops below some lethal
threshold.

The speed of the symbolic processing performed by a given DUAL agent
depends on its activation level. Active agents work rapidly, less active
agents work slowly, and inactive agents do not work at all. In this way,
each agent contributes to the overall computation in the system to a dif-
ferent extent. The influence of each agent is proportional to the degree to
which it is judged relevant to the particular task and context. As activa-
tion levels change continuously, the speed of various agents change ac-
cordingly, giving advantage to some and disadvantage to others. Under
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different circumstances, different agents will take the lead and they will
determine the global outcome of the computation.

DUAL agents (occasionally called micro-agents) aggregate in larger
‘teams’ called coalitions and formations. It is at this higher level of granu-
larity where the emergent nature of the architecture becomes evident. Co-
alitions are ensembles of micro-agents that share a more or less stable
pattern of interaction. They differ in size and in the degree of inter-
dependence among their members. A DUAL agent can participate in several
coalitions simultaneously and to a different extent. It can also join or re-
nounce a given coalition, that is, establish or abandon interactions with its
members. Thus, coalitions emerge dynarmcally out of the local interaction
between micro-agents.

The knowledge in a DUAL-based system resides in individual micro-
agents — in their micro-frames, built-in procedures, and the attributes
(labels and weights) of their interactions. In other words, the population of
all DUAL agents comprise the long-term memory of the architecture. It
may contain thousands of agents. At any given moment, however, only a
few dozens of them are active. The active portion of the long-term mem-
ory, plus the temporary agents constructed during recent computations,
constitute the working memory of the architecture. The contents of the
working memory changes dynamically as agents gain or lose activity, as
well as temporary agents are added or removed.

Finally, it should be noted briefly where all this activation comes from
. in the first place. There are two sources of activation in the architecture
— goal node and input node. A DUAL-based model is requested to begin
- working on a given problem by attaching some of the agents describing

" the problem to the goal node. Other agents are connected to the input
node. The activation that comes from these nodes can then spread through
the network via the links. There is also spontaneous decay of the activa- .
tion which limits its propagation and restricts the size of the working
memory.

1.3. Scope of the AMBR Model as Reported Here

AMBR is a cognitive model built on the basis of DUAL. In its general .
form, it is conceived as an integrated model of deductive, inductive, and
analogical reasoning (Kokinov, 1988). These three kinds of reasoning are
viewed as slightly different versions of a single uniform reasoning process.
In AMBR, the basic description of this process is that it establishes corre-
spondences between two problems, schemes, or situations, and transfers
some elements from one to the other, with due modification.” The model
explains deduction, induction, and analogy in terms of the relationships be-
tween the two schemes (or situations, etc.) that happen to be put in cor-
respondence in each particular case. In this way, analogy can be viewed as
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the most general one, with deduction and generalization at the two ex-
tremities — where the ‘source’ and the ‘target’ are related in a special
way, one of them being a specific instance of the other.

The research reported in this thesis concentrates on analogy-making.
Therefore, AMBR is presented and discussed here as a model of analogy-
making, regardless of the fact that some of the considerations might have
broader scope. - '

The models of analogy-making typically decompose it info separate
stages or phases (Hall, 1989; Gentner, 1983, 1989; Forbus et al, 1994a; Ho-
lyoak & Thagard, 1989, 1995; Keane, 1988; etc.). For example, one possible
decomposition include: (i) representation of the target problem, (i7) re-
trieval of a source analog from LTM, (7i7) mapping the two situations, (iv)
transfer from the source to the target, (v) evaluation of the analogical in-
ferences, and (vi) learning. Some researchers (e.g. Gentner, 1989) argue
that the stages of analogy-making are relatively independent from one an-
other and are thus susceptible to piecemeal exploration. Others (e.g.
Chalmers et al.,, 1992) oppose to this view, claiming that the process of -
analogy-making is inseparable in principle due to the high degree of inter-
dependence among its components.’

AMBR agrees with the second position. In this model, the components
of analogy-making are conceptualized as subprocesses that overlap in time
and influence each other. The long-term goal of the AMBR project is to de-
vise an integrated model that realizes all these subprocesses on the uni-
form foundation of DUAL. This is a very ambitious goal, however. At pres-
ent, there is no model -that 1ncorporates all the aspects listed above. AMBR
makes no exception.

The scope of this thesis is restricted to the subprocesses of retrieval
and mapping and the integration between the two. These two components
of the model have been elaborated in much more detail. Moreover, the
simulation experiments performed with the model so far deal with re-
trieving a situation from LTM and mapping it to a target situatioh.

To sum up, this thesis deals not with AMBR in general but with its cur-
rent version denoted AMBR2. (The version documented in Kokinov (1994a)
will be referred to as AMBR1.) AMBR2 is presented as an integrated model
of analogical retrieval and mapping. Due to the ambitiousness of the AMBR
project, even this limited version of the model is quite elaborated and de-
serves attention and evaluation in its-own right.
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1.4. Goals of the Project

This section is organized in a slightly non-canonical way. An AI veteran
(McDermott, 1981) gives the following advice about developmg and docu-
menting complex computer models:

[...] If a thorough report on a mere actual implementation was
required, or even allowed, as a Ph.D. thesis, progress would appear
slower, but it would be real. [...]

My proposal is that thesis research, or any other two-year effort,
- should be organized as follows:

As before, a new problem, or old problem with partial solution,
should be chosen. The part of the problem where most progress
could be made (a conceptual “inner loop”) should be thought about
hardest. Good ideas de'veloped here should appear in a research pro-
posal.

The first half of the time allotted the'reafte'r should be applied to
writing Version n+l, where n is the version number you started
with (0 for virgin problems). (Substantial rewriting of Version n
should be anticipated.) The second half should be devoted to writing
the report and improving Version n+1 with enough breadth, clean
code, and nmew user features to make it useful to the next persomn
that needs it.

' The research report will then describe the improvements made to
Version n, good ideas implemented, and total progress made in
solving the original problem. Suggestions for further improvements
should be included, in the future subjunctive tense.

(McDermott, 1981; p.160; emphasis in original)
We have taken this advice seriously. Consequently, the goals of this

project are the following:

1. Developing a portable computer program that implements the archi-
tecture DUAL. This program will serve as a foundation not only for AMBR
but for additional DUAL-based models in the future.

2. Extending and refining the conceptual specification of the archltec—
ture. Resolving the ambiguities of the original specification.

3. Developing a portable computer program that implements AMBR2.

4. Extending the AMBR1 model by proposing new computational
mechanisms, new types of agents, refining the knowledge-representation
scheme and so forth.

5. Performing simulation experiments with the model.
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CHAPTER II-

BACKGROUND

The current work has a lot of precursors and sources of ideas. This
section tries to mention at least some of them.

2.1, Cogliitive Architectures

In recent years, a number of proposals for cognitive architectures have
been published in the literature. Some of them have been declared specifi-
cally as cognitive architectures (Anderson, 1983, 1993; Newell, 1991) while
others are centered around a specific model -but are nevertheless suffi-
ciently general to fall into this category (Holland et al., 1986; Kokinov,
1994a; Hofstadter, 1984 1995).

One very influential proposal is Soar (Laird et al., 1987, Newell, 1991).
It will not be discussed here, however, because it is relatively far from the
topics that are central to this thesis. In particular, Soar belongs to (and,
indeed, epitomizes) the symbolic approach to cognitive modeling, while
DuAL seeks integration with connectionism. Soar also lacks separate de-
clarative component — all long-term knowledge resides in production
rules. This is quite different from the DUAL representation scheme.

John Anderson’s ACT* (1983) and ACT-R (1993) have greatly influ-
enced the research on DUAL. There are a lot of deep similarities between
the two proposals. Both architectures use hybrid representation schemes
with declarative and procedural components. Both architectures depend on
a connectionist mechanism for delineating the scope of the working mem-
ory and for retrieval of relevant information. In both architectures, the
speed of the symbolic operations varies in accordance to the activation
level of the declarative aspect. This list, which can easily be prolonged, re-
veals that DUAL has many features in common with ACT* and its successor
ACT-R: '

We now turn to the differences among the two proposals. In the dis-
cussion below, we will refer to the more recent version — ACT-R —
though most of the points apply to ACT* as well.

DUAL puts less emphasis on the procedural-declarative distinction
than ACT-R does. DUAL seeks integration between these two aspects and,
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therefore, does not separate them. In particular, the knowledge-
representation scheme in DUAL is based on frames, thus putting both as-
pects together at the micro-level. At the macro-level, the DUAL network is
a unified long-term memory that keeps declarative and procedural pieces
of knowledge. In contrast, ACT-R has separate long-term memories. The
arguments advanced in favor of this separation (e.g. Anderson, 1993, p. 21)
are forceful but in our view their main thrust is to justify that the proce-
dural-declarative distinction is warranted in the first place. DUAL certainly
accepts the utility of this distinction. What is questioned is whether such
radical divorce between declarative and procedural memories, taken as
large-scale structures, is really necessary. Detailed treatment of this con-
troversy, however, is beyond the scope of this thesis.

Another difference between DUAL and ACT-R is that the latter de-
pends on a central executive that decides which rule to fire. The expected
utilities of all matching rules is calculated in a decentralized and parallel
fashion, but at the end only one rule fires. The decision about how much
fime to allow for matching of productions and when to pick up the winner
is made centrally. This is quite different from the approach adopted in
DuAL, where all active symbolic processors run in parallel. (With respect to
this, DUAL is more similar to Soar than to ACT-R.)

Finally, the connectionist and symbolic aspects are treated on equal’
footing in DUAL, while in ACT-R the symbolic aspect seems to dominate.
Thus, it could be argued that the degree of. hybridization in DUAL is
greater than in ACT-R. .

Another proposal originates from- Hofstadter (1984, 1995) and has been
instantiated in two related models of analogy-making and high-level per-
ception — Copycat (Hofstadter & Mitchell, 1991; Mitchell, 1993) and Ta-
bletop (French, 1995). The common foundation of these two models is suf-
ficiently general to be considered a cognitive architecture. It this thesis it
is referred to as ‘Copycat architecture’. '

There are many similarities between DUAL and the Copycat architec-
ture. In both of them the overall computation emerges out of local activi-
ties carried out by small agents (called codelets in Copycat) in the absence
of central executive. Both architectures employ the idea that the speed of
processing should vary dynamically, reflecting the judged relevance of the
pieces of information being processed. However, Copycat uses a very dif-
ferent mechanism for implementing this general idea — codelets are cho-
sen one at a time, with probabilities proportional to their urgencies.

The latter point highlights one of the main differences between DUAL
and Copycat — the former is deterministic while the latter is stochastic. It .
is remarkable that the two architectures exhibit very similar properties at
the macro-level despite this big underlying difference. On one hand, this is
due to the fact that the non-determinism in Copycat is chiefly at the level
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of small-scale local decisions, and the statistical outcome of all these micro-
level random events yields stable and regular behavior of the system as a
whole. On the other hand, the deterministic nature of DUAL does not im-
ply that everything in the architecture is prescribed beforehand. Like in
Copycat, the overall behavior of a DUAL-based system emerges out of
small local operations which depend on many factors that vary in time. As
a consequence, DUAL can generate frequency distributions that are similar
to the statistics generated by Copycat (see section 5.3.).

Another difference between DUAL and Copycat is that the latter keeps
instances (or tokens) and concepts (or types) separate. Instances reside in
the Workspace while concepts reside in the Slipnet..In DUAL, both kinds of
agents are in the same network, which allows for closer interaction be-
tween them.

In addition, DUAL is characterized by greater coupling between the
procedural and the declarative aspect. In Copycat, the codelets are de-
tached from the nodes, although the interdependence between the two is
very strong. In DUAL, however, this interdependence is even stronger be-
- cause everything is in one and the same hybrid agent having procedural
and declarative aspects. .

2.2. Models of Analogy-Making

, Analogy-making is a very complex phenomenon and it is very difficult
to embrace all of it at once. As a consequence, most of the research on the
- topic could be characterized by the ancient maxim ’Divide and conquer!’

" That is, analogy-making is usually conceived of with reference to separate

stages or phases. For instance, one possible division include:

Perception (representation building) of the target problem or situation; -

Retrieval of an appropriate analog (called base) from long-term mem-

Mapping the base onto the target to find corresponding elements;
Transfer of knowledge from the base to the target.
Evaluation of the imported knowledge in the framework of the target.

Learning and generalizing the new expérience for use in the future.
These stages are supposed to be relatively independent from one an-
other and thus susceptible to piecemeal exploration. Different researchers

focused their attention on different aspects of analogy making, each
building a model that highlights some issues at the expense of others.

In contrast, the AMBR project advocates the strategy of integration.
This does not mean, however, that we overlook the honored ’Divide and
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conquer!” On the contrary, we think it has given rise to quite a lot of
knowledge which could (and should) serve as a springboard for any fur-
ther research. Keeping this in mind, we start our presentation with a brief
overview of some previous models. Out of the many titles, we have chosen
only those which have directly influenced our work.

Dedre Gentner (1983) focuses her attention on the process of estab-
lishing a mapping between two situations represented in predicate calcu-
lus. She proposes the systematicity principle — interlocking relations from
one description should be mapped onto interlocking relations from the
other. The claim is that this can be achieved on a syntactic basis by giv-
ing special treatment to higher-order predicates like ’cause’. This general
idea has been implemented in a computer program called Structure Map-
ping Engine (SME) (Falkenhainer, Forbus & Gentner, 1986) and is present
in one form or another in all subsequent models.

Keith Holyoak and Paul Thagard argue that the structural considera-
tions are surely necessary but not sufficient for many analogies. They pro-
pose the multiconstraint theory (Holyoak & Thagard, 1989, '1995) that op-
erates with three distinct interrelated types of constraints: similarity,
structure, and purpose. This theory is embodied in two computational
models addressing the phase of mapping (Holyoak & Thagard, 1989) and
retrieval (Thagard et al, 1990). '

The connectionist computational procedure of constraint satisfaction
is a defining feature of these models. It allows for simultaneous (partial)
satisfaction of the constraints by relaxation of a neural network. The nodes
of this constraint-satisfaction network (CSN) represent hypotheses about
" correspondences between elements of the two situations. The links repre-

sent the constraints. '

Holyoak & Thagard (1989) have used this algorithm in their ACME -
model (Analogical Constraint Mapping Engine). This model works in two
steps: (i) the CSN is constructed serially by a symbolic routine and (#7) the
- network is run until it reaches asymptotic state. Metaphorically, this model
- ‘translates’ the task from symbolic terms (propositional calculus) to the
‘language’ of localist connectionist networks. There is no genuine interac-
tion between the symbolic and the connectionist component. Therefore,
ACME can be considered as a precursor of hybrid models but in itself it
does not constitute such a model.

Mark Keane (1988) introduces the notion of incremental mapping. His
Incremental Analogy Machine (IAM) model builds correspondences by
starting from a seed match and gradually expanding it, backtracking when
necessary. :

Hummel & Holyoak (1997) propose an integrated model of analogical
retrieval (or access) and mapping called LISA (Learning and Inference
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with Schemas and Analogies). This model is deeply rooted in connectionism
and uses dynamic binding for the purposes of structured representations.
This model, like a few others models of retrleval is discussed in ‘more de-
tail in section 4.1.3.2. .

All models cited so far start from a hand-coded representation of the
target problem ’implanted’ into their working memory. In other words,
they by-pass the task of building an appropriate representation of the
problematic situation. There are strong arguments, however, that this lat-
ter perceptual aspect is crucial to analogy making (Chalmers et al., 1992).
The intimate interplay between perception and analogy-making is the de- -
fining feature of the work of Douglas Hofstadter, Melanie Mitchell, and
Robert French (Hofstadter, 1984, 1995; Mitchell, 1993; French, 1995). Their
models — Copycat and Tabletop — constitute an important bridge over
the gap that separated research on analogy-making from that on percep-
“tion. :
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CHAPTER 111

DUAL — A HYBRID
COGNITIVE ARCHITECTURE

A cognitive architecture is a relatively complete proposal about the
structure of human cognition. As such, it has many things to specify:
mental representations, information processing mechanisms, flow of con-
trol, etc. Therefore, the description of an architecture is usually long and
complex. DUAL makes no exception.

This chapter describes the DUAL cognitive architecture. The presenta-
tion begins with a general overview of the basic terms and concepts used
in DUAL. It then continues with detailed descriptions at different levels of
granularity.

3.1. Anatomy of DUAL

3.1.1. Basic Terms

2

The basic structural and functional unit of DUAL is the DUAL agent.
Due to its importance, the DUAL agent has synonymous names: micro-
agent or simply agent. Other names like node and unit are used to bring
connotations from other theories, notably semiantic networks and connec-
tionism. It is important to note that throughout this thesis all the afore-
mentioned terms refer to the same concept: the DUAL agent. -

DUAL agents are the smallest building blocks of DUAL. Strictly speak-
ing, in the architecture there is nothing but agents of various kinds. They
interact with one another and thus combine into larger complexes. The
interactions between agents are very important in DUAL because they keep
the architecture together. They are often reified and called links, espe-
cially in contexts where the agents are called nodes.

A major architectural principle of DUAL is that larger structures
emerge from the interaction of smaller ones. Thus, one can consider
building blocks of increasing size. DUAL agents are at the beginning of this
succession, followed by coalitions, and formations. There is no sharp
boundary between the latter terms. As a rule of thumb, a coalition consists
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of a relatively small number (e.g. less than 20) of interconnected DUAL
agents while formations are much bigger.

3.1.2. A Biological Analogy

We can be sure that the human mind is not to be ex-
plained by a small set of assumptions. There is no reason to
suppose the mind is simpler than the body.

(Anderson 1983, p.42)

The organization of DUAL is analogous to the organization of multicel-
Iular biological organisms. This analogy brings forward many ideas that
will facilitate the understanding of DUAL. Therefore, it is presented here
as an introduction to the more technical subsections that follow.

The basic structural and functional unit of most living organisms is the
living cell. Higher organisms' are built of a huge number of cells. Each in-
‘dividual cell is tiny and typically cannot live in isolation: Their coordinated
activities, however, produce amazing results.

Living cells combine into larger structures of increasing complexity.
Thus, tissues consist of similar cells specialized to perform a specific func-
tion. For instance, there are muscular, nerve, epithelial, and connective
tissues. Organs are made up of different tissues which form a structural
and functional unit. The collection of all organs with a common function is
called a system. For example, the respiratory system in the human body
consists of several organs, including the nose, the pharynx, the laryex, the
trachea, and the lungs. Finally, the organism itself could be considered a
higher-order system of all its systems. At a lower level of abstraction,
however, it still consists of nothing but cells.

Most of these concepts have a counterpart in DUAL as the following ta-
ble demonstrates: 4
biological domain DUAL domain

living cell DuaAL agent

tissue coalition

organ coalition, formation
system formation
‘organism system, model

This analogy should not be pushed too far. Besides- the similarities,
there are big differences. In particular, the complexity in the biological
domain overwhelmingly exceeds that in DUAL. (On the other hand, DUAL
agents are more flexible than the cells in establishing interactions with
their peers.) Still, the analogy has suggestive value: ’ ’

! Unicellular organisms, prokaryotes, viruses, etc. are not considered here.
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There are features common to all living cells. These are their differen-
tia specifica — the characteristics that make them what they are. To.illus-
trate, each cell has a cytoplasm, performs metabolism in order to stay
alive, and originates from some other cell. Analogously, there are features
shared by all DUAL agents. These features define what a DUAL agent is
and thus are central to the description of the architecture. Subsequent
sections deal extensively with such features. ’

On the other hand, biological systems exhibit a vast diversity of living
cells. They differ both in structure and function. Structurally, cells are not
atomic — they have parts called organelles. Some organelles are present in
all cells while others are specific to a certain type. For example, all
(eucariote) cells have nuclei but only green plant cells have chloroplasts
needed for photosynthesis. (This example also illustrates that the function
of a cell is closely related to its structure and vice versa.)

Similarly, DUAL agents-also come in varieties, differing in their pur-
pose and internal organization. Agents are not atomic. As will be discussed
later, they have parts like slots, activation levels and so on. Some parts are
common to all DUAL agents while others are specific to a certain type.

The diversity at the cellular level becomes even greater at upper lev-
els. The same cells combine into different ways to produce a variety of
tissues, organs, and so on. Thus, the overall diversity of living organisms is
due not only to the diversity in cell types but also to the innumerable pos-
sibilities of their combinations.

Analogously, DUAL agents interact with one another. The same agents
~ may build a number of different coalitions depending on the pattern of
interaction between them. Moreover, this pattern changes in time, thus
providing for even greater variety.

Further, different organisms have different cells. These differences are
big across species and smaller within species, but nonetheless always pres-
“ent. This is true even for closely related individuals like a parent and a
~ child. The genotype is unique to each organism?. On the other hand, the
general cell structure is invariant across all individuals and species. To il-
lustrate, all cells have nuclei but with different chromosomes. ’

Analogously, there could be many models, each built on top of DUAL
but with individual variations. The general architectural principles stay
the same; the exact structures and behaviors embedded in each model
differ. This chapter of the thesis deals with the general principles of DUAL
which are supposed to remain invariant across all DUAL-based models. The
next chapter will describe additional features that are spemflc to the
AMBR2 model.

2 TTriavilas
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3.1.3. Levels of Description

DuaL-based models are complex systems; biological organisms are even
more so. Analysis of such systems must proceed 'at different levels of
granularity. In anatomy, there are subdisciplines devoted to the particular
levels: cytology studies the cells, histology — the tissues, and so on. In du-
alogy — the study of DUAL — there are no subdisciplines but still it is
useful to analyze the architecture with respect to the following three lev-
els:

The microlevel (agent level) deals with DUAL agents. Relevant topics
here include the internal structure of a agent, its-information-processing
abilities, the differences among agents of different types, etc.

The mesolevel (coalition level) deals with coalitions of DUAL agents. A
coalition is a set of agents and a pattern of interactions among them. Coa-
litions have two very important properties: they are emergent and dy-
namic. Thus, the mesolevel deals with the interactions between the DUAL
agents, the emergence of non-local phenomeria out of local activities, the
dynamics of the organization of DUAL agents into coalitions, etc.

The macrolevel (system level) deals with formations of DUAL agents
and with whole models. Formations consist of big populations of agents
and define the macroscopic structure of DUAL models. It is at this level
where psychological concepts like retrieval, mapping, and analogy start to
play the lead. They help describe the overall behavior of DuAL-based
models and to compare them with other cognitive models and with hu-

. mans.

The table below summarizes the three levels used in the analysis of
DuAL and the corresponding basic eoncepts:

level of analysis basic concept
micro-level DuAL agent
meso-level coalition -
macro-level . formation

These levels are not independent. In fact, it is impossible to tell them
apart. To illustrate, any analysis of coalitions crucially depends on the °
properties of their individual members. Conversely, a large part of the de-
scription of a DUAL agent is devoted to its interactions with other agents.
Changes made at one level propagate to neighboring levels, recursively. A
major challenge of DUAL’s design is to establish coherence not only within
but also across levels. This requires thinking at multiple levels at once.
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3.2. DUAL at the Microlevel

This section describes DUAL at the microlevel. At this lowest level of
granularity, the entity of main interest is the DUAL agent: its internal or-
ganization and operation, as well as the ways of interaction with its peers.
Micro-agents are very important in DUAL because everything in the ar-
chitecture ultimately boils down to them and their interactions. They are
the ‘building blocks’ that compose larger structures — coalitions, forma-
tions, and systems. Therefore, detailed and unamblguous specification of
this basic structural and functional unit is fundamental to the specification
of the architecture as a whole. '

3.2.1. The Hyii_fid Nature of DUAL agents

. DUAL agents are hybrid entities. They bring together

“ideas that are usually considered in opposition. In DUAL, op-

posites are not treated as irreconcilable antagonists but

rather as complementary aspects of a harmonious whole.

This fundamental philosophical tenet penetrates the archi-

tecture and is especially evident in the hybrid nature of the micro-agents.

Moreover, DUAL agents are hybrid in two ways. On one hand, they
have both connectionist and symbolic aspects; on the other, they serve
both as representational and processing units. These two dimensions are
orthogonal and thus form the four aspects shown in table 3.1.

Representation | Processing
Connectionist activation spreading
aspect level . activation
Symbolic symbolic symbol
aspect structures manipulation

Table 3.1. Different aspects of Dual agents. (Compare
with table 3.2.)

From the connectionist perspective, each DUAL agent is a unit in an
artificial neural network (Rumelhart & McClelland, 1986). It has an activa-
tion level attached to it and continuously spreads activation to other
agents. In this way, there is a pattern of activation over the population of
DuAL agents. This pattern changes dynamically as agents gain or lose ac-
tivity. .

From the perspective of the classical symbolic approach to cognitive
modeling, DUAL agents are symbols — they stand for something else. Con-
cretely, they represent various concepts, objects, relations, etc. In addition,
to this representational aspect, there is a procedural one: agents mani-
pulate on symbols. They can receive symbols from other agents, store
them in local memories, transform them (thus producing new symbols) and
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so on. All this makes the symbolic aspect of DUAL agents somewhat com-
plicated. On one hand, they are symbols; on the other, they can contain
symbols and manipulate on them®.

It should be emphasized that all four aspects shown in table 3.1 are
tightly coordinated. The connectionist aspect influences the symbolic one
and vice versa. Similarly, the procedural aspect depends on the declarative
one and so on. This cohesion between the different aspects of a DUAL
agent ensures its integrity. The DUAL agent is .one hybrid entity rather
than a combination of parts. A

3.2.2. Interactions and Links

The presentation so far reveals that DUAL agents interact intensively
with one another. These interactions are very important because they are
the fabric that combines micro-agents into larger complexes. Thus, they
form the bridge from the microlevel to the meso- and macrolevels. More-
over, interactions are the key factor for the emergence of non-local phe-
nomena out of local activities. :

Interactions in DUAL are relatively simple — they always involve only
two micro-agents. Multi-agent coalitions are tied up by a number of bi-
lateral interactions. Moreover, interactions are unidirectional. That is, only
one of the part1c1pants in each interaction plays an active role the other
one being passive or even ignorant.

3.2.2.1. Types of interactions

DuaAL interactions .are of two kinds: a micro-agent can either ‘see’
something from another agent or ‘say’ something to it. Less metaphori-
cally, the first agent can read or send some information to the second
agent. The type of the interaction depends ont which aspect of the second’
agent is involved. In interactions of type read, the first agent reads the de-
clarative aspect of the second; in interactions of type send, the first agent
sends some information to the procedural aspect of the second. In either
case, it is the procedural aspect of the first agent that carries owut the in-
teraction.

To enable interactions of type read, the declarative aspect of each
DuaL agent is public — all agents in the architecture can potentially read
it. The agent does not ‘notice’ whether, when, and who reads its declara-
tive aspect. Therefore, the interaction of type read is an extremely weak
form of interaction. In fact, one of the participants does not even notice its
involvement in it at all.

8 To make the story even more complicated, many of the symbols manipulated by

DuaL agents stand for other DUAL agents (which aré in turn symbols themselves)
That is, there are symbols which stand for-other symbols.
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To enable interactions of type send, each DUAL agent has a place
where other agents can put information. This place is called input zone
and is considered part of the procedural aspect of the DUAL agent (see fig-
ure 3.2.2.1). Each agent in the architecture can potentially send informa-
tion to everyone else. The receiving agent does ‘notice’ whether and when
something is put into its input zone but cannot trace its origin. Thus, this
second type of interaction in DUAL is also relatively weak, although less
weak than the first type.

Figure 3.2.2.1. Schematic outline of the two types of DUAL
interactions. The left micro-agent reads the declarative
aspect of the right micro-agent and sends information
to its input zone. :

. The current specification of the architecture does not provide for any

other types of interactions. In particular, DUAL agents do not communicate
via some elaborate protocol that involves queries and answers, acknowl-
edgment of receipt of information, recovery from transmission failures, ac-
cess regulation and the like.

3.2.2.2. The hybrid nature of DUAL interactibns

DUAL interactions are hybrid just as, DUAL agents are. Henge, the
whole architecture is hybrid as everything ultimately boils down to DUAL
agents and their interactions. DUAL is hybrid at the microlevel and this
hybridity propagates to the upper levels.

The declarative/procedural dualism is represented by the 1nteract10ns
of type read and send respectively. A DUAL agent can read the declarative
aspect of another agent and/or send something to its procedural aspect.
Moreover, the two types of interaction are integrated: the black-and-white
distinction between read and send is made here chiefly for descriptive
purposes. In practlce DuAL agents interact through a judicious mix of
both.

The symbolic/connectionist dualism of DUAL agents is straightfor-
wardly extended to their interactions as shown in Table 3.2.

page 18




Type read Type send
Connectionist activation spreading acti-
aspect level . vation
Symbolic symbolic symbolic ex-
aspect structures change

Table 3.2. Different aspects of Dual interactions.
(Compare with table 3.1.)

3.2.2.3. Exchange of symbols

In this section we will describe in more detail the most complex DUAL
interaction — the symbolic interaction of type send. Other types are easier
to understand once this hardest type is mastered.

The elementary act of symbolic exchange is called a transaction. It al-
ways involves two agents: a sender and a recetver. The sender takes the
active role in the transaction: it determines what to be sent to whom. It
‘has an explicit reference to the receiver; it ‘knows’ its ‘name’. The receiver
simply receives; it cannot trace who has sent the incoming symbol, nor can
it refuse to accept it. (It can, however, choose to discard a symbol immedi-
ately after receiving it.)

In other words, transactions between DUAL agents are directional. The
information flows from the sender to the receiver. To achieve a flow in
the opposite direction, a second transaction with switched roles is needed.
In any given transaction, however, each agent participates either as a
sender or as a receiver.

&

A DuUAL agent can participate in several transactions simultaneously.
For example, some agent can receive symbols from agents A, B, and C and
send other symbols to agents A, D, and E. However, it controls only those
transactions in which it acts as a sender. In the example above, it can
choose to send the symbol X to A and the symbol Y to D but it cannot
even know who is the sender of the symbols it receives.

The specification of the architecture imposes no upper limit on the
number of simultaneous transactions for an individual DUAL agent. How-
ever, this number must never approach the total number of agents in the
system. As a consequence, almost all information-processing activities in
DUAL are done .locally. Complex tasks are carried out in small steps and

ultimately reduce to simple operations performed by individual agents and
simple transactions between pairs of agents. There is no central authority
that can control the entire system. Instead, the macroscopic behavior of
DuAL-based models emerges from a multitude of coordinated activities at
the microlevel. :

Transactions are elementary acts of exchange of symbols at a particu-
lar moment in time. They take very little time to complete. In contrast,
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interactions last much longer. Usually, the same two agents engage in suc-
cessive transactions over and over again. In this case, we say that they en-
gage in an interaction.

3.2.2.4. Exchange of activation

DUAL agents also engage in connectionist interactions of type send.
That is, they exchange activation. This exchange is done continuously (and
not in discrete steps). Therefore, we do not speak of transactions but only
of interactions in the connectionist context. The principles outlined in the
previous subsection still apply. In particular, the exchange of activation is
directional, there is a sender and a receiver, the sender takes the active
role and so forth. A DUAL agent can send activation to several other agents
simultaneously. Moreover, it can send different amounts of activation to
the different receivers depending on the weight of the interaction.

To summarize, interactions of type send are truly hybrid — they have
two aspects and these aspects obey the same qverall organization. Each in-
teraction involves a sender and a receiver, and boils down to transmission
of information from the former to the latter. Activation flows continu-
ously, while symbols are sent in discrete transactions. One micro-agent can
engage in multiple interactions either as a sender or as a receiver.

3.2.2.5. The rest of interactions

Interactions of type read are simple — a DUAL agent can read the de-
clarative part (both symbolic and connectionist) of another agent. The first
agent actively reads, the second does not even notice that something is
- happening. The only prerequisite for an interaction of this type is that the
- former has a reference to the latter.

Each DUAL agent can potentially have a reference to any other agent -
in the architecture. At any particular instant in time, however, a DUAL
agent can have only a limited (and relatively small) number of such refer-

- ences.

Permanent and temporary interactions: A large part of the interactions
in the architecture are permanent. In other words, the same two DUAL
agents are involved in the same interaction all the time. Permanent inter-
actions contribute to the stability of the architecture — they bind micro-
agents into coalitions and formations that persist. On the other hand, there
are also temporary interactions. They contribute to the dynamics of the
architecture.  New coalitions emerge on the fly to meet some particular
purpose. These new coalitions are formed in large part by means of tem-
porary interactions. Thus, the organization of a DUAL-based system is sta-
ble without being static. '
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3.2.2.6. Node-and-link terminology

Due to their importance, interactions are often reified and called links.
That is, they are treated as entities that exist in their own right. This is an
alternative terminology which is sometimes more convenient than the in-
teractive one. In particular, we can speak of the attributes of a link, nota-
bly its weight and label. We can also discuss different types of links, draw
diagrams using circles and lines, etc. For instance, the phrase ‘a population
of interacting DUAL agents’ translates into ‘a network of interconnected
nodes.” Throughout this report, both phrases mean the same thing. We
should always keep in mind, however, that the node-and-link terminology
is conventional®. ' )

Links in DUAL are used to transmit activation and symbols. Links are
directed — they have beginnings (senders) and ends (receivers). Links also
represent the ability of the first agent to read the declarative aspect of the
second one. An arbitrary number of links can come in and out any given
node (DUAL agent). Thus, agents are connected in networks like the one
illustrated in figure 3.2.2.2.

o

Figure 3.2.2.2. A simple network of interconnected DUAL
agents. Nodes (agents) are shown as circles, and links
(interactions) are shown as lines. Arrows indicate the
direction of the links.

Links are hybrid — they have two aspects. The connectionist aspect of
a link is called a weight; the symbolic aspect of a link is called a label. All
links in DUAL have both aspects at once. Each aspect, however, is visible
~ only to the corresponding aspect of the DUAL agents. The weight of a link
is a real number and is used in the process of spreading activation. The
label of a link is a symbol and is used by the symbolic aspects of the
agents for various purposes. Labeled links play an. important role in the
symbolic representation scheme used in DUAL.

3.2.3. Symbolic Representation Scheme

The question of knowledge representation is central to the design of
any cognitive system. In DUAL, it is addressed in a hybrid way;and at dif-

* To give the word to Drew McDermott (1981): “In lucid moments, [semantic] network

hackers realize that lines drawn between nodes 'stand for pointers [and] that almost
everything in an Al program is a pointer. [...] Their lucid moments are few.” '
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ferent levels. This subsection deals with the symbolic aspect of knowledge
representation at the microlevel.

3.2.3.1. General framewdrk

DuaL agents represent things — objects, concepts, events, situations,
images, programs for action, etc. The architecture provides for at least
three types of descriptions: modal-specific, motor, and conceptual. Modal-
specific descriptions are specific for some sensory modality: visual, audi-
tory, tactile, etc. Motor descriptions contain programs that control the ef-
fectors and execute actions in the environment. Conceptual descriptions -
deal with concepts, instances, relations, events, etc. For the third type of
descriptions, DUAL employs a frame-like representation scheme. The other
two types of descriptions are left unspecified for the time being. That is,
we take into consideration the presence of such DUAL agents in the archi-
‘tecture and we refer to them if necessary in our theoretical discussions.
However, we shall not consider their internal structure. It may be frame-
like as well or have some kind of analogical representation. In this report,
we refer to conceptual descriptions unless explicitly stated otherwise.

A frame (Minsky, 1975) is a collection of declarative and procedural
knowledge describing a conceptual unit such as a concept, object, relation,
action, event, situation, etc. If we concentrate on the declarative aspect of
a frame, we can think of it as a complex node with many- links that come
in or out of it to connect it to other nodes. In fact, declarative knowledge
is represented by these links, the node being merely a focus which can be
referred to and where links cross. The links are implemented by slots and
facets in the frame. In addition to these declarative structures, there may
be procedures attached to the frame (or some of 1ts slots).

The notion of frames appears in DuaAL at two levels. Thus, we speak of .
microlevel and mesolevel frames (or, for short, micro- and meso-frames).
The former are nodes which can be referred to and where links cross; the
latter are whole networks of tightly interconnected nodes. The substrate
of micro-frames in DUAL are the micro-agents while meso-frames are im-
plemented by ‘coalitions (a.k.a. meso-agents). In this subsection, we will
discuss microlevel frames, postponing treatment of the mesolevel ones un-
til section 3.3.3.

3.2.3.2. Frames, slots, and facets

Each DUAL agent is a microlevel frame. More precisely, it is the sym-
bolic, representational aspect of a DUAL agent that is a microlevel frame
(cf. table 4.1). It has slots which in turn may have facets. This forms a hi-
erarchical structure that can be parsed and manipulated by symbolic rou-
tines. Slots and facets are placeholders — they may be (and usually are)
filled up with fillers. Many fillers are references to other micro-frames
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and thus link the given DUAL agent to its peers. Figure 3.2.3.1. gives an
example.

color-of:
:type :concept
: subc physical- relatlon
:slotl
:type :aspect
:c-coref object
:slot2
:type :aspect

:c~-coref color

Figure 3.2.3.1. An example of a micro-frame. It represents
a particular concept — the relation color-of. The
micro-frame has four slots. The first two of them de-
scribe the concept as a whole: it is an instance of the
concept physical-relation. There are also other
slots that describe the operands of the- relation.
Physical-relation, object, and color are refer-
ences to separate nncro—frames Compare with figure
3.3.3.1. .

There are two major kinds of slots: general slots and - frame-specific
slots (or G-slots and S-slots for short). The former have predefined se-
mantics that does not depend on the particular micro-frame owning the
slot. There are different kinds of general slots depending on their labels.
The set of all possible slot labels is limited, specified in advance, and rec-
ognized by the symbolic machinery in DUAL. It includes labels like type,
subclass, and instance-of. The architecture defines a set of slot labels
that are used in all DUAL-based models. This set is the basic vocabulary of
knowledge representation in DUAL. Each particular model may add model--
specific slot labels to this basic vocabulary.

In contrast to general slots, frame-specific slots does not have invariant
semantics. Thus, slotl in framel may mean something verysdifferent
from slotl in frame2. Frame-specific slots also have labels but these are
only void identifiers serving to distinguish one anonymous slot from the
other. They are not recognized by the symbolic machinery in the architec-
ture. By convention, frame-specific slots typically are labeled slotl,
slot2, slot3, and so on. Each DUAL agent may have zero, one, or more
such slots. :

The specification of the architecture in its present state makes no
commitment on the maximum number of S-slots that may be possessed by
a DUAL agent. It is clear, however, that this number should be kept within
reasonable limits (e.g. about seven). On the other hand, the number of G-
slots is limited too as it cannot exceed the size of the vocabulary. As a con- |
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sequence, the total number of slots (both general and frame-specific) that
may be possessed by a DUAL agent is limited.

Frame-specific slots (and only they) have facets. Facets can be con-
ceived of as slots within slots. More precisely, they are like G-slots within
S-slots. Facets have labels taken from the same vocabulary. That is, the
same set of labels applies to both G-slots and facets. To illustrate, a micro-
frame may have a G-slot labeled type and at the same t1me have a S-slot
(labeled slotl) which has a facet labeled type.

3.2.3.3. Slot filler types

There arew’;stringent restrictions on the types of objects that can serve
as slot- or facet fillers in DUAL. This imposes discipline in the knowledge
representation scheme used in the architecture.

Tags are simply identifiers such as :concept, :instance, and
:situation. The vocabulary of possible tags is limited and is specified in
- advance on a-per-slot basis. For instance, the filler of the : type slot of the
DUAL agent illustrated at figure 3.2.3.1 is a tag..

References provide a means of referring to other micro-frames and
their slots. Each micro-agent in DUAL has a name. Agent names are arbi-
trary symbols that serve to identify the agents. Agent names are unique
— two different DUAL agents cannot share the same name. Therefore, a
- name unambiguously identifies its owner and can serve as a reference to
it. There are two types of references: to a micro-frame or to some of its

" slots. The latter are expressed by appending .the name of the slot to the

name of the micro-frame, e.g. color-of.slotl.

color-of-17:
:inst-of color-of
:slotl
:inst~-of color-of.slot2
:slot2
:inst-of color-of.slotl

Figure 3.2.3.2. Slot fillers that are references to other mi-
cro-frames or their slots.’

Lists are heterogeneous ordered collections of elementary fillers. Using
lists, a single slot may have multiple fillers. For instance, color-of may
be a subclass of both physical-relation and binary-relation. This is
represented by a : subc slot whose filler is a list of two referengés.

Lwee,szs o
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3.2.3.4. Vocabulary of slot labels

Each micro-frame describes some entity — a concept, object, event,
etc. General slots describe the entity as a whole while frame-specific slots
describe its parts. Each G-slot contains a particular piece of knowledge
about the entity. G-slots with different labels specify different aspects.
Therefore, the set of possible slot labels define the vocabulary of know-
ledge representation in DUAL. The labels from this vocabulary are recog-
nized by the symbolic machinery in the architecture. To illustrate, a sym-
bolic routine may examine the type slot of a given micro-frame and un-
dertake different actions depending on its filler. :

Any slot whose label does not belong to the vocabulary is treated as a
specific slot. Such slots correspond to parts® of the entity being described
by the micro-agent. Each facet of the S-slot contains a particular piece of
knowledge about the part under consideration. Facets with different
names specify different aspects of that part. Facet labels are taken from
the same vocabulary as G-slot labels. .

The specification of DUAL defines a basic vocabulary that is used by all
models built on top of the architecture. It contains, at the time being, the
following slot/facet labels: type, subc, superc, inst-of, instance, c-
coref, m-coref, a-link, t-1link, and procedure. Each one of them de-
fines a specific kind of G-slot or facet. Each kind of slot (resp. facet) serves
‘a particular purpose in the micro-frame (S-slot) which is summarized in
. the table below. ’

5 The term part here should be understood broadly. It is intended to cover concepts
like parts of objects, elements of situations, participants in relations, and so forth.
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Slot name Filler type Purpose

type tag Spécifies the type of a frame or slot.
subc (list of) reference | Connects a subqlass toa superclass.
superc (liét of) reference | Connects a s.upérclass to a subclass.
inst-of v(?list of) reference | Connects an instance to a class.
instance (list of) reference | Connects a class to an instance.
‘c-coref (list of) reference Connects; to some other conceptual de-

scription of the same entity.

m-coref (list of) reference | Connects descriptions in diff. modalities.
a-link (list of) reference Arbitrary association.
t-link (list of) reference | Temporary association.

procedure | (list of) reference | Attached procedure -

Table 3.3 Basic vocabulary of slot and facet labels in DUAL.

3.2.3.5. Interactions and links revisited

The table of slot kinds (table 3.3) reveals that most of the slots and
facets in the micro-frames are filled up by references. These references
are very important. They are the fabric that combine microlevel frames
into macrolevel ones. More generally, they combine DUAL agents into coa-
litions and formations. :

Interactions in DUAL, extensive and ubiquitous as they are, are very
simple. An agent X reads from or sends something to another agent Y. In
both cases, X must have an explicit reference to Y. Very often, X contains
this reference as a filler of one of its slots or facets. As slot fillers seldom
change, X tends to engage in transactions with Y over and over again. In
other words, there is a prolonged interaction between the two agents.

Using the node-and-link terminology, we say in such cases that there
is a link between the two nodes. So; thé phrase: “there is a link from
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agent X to agent Y” means that agent X has a slot (or facet) that is filled
up by a reference to Y. The total number of slots in a given micro-agent is
limited. Therefore, the number of links going out of the agent is limited
too. :

A micro-frame has a number of slots as the corresponding DUAL agent
interacts with many other agents. These interactions depend on the label
of the slot (facet) that contains the reference to the receiver. For example,
a-1link slots do not induce any symbolic interactions. In the node-and-link
terminology, we say that the link has a label. The label of the link is iden-
tical with the label of the slot or facet that contains the reference. In this -
way, we can speak of different kinds of links rather than of different
kinds of interactions. We can also draw diagrams that conveniently visual-
ize the organization of micro-frames into meso-frames.

'3.2.4. Connectionist Aspect of DUAL agents

The symbolic representation scheme discussed so far has significant -
expressive power. It enables DUAL models to represent concepts, objects,
events, situations, plans, etc. These representations, however, are rela-
tively static. (More precisely, they are static if' we neglect the creation of
new nodes and links.) Thus, they fail to capture the dynamics that is char-
acteristic of human cognition.

To overcome this limitation, DUAL employs a dual representation
scheme. Facts are represented symbolically, while their relevance to the
particular context is represented by connectionist means. Each DUAL agent
(and hence each micro-frame) has an activation level attached to it. There
is an automatic process of spreading activation that continuously restruc-
tures the knowledge base, making some nodes more accessible and others
completely inaccessible. Thus, knowledge representation and processing in.
the architecture become dynamic and context-sensitive.

This subsection outlines the connectionist aspect of individual DUAL
agents. It will be described following the general PDP framework
(Rumelhart et al., 1986).

Figure 3.2.4.1. Schematic outline .of the connectionist as-
pect of a DUAL agent (after Rumelhart et al., 1996).
The itnput zone receives and accumulates the net input
net (t), the activation function F updates the activa-
tion level a(t), the output function G transforms acti-
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vation into output o(t), which is sent farther via
weighted links.

3.2.4.1. Activation, input, and output

Each DUAL agent is a node in a neural network. More precisely, it is
the connectionist aspect of the agent that is such a node (cf. table 3.1). It
continuously receives some activation from its neighbors, transforms this
activation, and sends it farther. To do this, each DUAL agent is equipped
with the connectionist machinery described below.

Activation_level. Each DUAL agent i has an activation level a,(t) at
any given moment. The activation level is a real number that varies and
can take any value from the interval [0;M). In other words, activation in
DuaL is a non-negative continuous function of time (which is continuous
too). The agent is said to be tnactive when its activation level is zero. In-
active agents are also said to be dormant (Hofstadter & Mitchell, 1991).

Input zone. Each DUAL agent has an input zone which receives the in-
coming activation. When receiving activation, -the agent is in passive posi-
tion — it cannot refuse to receive the activation nor can it trace its origin.
The incoming activation is summed algebraically into the mnet input
net, (t). This input embodies the connectionist influence of other micro-
agents. It is a real number that can take any value. Some DUAL-based
models may employ agents with two separate input zones: excitatory and
inhibitory. The former accumulates excitatory net input enet,(t); the
latter — inhibitory net input inet, (t).

&

Activation function. The activation level changes continuously under
the influence of the net input. The law that governs this change is speci-
fied by the activation function. -

Output function. While the activation function regulates the internal
state (actlvatlon) of the agent, its external output is regulated by the out-
put function G, (a,(t)). From a connectionist perspective, the output func-
tion determines the amount of activation that.the DUAL agent sends to its
peers. The output function transforms the activation level a, (t) 1nto an
output o (t) = G,(a,(t)).

Different DUAL agents within a single model may have different acti-
vation and output functions. Usually, all agents of a given kind share the
same functions, though the specification of the architecture does not insist
on that. The exact nature of the functions is part of the specification of
the concrete DUAL-based models.
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3.2.4.2. Weighted links

The output of a micro-agent influences the input zones of the agents
that are interacting with it. The former acts as a sender in the interactions
and the latter — as receivers. Using the node-and-link terminology, we
can say that the node sends activation to its neighbors via links. When the
interaction between two agents is such that the output o, of the sender j
increases the net input net, of the receiver i, we say that there is an ex-
citatory link from j to i. Conversely, when o, decreases net,, we speak of
an tnhibitory link. (When the receiver has two input zones, excitatory links
increase enet:i and inhibitory links increase inet,.)

The output o,(t) of the sender is distributed unevenly among the re-
ceivers. Each one of them gets a portion of the output proportional to the
weight of the corresponding link. The weight w,, is a real number in the
interval [-1;+1] which indicates what portion of the total output of the
sender j will be allocated to the particular receiver i. To illustrate, if
w,, = 2w, then the receiver i will get two, times more output from j than
the recelver k. Negative values indicate 1nh1b1t10n with the same magni-
tude.

Weight normalization. The numbers attached to the links are raw
weights. They are normalized to produce the normalized weights that con-
trol the spread of activation. Normalization is a linear transformation of
the weights so that the sum of the absolute values of normalized weights
equals one. Due to the normalization, there is implicit competition between
the nodes receiving activation from a given sender — the more they are,
the less output is allotted to each of them. e

Links and references. As it was stated in subsection ?47.2.3.5., the phrase
“there is a link from agent X to agent Y” means that agent X has a slot (or
facet) that is filled up by a reference to Y. In other words, links between
DUAL agents are actually references contained in their slots. Each refer-
ence is not only a symbol but also has a connectionist aspect, namely a
number between -1 and +1 attached to it. This number is the raw weight
of the link. Figure 3.4.2. illustrates:

electrical-appliance:

: type :concept

: subc (artefact 1.0) )

:superc ({plate 0.5) (fridge 0.4) (lamp 0.4))
:a-link ((electricity 0.5) (instrument 0.2))

Figure 3.2.4.2. Example of references with different (raw)
weights. Compare with figure 3.2.4.3.

This DUAL agent is connected to six other agents: artefact; plate, -
fridge, lamp, electricity, and instrument. The link between each
pair of agents is actually a reference that fills some slot of electrical-
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appliance. The symbolic aspect of a link is its label. It is the same as the
label of the corresponding slot. The connectionist aspect of a link is its
weight. It is attached to each reference. The symbolic machinery ‘attends’
only to the labels of the links; the connectionist one — to the weights.

€ JlyC T

Figure 3.2.4.3. A DUAL agent that interacts with six of its
peers. Each interaction (link) has a label and a weight.
Compare with figure 3.2.4.2.

3.2.4.3. Availability, visibility, and speed

The connectionist aspect of DUAL agents influences the symbolic one
by determining the agent’s availability that will be discussed in this sub-
section. -

The overall behavior of a DUAL-based system emerges out of the col-
lective activities of a large number of individual DUAL agents. Each one of
them contributes to the gross product in different degrees depending on
their availability. The notion of availability contributes very much to the
hybrid nature of DUAL agents — is merges all four aspects summarized in
table 3.1. The connectionist aspect computes the availability, which is then
- used as power supply to the symbolic aspect. Moreover, availability, like
the agent itself, has declarative and procedural aspects. The former is
called visibility, the latter — speed. '

Visibility. A DUAL system may consist of thousands of agents, each of
which contains some particular small piece of knowledge. At any given
" moment, however, only a small fraction of this large knowledge base is
visible. The symbolic processes that take place in the architecture can op-
erate only on visible declarative elements. In addition, more active (and
hence more visible) data elements are more attractive to the procedural
machinery and thus are more likely to be taken into consideration.

The visibility of a DUAL agent is measured by its activation level a(t).
Therefore, visibility is a non-negative real number that changes over time.
Agents with a(t)=0 are invisible to any symbolic processing that takes
place at the moment. In order to be processed by the symbolic routines,
the agent must first be activated by the connectionist mechanism. When
its activation level a(t) gets high enough to pass the threshold imposed
by the activation function F, the agent will become visible (a (t)>0). For
example, if the micro-frame that represents the concept color is inactive, it
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is not visible and hence will not be included in any symbolic structures
that are being built. An external observer can interpret that the system
ignores colors because considers them irrelevant at the moment. If, how-
ever, the micro agent color participates in a coalition with some other
agents that are active, it may receive support from them and become visi-
ble. When this happens, it gets the chance to be heeded by the procedural
machinery. Moreover, this chance increases, when the activation (and
hence visibility) of the DUAL agent increases. For instance, if a choice has
to be made between two micro-agents, the more visible one will be pre-
ferred.

Speed. The availability of a DUAL agent determines not only the visibi-
lity of its-declarative aspect but also the speed of its procedural aspect.
Very active agents work rapidly and thus determine system’s overall line
of computation, low-active ones work slowly, striving for more power, and
inactive ones do not work at all. As the pattern of activation over the net-
work of agents changes, the speed of individual processors changes ac-
cordingly, making the computation performed by DUAL-based models dy-
namic and context-dependent.

The exact mechanism for incorporating speed and visibility into the
symbolic machinery in the architecture is described later in this section. At
the moment, we turn to the description of the symbolic processing per-
formed by individual DUAL agents.

3.2.5. Symbolic Processing

A great deal of the computation in the architecture is symbolic proc-
. essing — creation, interchange and modification of symbolic structures.
Although symbolic processing is in many respects similar to the connec-
tionist processing performed by DUAL agents, there are important differ-
ences. The similarities are that both symbolic and connectionist processing -
involve receipt of information in the input zone, transformation of this in-

. formation, and finally its redistribution. The differences are in the details

"~ but are nevertheless very important. First of all, symbolic processing is
discrete while connectionist one is continuous. Second, symbolic processing
is more complex and has greater diversity. This additional complexity is
evident from figure 3. 2 5.1. which outhnes the symbolic aspect of a DUAL
agent.




Figure 3.2.5.1. Schematic outline of the symbolic aspect of
a DuAL agent. The micro-frame contains declarative
knowledge. The input zone receives symbols from
other DUAL agents. They are processed by a symbolic
processor and may be stored ‘in the buffer and/or sent
via labeled links that are described in the micro-frame.
Compare with figure 3.2.4.1.

3.2.5.1. Local memory

Each DUAL agent has local memory in which it stores symbolic infor-
mation. Part of the local memory is permanent; the rest is volatile memory.
When the agent loses its activation and goes to dormancy, permanent
memory is retained and volatile memory is not. Thus, when the agent is
‘reactivated later on, volatile memory is empty while the content of per-
manent memory is intact.

The permanent memory keeps the symbolic declarative aspect of the
DuAL agent. That is, it stores the micro-frame with its slots, facets, and
fillers. Given the importance of the frame-like symbolic representation
scheme, it turns out that most of the declarative knowledge in the archi-
tecture is stored in these memories. They are the substrate of the long-
term memory of DUAL-based systems. -

Most slot fillers in the micro-frame are references to other DUAL
agents. Therefore, in the node-and-link terminology it could be stated that
the permanent memory keeps the links connecting thé DUAL agent to its
peers. Links are stored together with their labels and (raw) weights.

Permanent memory is available for inspection from outside the micro- -
agent through interactions of type read. This, however, is possible only
when the agent is visible. Visibility is computed by the connectionist as-
pect and depends on the activation level of the agent.

In contrast to the permanent memory, velatile memory is wiped out
when the agent’s activation level drops below a certain threshold. Part of
the volatile memory is the input zone. It is used in interactions with other
DUAL agents and more specifically in interactions of type send. The input
zone is the place where other agents can put symbols and symbolic struc-
tures. These symbols are then processed by the local symbolic processor.

The rest of the volatile memory — the buffer — is for agent’s private
use. It is inaccessible from outside the micro-agent. The symbolic processor
uses it to store intermediate results of its symbolic operation and to keep
track of the markers that have passed through the micro-agent. The
buffer may also contain temporary links to other DUAL agents (namely t-
link slots filled with references). These links are not used by the symbolic
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machinery of the agent; they participate only in the process of spreading
activation.

It is 1mportant to stress that the size of the whole local memory is lim-
ited. That is, the total number of symbols that can be stored in it is lim-
ited. The declarative memory holds only the micro-frame and thus does
not exceed the maximum size of DUAL micro-frames (see subsection
3.2.3.2.). The input zone and the buffer are also postulated to be limited.
The specification of the architecture in its present state makes no commit-
ment about the actual limits nor specifies what happens when the limit is
exceeded. The latter situation, however, should hardly ever occur in well- -
tuned DUAL models.

To sum up, the permanent memory holds the micro-frame of the agent
-and is available from outside through interactions of type read, the input
_zone supports interactions of type send, and the buffer is for private use.
The latter two kinds of memory are volatile — they are wiped out when
the agent’s activation falls below a threshold. All aforementioned types of
memory comprise the local memory of the DUAL agent. The local memory
of each agent is limited in size. The symbolic processor can access all kinds -
of memories.

3.2.5.2. Operations, steps, and processes

A great deal of the information processing in the architecture is symbol
manipulation — deterministic construction, transformation,. storage, and
interchange of symbolic structures. We use the general term symbolic
processing to refer to these activities. They are distributed over the popu-
lation of DUAL agents and are carried out by their symbolic processors.

Symbolic processing is discrete and can be cafegorized into the follow-
ing segments of increasing complexity:

Symbolic operation. This is the smallest act of symbol manipulation in
the architecture. Symbolic operations are simple, atomic, and determinis-
tic. They may be conceived as elementary instructions of the symbolic pro-
cessor of the corresponding DUAL agent. To 1llustrate the act of decom-
posing the compound reference frame235.slot2 is a symbolic operation.
Another operation would be to check whether two symbols are identical,
to retrieve the filler of a slot, etc.

Symbolic operations constitute the finest grain of symbolic processing.
Bigger processes consist of sequences of operations. The repertoire of pos-
sible operations determines the overall reath of the symbolic processing in
the architecture. A long-term goal of DUAL Tresearch is to identify a basic
set of symbolic operations that are convenient to support the behavior
simulated by DUAL models. An additional, even more distant goal will be to
implement the basic symbolic operations with subsymbolic means. At pres-
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ent, however, we do not try to explicate. the exact set of operations or
their subsymbolic implementation. Instead, we take them for granted and
use them as building blocks.

The work of a symbolic processor is conveniently visualized in time
diagrams like those in figure 3.2.5.2. In such diagrams, there is a line that
represents the passage of time. Thin segments on this line indicate idle pe-
riods, that is, time intervals in which the processor does not execute any
operation. Thick segments on the time line indicate busy periods. The dots
within thick segments mark transitions between individual symbolic op-
erations. Arrows indicate exchange of symbols with other DUAL agents.
Reading and writing in the local memory is not shown.

R S

Figure 3.2.5.2. Time diagram illustrating a typical case of
symbol manipulation. The symbolic processor is idle
until a symbol arrives into the input zone. This trig-
gers a sequence of three symbolic operations that re-
sult in the production and emission of another symbol.

Symbolic step. Symbolic operations lump together into symbolic steps.
These are sequences of operations performed by a single DuaL agent with-
out intervening symbolic interactions with other DUAL agents. (Charles
Hoare (1985) uses the term disjoint process.) Symbolic steps are the small-
est units with respect to the interactions between different DUAL agents
working in parallel. A symbolic step may begin, for example, with receipt
of a symbol from outside the micro-agent and end with emission ‘of an-
other symbol. The important thing is that by definition there is no inter-
change during the symbolic step. Therefore, an external observer can as-
sume that symbolic steps are atomic and ignore the elementary operations
that constitute them. In time diagrams, symbolic steps are shown as thick
(busy) segments that can have arrows only-at their endings:

or simply:

Figure 3.2.5.3. Alternative time diagrams of two consecu-
tive symbolic steps. In the second diagram the dots
delineating individual operations are omitted for sim-
plicity.

Rigid symbolic process. This is a fixed and a priory specified sequence
of symbolic steps. The specification of a rigid process is called a symbolic -
routine. Rigid processes are usually executed by a single DUAL agent but
may also be distributed across a (tight) coalition of agents. The important
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thing that makes the process rigid is the existence of an explicit routine
that specifies what operations are executed, upon what conditions, when,
and by which micro-agent(s). This makes the rigid process predictable and
reliable. It could also be tuned for efficiency. Therefore, rigid processes
are important ingredients of the overall information processing in DUAL.
Important ingredients, but not the whole story: rigid processing alone can-
not satisfy the demands on plausible cognitive behavior in a dynamic envi-
ronment (Kokinov et al., 1996). ’

In time diagrams, when several processors work in parallel, there are
several parallel lines in the diagram. Interactions are shown as arrows
connecting two lines.

a)

Figure 3.2.5.4. Rigid symbolic processes performed by one
DUAL agent (a) or by a coalition of three agents (b).

Emergent symbolic process. This is the most complex type of symbolic
processing in the architecture. The emergent symbolic process does not
(and cannot) have any complete a priory specification. It is distributed
over a number of interacting DUAL agents and the exact course of the
computation is determined dynamically by the interplay of various factors
(or pressures (Hofstadter, 1984)). Since these factors are numerous and
their influence is intricate, their net result cannot be described or antici-
pated a priory. Thus, although the whole procéssing in DUAL is determinis-
tic, the exact course of an emergent process is unpredictable. The bound-
ary between rigid and emergent processing is fuzzy. For instance, it is dif-
ficult to tell them apart on the basis of time diagrams. As a general rule,
however, the more a process is specified beforehand, the more rigid it is
and vice versa. :

Emergent symbolic processes by their very nature belong to the level
of coalitions (thé meso-level). Therefore, we postpone their discussion until
section 3.3.4 and concentrate on rigid processing below. -
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3.2.5.3. Speed of symbolic processing

Activation controls the rate of imformation -pi'ocessin.g.
It is the ‘energy’ that runs the ‘cognitive machinery’.
(Anderson 1983, p.86)

DUAL symbolic processors run at different speeds depending on-the ac-
tivation level of the DUAL agent. Very active agents run rapidly and thus
determine system’s overall flow of computation, low-active agents run
slowly, and inactive agents do not run at all. As the activation level of
each DUAL agent changes, the speed of its symbolic processor changes ac-
cordingly. This is a key factor to the computational dynamics that is a
characteristic feature of DUAL (Kokinov et al., 1996).

The exact mechanism that governs processing speed as a function of
the activation level is based on the following energetic analogy. Each sym-
bolic operation requires that the symbolic processor does a certain amount
of work to carry it out. Doing work requires energy which is supplied to
the symbolic processor by the connectionist aspect of the agent. The speed
of the computation depends on the power, i.e. on the rate of energy supply
and consumption. The same amount of work may be done rapidly if there
is enough power, slowly if power is scarce, or not at all 1f power is lacking
completely.

Most of these concepts have a counterpart in DUAL as the following ta-
ble demonstrates:

energy domain DUAL domain

work symbolic operation

amount of work A consumption C of an operation
consumer symbeolic processor

generator (power supply)  connectionist aspect of the agent
power P(t) activation a(t)

energy fE= fp(vyat accumulated activation fa(t)dt
efficiency coefficient n efficiency coefficient 1

The connectionist aspect of a DUAL agent serves as a power supply to
the symbolic processor. The amount of energy produced by the connec-

tionist aspect is given by the integral ;["a('r )dt. , where a(t) is the activa-

tion level of the agent, t, is some fixed initial moment and t>t . This inte-
gral defines the energy function E(t). When a (1) is positive in the inter-
Val (t, ), E(t) is an increasing function of t and thus has an inverse:
E™. The inverse function expresses the time needed for productlon of a
glven amount of energy: t-t, = E"(E). ;

The symbolic processor consumes energy in order to perfdrm symbolic

operations. In other words, the symbolic processor can be regarded as a
machine that transforms connectionist energy into symbolic work. Not all
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energy, however, is converted into useful work. There are some losses that
cover the internal needs of the processor itself. The efficiency coefficient 1
is defined as the ratio of the useful work to the total energy input: n=a/E
. The efficiency coefficient ranges from 0 to 1 and is a characteristic of the
symbolic processor. The processors of different DUAL agents have different

efficiencies. Those processors that perform highly automated tasks have 1
close to 1. In contrast, processors that perform novel tasks have low effi-
ciency.

With these definitions at hand, we are able to calculate the time
needed to perform a symbolic operation. Each symbolic operation has a pa-
rameter associated with it — its consumption C. This specifies how much
connectionist energy is equivalent to the amount of symbolic work embed-
ded in the operation. Each DUAL model specifies the consumption of each
kind of symbolic operations. These are parameters of the model. Another
set of parameters specifies the efficiency coefficient of each (type of) sym-
bolic processor. (The latter set of parameters can be adjusted through
some sort of learning — the basic rule is that efficiency increases with
practice.)

Now, in order to perform an operation with consumption C, a symbolic
processor with efficiency coefficient 1§ needs a total input of E=C/M units of
connectionist energy. This energy must be produced by the connectionist
aspect. This, however, takes time because the power of the latter is lim-

ited. The activation a(t) of the connectionist aspect is integrated over
~ time: B(t)= ,[t a(t)dt . When enough energy is produced by the connec-
" tionist aspect and then transformed into symbolic work, the symbolic op-
eration is completed. This happens at time t = t, + E*(C/1).

Can the energetic analogy be legitimately applied to the cognitive ar- -
chitecture DUAL? Yes, if one takes into account two more points:

: 1. The specification of DUAL postulates that if the activation level of an

- agent drops below a threshold, its symbolic processing is terminated and
all intermediate results stored in its buffeir are lost. In the context of the
present discussion, if a (1) becomes zero even for a moment, the whole op-
eration is aborted. When a (1) stays above zero (i.e. above the threshold),
the integral E(t) is monotonically increasing and the inverse function E™
is well defined.

2. The symbolic operations in DUAL are atomic. Therefore, the exact
Nite of 4\4{ process that takes place during the execution of an operation is irrelevant.
' wc\w afﬁ ol What matters is only the final outcome and the timing of its appearance.
7 .

\’C“"”‘“ i i€, The quantitative law defined in this subsection meets the qualitative
¢ bnecy specifications of DUAL set forth by previous publications on the architec-

o weed )o7t\‘Lc ture (Kokinov 1994a, 1994b). Indeed, when a DUAL agent is very active,
. WM. GSpec - _
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there is plenty of power for the symbolic processor. Hence, many symbolic
operations may be executed within small periods of time (see figure
3.2.5.5.a). In other words, active processors-run rapidly. On the othér
hand, when the activation level is low, power is scarce -and large time in-
tervals are needed for the symbolic processor to complete the same se-
quence of operations (figure 3.2.5.5.b). Finally, inactive processors do not

t all. :
run at a o) o)

7, s,
A N S A

Figure 3.2.5.5. Illustration of the mechanism for deter-
mining processing speed on the basis of activation
level a(t). Time t varies along the X axis, activation
a(t) — along the Y axis. Hatched areas represent en-
ergy or work. It is evident from the two diagrams that
the same amount of work takes little time when a(t)
is high (a) and much time when a(t) is low (b).

3.2.5.4. Asynchronous discrete operation

It is now possible to specify the operation of the symbolic procedural
aspect of DUAL -agents. Each symbolic processor has a hard-wired routine
that controls its operation. The routine specifies what symbolic operations
are performed, upon what conditions, arnd in what order. It may contain
branching (e.g. if statements) and loops. From an external point of view,
however, the routine unfolds into a linear sequence of symbolic operations.
The consumption C of each operation is known — it depends on the type
of the operation and on the visibility of its arguments. Moreover, C is de-
termined at the start of the operation. On the other hand, the effzczency
coefficient 1 of the symbolic processor is known too. Thus, the amount of

connectionist energy E (=C/m) that is needed for successful completmn of
each operation is known prior to its execution.

The symbolic processing performed by each DUAL .agent proceeds in a
discrete way — operation by operation. The specification of the architec-
ture postulates that the operations are atomic. That is, the exact process
that takes place within the symbolic processor is irrelevant. What is rele-
vant is the input/output relation of the operation and its overall duration.
The latter is computed by the formula t - £, = E"(C/"q) The outcome of
the operation takes effect exactly at the moment when enough actlvatlon

is accumulated: J a(‘L‘ )dt -C/T]
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These considerations are easily extended from individual operations to
bigger sequences — steps and rigid symbolic proces#o;?s In fact, symbolic
steps are at a more convenient level of granularity: they are bigger than
operations and at the same time they may still be considered atomic. They
are atomic in the important sense that, by definition, there are no interac-
tions with other DUAL agents during the step. From that follows that the
total consumption of the symbolic step can be determined prior to its exe-
cution — it simply is the total consumption of all comprising operations.
(The visibility of the operands cannot change during the step because
there are no interactions with other agents.)

Thus, as far as processing speed is concerned, there is no difference
between operations and steps. Both are atomic and their consumption is
known prior to their execution. Steps, however, have the advantage of
being bigger chunks. Therefore, at this stage of our research, we concen-
‘trate on symbolic steps and postpone detailed consideration of the exact
operations that carry them out. For instance, we say that the act of re-
ceiving a marker, storing it into the buffer, and sending a copy of it to an-
other agent is one single symbolic step with consumption €. We do not
consider the exact operations that carry it .out, as long as the right
marker appears at the right moment in the right place.

Symbolic steps are important as a unit of analysis because they shift
the discussion from individual DUAL agents to coalitions of interacting
DUAL agents. The very definition of the term ‘symbolic step’ refers to in-
teractions with other agents. Each one of them works at its individual
speed without synchronization with others. In other words, the agents run
asynchronously and discretely.

The beginning and end of each step can happen at arbitrary instants in
time. Each agent must be prepared to receive a symbol at any moment"
and cannot predict the exact occurrence of such symbols. Conversely, each
agent is free to send a symbol to another’agent without having to check
whether the receiver is busy or not. (The sender does have to check
whether the receiver is visible.) This considerably simplifies interactions in
DuaL. .

As the pattern of interactions is complex and each processor runs at
individual variable speed, the overall process soon becomes unpredictable.
This is true regardless of the strictly deterministic nature of DUAL agents
and the architecture as a whole. This is a general fact: asynchronous par-
allelism is inseparable from processors’ actions being random relative to
one another (as pointed out by Hofstadter & Mitchell (1991), who in turn
refer to Hewitt (1985)). This asynchronous -parallelism is a crucial factor
for the dynamic emergent computation in DUAL (Kokinov et al., 1996).

One of the consequences of this implicit randomness is that exact coin-
cidences in the architecture are exceedingly rare. More precisely, the
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probability of such coincidence is infinitesimally small (because the un-
derlying variables are continuous). In other words, two events virtually
never happen at exactly the same moment. Similarly, two DUAL agents
virtually never have exactly the same activation levels. This relieves
DuAaL’s specification of the burden of handling cases such as: “What hap-
pens when two markers come simultaneously; which one is processed
first?” The specification of the architecture postulates that information is
processed on a first-in first-out basis. Ties are (almost) impossible in the-
ory, very rare in practice, and may be resolved arbitrarily.

3.2.5.5. Data visibility -

Agent availability has two aspects — procedural speed and declarative
visibility. Both depend on the activation level of the agent (subsection
3.2.4.3.).

When the activation level is below the threshold, the agent is invisible
to the symbolic machinery in the architecture. It is impossible to distin-
‘guish by symbolic means whether a DUAL agent is invisible or does not
exist at all. In particular, if some (active) agent tries to establish a trans-
action with an invisible agent, it will fail. In order for the transaction to be
established, the second agent must first be activated.

The following scenario takes place in many cases: There is.a highly ac-
tive DUAL agent that tries to perform some action. The agent participates
in a coalition of interconnected agents. Since the agent is active, its part-
ners receive activation and become visible. This enables the symbolic proc-
essor of the first agent to gain access to the declarative knowledge stored
in other agents of its coalition. The procedure activates its data. An alter-
native scenario is possible too — data activating their procedure (which
leads to a data-driven mode of computation).

Data visibility, however, is not an all-or-nothing phenomenon. Once a
. DUAL agent passes the threshold (i.e. becomes visible), it may be visible to
different degrees. Visibility is directly proportional to the activation level
a(t). Highly active agents not only are visible to other agents, they also
tend to attract their ‘attention’. For example, if a choice has to be made
between two competing micro-agents, the more visible one will be pre-
ferred.

In addition,- active data may speed up operations that work:on them.
To that end, the consumption C of the operation should depend not only on
the kind of the operation itself, but also on the visibility of the operands.
The specification of the architecture makes no commitment about the ex-
act dependence — it is left to DUAL-based models.. This topic needs fur-
ther experimentation. Two possible formulas are; ¢ = ¢/Vand C = C~ -
k*V, where C is the consumption of the operation, C, is some predefined
baseline consumption, V is the visibility of the operand, and k is a prede-
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fined coefficient. Both formulas ensure that more visible operands are
processed faster.

3.2.6. Temporary DUAL Agents and Links

Most cognitive tasks require temporary structures in memory — rep-
resentations of the environment, intermediate results, hypotheses about
future events, etc. Consequently, any cognitive architecture must provide
a medium for building and maintaining temporary structures. In DUAL,
this service is carried out by temporary DUAL agents. They are akin to
permanent DUAL agents in all aspects but one: temporary agents disappear
when their activation level falls below certain lethal threshold. (In contrast,
permanent agents do not disappear; they simply become inactive and may
be recuperated later.)

Likewise, there are temporary links or, more precisely, slots or facets
labeled t-1link (see subsection 3.2.3.4). They are similar to permanent as-
sociative links (a-links) except that t-links are held in the. volatile
memory and hence cannot survive dormant periods. Both kinds of links
are ignored by the symbolic aspect of the architecture and are used for
connectionist purposes only.

A permanent DUAL agent (P) can mteract with a temporary one (T)
only via a temporary link. Other agent combinations (P-P, T-P, and T-T)
can employ any kind of link.

3.2.6.1. Construction of temporary agents and links

Temporary agents are created by specialized DUAL agents called node
constructors. They are equipped with built-in routines for constructing a
brand new temporary DUAL agent upon request. Each DUAL-based system
has a limited number of such node constructors and other agents compete
for them. In other words, node constructors are a centralized scarce re-
source. They are the only institution in the architecture that can create
new DUAL agents. Each new agent is given umque name that will serve as
a reference to it®.

Node constructors are recruited by other DUAL agents for the needs of
some computation. While a node constructor is working on some task; it is -
unavailable for other requests. Thus, it is possible that all node construc-
tors in the system are busy. On such occasions, symbolic processes that
need node construction are momentarily (or sometimes permanently) sus-
pended. When a node constructor has completed its job, it is released and
becomes available again.

§  This uniqueness does not imply centralized administration of names. Each node con-

structor can maintain an internal counter or some other means for generating unique
names without having to check for collisions with existing ones.
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Temporary links are constructed by the general mechanism for creat-
ing new slots. Namely, each DUAL agent is able to add a slot (or facet) to
its local micro-frame. The only difference. with t-1ink slots is that they
are stored in the buffer. In both cases it is the local symbolic processor
that creates the slot by executing an appropriate sequence of symbolic op-
erations. Non-local slots are harder to establish: if an agent wants to create
such slot, it must send a request to the prospective owner of the slct.

3.2.6.2. Destruction of temporary agents and links

The ‘life épan’ of temporary agents and links depends on the connee-
tionist mechanism. Temporary structures live as long as the activation
level of the agent is maintained high enough.

Whenever the activation level of a temporary agent falls below the
lethal threshold, the agent disappears from the system together with all its
slots, the contents of its buffer, etc. All references to the agent become in-
valid. When the connectionist aspect of some other agent tries to follow a
‘dead’ reference, the absence of the referent causes that reference to be
removed. In this way, all references to the temporary agent are removed
shortly after its elimination.

Temporary links are stored in volatile memory and are, therefore,
purged when the host becomes inactive (see subsection 3.2.5.1).

The hopeless fate of temporary agents and links might be remedied in
. future versions of the architecture. The projected learning mechanisms in
DUAL foresee promotion of temporary structures to permanent status. The
" intuition behind the architecture says that most of the permanent agents
and links have emerged as temporary structures that have later stabilized.
For example, one particular life history might be: :

t-link —— - > a-link - - > m-coref
.stabilization interpretation

" 3.2.7. Relafion to other theories

Neither ever quite the same, nor eve'rvquz’te another.
~ Gerard de Nerval

DUAL agents share many features with other theoretical constructs
used in cognitive modeling. They have obvious relationship with produc-
tion rules, connectionist units, frames, etc. At the same time, however,
DuAL agents differ from any of them. This subsection tries to contrast our
proposal with some of the alternatives.

H
4
4
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Representation Processing
Connectionist activation - spreading
aspect level activation
Symbolic symbolic symbol
aspect structures manipulation

Table 3.4. Different aspects of Dual agents. (Replica-
tion of table 3.1.)

The most important thing about DUAL agents is their hybrid nature.
They put together properties that are usually held in isolation (table 3.4).
Thus, the typical relation between DUAL agents and other constructs is in-
clusion. DUAL agents have the essential characteristics of production rules
plus something more. They have the essential characteristics of connec-
tionist units plus something more, etc. In addition to this general inclusive
relationship, however, there are some details in each particular case that
merit mentioning in brief.

Semantic network nodes: DUAL agents are very similar to semantic
network nodes (Quillian, 1969; Anderson & Bower, 1979). They are labeled
representations of concepts, objects, relations, events, and so forth. In ad-
dition, they are connected by labeled links and these links are essential to
the representational scheme. Finally, DUAL agents pass markers. On the
other hand, DUAL agents have many features — notably their connection-
ist and procedural aspects — that are alien to semantic network nodes.

Connectionist units: DUAL agents are also very similar to the units (or
neurons) used in connectionist models and in particular localist neural net-

.- works (Feldman & Ballard, 1982; Rumelhart & McClelland, 1986). They

perform numerical computations and spread activation along weighted
links. Moreover, their activation level is interpreted — in DUAL it repre-
sents context relevance. On the other hand, the same activation is used in -
a non-canonical fashion in the architecture: as power supply for symbolic
. processing. DUAL agents depart radically from the connectionist movement
- because they deal explicitly with symbols. Distributed representations and
" the emphasis on learning, which are characteristic of many neural net-
works, are not central to DUAL research, at least for the time being.

Production rules: Turning to the procedural aspect, DUAL agents have
much in common with rules (or productions) used in production systems
(Newell & Simon, 1972; Anderson, 1983, 1993). They perform small sym-
bolic actions when certain conditions hold. Thus, they embody efficient,
rigid procedural knowledge. In most production systems, however, the
rules are separated from declarative data — the latter are posted to a
blackboard where production rules add or remove clauses. In DUAL, the
symbolic processor of each micro-agent has private memory (input zone,
buffer, and a micro-frame). DUAL agents send messages directly to their
peers via references. They run at variable speed depending on their acti-
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vation level. Finally and most importantly, there is no global executive in
the architecture deciding which agent to run, resolving conflicts, etc. In-
stead, collective behavior is based on dynamic emergent computation.

Summarizing the comparisons so far, DUAL agents integrate features of

semantic network nodes, connectionist units, and production rules. All
these features are present in each DUAL agent at once. It should be noted,
however, that in different agents these features are represented to a dif-
ferent degree. More concretely, some micro-agents in the architecture
serve mostly as nodes — their raison d'étre is to staticly, declaratively rep-
resent something. Nonetheless, such agents take their part in the processes -
of spreading activation and marker passing. In contrast, other agents serve
mostly as rules: these are the agents of type: procedure. Still others
serve mostly as' distributors of activation. Despite these variations in the
emphasis, however, all aspects from table 3.4. can be found in any DUAL
-agent. )
" Frames: The integration of declarative and procedural knowledge
makes DUAL agents similar to frames (Minsky, 1975), schemas (Rumelhart,
1975), and scripts (Shank & Abelson, 1977). DUAL agents, however, are
much smaller than these complex structures. A full-blown script, for ex-
ample, contains a wealth of information about the participants, event se-
quence, preconditions, place of occurrence, and so on. This amount of in-
formation is far beyond the reach of a single DUAL agent. It would be rep-
resented by a whole coalition of micro-agents. DUAL coalitions, being dis-
tributed and having strong connectionist flavor, are closest to- schemata
(Rumelhart et al.,, 1986). To sum up, it is better to say that individual
DuAL agents are micro-frames (section 3.2.3.1) while coalitions are meso-
frames. '

Codelets: An interesting theoretical construct is proposed by Douglas-
Hofstadter (1984, 1995) and elaborated by his graduate students Melanie
Mitchell (1993) and Robert French (1995). Their codelets are ‘small pieces
of code’ waiting in a coderack for the chance to run. Each codelet has a
numeric attribute called urgency influencing the likelihood that .t will be
chosen. Thus, codelets fire with probability proportional to their urgencies
while DUAL agents run at speed proportional to their activation levels.
Both mechanisms implement the same general idea — dynamic emergent
computation (parallel terraced scan in Hofstadter’s terms).

Having listed some theoretical constructs that are similar to DUAL
agents, let us now turn to two other constructs which are not similar, de-
spite the appearance:

Turing machine: DUAL agents have s.ymbolic processors and local

memories, but do not have the full power of Turing machines because
their memories are limited (subsection 3.2.5.1). Moreover, the symbolic as-

page 44




pect of a DUAL agent is not closed in itself — a symbolic operation can be
aborted unexpectedly if the activation level drops below the threshold.

Autonomous agents: The term agent is used heavily in the areas of
multi-agent systems and social cognition (Castelfranchi & Werner, 1994;
Gilbert & Doran, 1994). In such contexts, however, the term usually refers
to entities that are much more complex and autonomous than DUAL
agents. The agents in a multi-agent system can, for instance, pursue ex-
plicit goals, maintain a model of the environment, negotiate with their
peers via an elaborate protocol, etc. This sophisticated behavior can be
achieved only by a whole system of DUAL agents. Individual micro-agents
are nothing more than cells in a bigger organism (section 3.1).

_3.3.‘DUAL, at the Mesolevel

This subsection describes DUAL at the mesolevel. At this intermediate
level of granularity, the entity of main interest is the coalition — a ‘team’
of collaborating DUAL agents.

3.3.1. The Need for Coalitions

DUAL agents are simple, they cannot do much in isolation. Therefore,
they depend on one another and form coalitions. A coalition is a set of
agents and a pattern of interactions among them. The members of a coali-
tion exchange activation and symbolic 1nformat1on :

Coalitions have three very important properties: they are decentralized,
emergent, and dynamic. None of these properties is present at the level of
individual DUAL agents (the micro-level). It is at the level of coalitions
where these properties appear in the architecture for the first time. Hav--
ing appeared at the meso-level, these properties propagate to upper levels
and become characteristic of the DUAL approach to cognitive modeling as a
whole. :

Coalitions play a.key role in DUAL-based models. They are at the right
level of abstraction for many purposes. Individual agents are so small that
become meaningful only within the context of a bigger structure. On the
other hand, the complexity of formations and systems (see section 3.4)
make them difficult to understand and to manage. It is, therefore, neces-
sary to have a conceptual apparatus that is at intermediate level of
granularity — the meso-level (see subsection 3.1.3).

The introduction of the meso-level and the notion of coalitions is
judged to be one of the important contributions of the present thesis.
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3.3.2. Types of Coalitions

The coalition is a set of agents and a pattern of interaction among
them. There are permanent coalitions in which the pattern of interaction
is stable and changes little over time. At the opposite end of the spectrum,
there are ephemeral coalitions, often involving temporary agents, which
fall apart after a while. Finally, there is a whole range between these two
extremes.

It is important to note that coalitions do not have clear-cut boundaries.
An agent can be involved in many of them at once, and to a different ex-
tent. Coalitions can ‘recruit’ new members, either permanently or tempo-
rarily. They may share members and thus ‘flow’ gradually from one into
another.

There are also ‘tight’ coalitions and ‘loose’ coalitions depending on the
intensity of the interactions among their members. Tight coalitions are
characterized by heavily weighted links and by intensive exchange of
symbolic structures within the coalition. By contrast, loose coalitions are
characterized by relatively weak links, often temporary ones, and by little
or no symbolic interchange. Again, there is a whole range between these
two extremes.

To follow the metaphor proposed by Douglas Hofstadter (1995), the
agents in a coalition are like molecules in a fluid. Tight coalitions are like
fluids with high viscosity — their molecules are much constrained by the
presence of other molecules in vicinity. For instance, if one agent from a
tight coalition is highly active then it is almost certain that all other mem-
bers are active too. Such coalition acts as a unit, it is like a drop of honey
that keeps its spherical shape regardless of the force of gravity. By con-
trast, loose coalitions have low viscosity — their members are little influ-
enced by their peers and are thus free to move around and even to
‘evaporate’, to.abandon the coalition. ~

It is important to stress that all coalitions in DUAL are in fluid phase.
None of them:are gaseous — an isolated DUAL agent will quickly lose all
its activation (due to spontaneous decay) and will drop out of the working
memory. None of them are solid — it is always possible that, e.g., a new
agent is included into a coalition; it is never forbidden a priory to have a -
blend between:any two coalitions, etc.

3.3.3. CoalitionS as Representations

Recall that DUAL agents can be seen as representational units — each
of them stands for some single entity. By extension, coalitions of agents
represent composite entities like propositions and situations. In the knowl- .
edge representation scheme adopted in DUAL even a simple proposition is
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represented by a number of agents. In such cases we say that there is a
meso-frame that consists of several micro-frames (cf. subsection 3.2.3.1).

From the symbolic perspective, a DUAL meso-frame is a coalition of
agents (micro-frames) tightly coupled with one another by many labeled
links. The links of type :subc, :superc, :inst-of, and :c-coref are es-
pecially important. In particular, slot fillers are conceptual coreferences
(:c-coref’s) to other frames or their slots.

To take a relatively simple example, consider figure 3.3.3.1. It depicts
the core of the coalition representing the fact that some teapot (dubbed
teapot=1) is colored in some specific shade 6f green. As is evident from
the figure, the exact boundaries of this coalition cannot be determined —
it is meshed with other coalitions representing that teapot-4 is a teapot,
that teapots are liquid holders (in addition to being artefacts), etc. In fact,
figure 3.3.3.1. shows many coalitions simultaneously (or rather only one
bigger and looser coalition). The figure is ‘centered’ around the proposition
color-of-1 (teapot-1, green-1), that’s all. Similar figures. can be
drawn around teapot-1, for example, stgbw_ing that it is. green, made of

-
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Figure 3.3.3.1. Example of a feso-framé depicted in the
node-and-link notation. For simplicity, only part of the
links are shown and all the connectionist aspect is
omitted. The micro-frame color-of-1 has two S-slots
filled by (references to) teapot-1 and green-1. It
also has an :inst-of slot pointing to the conceptual
agent color-of, etc. Compare with figure 4.2.3.

There is also a connectionist aspect of the meso-frame (not shown in
the figure). Each link is weighted and activation spreads between the
nodes via the links. For example, if the agent color-of-1 receives activa- -
tion from somewhere, it will pass it to its coalitions partners who in turn
will pass it to their partners and so on. Thus, if one member of a coalition

page 47



is active, the other members tend to be active too In tight coahtlons this
leads to synchronized availability of the agents involved. )

It is possible to add new information to a meso-frame. For instance,
some sort of perceptual mechanism’ could construct a new micro-frame
representing, e.g. that teapot-1 is on table-2. This new agent will then
join the coalition and thus will be involved immediately into the connec-
tionist and symbolic activities that take place at the time.

Meso-frames can be quite complex, much more complex than any of
the participating micro-agents). In this way, the expressive power of
DuAL‘s representation scheme is not limited by the restriction that each
agent can have only a few slots. Coalitions are limited only by the connec-
tionist mechanism that controls the activation level of their individual
members and hence indirectly restricts the number of agents that can be
active at a time.

The connectionist mechanism is responsible also for determining which
parts of a meso-frame are relevant. It is possible, especially in loose coali-
tions, that only part of their members are active enough to pass the
threshold. Thus, only part of the declarative knowledge stored in the
meso-frame will be visible. In other circumstances, another part of the
knowledge will be brought to the fore. This makes DUAL meso-frames dy-
namic and context-dependent, two desirable properties that pose difficul-
ties to conventional frame-based systems. These properties relate DUAL co-
alitions to schemata in some connectionist networks (Rumelhart et al,
1986).

o 3.3.4. Dynamic Emergent Computation

From a processing point of view, coalitions are important in DUAL be- |
cause it is at their level where non-local computation emerges. Each indi-
vidual DUAL agent contributes somehow to the collective performance by

~ doing its small and local-specific job. Each agent runs at its own speed and

- in parallel with other agents. To succeed in its task, the agent usually de-
pends on other members of its coalition. It cooperates with them and com-
petes with the agents from other coalitions. The net result of all these ac-
tivities is that the coalition as a whole does (or does not) accomplish some
computation that is beyond the reach of any individual agent. This accom-
plishment has resulted from an emergent process — it is not carried out by
any centralized processor following a rigid routine.

It is important to note that the interaction pattern among the partici-
pants in a coalition changes dynamically over time. New agents join in,
others stay back, fall out and so on. In the node-and-link terminology, the

7 Perceptual mechanisms are, at the time being, completely lacking in the architecture.

However, they are recognized as key ingredients of any plausible cognitive model and
incorporation of such mechanisms is an important direction for future research.
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topology of the network changes via dynamic addition and/or removal of
nodes and links. This computational dynamics plays a key role in the over-
all flexible and context-sensitive behavior of DUAL-based models (Kokinov
et al, 1996).

3.3.5. An Example: The Marker Passing Mechanism

The symbolic processors of many DUAL agents are preprogrammed to
perform local marker passing (LMP). It is outlined here as an illustration
of the symbolic processing in the architecture as well as a basic mechanism
for the AMBR model (subsection 4.3.2.).

Marker passing (MP) has been developed within the semantic network
tradition (Quillian, 1966; Fahlman, 1979; Charniak, 1983, Hendler, 1988,
1989). In its most basic form it is a tool for answering the question, “Given
two nodes in the network, is there a path between them?”. The idea be-
hind the marker passing is simple: the two modes of origin are marked,
they mark their neighbors, which in turn mark their neighbors and so
forth. Thus, each origin sets up a wave of markers that gradually expands
until some attenuation mechanism stops the marking. If the waves starting
from the two origins meet, one or more paths are found and reported.
These paths can then be used for various purpeses including natural lan-
guage comprehension (Charniak, 1983), planning and problem solving
(Hendler, 1988), similarity judgment (Kokinov, 1992b), etc. In AMBRZ the
“marker passing is used during the mapping subprocess: the intersection of
markers justifies the hypothesis that their nodes of origin correspond (see
section 4.3.2.).

. The global marker passing (GMP) in DUAL is a dynamic emergent proc-

ess that happens at the mesolevel. That is, it is a whole coalition of DUAL

agents that cooperatively produce the final result. Global MP depends on

local MP — the ability of each node in the network to receive and send -

markers. On the other hand, the important result — the intersection of

. two markers and the path connecting their origins — cannot be produced
- by any single node.

To take a concrete example, consider how AMBR2 generates the hy-
pothesis that teapot-1 corresponds to glass-2 on the grounds that both
are instances of the concept liquid-holder. Figure 3.3.5.1 shows the
relevant coalition of DUAL agents (using the node-and-link notation).
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Figure 3.3.5.1. Fragment of the semantic network used in
the marker-passing process. See text for details. _

Suppose that at moment t=0.0 the agent teapot-1 is activated from
some source external to the coalition. This will trigger a sequence of
events over the entire coalition that eventually will produce a new tem-
porary agent named teapot-l<-->glass-2 at moment t=5.3. The fol-
-lowing transcnpt which is adapted excerpt of an actual AMBR2 transcript,
reveals the major events during this process. (Agent names begin with the
prefix ‘#$’ and markers are printed as ‘#<M origin>’.) Compare the tran-
script below with the time diagram shown in figure 3.3.5.2. (See also sec-
tion 4.3.3.6.)

At time 0.0, adding #S$teapot-1 to WM.

At time 0.1, adding #Steapot to WM.

At time 0.3, adding #$liquid-holder to WM.

At time 0.5, #<M teapot-1> received in the input zone of #Steapot

At time 0.6, adding #$glass to WM.

At time 1.0, adding #S$glass-2 to WM. )

At time 1.1, #<M teapot-1> received in the input zone of #$liguid-holder.

At time 1.8, #<M glass-2> received in the input zone of #$glass.

At time 1.8, #<M teapot-1> received in the input zone.of #%artefact.

At time 1.9, adding #$solid-object to WM.

At time 2.3, #<M glass-2> received in the input zone of #$liquid-holder.

At time 2.4, #<M teapot-1> and #<M glass-2> 1ntersected at #S$liquid-

holder.

At time 2.8, #<NCR liquid- -holder> received in the input zone of #$ncl.

5.3,

At time creating a new agent: #$teapot-l<-->glass-2.

From this transcript, one can reconstruct the following story: Once
teapot-1 is activated, it spreads activation to its coalition Jpartners,
bringing them into the working memory (WM). They pass the threshold at
different moments, reflecting their different connectedness to the source
“of activation which in this case is teapot-1. In the same time, the sym-
bolic processor of teapot-1 is working and sends a marker to its ‘parent’
in the network, namely teapot. (Teapot-1 can reach its ‘parent’ via the
link labeled :inst-of.) The symbolic operation of producing and sending
a marker takes time and, therefore, the marker is actually sent to teapot
at moment 0.5. In turn, teapot sends a copy of the marker to liquid-
holder. The same operation (handling a marker) takes 0.6 time units be-
cause teapot is less active than teapot-1 and hence its symbolic proces-
sor works more slowly. The agent liquid-holder (like all other agents
earlier in the path) stores the marker in its local buffer. It also tries to
send the marker further but its parent is not visible — it has not been ac-
tivated enough to pass the threshold. Therefore, the marker stops.
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teapot-1
teapot
liquid-holder
glass

glass-2

ncl

Figure 3.3.5.2. Time diagram correspondmg to the tran-
script given in the text. : i

Meanwhile, the spreading activation’ mechanism continues to add
agents to the working memory. At time 1.0, glass-2 also passes the
threshold. Its symbolic processor is preprogrammed to emit a marker
whenever it enters the WM and, therefore, glass-2 begins working on
‘this task at time 1.0. This task takes 0.8 units of simulated time because
the activation level (and hence the speed) of the agent is relatively low.
The new marker is sent to glass at time 1.8 and eventually reaches 1ig-
uid-holder at time 2.3. The symbolic processor of the latter detects the
intersection of the new marker with the old one (which has been stored in
the buffer) and produces a node-construction request. This request is then
sent to a special agent (named ncl) capable of constructing temporary
agents. Creating a whole agent from scratch is difficult — it takes 2.5
units of time even for a specialized agent like ncl. The new agent enters
the working memory at time 5.3. It has three slots filled with references
to teapot-1, glass-2, and ligquid-holder, respectively. Now the topol-
ogy of the network has changed, the new state of affairs is shown in fig-
ure 3.3.5.3. The presence of a new node (ahd new links) will affect the ac-
tivation levels of all agents in this part of the network, which in turn will
affect their speed, etc. , v egmwéj

'Lafo '1(“)30419’:'2
Figure 3.3.5.3. The network from figure 3.3.5.1 after ad-

dition of the new agent named teapot-l<-->glass-2
2.

The excessive detail of the transcript’ presented above makes it dif-
ficult to see the forest behind the trees. If one turns off all messages ex-
cept the most important ones’, however, the emergent nature of the proc-

¥ or, better, if one has access'to a graphical interface
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ess becomes more clear. New agents are created at irregular and virtually
unpredictable moments in time. The exact course of the computation is
determined by a multitude of factors, each of which has relatively minor
impact on the final outcome. Yet the process exhibits certain regularities
— more active areas of the network generate more marker intersections,
the new agents created from these intersections are incorporated faster
into the network, which in turn gives them advantage over their rivals
and so on. Gradually, the process of dynamic emergent computation ad-
vances to completion. And the final product of the computation is
‘meaningful’ in most (but not all) cases.

3.4. DUAL at the Macrolevel

To summarize our presentation so far, at DUAL’s microlevel we speak
in terms of DUAL agents, at the mesolevel — of coalitions. Now, at the
highest level of granularity we speak of DUAL formations and systems. A
DuAL formation consists of a big population of agents — in the order of
hundreds or thousands in number. A DUAL. system consists of all agents
that are present at a given instant of time, regardless of whether they are
active or inactive, permanent or temporary, etc. The system embodies the
DuaL-based model as a whole. The behavior of the model is by definition
the behavior of the system and vice versa.

Different models built on top of the architecture may involve different
formations. Usually, there are only two or three formations which are
richly interconnected and form a unitary system. In this subsection, we
will present the formation that is present in all models — the DUAL net-
work. AMBRZ uses one more formation — the constraint satisfaction net-
work — which will be presented in the next chapter. '

3.4.1. The DUAL Network

Most of the agents and, therefore, most of the knowledge and proc-
essing in the architecture reside in the DUAL network. Its nodes are the
agents themselves, its links stand for interactions between them. There
are no restrictions on the topology of the network — an arbitrary number
of links may come in or out any given node.

Most nodes in the DUAL network are permanent but additional tempo-
rary ones may be created during the computation and added to the total
pool. Similarly, most links are permanent but additional temporary ones
may be established. Thus, the topology of the network is relatively stable
but not absolutely frozen. It changes with time and this is of major im-
portance for the overall dynamics of the system.

The collection of all permanent nodes and links in the DUAL network
comprise the long-term memory (LTM) of the architecture. It contains the
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system’s knowledge (both declarative and procedural) about the world.
LTM is very big — even for simple domains and situations one needs hun-
dreds or thousands of agents.

In any given moment, however, only a small portion of this large for-
mation is actually needed. DUAL provides special mechanisms, the most
important of which is spreading activation, for effectively determining
which agents (and coalitions) are relevant .to the particular task and con-
text. Recall that each agent has an activation level that is the sys-
tem’s estimate of its relevance. So, by definition the working memory
(WM) of the architecture consists of the set of all agents whose activation
level exceeds a certain threshold.

The working memory is the locus of almost all processing in DUAL and,
therefore, we will consider it in more detail. An agent can enter WM in
two ways: permanent agents enter it whenever they become active enough
to pass the threshold; temporary agents must be explicitly created and
linked to the network by a specialized node constructor. Agents stay in the
working memory as long as their activation level is maintained above the
threshold. When a permanent agent 'drops out’ of WM, it returns back to
dormancy and could enter WM again later. Temporary agents, however,
have no second chance y when they ’drop out’, they vanish altogether.

To sum up, the contents of the working memory may be expressed by
the following formula:

WM = active portion of LTM + temporai‘y agents .

This formula, however, is potentially misleading. It suggests- that the
temporary agents are somehow isolated from the rest. They are not. The
actual state of affairs is depicted in figure 3.4.1.

-

Figure 3.4.1. The long-term memory (LTM) of DUAL. Ac-
tive permanent agents are shown as @, inactive per-
manent ones y as o, and temporary nodes y as X.
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3.4.2. The Flow of Activation in the Network

Activation can enter the DUAL network from a special node called in-
put node. This node models the influence of the environment. In future
models it will be replaced by a whole formation — the visual array. At the
time being, however, the perceptual mechanisms in the architecture are
extremely limited. There is only one node which is a constant (and strong)
source of activation. The human user of the system attaches some agents
to that node, thus allowing for the spread of activation from the input
node to the DUAL network. In this case we speak of exogenous activation
(with respect to the network) It is the medium .of perceptual stimulation
in DUAL models

There are sources of endogenous activation too. Most importantly,
there is a special goal node which is always active. It is, in a very rudi-
mentary sense, the medium of the intentions of the system. When the
model is working on some task, the agent representing the goal of the task
is connected (again by the human user) to the goal node and thus receives
continuous and strong support from it. In DUAL, there may be several
goals connected to the goal node simultaneously and competing for the
resources of the system.

Finally, small amounts of endogenous activation may be spontaneously
created locally by the symbolic aspect of a given agent when the outcome
of its symbolic operation is especially successful.

In short, activation in DUAL springs from some well defined sources
and then spreads among the nodes via the links. The links in the network
. are excitatory — they have positive weights. This means that unless the
activation is restricted somehow, it will soon spread throughout the entire
network. The activation level of all agents will reach its maximum value
and the purpose of the whole mechanism will be defeated. To prevent"
this, there is a decay process which limits the total amount of activation
in the system. In the absence of external stimulation the activation level of
' any given agent decreases spontaneously by an exponential law. Therefore,
in order for an agent to stay active, it must receive support from neigh-
boring agents.

The decay rate, however, is not very big. This provides for a certain .
amount of inertia in the pattern of activation.’In other words, some resid-
ual activation stays for a while even after the external support has been
eliminated. As a consequence, recent states of the system can influence its
current one. Priming effects and sets (Einstellungen) can be modeled in
this way. The behavior of the model fits psychological data — priming ef-
fects (7) exist and (i7) decrease in the course of time (Kokinov 1990, 1994a).

As it was stated from the very beginning, DUAL is designed explicitly
to model the phenomena of context effects. The dynamic theory of context
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proposed by Boicho Kokinov (1995) is the foundation of this enterprise. In
‘the theory, context is considered as "the dynamic fuzzy set of all associa-
tively relevant memory elements (mental representations or operations) at
a particular instant of time” (Kokinov & Yoveva 1996). Further, distinction
is made between reasoning-induced, perception-induced, and memory-
induced contexts. Each one of these has a straightforward counterpart in
DuAL — endogenous, exogenous, and residual activation respectively.
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'CHAPTER IV

AN INTEGRATED MODEL OF
ANALOGICAL RETRIEVAL AND MAPPING

This chapter describes AMBR2 — a cognitive model built on the basis
of the DUAL architecture. ‘AMBR’ stands for ‘Associative Memory-Based
Reasoning’ (Kokinov 1988, 1994a) and has been conceived as a model with
very broad scope. It offers a unified account of deductive, inductive, and
analogical reasoning (Kokinov, 1988, 1992a). In this thesis, however, we
will concentrate only on analogical reasoning because the simulation ex-
periments performed with the model so far fall into this category.

One of the key ideas motivating AMBR research is that it is necessary
to develop integrated models. With respect to analogy-making, the long-
term goal is to develop a model which integrates all subprocesses men-
tioned in chapter 2: perception, retrieval, mapping, transfer, evaluation,
and learning. At the time being, however, two of them are elaborated in
much greater detail than the rest. Therefore, in this thesis we will con-
centrate only on these aspects of analogy making — retrieving a source
analog, mapping it to the target and the integration between the two.

In short, the present thesis is limited only to the AMBR2 model as it
currently stands'. Here and now, AMBR2 is an integrated model of analogi-
cal retrieval and mapping. We fully recognize the fact that the model thus
presented is incomplete and we view the current version of the model only
as an intermediate stage of a bigger project: AMBR3 will add transfer and
some elements of learning. Another DUAL-based project, PEAN; concen-
trates on perception and its integration with reasoning.

4.1. AMBR2 as a Psychological Theo-ry

As a cognitive model, AMBR2 has two complementary aspects: (i) it
puts forward some claims about the human cognitive system and (i7) it
puts forward (and implements) a concrete computational scheme for solv-
ing a restricted class of problems. These two aspects correspond but do not

! To give the word to Drew McDermott (1981): “If a thorough report on a mere actual

implementation were required, or even allowed, as a Ph.D. thesis, progress [in Al]
would appear slower, but it would be real.” (See section 1.4. for a bigger quotation.)
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overlap. For instance, we do not claim that humans pass markers in their
heads while solving a problem; marker passing is used only instrumentally
in AMBR2. On the other hand, we do claim that the process of human anal-
ogy-making cannot be partitioned into successive stages, each of which
works independently of the others.

From methodological point of view, it is important to keep these two
aspects separate. Following the dictum of Johnson-Laird (1989) to ‘make a
clear distinction between a program and the theory that it is intended to
model’, the two aspects of AMBR2 are treated separately in this chapter. .
The chapter begins with an outline of the theoretical tenets behind the
model. This is followed by a description of the exact computational mecha-
nisms used by AMBR2. Finally, it is demonstrated how these computational
mechanisms apply to the task of retrieving a source analog and mapping it
to a target. Throughout the chapter, special emphasis is given to the
points which are contrlbuted by the present thesis and cannot be found in
earlier publications.

4.1.1. Multiconstraint Theory

The differences among various alternative models of
analogy should mot obscure their commonalities. In par-
ticular, all of the models make some use of the three classes
of comstraints we have emphasized. The multiconstraint
theory reflects the convergence of theoretical developments
in the field. Analogy is undoubtedly one of the success sto-
Ties in cognitive science.

(Holyoak & Thagard 1995, p.261)

AMBR2, like its predecessor AMBRI], belongs to. the tradition set forth
by Gentner (1983) and Holyoak & Thagard (1989). It agrees with the view
that analogy-making involves alignment of the structural representations
of two problems or situations. It agrees with the view that this alignment
depends in one form or another on the following three constraints: (1)
structural constraint — the pressure to identify and use an isomorphism
between the descriptions of the two situations, (i) semantic constraint —
the pressure to identify and use correspondences between semantically
similar elements of the descriptions, and (iit) pragmatic constraint — the
pressure to identify and use correspondencesfor pragmatically important
elements of the descriptions.

Further, AMBR2 agrees that the aforementioned constraints are ‘soft’ —
they do not operate as unviolable rules but rather as competing ‘pressures’
(Hofstadter 1984) that restrict the space of possible solutions to a problem.
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4.1.2. Flexibility, Efficiency, and Context Sensitivity

AMBR2 is aimed at achieving the following properties that are charac-
teristic of human cognition:

Flexibility — the system should be capable of producing a broad
spectrum of behaviors. In the context of the present discussion, this im-
plies that the set of all possible outcomes of the analogy-making process
should be as large as possible. Humans do not seem to obey the restriction
that, e.g., relations are always mapped only to relations. Therefore, it is
highly desirable for a cognitive model not to ban any possibilities a priory,
however strange and infrequent they may be. .

Efficiency — the system should come up-with some answer within a
reasonable amount of time. In the context of the present discussion, this
implies that the set of actually considered alternatives should be quite
small. This requirement could be neglected when the problems presented
to the model are simplified but it quickly becomes crucial with scaling up.

Flexibility and efficiency are often in conflict with each other. Meas-
ures for increasing flexibility tend to decrease efficiency and vice versa.
For instance, the use of powerful all-encompassing techniques such as the
huge constraint-satisfaction network in ACME (Holyoak & Thagard, 1989)
opens the door for combinatorial explosion. On the other hand, the use of
optimized, resource-focusing methods such as ignoring object attributes in
SME (Falkenhainer et al., 1986) entails lack of flexibility.

There is, fortunately, a way out of this dilemma — it is possible to
keep the ‘search space’ unrestricted and open-ended and yet to explore
only a small fraction of it, thus escaping the eombinatorial explosion. The
regions (or ‘paths’) of the search space that are processed on each particu-
lar case are not prescribed in advance but are determined dynamically
during the run. We call this style of computation parallel dynamic proc-
esstng (Kokinov et al., 1996). The main idea is to explore several paths si-
multaneously but at speeds proportional to their promise (Holland, 1975;
Hofstadter, 1983; Kokinov, 1994a). This strategy guarantees that, averaged
over many trials, plausible solutions will be generated most of the time
and yet no solution is ruled out a priory This idea has been applied in
other models of analogy-making with impressive results (Hofstadter, 1995
Mitchell, 1993; French, 1995). :

One more consideration remains to be clarified: how to evaluate the
‘promise’ of a given path. The answer adopted in DUAL is: Context! It is
the context that gives cues about which regions of the search space are
relevant and, therefore, merit exploration. Moreover, relevance comes in .
degrees and varies over time, thus making the computation that depends
on this mechanism dynamic and context-sensitive.
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There are many demonstrations that the human cognitive system is
context-sensitive. Moreover, it is claimed that context-sensitivity can be
found not only in processes like perception and language understanding
(where it is widely accepted and unquestionable) but also at the level of
so-called higher cognitive processes such as reasoning and decision making
(Kokinov, 1990; Kokinov & Yoveva, 1996). One of the main objectives of
the AMBR2 model is to account for this context-sen51t1ve nature of human
analogy-making.

" 4.1.3. Analog Retrieval

This section discusses the issue of analog retrieval and presents a novel
explanation of some empirical phenomena reported in the literature.

4.1.3.1. The Task of Analog Retrieval

There is considerable evidence that the task of retrieving an appropri-
ate source analog from long-term memory is one of the major difficulties
in analogy-making. In particular, people often fail to access potentially
useful analogs even though it could be verified that these analogs are in
fact retained in their LTM (Gick & Holyoak, 1980, 1983). Other research
has shown that, although people are often reminded of prior problems,
events, or situations, these remindings are often based on similarities
among objects and attributes rather than on relational similarities (Holyoak
& Koh, 1987; Keane, 1987; Ross, 1984).

The task of analog retrieval can be stated roughly as follows: Given a
very large pool of episodes (problems, situations, etc.) and a probe (a new
episode), pick up one or a few eplsodes from the pool .that are similar tc
the probe.

This task quickly becomes computationally very difficult as the num-
ber of old episodes increases. Moreover, a cognitive model of analog re-
trieval should also account for the profile of human analog retrieval:

1. Retrieval is a relatively fast process — in most cases, an episode is
either retrieved rapidly or not at all. The time needed does not seem to
depend on the number of episodes stored in LTM. (It could depend on the
probe, however.)

2. The same person given the same probe is often reminded about
different episodes if queried on different occasions. In particular, there are
context and priming effects on retrleval

3. Retrieval seems to be domlnated by semantlc as opposed to struc-
tural similarity (Holyoak & Koh, 1987, Keane, 1987; Ross, 1984). '

4.Neverthe1éss, remindings based solely on shared relational structure
do occur, albeit infrequently.
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5. Episodes from a domain similar to that of the probe tend to be re-
trieved much more readily than episodes from remote domains (Keane,
1986).

6. Highly familiar episodes tend to be preferentially retrieved (Inagaki ‘
& Hatano, 1987, cited by .Hummel & Holyoak, 1997).

7. Retrieval is facilitated by learning conditions that encourage induc-
tion of an abstract schema from remote analogs (Gick & Holyoak, 1983).

8. More generally, retrieval is facilitated by learning conditions that
encourage intensive encoding of the original’ materials (Faries & Reiser,
1988, cited by Forbus et al., 1994b)

In addition, some researchers (Wharton et al.,, 1991) argue that re-
trieval is an inherently competitive process. More precisely, it is claimed
that people are more likely to retrieve an episode from LTM if it is the
best match available than if some other episode provides a better match.
We have refrained to include this finding in the list, however, because it is
not clear from the study whether the pattern of results could alternatively
be explained with the interference between -different episodes. Besides,
the notion of ‘the best match available’ hides certain conceptual difficul-
ties.

4.1.3.2. Models of Analog Retrieval

Numerous models of memory retrieval in general and analog retrieval
in particular have been proposed in the literature.

In case-based reasoning (Carbonell, 1983; Kolodner, 1993; Veloso, 1994),
retrieval is performed on the basis of specific LTM organization around a
carefully crafted indexing scheme. As Kokinov (1994a) and Forbus et al.
(1994b) point out, however, such indexing schemes can be very efficient
but lack psychological plausibility because they fail to match the pattern
outlined in the previous'subsection (e.g., they are not flexible enough).

In memory-based reasoning (Stanfill & Waltz, 1986), retrieval is per-
formed on the basis of a general measure of similarity between cases. Usu-
ally, this measure is simply the dot product between feature vectors, as in
many mathematical models of human memory. Flat feature vectors, how-
ever, are out of favor in analogy research because analogy-making is an
inherently structural problem

Two influential models — ARCS (Thagard et al., 1990) and MAC/FAC
(Forbus et al., 1994b) — use different. variations of a same general idea.
They address the issue of retrieval by a two-stage screening (cf. Smith et
al., 1974). Initially, a cheap filter is applied to all episodes stored in LTM. -
Then, the episodes that have ‘survived’ the first test are subjected to more
stringent (and computationally more costly) evaluation. (Figure 4.1.3.) The
second stage in both models is based on the machinery used for mapping
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— ACME and SME, respectively — although working in ‘economical’

mode. '
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Figure 4.1.3. Memory retrieval as a two-stage screening.

In a recent proposal — LISA — Hummel & Holyoak (1997) view re-
trieval as ‘a process of guided pattern classification, in which units repre-
senting stored propositions compete to respond to the distributed patterns
generated by an active “driver” analog’ (p. 47). Their model depends on
distributed representations over semantic wunits, an approach that has
much in common with the feature vectors mentioned above. LISA, how-
ever, escapes from the ‘flatness’ of such vectors by using dynamic binding
to represent structured propositions. An important advantage of LISA is
that the retrieval process is integrated with the process of mapping. Both
operate in the same fundamental way and on the same knowledge repre-
sentations. Thus, this model constitutes an interesting alternative to the
AMBR approach.

Spreading activation has also been used by several independent pro-
posals (Anderson, 1983, 1993; Anderson & Thompson, 1989; Holland et al.,
1986). The main idea here is to start by activating the probe and allowing.
this activation to spread through the LTM. Those memory elements that
become more active than others are considered as more plausible source
analogs.

AMBRI1 belongs to the category of models that depend on sprgading ac-
tivation (Kokinov, 1994a). It is also characterized by the fact that it inte-
grates retrieval and mapping. AMBR2 follows the track of its predecessor
but has modified many details. We will turn the discussion now to one
particular modification that, in our view, has broader. scope than that of
the AMBR2 model itself. '

4.1.3.3 One Problem with Retrieval Models

The models discussed so far assume explicitly or implicitly (at least to
the extent that can be judged from the articles) that all episodes stored in
the LTM are processed each time, although superficially. To begin with
the more clear examples, the first stages of ARCS and MAC/FAC in fact
do exhaustive parallel search of the whole epjsodic memory. That implies
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that the system has a complete list (or some equivalent thereof) of all epi-
sodes stored in the LTM. The same implication can be made for case-based
models, for feature-vector models, etc.

LISA seems to employ full connectivity between the semantic units
and all predicate and object units that they affect. More precisely,-if some
predicate (or object) P, involves the semantic microfeature S, then there
will be a link from the unit standing for S and the unit standing for P,.
Similar links will connect S with all other units P,, P,, ... P, that depend
on it. For instance, the microfeature animate (see Appendix B in (Hummel
& Holyoak, 1997)) is connected to all nodes standing for animate beings in
the LTM. .

AMBR2 could use analogous strategy. At first, we intended to put
:instance links from a conceptual node to each of its instances in the
network. The problem with this approach is that the number of such links
will become unacceptably big. A long-term memory of any realistic size
would contain thousands of different episodes and hence hundreds of in-
stances of a. given concept. This number would be greater for high-
frequency concepts such as cause’. In systems using distributed repre-
sentations the number of links is even greater because each instance has to
be linked to several semantic primitives instead to a single parent.

From a psychological point of view, it seems very unrealistic that there
are links to all instances of a given concept (or, in the case of LISA, to all
instances characterized by a given microfeature). A person could not possi-
bly enumerate all instances of the relation revolves-around that partici-
. pate in some episode stored in LTM. Even less likely is that some compu-
tational mechanism ‘visits’, however superficially and unconsciously, all
episodes that have been accumulated from-past experience.

The notion of having so many links is questionable from computational

. point of view as well. The spreading-activation mechanism becomes virtu-

- ally useless when the fan-out factor is in the order of thousands or tens of

thousands. In models using weight normalization (such as AMBR), having a

thousand links is equivalent to having none. Such links fail to transmit any
activation and yet they clutter the system.

It is important to stress that there is no problem with the links in the
opposite direction. It is reasonable, we think, to posit a :inst-of link
starting from each instance and pointing to the corresponding concept.
Those ‘bottom-up’ links, however, are not very useful for retrieval of re-
lated episodes (though they are certainly useful for other purposes).

With respect to this, the following excerpt from (Thagard et al., 1990) is quite in-
structive: ‘Because of their ubiquity and context independence, the followmg predi-
cates are not used as retrieval cues: cause, if, conjoin-object, conjoin-event,
become-true, become-false.’ (p.274)
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To sum up, it seems highly unlikely that the cognitive system keeps a
list (or some equivalent thereof) of all episodes stored in LTM. Conse-
quently, it is unlikely that human memory retrieval depends on thorough
search of the entire LTM (be it serial or parallel). Similarly, it is ques-
tioned whether the memory element(s) representing a given concept have
direct access to all memory elements representing instances of this con-
cept.

On the other hand, a person can usually enumerate some instances of
any familiar concept. In addition, directed association studies reveal that
activation of a concept tends to activate some of its 1nstances and in par-
ticular the more typical ones.

4.1.3.4. The AMBR2 Proposal

AMBR2 adopts the following memory organization with respect to the
problem outlined above. Part of the memory elements encode information
‘about concepts and their interrelations. In AMBRZ2 terminology, these are
‘agents of :type :concept. Another part of the memory elements encode
information about specific objects, events, situations, etc. In AMBR2 termi-
nology, these are agents of :type :instance. Elements of both kinds are
linked in a common network by various labeled links (see section 3.2.2.6).
In addition to having a label, each link also has a weight.

As a rule, each element of :type :instance has a :inst-of link
pointing to the appropriate concept. In the other direction, an element of
:type :concept may have :instance links to some of its instances. The
total number of such ‘top-down’ links is limited. Therefore, most of the
instances of any given concept are not directly accessible from.it. This re-
lieves the model of the implausible assumptions discussed in the previous
subsection. ) :

One more question remains to be clarified: which instances are
‘privileged’ to be accessible by their corresponding concept anid what is the
mechanism responsible for favoring ones and neglecting others.

The answer adopted in AMBR2 is that top-down links (and hence the
topology of the whole network) are subject to continuous restructuring.
The exact mechanisms for this are open for discussion but the main prin-
ciple is the following: when some instance has been activated and proc-
essed for sufficiently long time, chances are that a new memory trace will
be established. In AMBR2 terminology, a new top-down hnk will be created
or the existing one (if any) will be strengthened.
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New links are established at the expense of old ones. Again, the exact
mechanism is open for discussion but one natural approach is the follow-
ing: the new link is added to the total set of links leaving the correspond-
ing node with some non-zero weight. Afterwards, the total weight of the
links is renormalized again, which will decrease the weights of all older
links. If some welght becomes too low after the apphcatlon of this proce-
dure, the link is removed.

This mechanism ensures that at any given moment only a few links
will point ‘downward’ from any given cancept node. Stated differently,
there is retroactive interference between new instances (or episodes,
problems, etc.) and older ones. This interference restricts the number of
reliable memory traces without ruling out any particular element on a pn-
ory basis.

4.1.3.5. Explanation of Empirioal Facts

This subsection discusses the empirical facts outlined in subsection
4.1.3.1 in the light of the current proposal.. Related arguments can be
found in- (Kokinov 1994a, pp.276-8). For easy reference, we will use the
numeration from subsection 4.1.3.1.

Phenomena related to episode similarity have straightforward expla-
nation. Activation spreads from the instances of the probe along the bot-
tom-up links and activates the corresponding concepts, which in turn acti-
vate some other instances through top-down links. Episodes (or coalitions)
where activation converges will be retrieved and this happens either rap-
idly or not at all (phenomenon 1). Moreover, the time for retrieval does
not depend on the total number of nodes'in LTM..

It is clear that familiar episodes will be preferentially retrieved-
(phenomena 5. and 6.) because such episodes are more likely to be linked
to the corresponding concepts. Moreover, the conceptual network for fa-
miliar domains-is supposedly more elaborate, which provides more ‘hooks
for the instances. ~

In addition; retrieval is facilitated by learmng conditions that encour-
age intensive encoding of the original materials (phenomena 7. and 8.).
Such intensive encoding, among other things, increases the probability
that the representation of the problem being learned will be wired into
the network. (See Kokinov (1994a, p. 277) for additional discussion about
abstract schemas.) :

Phenomenon 2. deserves spec1a1 attentlon The same person given the
same probe on different occasions could be reminded about different epi-
sodes due to a combination of the following two reasons: (7) the connectiv-
ity among the memory elements changes from one occasion to the next as
a result of the experiences happened in the interim; (i7) the external con-
text on the two occasions.is different. The overall pattern of activation in
the network depends not only on the probe but also on the things that are
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perceived at the time. (Archimedes cried "‘Eureka!” only after he saw the
water spilling out of his bath-tub.)

We now turn to the questions that are specific to analog retrieval
(phenomena 2. and 3.) and have been in the focus of previous models
(Thagard et al., 1990; Forbus et al., 1994b; Kokinov, 1994a). -

Why is analog retrieval difficult? According to AMBR2, at least part of
the answer is the following: Spreading activation is an automatic process
and is beyond the control of the reasoner. The latter can influence the
outcome of the process only indirectly (Kokinov, -1994a). In addition, there
are several factors that limit the spread of activation. One factor of this
kind is the restriction on the number of top-down links proposed here.
Thus, many episodes that would be good source analogs reside in the LTM
but do not receive enough activation to enter the working memory.

Why does semantic similarity dominate retrieval? Activation spreads
mostly through links which have definite semantic interpretation. In par-
ticular, many links represent class/instance and superclass/subclass rela-
tionships. In this way, activation in effect spreads mainly (though not ex--
clusively) among semantically similar elements. The associative mechanism
does not distinguish between structural and superficial features so both
are used in retrieval. Since the number of superficial features used to de-
scribed a situation is usually greater than the number of structural ones,
retrieval as a whole is dominated by the former (Kokinov, 1994a).

There is an additional fan-out effect with respect to relations. The
relative frequency of relations is greater than that of objects and attrib-
- utes. A couple of dozens of relations occur again and again in each new

- episode. Due to retroactive interference, the ‘turnover’ of the :instance

links from the relational nodes is expected to be very high. As a result,
these nodes does not serve as good transmitters of activation in retrieval.
They get highly activated by the probe but the activation fails to converge
on a single episode in the LTM.

A prediction of the model is that low-frequency (and hence semanti-
cally more loaded) relations such as revolves-around will be stronger
retrieval cues than high-frequency relations such as in, greater-than,
and cause. This prediction has to be tested experimentally.

Why do ‘“insightful’ retrievals happen, after all? According to AMBRZ, -
the answer lies in the combination of the following four reasons. First,
there always is some small baseline probability for any episode to be re-
trieved. This stems from the fact that AMBR2 does not reject any possibili-
ties a priory. Therefore, in a big sample of trials one could expect a few
‘insights’ as well as a few ‘blunders’. Second, retrieval in AMBR2 is context-
sensitive. A particular episode could be facilitated by the external context
and/or by priming effects (Kokinov, 1990, 1994a).

Third, the retrieval process in AMBR2 acts in close interaction with the
mapping process. Thus, a semantically unrelated by structurally similar
analog could be retrieved as a result of a ‘hootstrap’ sequence of events.
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A fourth reason which is closely related to the third is that the re-
trieval in AMBR2 operates at the level of individual propositions, not at the
level of whole situations. This follows from the decentralized nature of the
knowledge representation scheme adopted in the model.

4.2. Knowledge Representation in AMBR2

This section begins the presentation of AMBR2 as a computational

“' model. It shows how the DUAL representational scheme is actually put to

~ work in AMBR2.
4.2.1. Types of AMBR2 Agents

According to the specification of the architecture (section 3.2.3.), each
DuaL agent has a micro-frame. The micro-frame is a bundle of labeled
slots. The semantics of a slot is determined by its label. Some labels (e.g.
type, inst-of) have the same interpretation in all micro-frames. They
form the basis of the so-called general slots (or G-slots). For instance, each
‘DUAL agent has a G-slot labeled type and the interpretation of this slot is
the same across all agents in the architecture. In addition to the general
slots, each micro-frame may have frame-specific slots (or S-slots) of its -
own. S-slots have dummy labels like slotl, slot2, etc. and are like sub-
frames within the frame. They have facets which have labels like the G-
slots. For instance, the S-slot labeled slotl may have facet labeled type.

The general slots and the facets of the S-slots are filled up by fillers.
In AMBR2 there are two Kinds of fillers — tags and references. Tags are
used mostly as fillers of the type slot to delineate the type of the inicro-
agent. Other slots are filled by references to other micro-agents, thus
linking the micro-frame to the bigger representational structure — the
meso-frame (section 3.3.3.). This subsection deals with the type slot and
the possible tags that may serve as its fillers.

Each agent in AMBR2 has a type slot that describes the type of the
agent. More precisely, the set of all AMBR2 type tags is the following:

sconcept — the micro-frame represents a whole class of instances;
einstance — the micro-frame represents a particular instance;

shypothesis — the micro-frame represents a hypothesis about a
tentative correspondence between two concepts or two instances;

-teinporary — denotes that the micro-frame (and the whole agent) is
temporary (see section 3.2.6.);

sobject — the micro-frame represents an object, an attribute value,
or some other non-relational entity;

erelation — the micro-frame represents a relation (poss1bly with a
single argument);
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esituation — the micro-frame stands as a common reference point to
the spatio-temporal unity of a coalition of micro-frames (see section
4.2.3.), .

sembryo — used only for ‘embryo’ hypotheses (see section 4.3.3.4.);
emature — used only for established hypotheses.

These tags can be used in conjunction with one another to account for
the variety of agents employed by the model. For instance, the type slot
of some agent can be filled by the list (temporary instance relation)
thus stating that the agent under question is a temporary agent standing
for an instance of some relation.

There are rules that restrict the combinations among different type
tags. For example, all agents of type hypothesis are also temporary.
Therefore, despite the big number of possible type combinations, there are
only three major types of AMBR2 agents: concept-agent, instance-agent, and
hypothesis-agent. Thus, the first three tags from the list above are the
most important. The remaining tags mark type subdivisions.

AMER ~AGENT .
covceeT WWSTANCE HYPoTHESIS
PEEMANEMT  TEMPORARY Em s/fzi’o MATURE

Figure 4.2.1. Main types of AMBRZ agents.

4.2.2. Representation of concepts and objects

With full awareness that AMBR2 agents are nothing but ungrounded
symbols (Harnad, 1990), we follow the common AI terminology and say
that they stand for ‘things in the world’. We also use mnemonic agent
names like fire, cause, etc. Those names are irrelevant for the model it-
self, the program would work just as well (or as bad) had the agents been
named ag001, ag002, etc.’

Concept-agents represent classes. of entities. Different concept-agents
stand for different classes (or ‘concepts’). The taxonomy of classes is rep-
resented by subc and superc links between concept-agents. Each class

?  Indeed, the first version of AMBR (Kokinov 1994a) used such void names. It was very

instructive from a philosophical point of view as it laid bare how little ‘knowledge’ the
program actually had. It was not very practical, however, because it hindered enor-
mously the process of developing, tuning, and documenting the model.
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may be linked to zero, one or more super- or sub-classes, different. links
possibly having different weights (section 3.2.4.2.)

Instance-agents represent individual instances. Each instance agent has
an inst-of slot filled by a reference to the concept-agent representing
the class of the instance. The specification of AMBR2 postulates that each
instance has exactly one ‘parent concept™. Figure 4.2.2. illustrates.

liquid-holder:
: type {(concept object)
:superc teapot
teapot:
:type {concept object)
rsubc - liquid-holder
sinstance teapot-1
teapot~1: ,
s type (entity object)
:inst-of teapot
teapot-73:
:type (entity object
temporary)
:inst-of teapot
a) b)

Figure 4.2.2. Example of concept-agents, instance-agents,
and possible relations between them. Each micro-
frame can have additional slots (not shown in the fig-
ure). All connectionist aspects are omitted.

Some instance-agents are temporary (see section 3.2.6.). They are"
marked by a temporary tag. Absence of such tag means that the agent is
- permanent. Temporary agents does not belong to the long-term memory of

~ the system. Rather, (it is supposed that) they have been constructed dur-
ing the recent computation by some perceptual or inference mechanism. In
the current version of AMBR2, temporary instance-agents are used to rep-
resent the target situation or the problem that the model tries to solve. In
contrast, permanent instance agents are used for all situations stored in -
the LTM. Concept-agents are always permanent.

Concepts and instances alike are characterized by one more tag in their
type list — object, relation, or situation. These tags are mutually
exclusive. An object tag means that the micro-frame represents some ob-
ject or a class of objects. All agents in figure 4.2.1.2. belong to this cate-
gory. Sometimes, the same tag is used for other non-relational categones
such as colors, temperature qualifiers, etc. In contrast, the relation tag is

*  This restriction does not diminish the expressive power of the representation scheme
because the complex cases can be handled through c-coref links.

page 68 -




used to designate micro-frames that represent some relation. Such micro-
frames usually have frame-specific slots that-represent the arguments of
the relation. AMBR2 treats attributes (cf. Gentner, 1983) as one-argument
relations. Finally, there are agents of type situation. Contrary to the
name of the tag, such agents do not represent whole situations. Rather,
they represent the spatio-temporal unity of a coalition of micro-agents (see
subsection 4.2.3.). This additional information is used by the structure-
correspondence mechanism.

4.2.3. Representation of Propositions

Individual AMBR agents are small and their micro-frames cannot rep-
resent much. Therefore, even relatively simple representational units like
propositions need to be represented by a coalition of agents (section 3.3.3.).
In the case of propositions, such coalitions are small and very tight.

color-of:
:type (concept relation)
: subc physical-relation
:slotl |
:c-coref object
:slot2
:c-coref color . ‘ nst-of

color-of-1:

:type (instance relatlon)
:inst-of color-of
:slotl
:inst-of (color-of . :slotl)
:c-coref teapot-1
:slot2 :
:inst-of (color-of . :slot2)

:c-coref green-1

teapot-1:

s type (entity object)

:inst-of teapot

:c-coref (color-of-1 . :slotl)
green-1:

: type (entity object)

:inst-of green

:c=coref (color-of-1 . :slot2)
a) ' b)

Figure 4.2.3. A coalition of four micro-frames representing
the proposition color-of-1(teapot-1l, green-1).
Compare with figure 3.3.3.1.

There is an agent that represents the head of the proposition. In figure
4.2.3., this is the micro-agent color-of-1. It is of type relation and is
an instance of the concept color-of. The arguments of the relation are
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represented by S-slots in the heading micro-frame. More precisely, the
two slots of in-1 represents the roles of the two operands. The concept-
agent defines which is which. In this case, slotl is an object and slot2 is
its color. (Note that the same slot labels will have completely different
meaning when used in other micro-frames.)

The arguments (or roles) of the relation are bound to the actual enti-
ties involved in the particular instance of that relation by conceptual
coreferences (or c-coref’s for short). In figure 4.2.3., the first S-slot of the
micro-frame color-of-1 has a facet labeled c—coref and this facet is
filled by a reference to the agent named teapot-1. In a nutshell, the ex-
istence of c-coref links between two micro-frames (or their slots) mean
that the two frames represent two complementary aspects of the same en-
tity. In our example,-these links represent the fact that teapot-1 and the
first argument of color-of-1 are one and the same thing. Similarly, the
second argument of the relation is bound to the partlcular shade of green
that happens to be the color of teapot-1.

It is important to stress that the agents shown in the figure convey in-
formation about a number of -other facts besides the proposition
color-of-1(teapot-1l, green-1). In particular, teapot-1 is an in-
stance of teapot, color-of is a kind of physical-relation and so
forth. Thus, each agent shown in figure 4.2.3. participates in a number of
overlapping coalitions. Alternatively, it could be said that the small coali-
tion participates in a bigger coalition (a meso- frame) representing a whole
situation.

4.2.4. Representation of Situations

AMBR2 differs from its predecessor in the representation of situations-
(or problems). AMBR]1 used centralized representation, AMBR2 — decen-
tralized. This subsection considers the advantages and disadvantages of
.these two possibilities.

4.2.4.1. Centralized Representation

The centralized representation of situation is characterized by the ex-
istence of a micro-frame standing for the situation as a whole. This micro-
frame is called head of the situation. The head brings together all agents
that build up the representation of the situation. There is one S-slot for
each element — object or relation. The head is linked to all elements and
some elements are linked back-to the head, thus creating a network like
the one schematized in figure 4.2.4.1. In addition to the ‘vertical’ links be-
tween the head and its elements, there are ‘many ‘horizontal’ links between
the elements themselves.
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Figure 4.2.4.1. Schematic outline of centralized represen-
tation of a situation. There is one head that is con-
nected to all elements of the situation. Cf. figure
424.2.

The centralized representation has a number of advantages. First, the
situation has distinct identity. There is a frame that represents it as a
whole. Thus, it is clear who is ‘responsible’ "for the situation. To begin
working on a problem, for example, it is sufficient to put the head on the
goal list. To decide which situation ‘wins’ certain competition, it is suffi-
cient to compare the activation levels of the heads, etc.

Second, all relevant aspects of a given situation are collected at one
place. In other words, the frame problem is solved in advance. (Though it
is the human programmer, not the program, who has solved it.)

Finally, the task of mapping one problem to another is greatly facili-
tated. It is transformed into a task of establishing slot-to-slot correspon-
dences between two micro-frames. After the correspondences have been
found, it is clear which elements of the source situation are left unmapped

.. and are thus potential candidates for transfer.

Each of these advantages can be viewed as a disadvantage in the same
time. From a psychological point of view, it is controversial whether each -
episode in the LTM has such distinct and clear-cut identity. It is comfort-
_ able to suppose that Hamlet and Westside Story are salient and well-

. defined chunks for many people. It is acceptable to suppose that the ra-
- diation problem (Dunker, 1945) is sufficiently self-contained chunk for
some psychologists and a few of their subjects (Gick & Holyoak, 1983). The
problems used to test AMBR, however, deal with mundane episodes such as
boiling a pot of water. Most of the situations fall into this final category
and it is far from clear whether the assumption that they are represented
in such neat and centrahzed fashion is warranted.

Second, centralized representations tend to be too static and inflexible.
The elements of a situation are defined in advance and special steps need
to be taken in order to add a new element or to remove an old one.
Moreover, some-researchers (Chalmers et al.,, 1992) argue that the models
that start from hand-made representations of the problem by-pass the
most difficult and essential part of analogy-making. Both AMBR1 and
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AMBRZ2 are susceptible to this criticism but AMBR2 is a little less so due to
the decentralized nature of its representations.

Finally (and very importantly), the slots in the heading micro-frame
become too many. Even the simple situations used in the simulation ex-
periments so far require that the head has at least ten S-slots. For realistic
situations this number would be in the order of one hundred. When the
number of slots is that big, however, the frame problem re-appears
again — it is necessary to specify which of the many elements of the
situation are relevant to the task at hand. The big number of slots contra-
dicts the specification of DUAL (subsection 3.2.3.2.). Worst of all, the fan-
out effect makes the connectionist mechanism very inefficient. Even when
the head is very active it fails to activate its children because the weight
of each individual link is very small (due to normalization). When (and if)
this finally happens, there comes another problem — the coalition becomes
so stable that it never leaves the working memory because the reverbera-
tion is stronger than the decay.

As a respond to these problems, AMBR2 has abandoned the centralized
representation used by its predecessor. The shift to decentralized repre-
sentations poses problems in its own right but also offers a number of
substantial improvements.

4.2.4.2. Decentralized Representation

The main idea of decentralized representations is to represent the
situation as a coalition of micro-frames without designating any of them as
a center. Figure 4.2.4.2. illustrates. It is possible, though not required, that
some (salient) coalitions have a head, but even in these cases the head is
primus inter parens. It is not special in any way and do not have access to
all elements of the situation. )

Figure 4.2.4.2. Schematic outline of decentralized repre-
sentation of a situation. There are many intercon-
-nected agents, none of which is in a privileged position
with respect to the others. Compare with figure
424.1.

With decentralized representations, the principal unit of analysis is the
meso-frame (see subsection 3.3.3). Thus, micro-frames (i.e. individual
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agents) can have only a few slots and yet it is possible to represent big
situations. It is easier to add a new element — there is no. need to
‘register’ it in the head.

In addition, decentralized representations are more natural for the con-
nectionist aspect of DUAL. The representation of a situation integrates
smoothly with the rest of the network. The associative mechanism can
determine the relevance of the elements of a situation, activating only
some of them on each particular occasion. There are many ‘entry points’ to
the meso-frame, not just one (the head). The pattern of connectivity is
evenly distributed among many agents, thus reducing the fan-out factor.

Meso-frames are emergent, flexible, and with fuzzy boundaries (sub-
section 3.3.3.). As there are no fixed and predefined representation rules,
each particular situation can be described in a way that is most suitable
for it and is not identical with other situations. Thus, it would be easier to
design a perceptual mechanism that incrementally builds such representa-
tions. :

Of caurse, all these advantages come with a price: situations no longer
have guaranteed and easily available identity. This is good from psycho-
logical point of view, as it offers possibilities for modeling complex analo-
gies, blends, etc. From computational point of view, however, decentrali-
zation of representations increases the complexity of the mechanisms that
operate on them. In particular, the task of mapping becomes much more
difficult. AMBR2 has developed a number of specialized features like sec-
retaries, embryo hypotheses, etc. to cope with.this problem.

4.3. Computational Mechanisms Used in AMBR2

This section describes the four basic computational mechanisms used in
the model: spreading activation, marker-passing, constraint-satisfaction,
and structure-correspondence. The next section shows how these mecha-
nisms work together in a problem-solving task.

4.3.1. Associative Mechanism

One of the key factors in human mtellzgence is the
ability to identify and to utilize the knowledge that is rele-
vant to a particular problem.

' (Anderson 1983, p.86)

The purpose of the associative mechanism is to determine the rele-
vance of each particular piece of knowledge, bringing relevant pieces into
the working memory (Anderson, 1983; Kokinov, 1994a). The associative
mechanism in AMBR2 relies on the connectionist aspect of DUAL architec-
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ture. The connectionist aspect is outlined in sections 3.2.4. and 3.4.2. It is
not repeated here. This section is devoted to the basic formulas that are
peculiar to AMBR2. :

AMBR2 uses a modified version of the Grossberg activation function
(Grossberg, 1978; Holyoak & Thagard, 1989). The modifications were made
to meet the following requirements of DUAL'’s specification:

e Time is continuous. (Or, the length of one elementary connectionist
cycle is negligibly small with respect to the macroscopic time scale.)

e Activation level of all agents is always non-negative and is bounded
by some maximal value M.

e All links in the long-term memory are excitatory®.

e There is a threshold 6 that clips small activation levels to zero.

If we neglect the threshold for the momeént, the activation level a of
any single nade in the AMBR2 network is governed by the following differ-
ential equation:

a(ty) = a,
.‘.;% = F (a, n) = -d.a(t) + En(t)[M-a(t)] ,

where a = a(t) is the activation level as a function of time, n = n(t) is

the net input to the node, M = const is the maximal activation value, and

- d and E are parameters that control the rate of decay and excitation, re-
spectively. :

The differential equation could be discretized using some small time
step h:

a(t,) - a,
a(t+h) = F, (a, n) = a(t) + [-d.a(t) + Exn(t).[M-a(t)]].h

When h is sufficiently small, the second equation can approximate the
first with arbitrary precision. '

In the special case of constant input n = const, the differential equa-
tion yields the following solution (exp is the exponential function):

> Therefore, it could also be said that AMBR2 uses a modified version of the function
proposed by McClelland & Rumelhart (1981). The two functions are equivalent for

non-negative inputs. See also section 4.3.3.5.
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aft) = M.[1 - exp(-(d+En)(t-t,))] + a, exp(-(d+En)(t-t,))

d+E

Let us assume that the initial timme is zero. (t, = 0), and define the fol-
lowing terms:

p =E/d — maintenance factor (cf. Anderson, 1983),
a* = E.n =27 M asymptotic activation level for input =;
d+E.n 1+pn ymp P ’
1

= — characteristic time for net input n.
d+E.n p

With the aid of the new terms, the ‘activation function can be ex-
pressed in the following way:

a(t) =a* [l - "] + a.e™"

The last equation reveals that the activation level at any given mo-
ment t can be partitioned in two components: exogenous activation and re-
sidual activation (cf. section 3.4.2.). The former reflects the external influ-
ence to the agent. The net input drives the activation level to some resting
state a* that depends on the magnitude of the input n, the parameter p,
and the maximal activation level M. The agent, however, has a certain de-
gree of inertness and, therefore, tends to keep its original state a,. This in-
ertness of the connectionist aspect of the agent gives rise to the residual
activation in the equatmn above. The transition between the initial state g,
and the resting state a* is governed by exponential law as shown in figure
4. 3 1.

alt) 4

L3
o

L= G

.
= ¢

Figure 4.3.1. Plot of the change of activation of a DUAL
agent under the influence of fixed external input. Aec-
tivation moves from initial level a, to resting level a*
by an exponential function. The speed of the change is
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described by the characteristic time T. Both a* and T
depend on the magnitude of the external input.

The function described above is the basis of the activation function of
AMBR2 agents of type concept and instance. (Hypothesis-agents have a
more complicated activation function described later.) There is one more
complication, however — AMBR2 agents use a threshold. Whenever the ac-
tivation drops below some predefined minimal level 6, it is instantaneously
brought to zero (and forced out of the working memory).- Conversely,
when the activation level of some node is zero and the magnitude of the
net input 7= is bigger than some critical value ne, the activation level of the
node jumps instantaneously to the threshold level 8 and then proceeds in
the usual manner. The critical value ng is determined from the equation

Pl =0,
1+ p.n

4.3.2. Marker-Passing Mechanism

Marker passing (MP) has been developed within the semantic network
tradition (Quillian, 1966; Fahlman, 1979; Charniak, 1983, Hendler, 1988,
1989). In its most basic form it is a tool for answering the question, “Given
two nodes in the network, is there a path between them?”. The idea be-
hind the marker passing is simple: the two nodes of origin are marked,
they mark their neighbors, which in turn mark their neighbors and so
forth. Thus, each origin sets up a wave of markers that gradually expands
until some attenuation mechanism stops the marking.

The attenuation mechanism is needed to restrict the spread of mark-
ers. It is one of the biggest issues in most marKker-passing systems. (See
Hendler (1988) for an overview.) In DUAL and AMBR, there is no need for a’
specialized attenuation mechanism. Instead, the spread of markers is con-
trolled in a natural way by the following factors:

1. Markers originate only from agents of type instance. The con-
ceptual agents do not create new markers, they only pass the existing
ones.

2. Markers propagate only along links with certain labels (see below).

3. Only active agents can receive and send markers. Thus, the spread
of markers is limited by the boundaries of the Worklng memory as deter-
mined by the associative- mechanism.

4. When there is a marker- mtersectzon, the markers stop and do not
propagate further. -

5. The speed of symbolic processing in- general and marker-passing in
particular depends on the ‘energy’ supplied by-the connectionist machinery
(see section 3.2.5.3.). Thus, markers propagate slowly into those regions of
the working memory where the activation level is low.
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In AMBR2, like in its predecessor AMBR1 (Kokinov, 1994a), markers are
passed only along links with labeled inst-of or subc. These are the links
that go ‘upward’ in the class hierarchy. As a consequence, the marker-
passing mechanism finds a path between two nodes in the network only
when they are instances (directly or by inheritance) of one and the same
concept. In AMBR2, this is interpreted as evidence that the two instances
are semantically similar. In the example given in section 3.3.5., two mark-
ers originating from teapot-1l and glass-2 intersect at the conceptual
node ligquid-holder.

It is important to stress that the marker-passing mechanism is dynamic
and context-dependent. Markers starting from the same two nodes A and
B may intersect at different concepts (or not at all) depending on the acti-
vation levels of the corresponding path in the network. This makes the
process of computing semantic similarity in AMBR dynamic and context-
dependent (Kokinov 1994a,c).

4.3.3. Constraint-Satisfaction Mechanism
4.3.3.1. Main Points

The multiconstraint theory (Holyoak & Thagard 1989, 1995) treats
analogy-making in the light of three constraints: structural, semantic, and
pragmatic. AMBR2 adopts this general idea. Like ACME, AMBR uses a par-
allel connectionist algorithm for solving the constraint-satisfaction prob-
lem. This does not mean, however, that AMBR is a simple replication of
ACME. AMBR1 (Kokinov, 1994a) makes several important contributions.

.- Most notably, the constraint-satisfaction network (CSN) is constructed dy-

namically and is interleaved with the main network (i.e. the network
storing conceptual and episodic information). In turn, AMBR2 makes sev-
eral improvements with respect to'its predecessor. They are: (i) decentral- -
ized representations, (i7) continuous marker-passing, (7i7) life cycle of hy-
. potheses, (iv) secretaries, (v) general and flexible treatment of symmetric
- relations, and (vi) change of the activation function.

Previous constraint satisfaction models,, and in particular ACME
(Holyoak & Thagard, 1989) and ARCS (Thagard et al., 1990), work in suc-
cessive stages. First, a-source analog is retrieved from long-term memory .
or supplied manually by the experimenter. Second, a constraint satisfac-
tion network is constructed by a sequential symbolic process. Finally, the
network is allowed to settle, thus finding a (partial) solution to the con-
straint-satisfaction problem. This three-step process is illustrated in figure
4.3.3.1. The stages are carried out by different and independent mecha-
nisms.
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'Figure 4.3.3.1. Constraint - satisfaction as a three-stage

_process. The three stages come one after the other and
"do not interact.

In contrast, AMBR (Kokinov, 1994a) views constraint-satisfaction as a
single integrated process that has three interacting subprocesses. The
constraint-satisfaction net is constructed incrementally and in parallel with
the retrieval subprocess. Moreover, the CSN is incorporated into the larger
network and is continuously relaxing throughout the operation of the
model. Thus, all subprocesses are evolving together, each one influencing
the rest. The whole computation is perforined in an integrated fashion —
‘the same computational mechanisms are responsible for all three subproc-
esses and they use the same representational structures.

RETRIEVAL .

SN consTRICT 0N

SEvTLING T CSA

Figure 4.3.3.2. Constraint satisfaction as a set of three in-
teracting subprocesses. Compare with figure 4.3.3.1.

This computational scheme has several important advantages:
e Mapping and retrieval are integrated.

e At any moment the constraint satisfaction network is at least par-
tially settled and thus the system always has some current (though incom-
plete) view of the problem it solves.

¢ The subprocess that builds the CSN can be guided by the associative
mechanism to avoid blind construction of implausible hypotheses. In this
way, AMBR builds only ‘a small fraction of the hypotheses generated by
ACME. This decreases the working-memory demands — a weakness of
ACME that has been criticized by many researchers 1nclud1ng its authors
themselves (Keane et al.,, 1994; Kokinov, 1994a; French, 1995, Hummel &
Holyoak, 1997). . . ' -

e In the same time, AMBR retains the flexibility implied by the all-
encompassing network used in ACME. AMBR does not construct all hy-
potheses, it constructs only relevant ones. And since relevance is dynami-
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cally determined, no possibilities are ignored a priory. This benefit is a di-
rect consequence of the dynamic emergent computation that -underlies
AMBR’s constraint satisfaction (section 4.1.2.).

e The flexibility of AMBR (and especially of AMBR2) is even greater
because several mappings can proceed in parallel, thus allowing for com-
plex analogies and blends when appropriate.

e There is no need for special nodes enforcing the semantic and prag-
matic constraints. Rather, these constraints are mediated by ordinary con-
cepts and instances in the main network.

4.3.3.2. Hypothesis Agents

The constraint satisfaction network in AMBR2 consists of hypothests-
agents. These agents have specific activation function and specialized sym-
bolic processors. They interact with the agents in the main network and
with one another in order to collectively carry out their task.

From declarative point of view, hypothesis-agents carry three main
pieces of information, each stored. in a specific slot. The first two slots
contain the two entities being mapped. They are called hypothesis el-
ements. The hypothesis-agent as a whole represents the hypothesis that
the first element (from one situation) corresponds to the second element
(from another situation). The activation level of the agent represents the
degree of credibility that the model attributes to the hypothesis at the
moment. :

The third slot of a hypothesis-agent contains its justification(s). The
justification of a hypothesis is the reason for which it has been created
and is being maintained by the system. For example, one possible justifi--
cation of the hypothesis that teapot-1 corresponds to glass-2 is that
both are liquid holders. In AMBR, each hypothesis must have a justifica-
tion. (This is one big difference between AMBR and ACME, which con-
structs hypotheses for all possible correspondences.) .

There are two Kinds of justifications: semantic and structural. A given
hypothesis has semantic justification when its two elements are semanti-
cally similar. Such justifications are established by the marker-passing
mechanism. Two instances are considered semantically similar when they
have a common superclass (subsection 4.3.2.). Thus, teapot-1 and glass- -
2 are semantically similar because they both belong to the class of liquid
holders. Teapot-1 and plate-1 are semantically similar too due to the
common superclass artefact. On some occasions, AMBR2 can construct
hypotheses between almost any two entities. This happens when the do-
mains of the two situations are very remote and hence the marker-passing
process finds an intersection in some very abstract node such as object,
relation, etc. For example, tumor could be mapped to fortress. Such
occasions are rare — usually the markers intersect earlier.
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The second kind of justifications are the structural ones. A given hy-
pothesis can have such justification when there is another hypothesis
which interlocks with the first. For example, the hypothesis that two rela-
tions correspond justifies the hypotheses that the arguments of these rela-
tions also correspond and vice versa. Structural justifications are estab-
lished by the structure-correspondence mechanism (subsection 4.3.4.).

Semantic justifications are always represented by concept-agents;
structural justifications — by hypothesis-agents. It is possible (and fre-
quent) that a hypothesis has several justifications. For instance, the hy-
pothesis teapot-l<-->glass-2 could be justified by ligquid-holder
(semantic) and by color-of-1<-->made-of-5 (structural). In AMBR2, this
particular hypothesis will be represented in the following way:

teapot-l<~-~->glass-2:
s type (hypothesis temporary)
:t-1link ((teapot-1l<-->cup-4 -1.0)
(teapot<-->glass +0.5) )

:slotl

:¢~coref teapot-1
:slot2

:c-coref glass-2
:slot3

:c-coref (liquid-holder color-of-l<-->made-of-5)

Figure 4.3.3.3. Example of a hypothesis-agent. It repre-
sents the hypothesis that teapot-1 corresponds to
glass-2. There are two justifications for this corre-
spondence. Compare with figure 4.2.3.

Figure 4.3.3.3. shows only the symbolic aspect of the hypothesis. In
addition, there is a connectionist aspect (as always in DUAL). The refer- -
ences to hypothesis elements and justifications are also links that transmit
. activation. In"this way, the hypothesis participates in the process of

- spreading activation. It supports its elements and in turn is supported by
them. There are also mutually excitatory links between a hypothesis and
its justification(s).

Finally, there may be temporary links (t-1inks) that connect the hy-
pothesis with other hypotheses. These links may be excitatory (for coher-
ent hypotheses) or inhibitory (for conflicting hypotheses). They are invisi-
ble to the symbolic aspect of the architecture and are used for the pur-
poses of settling the constraint-satisfaction network only. -

Temporary links with negative weights® deserve special comment.
They embody the one-to-one constraint in analogical mapping. This con-
straint pushes’ the CSN towards a solution in which an element X from
situation 1 is mapped to at most one element from situation 2. There is a

By the way, these are the only links with negative weights in AMBR2.
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strong pressure that the same element X should not be mapped to two or
more elements, e.g., Y and Z. Thus, the hypotheses X<~-->Y and X<-->2
are contradictory and should be connected with inhibitory links.

A problem arises at this point. The constraint-satisfaction network in
AMBR2 is built by an emergent process. There is no central executive that
goes through all hypotheses, identifies conflicting ones and puts inhibitory
links between them. Rather, hypotheses are constructed one by one and
the creator of each hypothesis has access only to local information. Under
such circumstances, how does the hypothesis X<-->Y ‘know’ that there is a
rival hypothesis (e.g. X<-->Z) to compete with?

The answer to this question is: The hypothesis will ‘ask’ the secretary
of X.

4.3.3.3. Secretaries

Each entity-agent has a secretary associated with it. The secretary is
‘not a separate agent; it is part of the entity-agent itself. The term secre-
tary is used conventionally to refer to that particular part of a concept- or
instance-agent that keeps track of the correspondences in which the agent
is involved. Sometimes, we will use the term boss to refer to the other
part of the entity agent, i.e. the part not related to correspondences. It
should be remembered, however, that the secretary and the boss are two
faces of one and the same micro-agent.

The job of a secretary is twofold: it keeps record of correspongdences
involving its boss and it handles hypothesis-registration requests. To that
end, each entity-agent is equipped with a slot and a few symbolic routines.
The slot is labeled hypoth and is filled with references to all hypothesis-
agents that have the entity-agent as element. The same references are
used as links that transmit activation from the agent (e.g. teapot-1) to its
hypotheses (e.g. teapot-1l<-->glass-2 and teapot-1l<-->cup-4).

One of the first things that a hypothesis-agent does after its creation is
to send hypothesis-registration requests to the respective secretaries. Hy-
pothesis-registration requests (or HR-requests for short) are symbolic
structures exchanged between AMBR agents in the course of their interac-
tion. Each of the two secretaries receives the request and sends a secretary
answer to the hypothesis. There are several kinds of answers but basically
all they could be aggregated into the following two major types:

e ‘Resign’ — this answer means that the new hypothesis-agent rep-
resents a tentative correspondence that already is represented by another
hypothesis-agent. In other words, the new hypothesis is a duplicate of an
older one. Such duplicate hypotheses are created because there usually are
more than one justifications for a given correspondence. For example, the
marker-passing mechanism could construct the hypothesis teapot-1<-->
glass-2 on the grounds that both are liquid holders. Later on, the struc-
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ture-correspondence mechanism could independently construct the same
hypothesis on the grounds that teapot-1 and glass-2 are corréesponding
arguments in corresponding relations: This seecond hypothesis is conceptu-
ally identical with the first but will be represented by a different agent.
Let us suppose (as is actually implemented in the program) that the name
of the second hypothesis-agent is teapot-1<-1->glass-2. When it tries
to register at the secretary of teapot-1, the latter will reply with an
- answer of type ‘Resign’.

e ‘Establish® — this answer means that the hypothesis-agent repre-
sents a novel hypothesis that does not coincide with any existing one. In
the example above, the first hypothesis — teapot-l<-->glass-2 —
would receive such answer to its HR-request.

Secretary answers carry more information than the simple resign/es-
tablish distinction. Answers of type ‘Resign’ carry a reference to the fo-
vorite — the hypothesis-agent in favor of which to resign. Answers of type
‘Establish’ carry a (possibly empty) list of references to rival hypotheses.

4.3.3.4. Life Cycle of Hypothesis-Agents

Hypothesis-agents analyze the answers from the secretaries and act ac-
cording to their directives. Due to the possibility of answers of type
‘Re31gn a new hypothesis is not guaranteed from the beginning that it has
raison d’€tre. It may be a duplicate of an existing hypothesis.

Therefore, AMBR2 distinguishes two types of hypothesis-agents: em-
bryos and mature hypotheses. Each hypothesis-agent starts its life cycle as
an embryo. Later on, it either resigns in favor of some other hypothesis or
establishes and becomes mature. In more detail, the life cycle is the fol-
lowing:

The main rule for hypothesis construction in AMBR2 is that each hy-
pothesis must have a justification. There are two possibilities for construc-
tion of a hypothesis-agent: by the marker-passmg and by the structure-
correspondence mechanism.

The marker-passing mechanism creates hypotheses on the basis of se-
mantic similarity. When two markers starting from different origins (e.g.
teapot-1 and glass-2) intersect at some conceptual node (e.g. liquid-
holder) the latter detects the marker intersection and initiates the process
of hypothesis-construction. It recruits one of the specialized node con-
structors (see section 3.2.6.1.) and sends a mode-construction request Wy de-
scribing the ‘specifications’ of the new hypothesis. The node -constructor
constructs a new embryo hypothesis and fills in its slots. The elements of
the new hypothesis are the origins of the two markers; the justification is
the concept where the markers intersected.
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The structure-correspondence mechanjsm creates new hypotheses on
the basis of some existing hypothesis (see section 4.3.4.). In such cases, the
old hypothesis becomes justification of the new one. Again, new agents are
constructed by sending specific request to a node constructor.

One way or the other, the new embryo hypothesis is created and be-
gins its life cycle. It sends hypothesis-registration requests to the secre-
taries of its two elements and waits for the answers. Usually, the two an-
swers are the same — either both are ‘Establish’ or both are ‘Resign’. The
embryo takes corresponding actions, respectively. Sometimes the secretar-
ies disagree in their answers. This is possible due to the asynchronous and
parallel nature of DUAL interactions. Embryo hypotheses are equipped
with procedural knowledge for resolving the ambiguities.

When it turns out that the new embryo hypothesis is a duplicate of an
existing hypothesis (called. favorite), the former resigns in favor of the
latter. The resigning hypothesis hands over to the favorite all its declara-
tive knowledge and in particular its justification. Having done that, it fiz-
zles out. In the end, there is one hypothesis-agent with two justifications
instead of two separate hypotheses with one justification each. This is the
mechanism that allows for multiple justifications of the hypotheses in
AMBR2. '

If the analysis of secretary information reveals that the embryo hy-
pothesis represents a novel correspondence between two elements, the
embryo establishes itself and becomes a mature hypothesis. From now on,
its main goals are to win the competition with alternative hypotheses and
- to sprout out children.

The first goal is pursued by creating inhibitory links with the rivals.
(The hypothesis receives a list of its rivals from the secretaries.) For fair -
play, the new agent sends its reference to all competing hypothesis,
. prompting them to establish symmetric inhibitory links.

4.3.3.5. The Constraint-Satisfaction Network

The mechanisms described so far gradually build many hypothesis-
agents and establish connections between them. In this way, a constraint-
satisfaction network emerges. The CSN is a formation (section 3.4.) of
agents that cooperatively solve a constraint-satisfaction problem. Each
agent in the network represents a particular correspondence between two
elements. The CSN is integrated with the main network that stores con-
ceptual and episodic information in AMBR2. Thus, they become comple-
mentary parts of the big integrated network of agents that comprise the
model as a whole.

The CSN involves the following kinds of links:
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1. LTM—>CSN: Links from instance- and concept-agents (e.g. tea-
pot-1) to the respective hypothesis-agents (e.g. teapot-1l<-->glass-2).
These links are excitatory and are stored in hypoth slots of entity-agents.

2. LTM—>CSN: Links from concept-agents (e.g. ligquid-holder) to
the hypothesis-agents that are justified by them (if any). These links are
excitatory and are stored in t-1ink slots of concept-agents.

3. CSN—>LTM: Links from hypotheses to their elements and semantic
justifications. These links are excitatory and are stored in S-slots of hy-
pothesis-agents.

4. CSN—>CSN: Links from a hypothesis to its structure-
correspondence’children (if any). These links are excitatory and are stored
in t-1link slots:”

5. CSN—>CSN: Links from a hypothesis to its structural justifications
(if any). These links are excitatory and are stored in S-slots.

6. CSN—>CSN: Links between competing hypotheses. These links are
‘'symmetric, have negative weights, and are stored in t-1ink slots of hy-
pothesis-agents.

The constraint-satisfaction network thus embodies the three con-
straints posited by the multiconstraint theory. The structural constraint is
manifested in categories 4, 5, and 6 above. The semantic constraint ap-
pears in category 2, and the pragmatic one — in categories 1 and 2. Note
that besides the l1nks discussed here, AMBR2 has additional mechanisms for
enforcing the constraints.

2

The links from the CSN to the rest of the network (category 3) de-
serve special attention. Through these links, the constraint-satisfaction
mechanism can influence the pattern of activation in the main network
and hence everything in the architecture. This fact has important implica-
tions for the integration between analogical mapping and retrieval.

Hypothesis activation function. Hypothesis-agents are special in that
they receive not only excitatory but also inhibitory input from their
neighbors. They have two separate input zones — enet and inet (see sec-
tion 3.2.4.1.). The two connectionist inputs are combined with the current
activation level of the agent to determine the change of activation. The
change of activation is governed by a contlnuous modification of Gross-
berg’s dctivation rule.

In the original version of Grossberg’s function (Grossberg, 1978), the
activation can take both positive and negative values. The specification of
DuaL, however, postulates that all agents in the architecture have non- _
negative activation functions. Therefore, AMBR2 uses a linear transforma-
tion of hypothesis’ activation. In this way, even hypotheses that are con-
sidered implausible have positive activation levels. The parameters of the
model can be chosen in such a way that only the most suppressed hy-
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potheses fall below the general working-memory threshold and are thus
purged out of the system. Figure 4.3.3.5. illustrates.

Figure 4.3.3.5. Schematic illustration of the linear trans-
formation that makes hypothesis activation function
positive. Only the most implausible hypotheses fall

below the threshold 0. See text for details.

Hypothesis output function. Hypothesis-agents are also characterized
by a specific output function. Moreover, it is different for embryo hy-
potheses and mature hypotheses. Embryo hypotheses do not influence
their neighbors at all. (In other words, their output function is the con-
stant zero.) The reason for this decision is that some embryo hypotheses
resign shortly after their creation. If they do not resign, however, they be-
come mature and their output function changes. Mature hypotheses have
a threshold output function. That is, they influence their neighbors only if
their (unmodified) activation level is positive. - '

4.3.3.6. An Example

As an example of the mechanisms discussed so far; and in preparation
for the structure-correspondence mechanism that comes next, this section
provides an excerpt of the transcript of an actual AMBR2 run. Only the
events related to teapots and liquid holders are shown. Agent names are

prefixed by ‘#$’. ‘#<M ...>’ denotes a marker, ‘4<NCR ...> — a node-
construction request, ‘4<HR ...>" — a hypothesis-registration request, and
‘4<SA ...>" denotes a secretary answer.

The example illustrates construction of a hypothesis by the- marker-
passing mechanism, followed by secretary inquiries. The story begins by
attaching the instance-agent teapot-4 to the input list. The activation
spreads from there and brings the concepts teapot and liguid-holder
to the working memory together with a few ather instances. Whenever an
instance-agent enters the WM, it emits a marker (section 4.3.2.). These
markers propagate through the network and the first marker intersection
happens at time 3.10 :

.00, adding #S$teapot-4 to the input list.

At time 0

At time 0.20, adding #$teapot to WM.

At time 0.20, #<M1l TEAPOT-4> received in the input zone of #Steapot -4.
At time 0.20, #S%teapot-4 begins working on #<M1l TEAPOT-4>.

At time 0.30, #<M1 TEAPOT-4> received in ‘the input zone of #S$teapot.
At time 0.40, adding #$teapot-1 to WM.

At time 0.40, adding #$liquid-holder .to WM.

At time 0.40, #$teapot begins working on #<M1 TEAPOT-4>.

page 85




At time 0.80, #<Ml TEAPOT-4> received in the input zone of #Sllquld—
holder.

At time 1.00, #S$liguid-holder begins worklng on #<M1l TEAPOT-4>.

At time 1.90, adding #S$teapot-3 to WM.

At time 2.00, #<MO TEAPOT-1> received in the input zone of #Steapot-1.
At time 2.10, #S$teapot-1 begins worklng on #<MO TEAPOT-1>.

At time 3.00, #<M0 TEAPOT-1> received in the input zone of #Steapot.

At time 3.10, #S$teapot begins working on #<M(0 TEAPOT-1>.

At time 3.10, #<M1 TEAPOT-4> and #<M0 TEAPOT-1> intersected at #Steapot

Thus, the associative mechanism has retrieved some information re-
lated to teapot-4 and the marker-passing mechanism has detected that
teapot-4 and teapot-1 are semantically similar. (The names of the
agents play no role in this process.) On the grounds of this semantic simi-
larity, the agent teapot recruits a node-constructor and sends a node-
construction request to it: T

At time 3.40, #<NCR TEAPOT> received in the input zone of #S$nc3.
At time 3.50, #%nc3 begins working on #<NCR TEAPOT>.
At time 4.20, creating a new agent: #Steapot-4<-->teapot-1
At time 4.20, adding #$teapot-4<-->teapot-1 to WM.
At time 4.20, adding a :T-LINK link from #Steapot to #S$teapot-4<-->teapot-

1 with weight 0.100
At time 4 .60, #<M0 TEAPOT-3> received in the input zone of #$teapot-3.
At time 4.70, #Steapot-3 begins working on #<MO TEAPOT-3>.

A new embryo-hypothesis named teapot-4<-->teapot-1 was born.
It has resulted from the joint effort of a coalition of agents: teapot-4,
teapot-1, teapot, and ncl. Meanwhile, the associative and marker-
passing mechanisms continue to work, preparing the ground for a rival
hypothesis involving teapot-3.

_ We will focus on the first hypothesis, however. It receives activation
- from its parent (note the t-1ink at time stamp 4.20) and thus has the en-
ergy necessary for its symbolic processor. The embryo sends hypothesis-
registration requests to the secretaries of teapot-1 and teapot-4. They .
check their record, notice that this is the first hypothesis that registers,
and reply positively’. This is good news for teapot-4<-->teapot-1. It
becomes a mature hypothesis at time 6.40:

At time 5.40, #<HR TEAPOT-4<~-->TEAPOT-1> received in the input zone of
" #Steapot-1.

At time 5.50, #Steapot-1 begins working on #<HR TEAPOT-4<-->TEAPOT-1>.

At time 5.60, #<HR TEAPOT- 4<——>TEAPOT 1> received in the input zone of
#Steapot-4.

At time 5.70, #$Steapot-4 begins working on #<HR TEAPOT-4<-->TEAPOT-1>.

At time 5.70; #<SA nil> received in the input zone of #$teapot-4<--
>teapot-1

At time 5.80, #Steapot-4<-->teapot-1l begins working on #<SA nil>.

At time 6.00, adding a :HYPOTH link from #S$teapot-4 to -
(#Steapot-4<-~>teapot-1 . :SLOT1l) with weight 0.100

At time 6.30, #<SA nil> received in the input zone of #$teapot-4<--
>teapot-1

At time 6.40, #S$Steapot-4<-->teapot-1 begins working on #<SA nil>.

At time 6.40, establishing hypothesis #$teapgt-4<-->teapot-1.

" Despite the appearance, a secretary answer of the form #<SA nil> is a positive an-

swer. NIL means in this case that the list of rival hypotheses is empty.
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As it has reached maturity now, teapot-4<-->teapot-1 starts gen-
erating new hypotheses. In this particular case, the structure-correspon-
dence mechanism (section 4.3.4.) will propose-the hypothesis teapot<==>
teapot on the grounds that if two instances correspond, their respective
concepts should also correspond.

Note ‘that the structure-correspondence mechanism runs in parallel
and in implicit competition with marker-passing.. The latter generates an
alternative hypothesis at time 8.00. Meanwhile, the associative mechanism
proceeds in the background, bringing the, concept glass to the working
memory. Glasses are liquid holders, so one can expect hypotheses mapping
teapots to glasses later on. At this point, however, AMBR2 gives preference
to tentative correspondences between two teapots. If for some reason these
hypotheses prove inappropriate, alternative candidates (e.g. about glasses)
could potentially supplant them. If, however, the initial hypotheses turn
out adequate, little resources will be spent on exploring alternatives. This
illustrates the idea of dynamic emergent computation and its utility for
constructing models that are efficient and flexible in the same time
(section 4.1.2.). ..

At time 6.70, adding #Sglass to WM.

At time 6.80, #<MO TEAPOT-3> received in the input zone of #Steapot.

At time 6.90, #Steapot begins working on #<MO TEAPOT-3>.

At time 6.90, #<Ml1l TEAPOT-4> and #<MO TEAPOT-3> intersected at #$teapot.

At time 6.90, #Steapot-4<-->teapot-1 begins bottom-up SC.

At time 7.20, #<NCR TEAPOT> received in the input zone of #S$nc8.

At time 7.30, #5nc8 begins working on #<NCR TEAPOT>.

At time 8.00, #<NCR TEAPOT-4<-->TEAPOT-1> received in the input zone of
#3SnchS.

At time 8.00, creating a new agent: #steapot 4<-->teapot-3 »

At time 8.00, adding #$teapot-4<-~>teapot-3 to WM.

At time 8.00, adding a :T-LINK link from #S$teapot to #Steapot-4<-->teapot-
3 with weight 0.100

At time 8.10, #$nc5 begins working on #<NCR TEAPOT- 4<—->TEAPOT 1>,

At time 8.20, adding a :HYPOTH link from #$teapot-1 to .
(#Steapot~-4<~->teapot-1 . :SLOT2) with weight 0.100

At time 8.80, creating a new agent: #S$teapot<==>teapot

8

At time 8.80, adding #S$teapot<==>teapot to WM.

4.3.4. Structure-Correspondence Mechanism

The structure-correspondence (SC) mechanism generates new hy-
potheses on the basis of existing hypotheses. It is carried out by mature
hypothesis-agents. Their symbolic processors are equipped with routmes
spemahzed for the task.

There are two ma_]or types of SC, conventlonally termed bottom-up
SC and top-down SC.

4.3.4.1. Bottom-up Structure Correspondence

Bottom-up SC takes place when there is a hypothesis involving two
instance-agents. More precisely, it happens when-there is a mature hy-
pothesis whose elements have the tag instance as one of the fillers of
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their type slots (see section 4.2.1.). Under these circumstances, the sym-
bolic processor of the hypothesis chases the inst-of links of the two in-
stance-agents and retrieves their respective concepts. For example, if the
two instances are teapot-1 and glass-2, the concept-agents will be tea-
pot and glass, respectively. Then, the original hypothesis initiates a
process for constructing a supplementary hypothesis stating a parallel cor-
respondence between the two concepts. The new hypothesis is constructed
in the usual way — by sending request to one of the node-constructors in
the system. The original hypothesis becomes.the justification of the new
one.

It frequently happens that the new hypothesis is not really new — the
same concepts have been already put into correspondence by an earlier in-
vocation of the structure-correspondence mechanism. For example, the
hypothesis teapot-1<-->glass-2 generates the supplementary hypothe-
sis teapot<-->glass. After a while, another hypothesis, e.g. teapot-3<-
-> glass-2 constructs the same ‘conceptual’ hypothesis: In such cases,
the duplication is detected by the secretaries and the second ‘conceptual’
hypothesis resigns in favor of the first. Eventually, teapot<-->glass will
have two justifications and there will be appropriate excitatory links. The
net result of this process is that the overall degree of connect1v1ty in the
constraint- satlsfactlon network is enhanced.

The mechanism of bottom-up SC creates a pressure that correspon-
dences at the instance level should be coherent with correspondences at
the concept level. Stated differently, the mapping of two instances facili-
tates mapping of the classes to which they belong and vice versa.

There is a second variant. of the mechanism for bottom-up SC. It is
very similar to the variant described above except that it deals with the-
situations to which the instances belong rather than with their classes.

In AMBR2, a target situation is mapped to several different bases si-
multaneously. For concreteness, suppose that there are two bases denoted
Bl and B2, and a target T. Suppose further that the elements of B1 are a,
b, ¢; that of B2 — m, n, p, q; and of T — x, vy, z. Then, correspondences of
the form a-z, c-x, b-y, etc. will support B1-T;, while m-x, g-Y, and m-z
will support B2-T (and vice versa).

This second variant of the bottom-up SC creates a pressure that situa-
tions are mapped as units. Blends are possible but they happen only when
are truly warranted. Normally, the model tries to keep the mapping
within the scope of two situations only: the target and a single base.

To that end, AMBR2 has added a new slot label to the vocabulary of
general-slot labels in the architecture (section 3.2.3.4). If a micro-agent
possesses a slot labeled situation, this indicates that the agent belongs to
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the situation (or episode, schema, problem) denoted by the filler of this
slot. '

The introduction of situation slots does not compromise the notion
of decentralized representations discussed in section 4.2.4.2. Yes, there is an
agent of type situation which is referenced by situation slots-of indi-
vidual members., This agent, however, does not represent the situation as a
whole. Rather, it serves as a common reference to the spatio-temporal
unity of the elements. It incarnates the fact that these particular objects
and relations happened to be observed together within relatively short pe-
riod of time. :

The situation agent need not have links pointing ‘downward’ to the
agents representing individual objects and propositions. (It could have
links to some of them but this is not necessary.) The links are in the oppo-
site direction: from individual elements to the situation agent. Moreover,
these links are optional — it is possible to have a ‘free-standing’ element
that does not belong to any situation (or belongs somewhere but does not
‘know’ that)..Such agent will not have a situation slot and will not be
affected by the mechanism for bottom-up structure-correspondence.

4.3.4.2. Top-down Structure Correspondence

Top-down SC is present in one form or another in all models of anal-
ogy-making. It captures an important aspect of the structural constraint as
posited by Gentner (1983) and Holyocak & Thagard (1989): When two
propositions correspond, it is highly desirable that their respective argu-
- ments also correspond.

‘The difficulties begin with the disambiguation of the phrase
‘respective arguments’ above. Some models (e.g. Falkenhainer et al., 1986) -
walk around this difficulty by assuming that-the enumeration of the ar-
. guments in a proposition can be meaningfully transferred to another

- proposition. From our point of view, this approach seems too conservative
- and psychologically implausible. In contrast, Holyoak & Thagard (1989)
follow an approach that seems too liberal — they consider all possible ar-
gument pairs.

Thanks to the elaborated knowledge-representation scheme adopted
in DuaL (Kokinov, 1992), AMBR does not have great difficulties with this
problem. Each argument is represented by a separate S-slot with many
facets. One of these facets points to the respective slot inn the parent con-
cept as illustrated in figure 4.2.3. This greatly facilitates the structure-
correspondence mechanism and relieves the model of implausible assump-
tions. Moreover, it makes possible to map propositions with different num-
ber of arguments (Kokinov, 1994a; Hummel & Holyoak, 1997).
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The details of the top-down structure correspondence in AMBR2 are
the following: The symbolic processor of each mature hypothesis checks
whether the two elements are propositions. The criterion is whether they
contain the tags instance and relation among the fillers of their type
slots (section 4.2.1.). If this is the case, the symbolic processor attempts to
determine the slot-to-slot correspondences To that end, it needs the so
called pivot concept.

The pivot éoncept is a concept which is a common superclass of both
relations. For example, if the propositions are instances of the relations in
and on, the pivot concept could be in-touch, asymmetric-binary-
relation, or something else dependmg on the particular problem and
context.

The pivot .concept is often identified by the marker-passing mecha-
nism. When such information is available, the symbolic processor of the
‘proposition’ hypothesis generates the appropriate ‘argument’ hypotheses.
‘When such information is not available, the symbolic processor checks for
the obvious (and frequent) case when both propositions are instances of
the same relation. In other words, it checks whether the inst-of slot of
the two instances point to the same concept-agent and uses the latter as a
pivot concept when this is true. Otherwise, it gives up and stops, hoping
that the MP mechanism will provide the missing information later.

4.4. The Mechanisms at Work

This final section of the chapter devoted to AMBR2 pulls everything
together and shows how the computatioral mechanisms described above
can be applied to the task of analogy-making®.

4.4.1. General Sequence During a Run

In the present version of AMBR2, the work on a problem begins with a
hand-coded representation of the target situation. Some of the agents that
participate in the (decentralized) description of this situation are attached
to the special nodes that are sources of activation in the model. The goal
element(s) are attached to the goal node; some of the other elements are
attached to the input node, thus mimicking the perceptual mechanism.
The input list“can also include elements that do not belong to the target
situation, thus modeling the effect of the external context. It is possible
(though not experimented yet) that target elements are presented to the -
system not simultaneously but incrementally. In this way, various order
effects can be demonstrated (Keane et al., 1994).

¥ It is argued (Kokinov, 1994a) that the same mechanisms can be applied to other tasks

as well. This, however, is beyond the scope of the present thesis.
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Once the target elements are connected to the source nodes, the asso-
ciative mechanism begins to operate. The activation spreads through the
long-term memory of the system and brings relevant conceptual and epi-
sodic information to working memory. Shortly after, the marker-passing
mechanism joins in, as instance-agents emit markers upon entering the
WM. The markers begin propagating the active portion of the network.

Marker intersections provoke the construction of hypothesis-agents,
thus triggering the constraint-satisfaction mechanism. After consulting the
secretaries, the hypotheses initiate the structure-correspondence mechan-
ism. In this way, all mechanisms in the model are put to work. They oper-
ate in parallel and in tight cooperation with one another.

Gradually, a number of agents enter the working memory. The acti-
vation does not spread unrestricted, however, and the intensity of memory
retrieval declines as the decay of activation prevents the nodes that are
too far away from passing the threshold. Usually, two or three situations
are retrieved in full and a few others only partially. These are the candi-
dates for base analogs. In addition, the relevant concept-agents are also
active and ready to guide the mapping.

The associative mechanism never stops completely because agents oc-
casionally get in or fall out of the working memory. Moreover, the asso-
ciative mechanism is responsible for controlling the speed of the symbolic
aspect as well as for settling the constraint-satisfaction network.

Meanwhile, .the marker-passing mechanism has generated several hy-
potheses. In turn, they have created additional hypotheses via the struc-
ture-correspondence mechanism. The constraint-satisfaction network has
thus become fairly elaborate and winning correspondences begin to
emerge. The hypotheses standing for such correspondences become highly
active and provide strong support for the respective entities in the main
network. In this way, the base situations that best satisfy the constraints
are fully and unambiguously retrieved.

Sooner or later, the system approaches a resting state. The pattern of
activation stabilizes. The markers cover all the ‘territory’ that has been
made available by the associative mechanism and, therefore, no more
marker intersections are reported. The structure-correspondence mechan-
ism also stops. Finally, the relaxation of the constraint-satisfaction network
completes and the ‘answer’ of the system can be read from the activation
levels of winning hypotheses. (In fact, the systemm maintains a ‘working
answer’ throughout the whole run. It is often unnecessary to Walt for the
end.) :

It should be emphasized that everything described so far happens as a

result of a dynamic emergent process. There is no central executive that
controls the operation of the system. Instead, a multitude of micro-agents
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interact with their immediate neighbors and their local activities give rise
to macroscopic phenomena that an external .observer could interpret as
analogical retrieval, mapping, etc.

4.4.2. Integration Revisited

At the outset of this thesis, the notion of integration was
~declared to be the prime mover of DUAL and AMBR. It is in-
- structive to take a look back from the point of view of the

closing section. Integration 'is everywhere! The list below
traces its manifestations in the architecture and the model.

® DUAL has two aspects — connectionist and symbolic — and they are
integrated within and across all levels of the architecture.

e DUAL has two more ‘aspects — declarative and procedural — and
they are integrated within and across all levels of the architecture.

e All knowledge in the architecture is represented within a unified -
framework that takes into consideration all aspects cited above.

e All information-processing in the architecture operates according to
unified principles that take into account all aspects cited above.

e AMBR has a handful of 1nterlockmg mechanlsms which cooperatlvely
solve the problems within its scope.

¢ AMBR offers a unified account of analogical retrieval and mapping.
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CHAPTER V

SIMULATION EXPERIMENTS

This section reports the results of the simulation experiments per-
formed with AMBR2. The general setting of the experiments is presented
first. Then, one particular run of the program is considered in some detail.
Finally, there are aggregate statistics for the performance of the model
over 600 runs.

5.1. Experimental Setting

DUAL is a deterministic architecture. The behavior of a DUAL-based
model (such as AMBR2) depends on three factors: (i) the contents of the
long-term memory of the system, (iz) the target problem, and (777) the ex-
ternal context. Kokinov (1994a) reports an experiment exploring the influ- -
ence of the third factor — one target problem was solved several times
with different preliminary settings and different agents attached to the
input list. The experiments reported here concentrate on the first two
factors — six target problems were run on one hundred knowledge bases,
yielding a total of 600 runs.

5.1.1. Materials

The problems presented to the system belong to the domain of heating
or cooling liquids. Each problem consisted of a simple situation. There was
a total of 11 situations. 5 of them (denoted A, B, C, D, E) were used as
source analogs:

Situation A: There is a teapot and some water in it. The teapot s made
of metal and its color is black. There also is a plate and the teapot is on it.
The plate is hot. This state of affairs causes that the water becomes hot.

Situation B: There is a bowl and some water in it. The bowl is made of
wood and is placed on a fire. The fire is hot. This state of affairs causes
that the bowl burns out and the water dissipates.

Situation C: There is a glass and some water in it. The glass is made of

glass. There is an tmmersion heater in the water. The immersion heater is
hot. This state of affairs causes that the water becomes hot.
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Situation D: There is a glass and some water in it. The glass is made of
glass and its color is white. The glass is on a plate and the plate vs hot. This
state of affairs causes that the glass breaks.and the water dissipates.

Situation E: There is a teapot and some milk in it. The teapot is made
of metal and its color is green. There also is a refrigerator and the teapot is
in it. The refrigerator is cold. This state of affairs causes that the milk be-
comes cold.

These situations were coded by hand according to the knowledge rep-
resentation scheme used in AMBR2 (section 4.2.) and included into the
long-term -memory of the system. The representatlon of one situation took
13-16 DUAL agents.

In addition to that episodic knowledge, some semantic knowledge was
put into the LTM too. For example, it was represented that hot, warm,
and cold are instances of the class temperature-qualifier; that in and
on are spatial relations while temperature-of and made-of are physical
relations; that teapots are usually made of metal, etc. Some associative
links were added too. About 100 agents were used to represent this infor-
mation.

Thus, the long-term memory of the system contained the 5 base situa-
tions and the semantic knowledge outlined above. This knowledge base
was multiplicated one hundred times, with small variations in each case.
. The algorithm for generating the variants was chosen to emulate the out-
come of the mechanism for connecting concepts to some of their instances
- proposed in section 4.1.3.4. Each knowledge base contained the same
agents with some additional links. Most of these links were instance links
from selected concept-agents to some of their respective instance-agents
(selected at random). For example, in some particular variant of the -
knowledge base the concept teapot could be connected to the teapot par-
ticipating in situation A (or E, or none of them). The remaining links were
- associative links between selected agents. Each of these links occurred
"~ with some small probability.

The variants of the knowledge base generated in this way served as
replications in the experiment. All parameters of the model were kept .
constant across all runs. Each target problem was run on each knowledge
base. Thus, it was possible to obtain a frequency distribution showing how
many times a particular target situation was mapped to a particular epi-
sode from the LTM. The target situations were chosen in such a way that
they can be plausibly mapped to several base analogs. The six target
situations used i in the experiment. are outlined below:

Situation X: There s a bowl and some water in it. The bowl is made of
wood. The goal is that the water becomes hot.
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Situation Y1: There is a teapot and some milk in it. The teapot is made
of metal. The goal is that the milk becomes hot.

Situation Y2: There is a teapot and some milk in it. The teapot is made
of metal and its color is green. There also 1s a hot plate and the teapot is on
the plate. What wzll happen?

Situation Z: There is a glass and some water in 1,t The glass is made of
glass and its color is white. The goal is that.the water becomes hot.

Situation Ul: There ts a teapot and some milk in it. The teapot is made
of metal. The goal is that the milk becomes cold.

Situation U2: There 1s a teapot and some milk in it. The teapot is made
of metal and its color is green. There also is a cold refrigerator and the tea-
pot is in the refrigerator. What will happen?

5.1.2. Dependent Variables

A lot of data were recorded during each run. The data included the
number of agents of different kinds in the working memory, the number
of marker intersections, the number of agents whose symbolic processor is
active, the total activation of the working memory, etc. In addition, there
was a number of indices for each situation, and in particular the retrieval
and mapping indices described below.

Due to the decentralized representation of situations (section 4.2.4.2), it
frequently happens that only part of their members pass the threshold and
enter the working memory. In addition, the agents in the WM have differ- -
ent activation levels. The retrieval index is intended to serve as an overall
measure of the extent to which a given situation is present in the working
memory. It is computed by the following formula:

where the summation is taken over all members of a given situation, n
is the total number of such agents, and g; is the activation level of agent,.

A complementary mapping index is defined to measure the strength of
the mapping between two situations. It is computed on the basis the acti-
~ vation level of the relevant hypothesis-agents (section 4.3.3.2.). Only ma-
ture hypotheses are considered. The mapping index can be computed for
each situation in a pair (the two values will generally not be the same).
For example, consider the mapping between situations A and X. The map-
ping index from X to A is computed in the following way: (7) the total pool
of all hypotheses is filtered, keeping only those mature hypotheses that
relate an element from X to an element from A; (i) these hypothesis-
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agents are sorted according to their activation levels; (ii7) for each element
from X, the hypothesis with highest activation level is chosen; (iv) the
mapping index is computed by the following formula:

M= Zhj

n+05 "’

v where the summation is taken over all relevant hypotheses for the

particular pair of situations, n is the total number of elements of the first
situation (in the example above, this would be situation X), and h; is the
decoded (see section 4.3.3.5.) activation level of hypothesis;.

Each of these variables was recorded fifteen times at regular intervals
during each run. This captures the dynamics of the operation of AMBR2.

5.2. A Case Study

This section presents the result of one particular run of the program.
During that run, situation Y1 (boiling milk in a teapot) was used as target
situation. The agents representing the goal of the problem — that the
milk should become hot — was attached to the goal node of AMBR2. Some
of the remaining members of the situation — the teapot, the relation that
it is green, the relation that the milk is in the teapot, etc. — were at-
tached to the input node. Then, the system was run for 150 units of simu-
lated time, recording the values of the dependent variables at the end of
each 10-unit interval. -

Three of the five episodes stored in the LTM were retrieved in this
case — situations C, D, and E. The retrieval indices for situations A and B"
stayed zero (or almost zero) throughout the run. Figure 5.2.1. plots the
retrieval indices for situations C, D, and E as a function of time.

The inspection of this graph reveals that situation E initially takes
precedence over its rivals. This is due to the fact that it is the only situa-
tion among the bases that involves milk, and the concept milk is highly
active because the target problem also involves milk. In addition, situation
E involves a teapot (also present in the target), while the liquid holders in
situations C and D are glasses. Thus, situation E is most similar to the tar-
get if only objects are considered. Therefore, this situation is in advanta-
geous position early in the run — when the retr1eval dormnates the map-

ping.

On the other hand, the concepts hot and temperature-of become
highly active because the goal of the target problem is to heat the milk.
This pragmatic pressure, implemented by the flow of activation emitted
by the goal node, brings situations C and D to the working memory.
Situation A (heating water on a plate) does not get activated because in
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this particular knowledge base it happens to be no link from the concepts
hot, temperature-of, etc. to the instances of this situation (see section
4.1.34.).
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Figure 5.2.1. Retrieval indices for situations C, D, and E as
a function of time. At first, situation E takes the .lead,
but the final winner is situation C. The crossing of the
two lines at time 25 is indicative of the interaction be-
tween retrieval and mapping in AMBR2. -

Meanwhile, the process of mapping gathers momentum. Each of the
three episodes that have been retrieved from long-term memory is trying
to map itself to the target. The dynamics of this process can be seen at
figure 5.2.2. which shows the mapping indices for the three situations as a
function of time.

Note the spike at time 12. It reflects the early period of the construc-
tion of the constraint-satisfaction network. During this early period, the
marker-passing mechanism has constructed some hypothesis-agents but
they have not yet established the mutually inhibitory links that mediate
the one-to-one constraint on mapping (section 4.3.3.5.). After the con-
struction of the inhibitory links, all mapping indices decrease a bit.

The bulk of the mapping process happens between time stamps 20 and
40. During this period, the three analogs compete with each other. Note
the small jerks on the plots. They reflect the small changes in the mapping
indices induced by the introduction of new hypotheses to the CSN. If all
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hypotheses in the network were created beforehand (as in ACME), the
plots would have been smooth.
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Figure 5.2.2. Mapping indices for situations C, D, and E.
See text for details.

It is especially instructive to compare the two plots, keeping in mind
that AMBR2 is an integrated model of retrieval and mapping. Indeed, fig-
ure 5.2.1. reveals that the trends in retrieval indices are reversed some-
where between time stamps 20 and 40. This is exactly the period when the
mapping process is most intensive, as evident from figure 5.2.2.

The analysis of figures 5.2.1. and 5.2.2. can be summarized as follows:
Initially, the retrieval process gives preference to situation E due to its
greater semantic similarity with the target. The pragmatic and structural
constraints, however, eventually overcome this trend. Somewhere at time
40 the winner becomes clear — it is situation C. After that time stamp, the
winner gradually assumes its power. At time 70, the system has virtually
reached asymptotlc state.

Here are the hypotheses that emerge as winners at time 70:
sit-yl<-->sit-c, teapot-yl<-->glass-C, milk-Yl<-->water-C,
made-of-Yl<-->made-o0f-C, mmetal-Yl<-->mglass-C, in-Yl<-->in-C,
init-state-Yl<-->init-state-C, end-state-Yl<-->end-state-C,
cause-9<-->cause-C, temper—of—,Y1<-:—>temper-of—c, hot-Yl<--> -
hot-C; situation<-->situation, teapot<-->glass, milk<-->water,
made-of<-->made-of, material-metal<-->material-glass, in<-->
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in, init-state<-->init-state, end-state<-->end-state, cause<--
> cause, temperature-of<-->temperature-of, hot<-->hot.

5.3. Summary Over All Simulations

The previous section paid great attention to one particular tree but
neglected the forest. This section takes the opposite tack. It presents the
aggregate frequencies over all runs.

Each of the six target problems was run on each of the 100 knowledge
bases for 150 time units. This time was enough for almost all runs to reach
asymptote. At the end of each runm, it was cycled through the target el-
ements; collecting the correspondence with highest activation for each one.
The base situation which had the most elements collected in this way was
declared as a ‘winner’. Thus, a winner was identified for each run. The
frequency distribution on targets versus winners is reported in table 5.1.

A B C D E  Ambig. | Total
X 12 73 9 3 3 100
Y1 55 1 2 1 38 3 | 10
Y2 79 1 1 19 | 100
v/ 29 6 38 23 . 4 100
Ul 26 o 1 72 ' 100
U2 13 2 85 100
Total 214 81 53 28 221 3 600

Figure 5.1. Frequencies of mappings between target
situations (rows) and source analogs (columns).

Table 5.1. reveals that AMBR2 constructs reagonable mappings in most
of the cases. More concretely, problems about cooling milk (Ul and U2)
tend to be mapped to situation E, which can be interpreted as a literal
similarity match (Gentner, 1983). In about 20% of the cases in the last two
rows, however, AMBR2 maps milk to water and cold to hot, thereby
constructing an analogy. (The fact that this analogy fails to solve the -
problem is another matter.) Problems about heating milk (Y1 and Y2)
show the reverse pattern. They tend to be mapped to situation A — the
prototypical case for heating liquids. -
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Note that the frequency of mapping Y1 or Y2 to A is smaller than that
of mapping U1/U2 to E (55 or 79% vs. 72 or 85%, respectively). This re-
flects the influence of the similarity constraint. During both retrieval and
mapping, this constraint prefers correspondences of the form milk<-->
milk to those of the form milk<-->water. It is remarkable that AMBRZ,
which is an entirely deterministic model, is capable of producing such fre-
quency distributions when the sole random factor in the experiment is the
variation of the knowledge base.

Table 5.1. also illustrates the fact that AMBR2. visits the implausible re-
gions of the ‘problem space® with some small probability. Few cells in the
table are completely empty (the ‘ambiguous’ column notwithstanding) thus
showing that no possibilities are ruled out a priory. AMBRZ generates
‘promising’ solutions most of the time and yet occasionally goes ‘off the
beaten track’ (see section 4.1.2.).
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CHAPTER VI

CONCLUSION AND PLANS FOR THE
FUTURE

This final ‘chapter summarizes the main points of the thesis, outlines
the contributions of the project, and presents some ideas about future re-
search on DUAL and AMBR.

6.1. Summary of the Thesis

This thesis has presented the work done so far on the DUAL architec-
ture and the AMBRZ2 model. Special attention "has been paid to the notion
of integration as a central theme of DUAL research.

Chapter IIT constitutes a specification .of DUAL. The conceptual frame-
work of the architecture is documented in enough detail to serve as a solid
foundation for future research. In addition, there is a portable computer
program (written in Common Lisp) that fully implements DUAL as defined
by this specification. ) .

Chapter IV describes AMBR2 — a cognitive model built on the basis of
DuaL. In its current state, it is presented as an integrated model of
analogical retrieval and mapping. The knowledge-representation scheme
and the computational mechanisms used by the model are documented in
detail. In addition, the model is discussed from a psychological point of
view.

There is a portable computer program that fully implements AMBR2 as
documented in this thesis. This program was used for performing simula-
tion experiments with the model. The results of these experiments are re-
ported in Chapter V.
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1 6.2. Contributions of This Work

The project reported in this thesis has made several extensions and
improvements of the DUAL architecture and the AMBR model with respect
to the earlier specification (Kokinov, 1994a). In our view, the major contri-
butions are:

e Introduction of the energetic analogy and the mechanism of con-
sumptions for specifying the exact relationship between the activation
level of a DUAL agent and the speed of its symbolic processor.

e Introduction of the notion of coalitions and the intermediate level of
description of the architecture (the meso-level). The conceptual apparatus
of coalitions is an important tool for developing and communicating the
ideas about emergent computation, decentralized representations, etc.

e Transition from centralized to decentralized representations of the
situations in AMBR. In turn, this led to.improvements in the marker-
passing, structure-correspondence, and constraint-satisfaction mechanisms.

e Introduction of secretaries for the purposes of incremental construc-
tion of the constraint-satisfaction network.

e Disclosing the deficiencies of the activation function used in AMBRI
and replacing it with a more appropriate one. Detailed mathematical
analysis of these functions.

e Developing, testing, and documenting portable computer imple-
mentations of the architecture and the model.

e Enlarging the knowledge base and performing new simulation ex-
periments with AMBR2.
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' 6.3. Plans for the Future

Each end is a new beginning.
(Bulgarian proverb)

As stated in the introduction, the project reported here is part of a big
and ambitious research program. There are a number of open avenues for
future work on the architecture and the model. They include:

e Elaboration of the mechanisms of AMBR. In particular, adding sup-
port for analogical transfer and evaluation.

e Testing the mbdel on new kinds of problems. Experimenting with
considerably larger knowledge bases (scaling up)."

* Sensitivity analyses with the model. Exploring the effects of selected
‘lesions’ of its mechanisms.

e Comparing AMBR with other models of analogy-making.

e Performing psychological experiments to test the predlctlons of the
model.

e Adding perceptual mechanisms to the architecture. The PEAN proj-
ect is an effort in this direction.

e Adding learning mechanisms to the architecture.
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