




o anticipatory

We describe these models in this subsectiorr.
There a,re also models of the space of possible behaviors, that is, the trajectories

that the system may traverse, and its actions and the corresponding transitions
(some of the actions of the system will cause changes in the environment in response).
These can be organized into interactive game strategies, in which the system can
consider the alternation of its own actions and those of the environment (though of
course, most complex environments are not strictly taking turns). These models can
also be organized by time, both actual and potential, and also organized in several
other ways.

In order for the system to have a rich enough set ofmodels to consider, we expect
the system to build many of its own models. The system builds new models in two
ways: empirical and inferential. The empirical models are the data-driven obser-
l-ations, with many measurement processes and induction as the main component,
and the inferential models are the causality hypotheses. The system also needs to
construct Wrappings for the new models, which in general is very difficult, but is
relatively simple in this case: each of these model construction methods is based on
a hlpothesis about the input, and the model can be used in reasoning about that
input. In pa.rticular, the system will evaluate the models according to how well they
help the system predict its environment.

This model development starts with observations of the environment and of
itself. The Computational Reflection provided by Wrappings allows model analysis
and improvement to include all of these kinds of models.

Empirical models use induction to construct descriptions of the observations.
There are malry approaches to inductive inference [1], and which ones to use will
depend on the application area, but there will at least be some common sequence
recognition algorithms, and some partial pa^rsing algorithms.

Inferential models use abduction to construct explanations of the observations
and empirical models. The relationship between the inferential models and the
phenomena they explain is exactly the same a.s the relationship between mechanism
specifications and service specifications in communication protocol design: since
we cannot expect the system to be able to invent all the implementations for its
observed behaviors, we settle for trying a few well-known styles of implementation
that are specific to the application domain.

Both the empirical and inferential models are reactive, but they produce models
that ca,n be used for prediction. the anticipatory models are simulations (see the
next subsection).

All of these models a^re constructed in model spaces, and the model spaces in
our ideal system are often also constructed (though some are provided). The spe'
cific inductive and abductive methods use spaces that are constructed in advance,
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according to which method is used (each of these methods specifies that its models

a^re built in some well-defined space).
There are also exploratory models, processes that use evolutionary or adaptive

programming (using our semantically neutral Wrapping expression notation ure'ufor
its meta-programming capabilities [22] l23l) to develop more precise or more accurate
models of the observations, the explanations, and the consequences of activity. Some
of these more exploratory methods also build a model space, in addition to the model

they build within that space.

4 Symbol Systems

In this section, we turn to the symbol systems that underlie all explicit models in

the autonomous systems we consider. All behavior in the system is expressed in the
prograrns that define the set of resources available for selection by the CM. In the

simplest case, they a,re all expressed in wrex, but there a^re often models and other
resources that are not orplicit, and therefore not directly analyzable.

We a,re looking for criteria that can be used by a Constructed Complex System
to decide when its own use of its own fundamental symbol systems has become

inadequate, and for methods by which such a system can use the deficiency criteria
to help it develop new symbol systems that do not have the detected deficiencies
(without getting into an indefinite or cyclic series of changes that all have different
deficiencies).

We start by mentioning two theorems that seem to be well-known in the folklore,

though we have not seen any proofs of them before [21]. We called them uGet Stuck"
theorems, since they assert that any finite system of symbols and symbol grouping

constructs would eventually get stuck unable to express more complex relationships)
in a certain way. The relevance here is that it directly supports the assertion that
the ability to create new units and new symbol grouping methods (that is, new
symbol systems for representation), and the corresponding ability to re-express all

of its own behavior using the new units and the new constructs, is essential for
certain kinds of systems (in particular, the ones that we want to call intelligent).
This notion of systems that can change their own symbol systems is something new
in both Computing and Mathematics. Since, âfter all, any formal logical system
depends for its proofs on a fixed set of symbols, it follows that when we can change
the symbols, we obviate the proofs, and sometimes invalidate the theorems. In
particular, Gôdel's Theorem only applies to logics with fixed symbol systems (this

is not to say that it cannot be proved for certain logicat systems with variable symbol
systems, only that it ha.s not yet been proved)'

Making systems that can change their own symbols seems to be a ha"rd prob-

lem, but we think it is pæsible to solve it. The advanùage of our system design for

working on this problem is that it already has a system infrastructure that is com-
putationally reflective (our "Wrapping" approach to integration described above),
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which means that our Constructed Complex Systems have access to a model of their
own capabilities and behavior that they can monitor and analyze.

So there are two ha,rd pa.rts to this problem: how to detect inadequacy in a
symbol system, and how to invent new symbols (actually, the invention of new
narnes for the new symbols is ea.sy; it is deciding on the appropriate meaninp that
is hard).

For the first problem, performance a,ssessment of a symbol system, there must
be a definition of what the performance of a symbol system is, and criteria for the
adequacy of that performance. The symbol system is used to express posed prob-
lsms, find appropriate resources to address thoee problems, and apply the resources.
Adequacy criteria therefore fall into several classes: (1) ease of identification (how
easy it is to produce the symbol structures that correspond to a particular situation
or event), (2) orpressive coverage (how much of the situation ca.n be expressed), (3)
expressive power (how small the resulting structures are), and (4) ease of interpre-
tation (how easy it is to use the structures for further processing). Note that classes
(3) and (4) a,re more ea,sily handled because they occur entirely within the system,
and so can be controlled or at least observed and influenced by the system.

Clâss€6 (1) and (2) require a way to describ€ situations that may be outside the
system (all of this evaluation also applies to events and situations that occur inside
the system, but as before, those ones are ea.sier to deal with), and that therefore
have no explicit representation inside the system, except for the one provided by
the existing symbol system. So in order to make the comparison, there must be
some basic interactions between the system and its environment that a,re not cov-
ered by the symbol system. For both Virtual Worlds (VW) and Real-Life (RL)
enyironments, they can be taken to be interaction items. For RL, these are usually
energy transfers of some kind, and for VW, they are text structures. The RL version
of the interaction is called the symbol-grounding problem, and is in general much
ha,rder. Even for VW, however, where the discrete nature of the world provides a
lower bound on required resolution, there a^re interesting problerrs because we will
eventually want to share those virtual environments with our computational agents,
which we expect will be implemented as this kind of Constructed Complex System

[6] [24].
For the second problem, that is, to decide what changes to make, the performance

measurements of the symbol system provide hints about what must be changed and
how to do so. When situations are not expressible, erctensions must be made, which
mealrs addition of new symbol definitions (without removing the old ones). When
situations a,re conflated that should not be (similarly described events or situations
have different effects or consequences), the identification context must be extended
to improve the discrimination between the situations. When the constraints among
a set of symbols become zufficiently complex, the set of interconnected symbols
needs to be r*expressed. The constraints guide the selection of new symbols, and
show how the old ones ilre partitioned among the new ones.
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We expect that there are other important processes here, but that these ones a,re
sufficient for a good start.

5 Conclusions

This paper describes a research program in Integration Science [10], using au-
tonomous and intelliçnt systems as a driving application [19] [15] [32]. It describes
our approach to Constructed Complex Systems, using Wrappings, and our insistence
that these systems manage their own representational mechanisms [28] [32].

There are several fundamental mathematical questions involved in this study:
(1) how self-reference can be made not only possible but sensibly computable [2] [3],
which we have empha.sized by using the Computational Reflection of Wrappings,
and our engineering notions of depth of self-modeling [26j, (2) how formal mathe
matical structures can be extended to incorporate more information about context
and situation, which we describe in detail elsewhere [32] (3) how to move formal
structures into new contexts and assess the resulting validity [30], (4) how to deûne
mathematical structures before their ba.sic elements are defined [32], (5) how to cap
ture more of the modeling processes in mathematical structures, (6) how to decide
when a notational system is inadequate, and (7) how to fix it.
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