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Abstract

This paper provides an introduction to the first work-
shop on the modelling of dynamical hierarchies. We
focus on a number of relevant issues including the dif-
ference between structural and dynamical hierarchies,
different biological and artificial metaphors related to
this subject and a small set of attempts to design soft-
ware artifacts which build on these notions. We con-
clude with questions for discussion.

Introduction

When observing natural systems, hierarchical composi-
tion is ubiquitous in both the physical and the biological.
On the one hand, the physical hierarchy from subatomic
particles, to atoms, to molecules, through to planets,
solar systems, and galaxies has a composition that is fa-
miliar and that serves in making models of the rest of
the world. On the other hand, the levels of organisation
in biological systems from organic molecules, to cells, to
organs, to organisms, through to populations and ecosys-
tems are also commonplace tools in understanding the
biota.

Apart from this observational fact that hierarchies are
present in many different natural systems and that they
assist us in understanding these systems, other motiva-
tions can be listed for studying this topic: 1) Through
the study of the structuring process we can maybe under-
stand why it is so pervasive and 2) Through the design
and development of computational models which mimic
the recursive emergence of these hierarchies we can bet-
ter understand how they are formed (i.e. the problem of
synthesis) and can be understood in terms of their qual-
itative dynamics. This is also still an important issue in
Biology (31).

This paper and the associated workshop specifically
focuses on the second motivation. The issue of modelling
the synthesis of global phenomena from local interactions
between elementary units through agent-based models is
central to Alife research (10; 26). Yet, it is not the in-
tention of the workshop to cover the entire spectrum of

Alife research. It will mainly focus on four questions:
1) How can hierarchies, as can be observed in biologi-
cal and physical systems, emerge recursively through the
dynamical interactions of simple and aggregate compo-
nents, 2) Which metaphors from Biology or Physics are
suitable as guidelines to build these models, 3) How can
we formally define the entire process in order to achieve
a general definition and 4) What is the relevance of these
models in the context of other research domains or en-
gineering applications?

This paper provides an introduction to the workshop
and highlights those issues which are considered relevant.
It is not our intent to be comprehensive in reviewing the
literature on the subject of dynamical hierarchies, nor do
we pretend to resolve the deep conceptual issues involved
in this subject. Instead, at this stage, we intend to use
this workshop paper only to promote discussion of the
topic, to outline some connections across disciplines and
to present our thoughts.

In the next two sections, two examples of hierarchi-
cally structured systems will be given. These examples
will try to provide a clear distinction between a struc-
tural hierarchy and a dynamical hierarchy. In the next
section, the metaphors which are often used to elaborate
on the dynamical hierarchies are discussed. Furthermore
specific attention will be paid to three topics from biol-
ogy which we consider important: multi-level selection,
symbiogenesis and evolutionary transitions. Afterwards
the relevance of dynamical hierarchies in the context of
problem solving is discussed. Finally, a small discussion
is provided on the recent attempts that were made to
define higher-level structures and open questions which
should be addressed are listed.

The reader should be aware that some of these notions
and concepts are sometimes preliminary and that there
exist different schools of thought on the different topics.
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Separating Structural and Dynamical
Hierarchies

Most Alife researchers are familiar with designing soft-
ware artifacts in some favourite programming language.
It is considered bad practice, in terms of re-usability and
maintainability, to write these programs as a giant web
of interconnected procedures and functions. Hence, a
number of design heuristics have been introduced to im-
prove application code.

One of these directives stresses that one has to write
programs using layers of abstraction. This means that
programmers should write their code in modules which
are connected in a hierarchical fashion: from the pro-
gramming language (at the lowest level) until the final
application (at the highest level). The functions at each
new layer are recursively composed of functions and/or
primitives defined at the lower layers. Hence, there is a
vertical coupling between different functions. Further-
more, each function defined at a particular level is con-
sidered modular in the sense that the body of these func-
tions can be changed or improved independently of the
other functions at the same level. Note, that the result-
ing hierarchy is not necessarily pyramid-shaped. A lim-
ited number of functions at the lower level can be used
to define an exponential number of functions at a higher
level. An example is the definition of a new language
on-top of another programming language (like Lisp).

The distinction between structural hierarchies, im-
plicit in the programming example, and dynamical hi-
erarchies, is due to the difference in mechanisms which
produce the hierarchy. In the programming example, the
hierarchy was formed by imposing a part-whole relation-
ship on the programs, subprograms, functions and prim-
itives. Hence, it was engineered through the separation
of different parts into modules and abstraction layers.
In the next example the hierarchy is the result of the
interaction of different lower-level components. These
interactions produce new structures which obtain their
own functionality and mechanisms to form new higher
structures.

Proteins are a very important and powerful class of
macromolecules. They are generally composed of a lin-
ear sequence of a few hundred amino acids that are of less
than two dozen types. Either during or after synthesis,
the protein folds into a secondary and tertiary structure
which defines both its spatial form and its biochemical
properties. In organisms, the functions of proteins usu-
ally involve interactions with ions, small molecules or
macromolecules and include most importantly catalytic
functions of high specificity. Also very important are
different binding and splicing and cutting operations on
DNA and RNA and other proteins. The interplay of the
multitude of types of proteins (generally thousands) syn-
thesized in cells is therefore absolutely necessary, albeit
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not sufficient, for the complexity of living systems.

Note that although proteins acquire their properties
through the interactions of their components, the amino
acids (which themselves have specific chemical proper-
ties), these properties are largely due to their overall
structure. Like the modular functions in the program-
ming example, proteins are highly complex structures
that consist of relatively simple building blocks. Yet the
properties and functionality of the module are a result
of the overall structure of the module and not so much
the properties of each specific component.

Proteins themselves are building blocks of higher order
entities (organisms) which in turn ensure the production
and maintenance of the proteins. This catalytic or causal
closure is sometimes seen as a defining characteristic of
life itself (13). The relevant keyword in this context is
autopoiesis (38).

Contrary to the structural hierarchy example, pro-
teins are members of a dynamical hierarchy: If mixed
together they will typically interact in a number of in-
teresting ways, change their internal configurations in
reaction to external stimuli, decay, unfold, re-fold, form
new proteins or catalyse reactions or display other dy-
namic behaviours. Proteins, can therefore be regarded
as autonomously dynamic agents. Finally, note that dy-
namical hierarchies are in no way restricted to living sys-
tems.

Concepts and Metaphors

When reasoning about dynamical hierarchies, of which
the earlier described proteins are a member, different
intuitive notions have been examined. One of these no-
tions is the concept of nearly-decomposable systems de-
scribed by H. Simon in (33). In this section we will
discuss this concept and the related concept of modular-
ity. In the context of dynamical hierarchies, it seems
that the ideas of nearly-decomposable systems, loose
coupling and modularity describe in a clear way our in-
tuitive notions of this topic. Afterwards, we will discuss
the relationship of these concepts with three biological
metaphors which we consider relevant: natural selection
(especially multi-level selection), symbiogenesis and evo-
lutionary transitions.

Nearly-Decomposable Systems

Based on the discussion of a simple parable of two watch-
makers, Simon deduces that for complex systems to
evolve through natural selection, some form of modu-
larity in the components, which constitute the system,
seems to be important to increase the probability that
the system can be constructed (33). Simon described
two watchmakers who, starting from the simplest com-
ponents, try to build a complete watch. The first watch-
maker does this by incrementally adding one piece after
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the other. The second watchmaker first starts by com-
bining primitive components into small modules which
are then combined again forming more complex mod-
ules and so forth. However, both watchmakers are inter-
rupted in their work at regular intervals, which results
in the disintegration of the module they were working
on. Now, if an interruption always occurs during the
construction of a watch, the first watchmaker will never
be able to build any watches since they will always dis-
integrate as soon as he is interrupted.

Simon uses this parable to illustrate that the time re-
quired for the evolution of a complex form depends crit-
ically on the numbers and the distribution of potential
intermediate stable forms (modules). Concretely, this
means that, under the assumption that there exists such
a hierarchy of modules and the modules at each level
in this hierarchy have the same span (i.e. the number
of components which constitute the higher-level module)
then the time required to build, for instance, a procedure
from primitives is the same as the time required to build
a program which consist of the same amount of interme-
diate procedures. If there does not exist such a hierarchy
of stable modules, the chance of a very complex program
being generated from scratch will be highly improbable.

It is important to see that, in the simple metaphor
of the two watchmakers, the selection process is not
provided by some vitalistic external force (the watch-
makers), but solely through the stability of the complex
forms which arose through the interaction of simple ones,
i.e. survival of the stable. Hence, the relation with the
dynamical hierarchies concept: higher-order structures
are a product of the interactions and properties of the
lower-level components.

Furthermore, the interactions which occur in these
modular hierarchic structures can occur within the dif-
ferent modular entities and between the different mod-
ules. The timings of these interactions at the different
levels are considered to be of a different order of mag-
nitude. This property of nearly-decomposable systems
is directly applicable to biological systems: The intra-
cellular dynamics of one cell generally act at a faster
time scale than the inter-cellular interactions, and they
are largely independent of the detailed intra-cellular in-
teractions within another cell.

A system can be partitioned in different ways. When
there is a vertical separation between the slower higher
level, the faster lower level dynamics, and the dynamic
at a particular focal level which is under investigation,
the systems is referred to as a decomposable system.
In such a system where the higher-level and/or lower-
level dynamical influences are weak but not negligible,
it is called a nearly-decomposable system. This kind of
separation is often performed when determing a system
of differential equations for some natural phenomenon.
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The separation of a decomposable system can also be
extended to the separation between horizontal modules
at the same hierarchical level. An example of the lat-
ter is the geographical separation between colonies of a
similar breeding species. This kind of system is nearly-
decomposable when individuals of this species are still
able to migrate between the different colonies. Nearly-
decomposable systems have two important properties: 1)
the short-run behaviour of each of the component sub-
systems is approximately independent of the short-run
behaviour of the other components, and 2) in the long
run the behaviour of any one of the components depends
in only an aggregate way on the behaviour of the other
components (33). A further discussion of this separation
will be addressed in the next section (see also Watson
2002 in this volume).

Note that in some biological instances of these nearly-
decomposable systems selective forces can still act on the
different entities and aggregated entities in the environ-
ment, since interaction between entities can be compet-
itive and hence lead to different reproduction rates.

Modularity

Simon’s characterisation of nearly decomposable systems
is as much a characterisation of modularity as it is a
characterisation of hierarchy. Notions of hierarchy and
modularity seem to be closely related in the sense that
when a whole system is understandable as the interaction
of a number of sub-systems then we necessarily have at
least a two layer hierarchical system. Whereas, when
a system is not modular and we are unable to discern
structure at a sub-system scale, there seems to be little
value in describing a system as having more than one
level of organisation.

Modularity refers to a property of a system and can
be observed when there exists a loose horizontal cou-
pling between the entities at the same level (34). Loose
horizontal coupling between assemblies at the same level
allows each assembly to operate independently of the de-
tails of the other assemblies at the same level. Hence,
only the inputs and outputs of each assembly are impor-
tant for the dynamics at that level.

In a nearly-decomposable system, loose vertical cou-
pling is a second important property which affects the
dynamics in the structure. This is exactly the property
of a system which produces the hierarchical nature of the
system. This second form of loose coupling allows levels
to be identified in a natural system. As a result the dy-
namics at the particular levels can be described almost
independently of the dynamics of the lower-level entities
which constitute this level and the higher-level entities
it produces. Note though, that in order to allow interac-
tion between levels, some form of filtering and buffering
between these levels is necessary (17).
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In a biological context modularity can be an important
property of the genotype-phenotype map. As defined
by Wagner and Altenberg (39), a genotype-phenotype
mapping can be considered modular, if there exists an
independent genetic representation of different traits.
In a modular genotype-phenotype map there are few
pleiotropic effects among genes serving different func-
tions. The pleiotropic effects are clustered mainly among
genes that are part of a single functional complex or trait.

Simon provides an abstract example which presents a
clear notion of the benefits of a modular system (33).
Imagine a lock which consists of 10 dials each with 100
settings. How long will it take to open the lock if every
combination of the 10 dials has to be tried and how long
will it take to open the lock when we can set each dial
separately, i.e. indepenent of the settings of the other di-
als? The latter question refers to a system which consists
of 10 independent modules as opposed to 1 big module
in the first case. In answer to this question it should be
clear that the latter scenario corresponds to the modular
structure where only 10 % 100 combinations need to be
tried instead of 10100,

From an evolutionary perspective, modularity is im-
portant since it allows mutation and selection to af-
fect one feature of an organism without interfering with
the others (16). As a result, the adaptation of one
functional property does not influence the other prop-
erties/phenotypic traits of the organism.

Although our intuitive picture of dynamical hierar-
chies has become a little clearer after describing these
concepts, there is still no formal definition which clearly
describes the sufficient and necessary conditions to iden-
tify a truly dynamical hierarchy. Hence, we require more
information in order to finally derive these conditions.
Therefore, in the next sections, we will discuss a num-
ber of issues in Biology which we think, can improve our
understanding.

Modularity and Selection

The concept of a module is critical in discussing issues
related to evolution through natural selection.

Evolution by means of natural selection depends cen-
trally on heritable variation and differential reproduc-
tion. These properties both depend on an ability to
conceptually separate a biological entity from its envi-
ronment. Intuitively, the very existence of a coherent
entity depends on its internal stability and (semi) in-
dependence from its environment as is often taken for
granted when thinking about evolution. Hence, there
exists a strong relation between the notion of selection
and modularity.

Speaking in general, if these modules, sometimes re-
ferred to as vehicles or interactors, are capable of re-
production in some way with the possibility of introduc-
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ing variation and this reproduction process depends in
some way on the phenotypic aspects of these entities,
then these entities can be considered to be units of se-
lection. The stable units can interact and compete with
each other in their particular environment. As a result
of this competition differential survival based on pheno-
typic traits occurs, i.e. natural selection.

Now, how does natural selection relate to the dynamic
formation of hierarchical molecular structures? We al-
ready know, as was discussed in the subsection on mod-
ularity, that, in terms of selection, modular genomes al-
low the adaptation of features without any interference
within other features. But these modular structures,
in addition to enhancing evolvability when present, are
themselves a product of evolution. What is the impact
of selection on this formation?

E. Szathmdéry describes this issue in the context of
early (primitive) biological systems (37). In these sys-
tems, the first nucleic acids, primitive carriers of genetic
information, could not have been very long since, in the
absence of specific replicases, copying would have been
inaccurate. As a result, large molecules accumulated er-
rors. Thus, primordial genomes must have consisted of
smaller pieces of nucleic acids. This raises an important
question: How could cooperating groups of small repli-
cators have arisen, and how could they have protected
themselves against invading molecular parasites.

In answer to this question, Szathméry lists two phe-
nomena that underlie all increases in complexity and
cooperation in evolution (37). The first phenomenon,
called synergism, specifies that the combination of dif-
ferent functions can result in strong synergistic fitness
effects which can allow these complex entities to sur-
vive. The second phenomenon is limited dispersal and is
the result of localisation and/or encapsulation. Hence,
this phenomenon results in the dependence between dif-
ferent individuals and their offspring in future genera-
tions. This dependence results from the facts that they
can be considered to be in the same boat, i.e. one can
not survive or reproduce without ensuring the survival
or reproduction of the others.

Note that this question is also related to a different
problem called the Eigen’s paradox (37). It is assumed
that the copying process of larger genomes results in
more errors. To improve the fidelity of the copying pro-
cess, particular enzymes are required. Yet, the genomes
which code for such enzymes are large. Due to this prop-
erty they again require enzymes to ensure the fidelity
of their a copyies. Hence, a paradox occurs. Eigen
attempted to resolve the paradox and therefore intro-
duced the concept of hyper-cycles, i.e. a self-producing
system consisting of several smaller independently self-
replicating systems. Although these hyper-cycles are
able to form they are still not stable since they can eas-
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ily be destroyed through other parasitic individuals in
the environment. So the question, in this case is, how
can networks of interacting (collaborating) components
evolve and survive in a natural (or artificial environ-
ment).

Multi-level Selection in
Nearly-Decomposable Systems

The issue of how cooperative groups of small replicators
have arisen is directly related to a fundamental question
posed by E.O Wilson (also called the central theoretical
problem of sociobiology, (42)): How can altruism which
by definition reduces personal fitness, possibly evolve by
natural selection? Different attempts have been made
to answer this question; e.g. Evolutionary Game Theory
and Kin selection theory (7; 8; 23; 35).

The general idea is that in order for complex networks
of simple particles to evolve through natural selection,
the network has to possess beneficial properties which
allow it to survive in its competitive context.

From the research produced by sociobiologists it be-
came clear that the altruistic trait can evolve under
specific conditions posed on the structure of the pop-
ulation. Important models which incorporate this no-
tions are: the trait-group selection model by Wilson and
its extension by Michod (24; 35), the haystack models
proposed by Williams and Williams and also by May-
nard Smith (35; 2) and for the hyper-cycle problem the
Stochastic Corrector Model proposed by Szathméry (24;
37). The importance of these models lies in the fact
that they provide clues on how to construct selection-
ist models which allow for the emergence of dynamical
hierarchies.

The dynamics of selection in these models can be anal-
ysed using for instance replicator dynamics from evolu-
tionary game theory (41) or the Price covariance equa-
tion (28; 29). Replicator dynamics are dynamical sys-
tems which highlight the role of selection in an evolution-
ary model. An analysis of a simple example is provided
by Lenaerts in (18). The Price covariance equation is of-
ten cited in the context of multi-level selection because it
is a scalable equation since it can be formulated in terms
of any quantitative property. Price expresses the rate of
change of a particular quantitative property in a popu-
lation as the combination of the intensity of selection on
that quantity and the heritable variation which is avail-
able for selection. This expression can be written for any
quantitative property, i.e. for individuals within a pop-
ulation and for modules (which consist of individuals) in
another population.

The selection dynamics, expressed by both equations,
within each module are usually considered to be stronger
than selection between modules since there is more vari-
ation within than between these modules. Nevertheless
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under certain conditions the balance between higher and
lower-level forces can change from the first to the second
and vice versa (18). These conditions, as discussed be-
fore, are related to localisation or encapsulation. More
information can also be found in (11).

Symbiotic Relationships

A direct example of the phenomena that Szathmary
holds responsible for the increase in complexity refers
to a more radical process of interspecific genetic inte-
gration. Endosymbiosis, for example, is the symbiosis
(living together) of two organisms where one lives inside
the other. In some cases of endosymbiosis, it is very dif-
ficult to establish the independent status of the parties
involved.

Indeed, the endosymbiosis of prokaryotes (bacteria)
with one another has to a large extent become irre-
versible, i.e. the parties involved have subsequently be-
come dependent on one another and cannot live inde-
pendently. Such endosymbiosis accounts for the origin
of various organelles, e.g. mitochondria and chloroplasts,
in eukaryote cells. And there is some evidence to suggest
that other organelles, such as flagella, also resulted from
the physical inclusion of symbiotic bacteria (20).

In some cases, the symbiotic entities remain as physi-
ologically distinct organelles within the larger host cell,
e.g. plastids such as mitochondria and chloroplasts. But
there are also mechanisms, such as transposition, that
can transfer genetic material from plastids to the nu-
cleus or vice versa, implying that symbiotic origins may
account for nuclear DNA as well as cytoplasmic DNA,
as Doolittle’s data concord (5).

Such evidence suggests a more general process sym-
biogenesis, the origin of new species from the integration
of symbionts. In this view, endosymbiosis is not simply
responsible for the origin of eukaryote organelles, but
for the origin of the eukaryotes themselves (including all
plants and animals).

Margulis describes the process as follows:

[..] different bacteria form consortia that, un-
der ecological pressures, associate and undergo
metabolic and genetic change such that their tightly
integrated communities result in individuality at a
more complex level of organization [...] (22).

Moreover, evidence suggests that secondary endosym-
biosis has also taken place; that is, endosymbiosis in-
volving the inclusion of an endosymbiont. This process
of creating new species from symbiotic relationships is
known as symbiogenesis, and is the basis of Serial En-
dosymbiosis Theory (19; 21). This theory proposes that
endosymbiosis has been a recurring source of innovation
in the evolution of complex cells.
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The mechanisms and effects of symbiogenesis are
under-researched and currently poorly understood.
Moreover, the notions of serial endosymbiosis suggest an
idea of repeated inclusion and hierarchical encapsulation,
the consequences of which are even more poorly under-
stood. Hierarchical encapsulation is one of the features
common in the magjor transitions in evolution (discussed
below).

The existence of endosymbiosis, symbiogenesis, and
the major evolutionary transitions causes us to accept
that the generally accepted levels of encapsulation from
genes to cells to organisms should not be taken for
granted. Furthermore, the creation of new levels of orga-
nization has been absolutely fundamental in evolution-
ary history.

The Major Evolutionary Transitions

The major evolutionary transitions (3; 24; 25) involve
the creation of new higher-level complexes of simpler en-
tities. Hence these theories, capture aspects of the previ-
ous two sections which examined models for the increase
of complexity in biological systems.

Summarised by Michod for example, they include the
transitions from individual genes to networks of genes,
from gene networks to bacteria-like cells, from bacteria-
like cells to eukaryotic cells with organelles, from cells to
multicellular organisms, and from solitary organisms to
societies (25). There are many good reasons to be in-
terested in the evolutionary transitions: they challenge
the Modern Synthesis preoccupation with the individ-
ual as the unit of selection, they involve the adoption
of new modes of transmitting information, and they ad-
dress fundamental questions about individuality, coop-
eration, fitness, and not least, the origins of life.

In several of the transitions, entities, that were ca-
pable of independent replication before the transition,
can replicate only as part of a larger whole after it (24;
25). Although Maynard Smith and Szathmdry iden-
tify several transitions which do not fit what they de-
scribe as symbiosis followed by compartmentation and
synchronised replication, several of the transitions in-
cluding the origin of eukaryotes from prokaryotes (21;
20), and the origin of chromosomes from independent
genes (24) , do involve the quite literal union of previ-
ously free-living entities into a new whole.

This form of change has some obvious contrasts with
how we normally understand the mechanisms of neo-
Darwinist evolution. The ordinary (non-transitional)
view of evolutionary change involves the accumulation
of relatively small random genetic variations within an
entity, whereas innovation by composition involves the
union of two different entities, each contributing rela-
tively large amounts of pre-adapted genetic material to
the new composite entity (40).
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Modularity and Hierachies in Machine
Learning

Although there exists a reasonable body of biological
theories on how complexity emerges in an evolutionary
context (see previous section), it is still difficult to de-
sign and develop an artificial system which possesses the
same properties and mimics the dynamical construction
of modular hierarchies. What are the properties of the
essential particles and how do they interact? What de-
fines a unit at a higher abstract level and what are the
‘emerged’ properties at that level? What new forms of
interaction emerge at the next level? If we move upwards
in the hierarchy, does variation in terms of the number
of different ‘units’ at each level decrease or increase?

The answers to these questions are in the first place
important to get a better understanding of the work-
ings of the different theories. Furthermore, the answers
are also important outside the context of strictly mod-
elling biological and physical phenomena. For instance
in the domain of Evolutionary Computation (EC) and
more generally Machine Learning (ML) the resulting in-
formation can also prove important.

There are a number of artificial evolution methods in
EC that seek to explicitly represent and exploit mod-
ularity. Notably, modularity is addressed implicitly by
the use of variable-length, moving-locus, non-linear, and
generative encodings - for example, linkage learning ge-
netic algorithm (9). Moreover modularity is addressed
ezplicitly in mechanisms that encapsulate subsets of fea-
tures for subsequent re-use during the search process -
for example, adaptive representation (32).

Methods explicitly addressing problem decomposition
(the division of labour) by using selection on parts as well
as the whole solutions include Learning Classifier Sys-
tems (15), Cooperative Coevolution (27). These meth-
ods indicate a broad interest in artificial models of evo-
lution that explicitly utilise the aggregation of smaller
units into larger wholes. However, there have been very
few examples that illustrate the multi-level assembly of
parts into wholes over successive hierarchical levels, e.g.
Compositional Evolution (40).

Furthermore, in ML, different techniques such as hier-
archical learning and layered learning were constructed
to improve the generalisation of a single learning task
or combine the effects of different sub-tasks (36). In the
first technique, the idea is that the combined result of
a number of generalisers which work on the same prob-
lem gives a better generalisation of the learned task as
compared to the results of the generalisers in isolation.
Layered learning is different in the sense that each gen-
eraliser has learned a different sub-task.

Especially in the niche of reinforcement learning, re-
searchers are very interested in hierarchical learning ap-
proaches. In order to achieve that, the algorithms incor-
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porate gated behaviours, i.e. there is a set of behaviours
which act when the environment is in a certain state and
a gating function that decides which action should be se-
lected and actually executed. In some cases only the be-
haviours are learned, in other cases the gating function
and again in other cases both of them (12).

Note, that in the hierarchical learning and hierarchical
reinforcement learning approaches, the task composition
is all done manually. Up until now, there only has been
one attempt, we know of, to learn the task decomposi-
tion. This was done using the Nested Q-learning algo-
rithm (4). This algorithm generates its own hierarchical
control structure and then learns the low-level skills to-
gether with the function which will select among them.

Questions for Discussion

We have examined a set of concepts and biological
metaphors which can aid us in the design of an agent-
based model for the dynamic construction of a hierarchy.
We have seen that the research is relevant from both the
viewpoint of understanding natural systems and the ap-
plication of the resulting models in other domains. Yet
in everything we have described so far there is a lack
of formal specification. How are higher-level modules
defined? How do we distinguish between inherited prop-
erties on the one hand and emergent properties on the
other hand? How do we evaluate any agent-based model
which claims to produce higher-level structures through
the dynamical interactions of lower-level entities. Hence,
a definition is required to outline under which conditions
these structures can be called real higher-order struc-
tures. These questions have to be answered since the
resulting answers would provide useful information for
a decent definition of the necessary and sufficient con-
ditions of a dynamical hierarchy. As a result we would
no longer need to rely on an intuitive notion to validate
the claim that a particular agent-based model mimics a
dynamical hierarchy.

The importance of this issue has already been put for-
ward by several researchers. In (1), Baas introduces
a general framework for the study of emergence, hier-
archies and hyper-structures. This framework tries to
unify the different definitions of, and approaches to the
study of, emergence and hierarchies using the notion of
hyper-structures. This new notion provides us with a
tool to describe a complex system in a reasonable way.

Based on this notion Rasmussen and coworkers’(30)
attempt to demonstrate the spontaneous emergence of
micelles from the bottom-up. In their model they are
able to show how primitive agents (the “monomers”) in-
teract with one another to form polymers (claimed to be
second order structures). Those polymers then in turn
assemble into micelles (claimed to be third order struc-
tures). There has been some recent controversy concern-

43

ing the exact interpretation of the hierarchical order of
those micelles (6).

Although Rasmussen’s micelles certainly satisfy the
intuition about what a third order structure should be,
it remains only intuitive. A more rigorous criterion, that
specifies under which condition a composite object forms
a new hierarchical layer, is therefore indispensable. Ras-
mussen and coworkers, already try to provide this. Fur-
thermore, this criterion should be validated on the differ-
ent relevant biological theories to make sure it captures
the most important facets.

These questions and others, already listed in the rest
of the paper, are the topic of the workshop. It is, in our
opinion, only through an open discussion, that certain
problems can be resolved and our intuitive notions about
all these concepts can crystallyze into concrete forms.
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