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Abstract: This text sketches several ways of considering systems from the position of their modularity through viewing them without any attention paid to their modularization, then as composed from functionally specified modules, and then considering them as post-modular systems consisting of relatively independent autonomous modules sharing a common environment and acting in it in more or less coordinated ways. Especially in the case of post-modular systems, the phenomenon of emergence of their behavior becomes critical. A relatively simple, uniform and productive theoretical framework for studying the mentioned aspects of systems modularity and behavior – the framework of the theory of grammar systems (more specifically, a variant of them called colonies) – will be presented, illustrated and discussed in certain details, and necessary bibliographical information will be provided for those having deeper interest in the presented subject and approach.
1
Introduction
Considering complex systems, we typically need – cf. (McClamrock, 1995) – to know what a complex system is doing at a higher level in order to find out how at the lower level it accomplishes that task. In other words, we often need to know the function of the complex system being analyzed in order to know what aspects of structure, of system architecture, to look at. Understanding the behavior of a complex system requires knowing which aspects of the complex mass of lower-level properties are significant in making a contribution to the overall behavior of the system. In a real situation, such distinction may be problematic because the identification of which aspects of the lower-level activity of the system are significant and which are noise – the process of the so called destillation (McClamrock, 1995) – is often complicated. 

In this context, the story of the development of Artificial Intelligence (AI) and the development of connections of AI with the field of Artificial Life (AL) is instructive enough.

Originally, AI concentrated, especially with respect to its ambitions to construct intelligent robots, to discover suitable centralized architectures of systems enabling the construction and execution of effective enough techniques and methods of sensing the environment in which intelligent systems acts, the most appropriate, logically powerful enough and computationally tractable ways of inner symbolic representation of systems’ outer environment and of systems’ knowledge about this environment and about how to behave rationally in this environment, computationally effective enough procedures for the use of inner representations in order to infer plans of systems’ behavior, and methods and techniques of executing plans as sequences of (physical) acts in the inner environment.

The basic architectural principle of systems developed according the above mentioned intentions is depicted in Fig. 1. Sec. 4 will show how this principle can be used for constructing a system behaviorally specified in Sec. 2. 
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Fig. 1: Traditional architecture of intelligent systems.

The attempts to solve different difficult problems of the traditional AI as presented e.g. in (Genesereth, Nilsson, 1987)  – the problem of representation (Brachman, Levesque, 1985), the problem of non-monotonicity (Bobrow, 1980) or the famous frame problem (Pylyshyn, 1987) – lead to realize that the core of these and other similar problems consists in the absence of massive enough interactions of rational agents with their environments, in other words in the lack of the real physical bodies of intelligent autonomous systems situated in their environments. The birth of the so called novel AI at the beginning of nineties – as the direct consequence of R.A. Brooks’ enthusiastic initiatives (Brooks, 1999) – was made possible only on the base of the above mentioned enterprises of traditional AI. 

The leading idea of the novel AI is based on the bottom-up strategy of construction of autonomous rational agents. Experimentation in (reactive) robotics and in AL provides a base for more general speculations about new architectural principles for systems design. In (Stein, 1997), arguments are listed in order to support the idea that the traditional decomposition of systems into functional modules is principally limited, that a new architectural principle is required, particularly discovered, and that it is more appropriate for creating the systems of a new kind of their modularity. These so called post-modular systems are set up opportunistically from parts working in the massive interaction with their shared environment. It was realized soon that, for receiving at least a low level of rationality of simple agents, only their bodies which massively interact with their environments are enough, for instance. There are no reasons to use any internal representation of the environment located somewhere in the memories of these agents. More about this can be found e.g. in (Kelemen, 2000) or (Kelemen, 2001). Many systems have such strictly interactive nature. The bodies of such systems seem to be enough for their rational functioning. Such systems are usually called purely reactive ones because their modules act immediately on the base of the current situation sensed in their environments. For defining some suitable ordering in modules’ activities if the acting conditions of several modules are satisfied in one situation, appropriate subsuming mechanisms are used. We will show an attempt to formalize some symbol processing features of such kind of systems. Fig. 2 illustrates the idea of the architecture according which systems are set up from (well subsumed) purely reactive modules which react immediately to the situations sensed in their environments. Post-modularity will be discussed in more details in Sec. 5. Then, in Sec. 6, we introduce a formal framework for studying post-modular systems.
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Fig. 2: A system consisting of purely reactive modules.

The following sections will sketch several ways of considering complex systems from the position of their modularity through viewing systems without any attention paid to their modularization, then as composed from functionally specified modules, up to the post-modular systems consisting of relatively independent autonomous modules sharing a common environment and acting in more or less coordinated ways. 

Especially in the case of post-modular systems, the emergence of their behavior from massively parallel interactions of modules with the environment becomes critical. We discuss this topic in more details in Sec. 7 and relate a proposed understanding of emergence to the test of emergence proposed in (Ronald, Sipper, Capcarr(re, 1999). Sec. 8 provides an example of how a simple rational behavior of a post-modular system emerges from behaviors of individually non-rational modules interacting through a shared environment, only. 

Another difficult problem is to find the right boundaries of a complex system: cf. (Bechtel, Richardson, 1993). The solution is crucial for identification of the loci of control of the complex systems. There are two extremes here:

· to consider the environment of the system as the locus of control -- the case of external control--, and 

· to consider the system itself as the locus of its own control -- the case of internal control.

The result of emphasizing the external factors is, according to (Bechtel, Richardson, 1993), to reduce the importance of the system, treating it as responding to external factors, or shaped by them, but not itself an important element in accounting for the responses. On the other hand, limited responsiveness in the face of wide environmental variation is taken as an indicative of internal control, and the solution is to search for specialized and complex internal mechanisms. The system makes its own contribution and influences what happens to it. We will demonstrate the possibility to consider the same systems as belonging to different categories according to this taxonomy. 

The importance of the body, its sensitive reactions to the actual stimuli coming from its environment, the dynamics of the environment as well as the appropriateness of agents’ perceptive capacities to the environment in which they are situated, the possibility of evolution of symbolic structures in forms known in the field of genetic programming, etc. contributed to establishing the field of AL. The first pioneering texts of AL are collected in (Langton, 1995). The direct relation between AL and AI is well reflected in contributions appearing in (Steels, Brooks, 1995). In Sec. 9 we will deal with an extension of the formal framework for the study of the power of interactions of simple reactive agents presented for some specific AL purposes.

The presentation will be divided into he following eight themes:

1.  An example of a simple behavior of a particular system (Sec. 2). 

2.  Use of statistics in order to reconstruct systems on the base of statistics based on the observation of their behaviors: Markov-processes and probabilistic finite-state machines as models of systems (Sec. 3).

3.  Functional modularization: looking into the black box and construction of functionally specified modules and their addressed interrelations in order to generate the (almost) required behavior; proposing language-theoretic models of behaviors and grammar-theoretic models of the generative devices (Sec. 4).

4.  Post-modularity: considering systems as societies of agents and their functional modularization into the form of so called post-modular systems; a (very) short introduction to the theory of grammar systems as formal models of post-modular systems (Sec. 5).

5.  Proposing a formal framework of a special variant of grammar systems for dealing with some aspects of post-modular systems (Sec. 6).

6.  The problem of emergence: the emergence test applied to post-modular systems; languages generated by grammar systems as an example of emergence of behaviors (Sec. 7). 

7.  Emergence of low-level rationality: an example will be described of how a specific low level rationality of behavior can emerge from the non-rational behaviors of modules in post-modular systems (Sec. 8).

8.  The extension of the model towards the systems which reflect some of the properties of living systems (Sec. 9).

The contribution ends with a relatively exhaustive list of references which provides the basic orientation in the field of colonies – a sub-field of the theory of grammar systems – used in this article as the main conceptual framework for dealing with the mentioned problems with all theoretic rigor. 

2
An Example
We will start with and in the following Section to a certain extent we will also follow an example proposed originally in (Pylyshyn, 1973). Let us suppose that we observe the behavior of a particular system and that we realize that the system reacts to a starting stimulus (symbol) S by producing a strings of symbols a and b of the form anbn (for some finite integer n). We hypothesize from some reasons that the behavior of the system will be of the same structure for all positive n. However, we know nothing about the architecture of the system, so that the system is something like a black box for us. The above described situation is visualized in Fig. 3:
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Fig. 3: A system as a black box.
Let us consider now that we are confronted with a problem to reconstruct this system on the base of its observed behavior. How can we proceed? 

The next sections offer some answers to the previous question. We show how hard is to start from a finite sample of observations and invent on such a base a device with an expected infinite behavior. We will see that the requirement of an infinite behavior can lead to different system architectures and that it is hard to decide what system constructed on the base of the same finite sample of behavior is the most suitable one.

3
A Simple Statistical Analysis
Consider the system form the previous example. The sample of observed behaviors can be considered as a corpus of a very simple language. Let us assume that this sample – consisting of, say, 341 observations – is recorded in Table 1. 

                           ab................................................200x

                                aabb..............................................100x

                               aaabbb.............................................30x

                              aaaabbbb..........................................10x

                            aaaaabbbbb..........................................1x
Table 1: The summary of observation of behaviors of the system from Fig. 3.

Let us concentrate, in the table containing the results of our observation, on the neighboring strings appearing in the sequences of symbols in strings from Table 1. We note that by the dot ( we denote the “head” and the “tail” of each string. Accepting this notation, the simple statistics on Table 2 follows from the analysis of the contents of Table 1:

Statistics

neighborhood:                    times:
          ((a)                           341  

          (a()                               0

          (ab)                           341 

          ((b)                               0  

         neighborhood:           times:
          (b()                            341 

          (aa)                            194 

          (bb)                            194
          (ba)                                0
Table 2: Simple statistics.
If we wish to reconstruct the behaving system on the base of this record, so on the base of a finite corpus, one way might be to describe the strings as segments of a Markov chain with three states (a, b, and a boundary state (). Such a description would be summarized as a transition matrix giving the probability of a transition between any pairs of symbols as it is in the Table 3: 

  
          (             a              b  


(        0.00      1.00         0.00

a        0.00      0.36         0.64

b        0.64     0.00          0.36

Table 3: The table of probabilities of neighborhoods.
Fig. 4 represents schematically another type of a finite state device – a finite automaton – which generates the sequences of symbols a and b with similar statistical distribution as the above described Markov chain:
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Fig. 4: A finite state device generating sequences of as and bs.

The proposed models give a very simple characterization of the corpus but suffer from certain weaknesses. For example, while the first device predicts that ab will be the most common string, it also predicts that aab and abb should occur with greater frequency than aabb. As (Pylyshyn, 1973) discussed in more detail, this can be improved e.g. by making the states of the Markov process correspond to pairs of symbols, or to even larger sequences. Such model, however, begins to lose its compactness and depends on more and more empirical parameters. Instead of the above described performance-based approach to construct the behaving systems, in the next Section we will follow another methodology.

4
Traditional Modularization
We can criticize the models from the previous Section because of their specific inadequacy. Imagine, for instance, that the symbols a and b denote some elementary physical processes like go one step downstairs and go one step upstairs, respectively. All the observed behavior of the system then means to go some steps downstairs and then go back the same number of steps upstairs. So, the symmetry which we can recognize on the base of the previous corpus (and the importance of which is depressed in the Markov model) may easily become as an important requirement.

An almost generally accepted traditional conviction in systems design is that systems can be modularized into some functionally specified units (or modules).

In fact, decomposition of systems into functional modules is such basic principle that we have tended to take it as granted. Traditional computer science reflects this position in the form of the so called procedural abstraction. From this position, computational units (procedures) are defined as functions which generate from given inputs the corresponding outputs. In Fig. 4, a basic idea of the internal structure of the required system is depicted.

To generate the required set of strings, we can imagine a module presented by the rule S ( aSb, which makes the activity of another module S ( ab possible, and which terminates the generative process. These two modules/rules will work sequentially during the rewriting process in order to generate a string having the required structural properties. Note that each rule plays, in the above sketched process, its own precisely defined functional role. Each one uses some specific input for producing some output suitable for anotherone as input for its rewriting. These interrelations are schematically depicted in Fig. 5: 
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Fig. 5: A hypothesized functional modularization of the system from Fig. 3.

This style of thinking and the resulting system decomposition is usually called the system decomposition into functionally specified modules. As Fig. 6 illustrates, all the traditional formal grammars studied in the literature on theoretical computer science are in a certain sense examples of functionally modularized generative systems which generate sets of strings of symbols – formal languages. But while functional decomposition is certainly a legitimate architectural principle, it is not the only one applied in the present time.
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Fig. 6: A functional modularization of the system from Fig. 3.

5
Why to Proceed in Another Way? 
The traditional view that systems are set up from functionally specified modules which interact in some well-specified ways is rooted in our traditional approach to systems’ (re)construction consisting of the decomposition (analysis, modularization) of the whole (required) system into a set of functionally specified modules, of constructing such modules and of establishing their well-specified interrelations which guaranties the required functioning of the whole system set up in such a way.

However, the above described methodology has some limitations, and is effectively applicable for constructing not too complex systems, only. Too complex systems are those, at least in the present context, which have, for instance, too many modules and we do not know their functional specification. However, we are interested in keeping some functional specification of such systems under certain limiting boundaries. Eco-systems are perhaps a good example. Or imagine systems which functional decomposition is unknown for us, and the behavior of which cannot be changed in another way than by deleting and/or adding some new components. Different societies are good enough examples. We do not know exactly what a particular member of a society will do in a specific situation, but we are interested in acceptable functioning of the whole society in the same situation.

In (Stein, 1997), several good reasons are listed to suppose that many systems are neither analyzable nor synthesable from the positions of the functional decomposition scheme. This follows, in general, mainly from the interactive nature of some non-computational systems (like behavior-based robots or economic systems) but increasingly also from many computational systems (software agents or computer networks, for instance). The common characteristics of such systems is their massive mutual interaction and/or their massive interaction with dynamically changing environments in which they are (physically or informationally) situated. Fig. 7 presents a view of a post-modular architecture of the system depicted in Fig. 3:
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Fig. 7: A post-modular architecture of the system from Fig. 3.

Realize that the two components of this system communicate through the shared environment only, and that there are no direct communication between them. However, in the case of an appropriate “starting” situation in the environment, especially in the situation when only one symbol A appears in it, the behavior (sketched in Fig. 8) of the whole system is exactly the same as required in the Fig. 3 and as is produced by the traditionally designed system depicted in Fig. 5.

Generally, an interactive system is – according to Stein – one in which information is continually being sensed and behavior is continually being generated. Interactive systems exploit properties of their environment to generate future behaviors. They are always operating concurrently with their environment. While traditional computer procedures – while executing – are blissfully ignorant of their environment, writes Stein, an interactive system, in contrast, is always responding to its environment. It means also that interactive systems are opportunistic in the sense that they depend on simpler systems without necessarily preserving modular-functional encapsulation with all of the redundancies, interdependence, etc. Fortunately, this does not mean that we must give up all our conviction in principled analysis or synthesis. The basic principle derived from experiences is (Stein, 1997) that post-modular systems are set up opportunistically from parts working in massive interaction with their environment(s), where interactive systems exploit their environments to generate future behaviors, and that the behavior of the whole post-modular system emerges from this interaction. 
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Fig. 8:  Interactions of modules in a post-modular system.

6
Colonies – A Formal Framework 
Rather than imagine and develop completely new conceptual approaches to understand the new modularity of post-modular systems theoretically, we propose to re-use at least some of the existing ones. There are many reasons to proceed in such a way. We recognize the existence of working experiences, educated researchers, and the necessary interrelations with the traditional approaches as some among the most important ones. The aim of this Section is to show the possibility of effective dealing with post-modular systems by using the formal framework of the theory of grammar systems satisfying the previous requirements. 

Grammar systems (Csuhaj-Varjú, Dassow, Kelemen, Păun, 1994), (Dassow, Păun, Rozenberg, 1997) define languages through finite sets of formal grammars working in shared strings of symbols (similarly as in the example depicted in Fig. 4). 

The development of grammar systems has followed in the past the crucial conceptual changes in viewing computing systems. An amount of inspiring work – with results presented in more than two hundreds of papers or published conference contributions, up to three hundreds of references in the book (Csuhaj-Varj(, Dassow, Kelemen, Păun, 1994) – has been done during a decade of activities in the field documented e.g. in (Păun, 1995), (Kelemen, Păun, 1996), (Dassow, Păun, Rozenberg, 1997), (Kelemenov(, 1998), (Kelemen, 1999), (Păun, Salomaa, 1999), (Freund, Kelemenov(, 2000), (Kelemen, Kelemenov(, 2000). We postulate the theory of grammar systems as a promising way of studying post-modular systems in the general framework of theoretical computer science.

The simplest architecture realizing the idea of total decentralization expressed in grammar systems is the architecture of the so called colonies. They are perhaps the simplest variant of grammar systems and it is a reason why we will deal with them in this Section. However, all the field of grammar systems can be, according to our opinion, used for better understanding of some of the aspects of post-modular systems. Fig. 9 provides a schematic view of a colony of n grammars:
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Fig. 9: A schematic view of an n-component colony.

Originally, colonies were invented in (Kelemen, Kelemenová, 1992) as formal generative models of purely reactive agents studied in robotics (Connell, 1990), (Brooks, 1999), (Arkin, 1997) and have been developed during the nineties in several directions, e.g. in (Dassow, Kelemen, Păun, 1993), (Kelemenová, Csuhaj-Varjú, 1994), (Păun, 1995), (Baník, 1996a), (Martín-Vide, Păun, 1998a), (Martín-Vide, Păun, 1999b), (Kelemenová, 1999), (Gašo, 2000a, b), (Kelemen, Kelemenová, Martín-Vide, Mitrana, 2000), (Kelemen, Kelemenová, Mitrana, 2001), etc. In (Baník, 1996b), colonies are connected with a modification of the Turing machine, (Sosík, 1999) connects them with neural networks, and (Sosík, Štýbnar, 1996) formulates some possibilities of inductive inference of colonies. In (Kelemen, 1997), colonies are connected with the field of reactive robotics, while in (Kelemen, Păun, 2000) and (Kelemen, 2000) they are with rule-based systems.

Formally, a colony C is a triple (R,V,T) set up from:

· a finite number of components Ri belonging to the set R of components of C, 

· a finite set of symbols V called the total alphabet of C, and

· a finite terminal alphabet T ( V of the colony C. 

Components Ri ( R (1 ( i ( n) of a colony C are regular grammars generating finite languages and operating on a shared string of symbols – the environment of the colony – without any explicitly predefined strategy of cooperation of the components. A terminal symbol of one component can occur as a non-terminal symbol of another one. 

An environment of a colony is formed by strings of symbols from a finite alphabet V (the environment is, in fact, the structure identical to the so called sentential form known in the classical theory of formal grammars and languages). Let suppose that strings are modified only by sequential activities of components of a colony. (However, in (Dassow, Kelemen, Păun, 1993) the parallel case is also invented and studied.) Because of the lack of any predefined strategy of cooperation of components, each component participates in the rewriting of the current string whenever its start-symbol is present in the actual string. Conflicts are solved non-deterministically, as it is usual in the classical theory of formal grammars.

The language LC generated by a colony C is formed as a subset of all strings over the terminal alphabet T which are generated by the components in R of the colony C from a given starting string. A terminal symbol of one component can occur as a non-terminal symbol of another one, so the possible cooperation of components of the colony allows to generate by colonies substantially more than finite languages.

As an example of a colony C, let us consider:

· A two-element set R of components R1 working over its total alphabet {A, X, B, a} and terminal alphabet {a, B} according to the rules {A ( aX, X ( B}, and starting with its starting non-terminal symbol A; and R2 working over its total alphabet {A, B, Y, b}, with the terminal alphabet {A, a, b}, and using the set of rules {B ( AY, B ( b, Y ( b} starting from its own starting non-terminal symbol B.

· The total alphabet of the colony V = {A, B, X, Y, a, b}. 

· The terminal alphabet of the colony T = {a, b}. 

It is easy to see that starting with the non-terminal symbols A of C, the colony C generates the language:

 L(C) = { anbn | n ( 1}.

It is interesting to realize in our context that L(C) is an infinite language, while both of the two components of the colony C, the component grammars R1 and R2, generate finite languages L (R1) = {aB} and L(R2 ) = {Ab, b}, only. 

Grammar systems and colonies are formal devices which express an important feature of post-modular systems postulated by (Stein, 1997) –namely the representational alignment through shared grounding. 

Realize, first, that components of a grammar system or of a colony are really situated in their environments, of course in a very simple way. However, if “situatedness” is understood as exploration of the environment for generating the components’ own behavior, in the case of grammar systems’ or colonies’ components we are confronted exactly with that. 

Second, making possible for the components of a grammar system or of a colony to interact with a shared environment – with the shared sentential form, in this case – we can obtain (a lot of proved theorems, e.g. in (Csuhaj-Varjú, Dassow, Kelemen, Păun, 1994), show this possibility in the theory of grammar systems and colonies) completely different behaviors (languages) as the behaviors (languages) of the components. In the case of colonies, this fact is very spectacular, because from the interaction of components – which generate finite languages only – with a shared environment we receive infinite behaviors. Moreover, having in the mind the fact that an arbitrary finite language is a regular language in the famous Chomsky hierarchy of languages, colonies define on the base of such finite languages the whole family of context-free languages – a considerably larger family of languages in this hierarchy containing all the family of regular languages. Putting some additional – simple and very natural – conditions on the capabilities of components and without changing their individual generative capacities, the generative capacity of colonies can be enlarged also to some of the context-sensitive languages: cf. (Kelemen, Kelemenová, 1992), (Baník, 1996), (Kelemen, Kelemenová, Martín-Vide, Mitrana, 2000). 

So, colonies enable us to prove formally the fact that, as (Stein, 1997) states, we can capitalize on the observation that interactive systems situated in a shared environment often rely on some of the environment regularities, putting aspects of two systems into alignment, to bootstrap a shared “understanding” between the two systems. 

More spectacular – but technically more complicated – are the so called eco-grammar systems, which express some life-like properties of decentralized symbol systems (Csuhaj-Varjú, Kelemen, Kelemenová, Păun, 1997). Eco-grammar systems represent a modification of grammar systems in several aspects. One among the important features of eco-grammar systems is that the environment in which the components work has its own dynamics which is independent on the components’ activities. Components are formal grammars influencing the environment (represented by a string of symbols). In some variant of eco-grammar systems, the direct interactions between components are allowed, too. Moreover, some internal changes (development) of components is provided in dependence on the environment’s states and dynamics. 

7
On Emergent Phenomena in Post-Modular Systems 

Emergence belongs to the most challenging phenomena studied in many fields of contemporary science, mainly in system sciences, advanced robotics, artificial life studies, and in some parts of computer science as well. These phenomena appear usually in systems composed by several (many) individually autonomously behaving entities sensing and acting in a shared environment. In (Ronald, Sipper, Capcarr(re, 1999), a list of some representative cases of emergence is presented.

(Havel, 1993) recognizes three basic meanings of the word emergence. The first, perhaps the oldest one, is rooted in works by G.H. Lewes from the 19th-century evolutionary theory. It is connected with the rise of a system that cannot be predicted or explained from antecedent conditions. The second meaning denotes the phenomena that appear to be natural on a certain level of analysis, but somewhat resist their reduction to an appropriate lower level. The third makes the previous one more precise and it is often used as an argument against reductionism: a property specified by a certain theory T1 is said to be properly emergent if it is co-occurrent with some property of the theory T2, but cannot be reduced to any property definable nor provable in T2. 

The most frequently intuitive meaning of emergence used in the context of Artificial Intelligence and Artificial Life is the last mentioned one. In (Forrest, 1990), for instance, the notion of an emergent computation is supposed consisting of a collection of mutually interacting agents, whose individual behaviors in an lower level form implicit global patterns at a higher level, i.e. epiphenomena. In (Holland, 1998, pp. 121-122), emergence is explained as “...about all a product of coupled, context-dependent interactions. Technically these interactions, and the resulting system, are nonlinear: The behavior of the overall system cannot be obtained by summing the behaviors of its constituent parts... However, we can reduce the behavior of the whole to the lawful behavior of its parts, if we take nonlinear interactions into account” (emphasized by J. Holland).

In this Section we will discuss the phenomenon of emergence widely recognized in numerous and quite different contexts (Holland, 1998) and the emergence test proposed in (Ronald, Sipper, Capcarr(re, 1999). After some notes concerning emergence, we will try to prolong by another example the list of examples of emergent phenomena provided in (Ronald, Sipper, Capcarr(re, 1999). We will show that complicated formal languages can emerge (in the sense required by the emergence test) from interactions of simple generative devices. In our case, all the notions written in italics are precisely, formally definable. The meaning of the words emergence and to emerge will be used to characterize a process of generation of a, and its result the, language generated by a grammar system, respectively. 

The example of a colony provided in the previous Section perhaps demonstrates that grammar systems are nonlinear in the above mentioned sense: the infinite language generated by the whole colony cannot by generated by its two component grammars in the sense of “summing up” the two finite languages generated by each of them. However, we can consider the summing up operation not only as simple as in the set union. We can consider operations defining the so called abstract families of languages. Then, we may look for “emergence” (generation of languages by grammar systems) which cannot be defined by these operations over the languages generated by component grammars of grammar systems: (Freund, Kelemen, Păun, in preparation) will provide the first result of such a direction of our research.
In (Forrest, 1990), as we have mentioned in short, an emergent computation is supposed to consist of: (1) a collection of agents, each one following explicit instructions, (2) interactions among the agents (according to the instructions), which form implicit global patterns at the macroscopic level, i.e. epiphenomena, (3) a natural interpretation of the epiphenomena as computations. 

It is clear that all component grammar in a colony follows explicit instructions. These instructions are formulated in the form of rewriting rules and the process of their use is formulated explicitly in the definition of the derivation step. Interactions among the component grammars are limited by the strategy of cooperation and their behavior “at the macroscopic level”, so that if we observe the behavior of the whole colony instead of the individual behaviors of its components, it produces – as an epiphenomenon – an infinite language, which is naturally interpretable as a computation: it can be generated/accepted by the corresponding type of an abstract computing device (if it is a context-free language – this is the typical case for colonies – then by the corresponding pushdown automaton). 

(Ronald, Sipper, Capcarr(re, 1999) has formulated a test of emergence trying to offer an operand definition of emergence for artificial life experiments. The requirements put onto a system in which the phenomenon of emergence appears are the following:

Design. The designer designs the system by describing local interactions between components in a language L1.

Observations. The observer describes global behaviors of the running system by using a language L2.

Surprise. The language of design L1 and the language of observation L2 are distinct, and the causal link between the elementary interactions programmed in L1 and the observations observed in L2 is non-obvious.

Imagine the situation described in the example in Section 3 and analyze the design process in more detail, first. Imagine a designer (or more designers) who “programs” (constructively defines) the particular simple modules, say R1 and R2, for generating some required finite numbers of strings, say {aB} and {Ab, b}. The designer is satisfied because the constructed modules’ work fits the given requirements. By using both of these generative devices in isolation, they generate the simple sum of the two behaviors – the finite language {aB, Ab, b}. No surprise during the observation of such a kind of system created from the (just described) isolated modules.

Now, imagine that a designer put the modules into a shared environment consisting of a symbol A (see Fig. 4). What they will observe? The global behavior of the whole system will be other than the simple finite “sum” {aB, Ab, b} of the behaviors of individual components. The observed behavior will be an infinite language {anbn | n ( 1}. However, the design of the two components remains unchanged! So, while the language of the designer has been concerned with finite behaviors, the language of the observer of the system created in a rather simple way from the designed components will be concerned with infinite behaviors (languages). 

The impression of a surprise becomes realizing the just demonstrated finite/infinite gap between the behavior of the above mentioned two systems set up from the same components but working in different environments (starting with different initial strings). But, theoretically, some more surprising facts are proved concerning colonies. As we have mentioned already, colonies – devices set up from regular grammars generating finite languages – define the whole family of context-free languages, and if they work with some simple and very “natural” additional restrictions their generative capacity can be enlarged also to some of the context-sensitive languages. Moreover, in the case of finite languages some problems seem to be highly actual, for instance the complexity of defining such languages, and some of them are completely trivial, like problems concerning decidability, computability, etc. Some questions become meaningful only in the case of infinite languages. In other words, there are two (not completely distinct, of course) languages for talking (and thinking) about finite languages and devices generating them, and the infinite ones. 

Now, we could state that colonies satisfy the test of emergence as proposed in (Ronald, Sipper, Capcarr(re, 1999), and that they offer a quite simple and theoretically well grounded example of how the test can be applied. In such a case, moreover, we can demonstrate the appearance of the phenomenon of emergence in theoretically (mathematically) well described formal systems, too, not only in experimental situations discussed in (Ronald, Sipper, Capcarr(re, 1999).

8
On Rationality of Simple Post-Modular Systems 

Intuitively, an agent couples perceptions with actions rationally if it is able to decide about what actions to perform in a given situation in the light of its goals. It has become usual to distinguish between rational action and rational thought, or – according (McClamrock, 1995) – between process and task, because many among those interested in the study of rationality are skeptical about the wide view that rational thought is a necessary precursor of rational action. (Simon, 1978) and (Simon, 1982) make a similar distinction between procedural rationality and substantive rationality.

Roughly speaking, the substantive rationality is a matter of the fit between an agent's goals and its environment. A substantively rational agent simply does the best action in the sensed situation in order to achieve its goal. It reacts by an action to the state of its environment in order to achieve the just actual goal. So, an account of substantive rationality characterizes what the agent does with respect to the current state of its environment. In the case of a procedurally rational agent, we suppose a process (a certain kind of computation enabling the agent to “deliberate”) behind the choice of what to do in order to achieve the current goal with respect to the just actual state of the agent's environment
. An account of procedural rationality may characterize this process of action selection.

In terms of its expectations and beliefs about utilities of performable acts in actual states of its environment, the agent's rationality then means that the executed acts are of the maximal expected utility for the agent among the actions available at some instant (Doyle, 1988). This is the core of the formalization of rationality in the framework of the classical decision theory.

The mathematical way of formalization of such a concept of rationality is as follows (cf. (Pollock, 1992)):

Let A be an agent described by a finite set A of alternative acts between which it must decide, a finite set O of possible states of the world, a function u assigning numerical values – utilities – to the possible states of the world, and a set of beliefs as probabilities p(O/A) of each possible state of the world on each act. The expected utility of an act a is then defined as e(a) = (o(O u(o)p(o/a).

A decision problem for the agent A consists of maximizing the expected utility of its acts. An agent which is able to solve the decision problem is a rational agent.

In (Kelemen, 1996), a special type of rationality – the so called low-level rationality of agents – is defined and studied. The idea behind that level of rationality consists of eliminating probabilities and minimizing the number of considered states of the world. 

We note that the behavior of low-level rational (llr-, for short) agents is often labeled as adaptive behavior and the llr-agents are sometimes called adaptive agents. However, from the just sketched theoretical analysis it follows that adaptiveness may be considered as the lowest level of rational behavior.

Formally, an agent A with a finite set A = {a1, a2,, ... an} of acts has the property of low-level rationality or adaptiveness (or it is an llr-agent or an adaptive agent) if A is able to solve the decision problem under the conditions that:

- A is able to "recognize" only two states of its world, so O = {t, f},

- A has a binary utility function defined by u(t) = 1 and u(f) = 0, and

- the belief function of A for a given a is either p(t/ai) = 1 and p(f/ai) = 0 or p(t/ai) = 0 and p(f/ai) = 1.

Consequently, the expected utility function e(ai) equals 1 for p(t/ai) = 1 and has the value 0 for p(t/ai) = 0.

The behavior LA of an llr-agent A is the set of all sequences a1...ak (k ( 1) of acts of A such that e(a1...ak) = 1, where e(a1...ak) = e(a1)...e(ak).

Consider now a very simple example of an agent – a child-toy of the form of a fully mechanical ladybug sketched in Fig. 10: 






Fig. 10: The LADYBUG – a simple mechanical child-toy.

The set A of the possible acts of the LADYBUG contains three elements: go, turn and stop, which will be designated in the following by g, t, and s, respectively. The set S of possible situations contains also two elements: (being) on (the table) and crash (off). From one among the possible architectures of the machine it follows that p(on/g) = 1, p(on/t) = 1, p(on/s) = 0, p(crash/g) = 0, p(crash/t) = 0, p(crash/s) = 1, and that u(on) = 1 and u(crash) = 0. The values of the expected utility e of the actions g, t and s will be e(g) = 1, e(t) = 1, and e(s) = 0, respectively.

Because of the specificity of the functions appearing in the previous description, the LADYBUG represents an instance of an llr-agent.

We conjecture that low-level rationality is the maximal level of rationality which may be achieved through subsuming purely reactive components.

Proceeding from the bottom of the reactive agents to the deliberative ones, (Stein, 1994) suggests a new architecture based on the hypothesis that deliberation may be replaced (at least, in some of its restricted forms) by the so called imagined interactions – by pure reactivity of an agent to the remembered virtual form of the environment in which it has been already situated. Stein describes an experimental mobile robot called MetaToto designed using this principle, a derivative of the robot Toto (Mataric, 1992). Interactive abilities of the MetaToto includes exploration of an office-like environment and goal-directed navigation within a previously explored and suitably remembered (in the form of a specific map) environment. Imagination enables the robot to read and make use of the map allowing it to reason about an unfamiliar environment. In the following three sections, we outline a way how the phenomenon of low-level rationality can be analyzed in a framework based on the theory of grammars and grammar systems.

For an arbitrary agent, to be active in an environment means to perform a sequence of acts. Each such sequence may be labeled by the corresponding sequence of symbols denoting the particular elementary acts performed by the agent. 

From the language-theoretic point of view, the set of symbols denoting acts from A of an agent A may be understood as a finite alphabet, and a behavior A (the set of sequences of acts performed by this agent) can be considered as a language LA over that alphabet. Formally, LA ( A*, where A* stands for the set of all (finite) sequences (including the empty sequence) defined from the elements of A with respect to the binary operation of concatenation of (strings of) symbols. Thus, A* stands, in fact, for all possible sequences (including the empty one) which may be formed from the acts performable by A, and LA is the set of all sequences which can be effectively generated by A, which is situated in an appropriate environment. If A is a procedurally rational agent, then there is some mechanism of A for selecting only a subset LratA ( LA of all rational behaviors of A. If A is a substantively rational agent, then A is able to produce only behaviors from LratA, so that LratA = LA. Using this terminology, the question on the use of purely reactive agents which behave without any internal representation of their environments seems to be equivalent to that about the power of substantive rationality.

From the definition of the expected utility function it follows that the behavior LA of an llr-agent A has the following property:

For arbitrary i,j (1 ( i ( k; 1 ( j ( k), if a1...ai,...aj...ak ( LA, then a1...aj,...ai...ak ( LA. There exists an infinite class of infinite languages which satisfy this property. Let us denote this class by LINF. Then, if A is an llr-agent, then the behavior LA of A belongs to LINF (is an infinite language). For the proof, see (Kelemen, 1996).

The adaptive behavior of the LADYBUG from the previous example can be (approximately) described by the set of all finite sequences of acts g (executable because of the physical limitations of the table maximally k-times) and t (executable because of the same reason maximally l-times): So, we have LLADYBUG  =  {(gmcngr)+: 1 ( m ( k, 1 ( n ( l, 1 ( r ( k}.

This behavior can be defined by a formal grammar GLADYBUG  = (N,T,P,S), where N = {S, A1…Ak , B1...Bk} is the set of non-terminal symbols, T = {g, t, s} is the set of terminal symbols, P is the set of productions containing the following rules: S ( gA1,..., Ak-1 ( gAk ( tB1 , Ak ( B1, B1 ( tA2 ( S ( t, B2 ( Ak-1B3 ( S ( t, ... Bk ( S, and S is the starting non-terminal of the grammar GLADYBUG.

The decision-theoretic model of the LADYBUG represents a centralized generative model of its rational behavior. It does not reflect the architectural principle applied in the construction of the LADYBUG considered as a totally decentralized set of two independent, autonomous, fully reactive (i.e. working without executing any recurrent computation) components acting in a shared environment.

We mentioned already that the LADYBUG is set up from two functionally separable mechanical parts, GO and TUR. Realize now that neither of these parts has any level of rationality – both of them (under suitable conditions, see below) crash off the table. However, subsuming them into an agent, they generate a rational behavior. What are the crucial characteristics of such an architecture?

First, the architecture enables the use of the ladybug's real environment as its own representation. Second, the architecture enables the elimination of any deliberation. The deliberation is “hardwired” in the system through subsuming of the reactive activities of the parts GO and TUR.

Let the behaviors of the two parts be LGO = {gms1 : 0 ( m ( k} and LTUR = {tns2 : 0 ( n ( l}. Both behaviors are finite languages, because in all cases the strings of actions of the components lead (after executing a number of steps g or t) inevitably to reach the state s1 or s2 (by crashing the part GO or TUR off the table; let us suppose a slightly idealized condition where the table is quite small, so that the “infinite” rotation TUR is eliminated, that there are no obstacles on the table, no problems with parts' energy income, etc.). Trying to describe the parts GO and TUR as llr-agents in the decision-theoretic framework, we have:

Description of the part GO:
Acts: AGO = {g, s1}
States: OGO = {on, crash}
Utilities: u(on) = 1, u(crash) = 0
Description of the part TUR:

Acts: ATUR = {t, s¾}
States: OTUR = {on, crash}
Utilities: u(on) = 1, u(crash) = 0
In both cases, we have serious troubles with defining the beliefs: by accepting the previous idealizations, we may easily realize that if the parts GO or TUR roll towards the table's edge, they necessarily crash (so that p(crash/g) = p(crash/t) = 1). Thereupon, the parts GO and TUR are not llr-agents in the sense of our previous definition. However, both of the behaviors can be described by the corresponding formal grammars:

The formal grammar for the part GO, GGO, consists of the set N1 = {Ao , A1 , ... Ak} of non-terminal symbols, the set T1 = {g, s1} of terminals, the set P1 containing the productions A0 ( gA1, A1 ( gA2 ( s1, ... A(k-1) ( gAk ( s1, Ak ( s1, and the starting non-terminal A0.

The grammar GTUR consists of the set N2 = {Bo , B1 , ... Bk} of non-terminal symbols, the set T1 = {t, s2} of terminals, the set P2 containing the productions B0 ( tB1, B1 ( tB2 ( s2, ... B(l-1) ( gBl ( s2, Bl ( s2, and the starting non-terminal B0.

We have two regular grammars generating finite languages LGO and LTUR, respectively. Now, in GGO and GTUR, instead of s1 and s2 we will write B0 and A0, respectively. Then, the colony formed from GGO and GTUR generates, starting from A0, the language LLADYBUG = {(gmcngr)+: 1 ( m ( k, 1 ( n ( l, 1 ( r ( k}.

Concerning the rationality of colonies of agents, in (Kelemen 1996) it is proved that the class of llr-agents with behaviors generated by colonies is infinite. This shows that at least low-level rationality may appear as an emergent effect of unsupervised individual behaviors of a finite number of autonomous purely reactive non-rational components. It is also clear that this rationality is substantive in its nature, because there are no decision-making procedures performed by some component(s) in colonies. 

A possible criticism of the approach to rationality presented in this Section may start from realizing the remote credibility of the presented formal, and hence simplified model. Our only intention has been, however, to illustrate the possibility of emergence of a low level of rationality in systems set up from non-rational reactive components. Many important problems connected with the real complex phenomenon of rationality remain, of course. We admit that they are caused by the principal bounds of the power of the used simple formal framework. If it is true, then this Section contributed to the identification of a particular level of rationality (adaptiveness), maybe the lowest one, and may be closed with the hypothesis that the substantive rationality of agents coincides with (some variants of) their adaptiveness, with the lowest level of their rationality.

9      Toward Systems with Life-Like Properties
According to (Farmer, d’A Belin, 1992, p. 818), life is a pattern in space-time, rather than a specific material object. Accepting this assumption, we have then to accept the idea that life can be approached at a symbolic level, with emphasis on the syntax of some of the life-like phenomena. In order to emphasize some of such syntactical aspects of living agents, in (Csuhaj-Varjú, Kelemen, Kelemenová, Păun, 1997) we have proposed a formal framework – the so called eco-grammar systems, or EG systems – based on the theory of grammar systems and related to a certain extent also to the theory of colonies.

Briefly, an eco-grammar system consists of several (a finite number of, say n) agents with internal states described by strings of symbols w1, w2, ..., wn, and evolving according to sets of rules P1, P2 , ..., Pn applied in a parallel way, as it is usual in Lindenmayer (or L) systems (cf. (Rozenberg, Salomaa, 1980)). The evolution rules of agents depend, in general, on the state of the environment (in a given moment, a subset of applicable evolution rules is chosen from a whole set of rules of agents). The agents act in their shared environment (the states of the environment are described by strings of symbols wE) by sets of sequential rewriting rules R1, R2, ..., Rn. The environment itself evolves according to a set PE of rewriting rules applied in parallel as in Lindenmayer systems. The evolution rules of the environment are independent of the agents’ states and of the state of the environment itself. The agents’ actions have priority over the evolution rules of the environment. In a given time unit, exactly those symbols of the environment that are not affected by the action of any agent are rewritten. The above described situation is schematically depicted in Fig. 11:
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Fig. 11: A schematic view of an EG system.

In EG systems we suppose, as it was supposed above implicitly, the existence of the so called universal clock that marks time units, the same for all agents and for the environment, and according to which the evolution of the agents and of the environment is considered. 

The overall state of an EG system is described by the n-tuple (wE,w1,w2,...,wn). We call it a configuration. The evolution of an EG system is described by a chain of such configurations.

The range of questions with a certain AL relevance we can ask about an EG system contains e.g. the following items:

· Is the evolution of a system bounded in time or not? In other words: does the system enter a deadlock?

· In the case of an infinite evolution, are non-cyclic evolutions possible?

· What is the effect of “small” changes, either in the initial configuration or in the evolution/action rules of agents and in the evolution rules of the environment?

· What is the effect of introducing further life-like features into the model to the answers to the previous questions?

· What is the influence of the number of agents on the system’s properties?

Moreover, the starting with the definitions of the notions connected with eco-grammar systems enable to study phenomena like birth, death, parasitism, symbiosis, etc. in a rather formalized framework.

The formal definition of all of the above mentioned notions can be formulated as a natural extension of the above described formal model of colonies. These definitions as well as some results, which to a certain extent answer the above formulated questions, are presented in (Csuhaj-Varjú, Kelemen, Kelemenová, Păun, 1997), and in (Csuhaj-Varjú, Păun, 1993-1994). Interesting examples and extensions of EG systems can be found in (Păun, 1995). In (Cases, Alfonseca, 1998) the EG system approach is related to the study of the population dynamics in ecosystems, and (Anchorena, Cases, 2001) introduces probabilities into actions of agents of EG systems. 
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� This text has been prepared – partially on the base of (Kelemen, 2001) – for the 14th Tarragona Seminar on Formal Syntax and Semantics organized by the Research Group on Mathematical Linguistics, Rovira i Virgili University, Tarragona, Spain, March 11-15, 2002.


� The importance of the (asymptotically) bounded optimality of computations performed by agent's components is advocated e.g. in (Russell, Subramanian, 1993) or (Russell, Norvig, 1995). In the case of purely reactive agents, however,  we suppose no deliberation, no iterations executed by such agents and, therefore, all computations of agent’s components running in real time.
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