
1 23

Biosemiotics
 
ISSN 1875-1342
 
Biosemiotics
DOI 10.1007/s12304-012-9146-4

Anticipatory Functions, Digital-Analog
Forms and Biosemiotics: Integrating
the Tools to Model Information and
Normativity in Autonomous Biological
Agents
Argyris Arnellos, Luis Emilio Bruni,
Charbel Niño El-Hani & John Collier



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer

Science+Business Media B.V.. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you

wish to self-archive your work, please use the

accepted author’s version for posting to your

own website or your institution’s repository.

You may further deposit the accepted author’s

version on a funder’s repository at a funder’s

request, provided it is not made publicly

available until 12 months after publication.



ORIGINAL PAPER

Anticipatory Functions, Digital-Analog Forms
and Biosemiotics: Integrating the Tools to Model
Information and Normativity in Autonomous
Biological Agents

Argyris Arnellos & Luis Emilio Bruni &
Charbel Niño El-Hani & John Collier

Received: 3 July 2011 /Accepted: 9 March 2012
# Springer Science+Business Media B.V. 2012

Abstract We argue that living systems process information such that functionality
emerges in them on a continuous basis. We then provide a framework that can explain
and model the normativity of biological functionality. In addition we offer an explanation
of the anticipatory nature of functionality within our overall approach. We adopt a
Peircean approach to Biosemiotics, and a dynamical approach to Digital-Analog relations
and to the interplay between different levels of functionality in autonomous systems,
taking an integrative approach. We then apply the underlying biosemiotic logic to a
particular biological system, giving a model of the B-Cell Receptor signaling system, in
order to demonstrate how biosemiotic concepts can be used to build an account of
biological information and functionality. Next we show how this framework can be used
to explain and model more complex aspects of biological normativity, for example, how
cross-talk between different signaling pathways can be avoided. Overall, we describe an
integrated theoretical framework for the emergence of normative functions and, conse-
quently, for the way information is transduced across several interconnected organiza-
tional levels in an autonomous system, and we demonstrate how this can be applied in real
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biological phenomena. Our aim is to open the way towards realistic tools for the modeling
of information and normativity in autonomous biological agents.

Keywords Function . Normativity . Information . Anticipation . Biosemiotics .

Meaning . Emergence . Representational content . Autonomous agent

Introduction

The notion of information has been conceptualized in a number of different ways, and
many of them have been applied to biology, sometimes in fruitful ways and sometimes
misleadingly. A number of researchers consider information-talk in biological systems as
metaphorical and inadequate, others argue in favour of the usefulness of a meaning-free
concept of information in biological research, while there are also many who argue that a
theory of biological information should be complemented by a semantic and pragmatic
(and more qualitative) approach. These multiple perspectives and notions of biological
information, not surprisingly have led to apparently contradictory claims regarding issues
of function and meaning as well as of other related concepts in living systems.

Our view is that more than just chemistry is taking place in living beings. These
systems process ‘information’ in quite complex ways, with a logic similar to the one
encountered in processes of production, communication, interpretation and transla-
tion of signs. In other words, biological meaningfulness or normativity1 emerges in a
continuous basis in living systems.

In Information talk in biology section we survey and discuss the notion of
information and in particular information concepts in biology. In Physical information
systems section we present the dynamics of hierarchical physical information systems
in order to show that, although these are not enough to explain biological function-
ality and meaningfulness, they are nevertheless of interest to the study of how
functional information might be embodied physically. We continue in Biological
information, function and meaning section discussing the general context of the
relation between biological information, and functionality and meaningfulness,
explaining that these concepts, in such a context, grasp fundamental features of
biological systems that might be otherwise neglected.

In Normativity in autonomous biological agents section we present a framework
that satisfies the principles of a physical information system (as these are sketched in
Physical information systems section) and provides the means for the emergence of
functionality in accordance with what is discussed and argued in Biological information,
function and meaning section. In the suggested framework, the informed structures of
a system ground its behavior in the variety of organizational forms they can support
during the interaction between system and environment. On this perspective, each in-
formation complex of structures entails the organizational variability of a system,

1 We would like to make clear at this point that we do not discuss meaning-formation (or the emergence of
meaning) in a full-blown cognitive agent. What we mean by meaning-formation is the emergence of new
functionality either through the emergence of new functions or of new roles for existing functions in a
biological system, so that the latter will be maintained and continue to interact with its environment
(maintain system autonomy). Likewise, we use normativity in this more general way, hence we use
meaning and normativity cognately.
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insofar as this in-formation embodies the potential ways of interaction for the system,
i.e. each in-formation complex embodies the explicit normativity of the system with
respect to its environment. As such, any system’s reaction to an external perturbation
or triggering is the result of an internal construction and/or ‘selection’ of functions to
be used during its interaction with the environment. The problem of constructing and
selecting among a spectrum of operationally available functions (those appropriate
for a specific interaction with the environment) depends on the emergence of norma-
tivity in an autonomous system. The suggested framework for the emergence of
normativity aims at the unification of the modalities of interaction, sensing/percep-
tion, and action, in an autonomous biological agent, with the smallest possible
number of normative primitives. What is missing, should this framework be used to
model biological systems, is a model for the emergence of informational structures
that relate to those normative primitives, i.e. models of the way that the respective
anticipatory functions of normative nature will be constructed in the system.

Therefore, in Using biosemiotic tools to model normativity in biological systems
we integrate features from this framework of emergence of normativity, with Peircean
semiotic theory, in an attempt to provide a set of tools for the modeling of the emergence
of those informational structures that are in turn normatively related to the functionality
of an autonomous biological agent. In A biosemiotic model of signal transduction in
B-cell activation section we briefly outline the logic of semiotic processes and then,
we incorporate this logic in a particular biological system by presenting a biosemiotic
model of the B-Cell Receptor (BCR) signaling system in order to demonstrate how
biosemiotic concepts can be used to build an account of biological normativity. We
demonstrate that the way the molecular change suffered by the receptor is commu-
nicated to the intracellular milieu, as well as the issue of how the reference to the
same cue or signal is maintained in the several changes in the material basis of the
message throughout the signaling system are issues pertaining to biological function-
ality and which are here dealt with biosemiotic modeling. We continue in DAC-logic
and the integration of emerging normativity section showing how the notion of
Digital-Analog consensus between different levels of normativity in a biological
system can explain and model more complex aspects of biological functionality, for
example, how cross-talk between different signaling pathways can be avoided when
the same second-messenger is a component of many different pathways. Specifically,
the case of Ca2+ is presented and discussed, showing that such a kind of normativity
requires a multi-level hierarchy, in which we cannot consider the emergence of a form
of anticipatory functional given level without considering its functional connections
to lower, higher and parallel levels in the organization of the autonomous system.

Information Talk in Biology

During the 1950s and 1960s, genetics, cytology and molecular biology have been
swamped by terms borrowed from information theory. This generated an ‘information
talk’which still pervades these fields, including widely used terms such as ‘genetic code’,
‘messenger RNA’, ‘transcription’, ‘translation’, ‘transduction’, ‘genetic information’, ‘cell
signaling’ etc. As information talk was entered into biology, so did several problems that
the tradition of biology was unprepared to cope with. Instead of deepening the discussion
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about the problems involved in information talk, the trend was to restrict ‘information’ to
merely sequence information in DNA or proteins (Holzmüller 1984; Küppers 1990).

As a result, ‘information’ turned into one of the most important but problematic
concepts in biology (see Oyama [1985] 2000; Emmeche 1989, 1999; Emmeche and
Hoffmeyer 1991; Sarkar 1996; Griffiths 2001; Jablonka 2002). It has been a topic of
substantial discussion in the last decade (see, e.g., Maynard Smith 2000; Godfrey-
Smith 2000; Sterelny 2000; Winnie 2000; Jablonka 2002; Adami 2004), as well as
the evolution of new kinds of information and information interpretation systems in
living beings (see, e.g., Jablonka and Szathmáry 1995; Maynard Smith and Szathmáry
1995; Jablonka and Lamb 2005).

The probabilistic measure of information provided by Shannon and Weaver’s
“Mathematical Theory of Communication” is non-semantic, indifferent to meaning
(Shannon and Weaver 1949:31, Jablonka 2002), and there is controversy about the
prospects of such an understanding of information in biology (e.g., Jablonka 2002). It
is true that this meaning-free concept of information can be useful in biological
research for several purposes (Adami 2004; Collier 2008), but it is not sufficient
for a theory of biological information, and should be complemented by a semantic,
pragmatic (and more qualitative) approach. Nevertheless, semantic and pragmatic
concepts of information have been rarely defined in biology (Jablonka 2002, but see
Küppers 1990 for one attempt, which Küppers now recognizes as inadequate –
personal communication to Collier).

A number of researchers consider information-talk to be ‘just metaphorical’,
expressing a skepticism about its use in biology, and even proposing its elimination
(Sarkar 1996; Sterelny 2000; Griffiths 2001). Their reasons are, first, the meaning of
that term is not as precise in biology as it is, for instance, in the mathematical theory
of communication, and, second, it seems to refer to a purported semantic property of
genes without theoretically clarifying if any genuinely intrinsic semantics is involved.
Winnie (2000) and Collier (2008) respond to many of the arguments against applying
information concepts to biology.

Our view, instead, is that the notion of information and other related ideas grasp some
fundamental features of biological systems and processes that might be otherwise
neglected (see also El-Hani et al. 2006, 2009). The concepts of ‘code’, ‘information’,
‘signals’, ‘message’, ‘signaling’, ‘transduction’ and so on can be seen as necessary to
understand the organization of relations in living beings as involving more than just
chemistry. A reason why we can say this, lies in the fact that these systems process
‘information’ in quite complex ways, with a logic similar to the one encountered in
processes of production, communication, interpretation and translation of signs. In other
words, biological meaningfulness emerges all the time in such systems. It is not surprising,
then, that biologists felt the need to talk about ‘information’ as they were delvingmore and
more into the molecular micro-structure of living systems. They needed a way of
conveying the idea that, even though all cellular processes have physico-chemical
properties, more than just physics and chemistry is going on there. It is quite difficult to
see, then, what would be the real advantage of stripping off biology of information talk,
instead of making it more precise and exploring its consequences in more depth.

For this, we need to build a theory of information in biology that clarifies
biological functionality and meaningfulness in living systems. This work intends to
be a step in this direction.

A. Arnellos et al.

Author's personal copy



Physical Information Systems

Information is a multiply ambiguous notion. Since it is unlikely that information is
just one thing, it is more useful to characterize various aspects of information and its
use in ways that are open-ended and general enough to allow linking together
information and information-related-concepts in various disciplines and specialties.
Certain aspects of genealogical information expression in DNA, genes, organisms
and populations can be considered as an example of a physical information system
with functional characteristics (Collier 1986, 2003, 2008). In Fig. 1 functional
information is a special case of 1) pure physical information, and 2) thermodynamic
information as well as 3) hierarchical information (see discussion below for more
detail). From this perspective, what one needs is to get clear view about how far one
can go towards understanding these aspects of information from the structure and
dynamics of the information system alone i.e., rings 1–3, without assuming further
the conditions required for functionality). This treatment, insofar as it goes, is
extendible to other biological information systems to which the notion of a code or
formal language is applicable. The following is a description of a physical informa-
tion system (Collier 1986):

A physical information system is a system containing stored information whose
properties depend only on properties internal to the system. Stored information
is like Shannon-Weaver information, except that like bound information it is
physically real. It exists whenever there are relatively stable structures which
can combine lawfully. These structures are the elements of the information
system. The stored information of an element cannot be greater than its bound
information (or else either lawfulness or the second law of thermodynamics

Fig. 1 Nesting of major kinds of information
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would be violated), but the actual value is determined by its likelihood of
combination with the other elements. The information content of a physical
combination of elements (an “array”) is the sum of the contributions of the
individual elements. For example, the nucleic acids have a structure which
contains a certain amount of bound information (they are not just random
collections of atoms), and can interact in regular ways with other nucleic acids
(as a consequence, but not the only one, of their physical structure). The stored
information of a given nucleic acid sequence is determined by the a priori
probability of that sequence relative to all the permitted nucleic acid sequences
with the same molecules.

Aside from the details of the elements and their potential for combination into
arrays, there are two fundamental assumptions of this perspective: i. all biological
information expression is a dynamical process, embodied in physical phenomena that
can be understood in terms of forces and flows of matter, energy and information, the
information being carried by the matter and energy, and ii. all biologically relevant
properties of biological information expression are dynamical properties. Such an
approach puts no special restrictions on biological information, allowing it to be
emergent and to have laws at its own level, while simultaneously, does impose a need
for paying attention to underlying physics and chemistry. A system which is mini-
mally required for the expression of information, as opposed to merely being subject
to the application of one or another information theoretic formalism, is a physical
information system, in which the information bearing capacity rests in the dynamical
possibilities of the system’s elements, and on the closure conditions of the system
itself (Collier 1986). Information expression itself is a dynamical (and as it will be
characterized below, semiotic) process that cannot be fully described in purely formal
terms. This is because formal descriptions can apply just as equally to accidental
relations, which do not convey information, and dynamical connections that can
convey information. The great tragedy of the various mathematical formulations of
information theory is that their very expressive power is gained through abstracting
away from the very thing that it has been designed to describe.2

An investigation based on interactions and closure conditions in the context of the
dynamical conditions i) and ii) at least deals with things that can be tested by
interventions into the system, and requires that classifications be along the same
dynamical lines with which we interact with the world. This helps in correcting
prejudices grounded in habitual classifications or overly optimistic expectations. For
example, we often talk about fitness of a trait as benefiting the organism. This is
sometimes true, but not always. Traits specific to offspring raising benefit the lineage
(as do almost all those traits that benefit the organism), not the organism (and may be
detrimental). Although most if not all biologists know this, many continue to talk
about fitness benefiting the organism. A bird beats its wings on the ground to make
predator follow it away from her eggs or offspring. This benefits the offspring, but is
a risk to her. This is clearer if we look at the causal pathways involved. The predator’s
presence also gives information to the bird, and (ironically) plays a role in the

2 Shannon’s communication theory (Shannon 1948) and algorithmic information theory (Kolmogorov
1965; Chaitin 1990) approaches are the two leading mathematical information theories.
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behavior. Testing theories is important to science, and we have to interact with the
world in order to do that. We may think that fitness is for the benefit of the organism,
but it isn’t always. More importantly assumptions i) and ii) allow for a more concrete
interpretation of what it is to be able to bear and express information. It also allows us
to apply concepts of information theory without prejudice as to how restrictive the
notion of information really is. In particular, a dynamical approach requires that all
information concepts applying to a system be defined in terms of dynamical proper-
ties of the system itself, making them internal properties of the system, rather than
classifications that are imposed from the outside. This in itself does not resolve issues
of functionality and meaning of this ‘information’. However, it can help us to come
clean on what is dynamically involved in functionality and meaningfulness, which in
turn can help to place both in the world.

Collier (2008) provides an interesting classification of the ways in which infor-
mation expression has been thought to play a substantive role in the sciences, in order
to further evaluate whether or not information expression, in some substantive role,
has a place in biological systems. He argues that the basic ways can be placed into an
increasingly nested hierarchy: “it from bit”, negentropy, hierarchical negentropy,
functional information, and meaningful information (see Fig. 1). Each inherits the
logical and ontological commitments of the containing views, but adds further
restrictions.

The most liberal and inclusive view is the “It from bit” view (Wheeler and Ford
1998; Zeilinger 2004; Davies 2010). On this view, any causally (dynamically)
grounded distinction makes a difference. From this perspective information is objec-
tive, and there is nothing else in the world. The “its” on this approach are the real
distinctions in the world, (and not in the contents of our thoughts). In fact there need
be no meaning or representation at all, just potentials for interaction.

The negentropy (intropic) view of information3 is a restriction on the “It from bit”
perspective. It takes only ordered distinctions to be information, so only those ‘Its’
that are capable of doing work (either directing and using energy or sorting things)
count as information. The rest is disorder (Schrödinger 1944; Brillouin 1962). The
‘Its’ of the world are made up of the microstates and macrostates they comprise. The
motivation for this view is that work is required for control. The information in
microstates beyond that in macrostates is hidden from view in macroscopic inter-
actions (Collier 1990a, b). Thus, negentropy measures the capacity for control (in bits
this is the number of binary discriminations that a system can possibly make).

The hierarchical view (level-intropic)is a restriction of the negentropic approach to
particular levels of a physical hierarchy, so that information is relativized to a
cohesive level of an object, such as an organism or a species. The idea is that not
all negentropy is expressed at a given level, and the “Its” available are level relative.
This information is a measure of the constraints4 on the objects within the level;
because of their connection to biological and cognitive form, Collier (1990a; Collier
and Hooker 1999) calls this expressed information enformation to distinguish it from

3 Brier (1992) provides an interesting analysis of the limitations of defining information as negentropy,
which we feel is in accordance to the analysis of physical information systems we provide in this section
and in general with the perspective adopted in this paper.
4 It is noteworthy that Shannon (1948) pointed out that a constraint is equivalent to information.
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other forms of negentropy (for example, statistical information due to non-
equilibrium conditions is sometimes called intropy).5 Expressed information is rela-
tive to a certain level in a hierarchy (Collier 2003). Expressed information at higher
levels is able to control information at lower levels only to a certain degree (through a
process sometimes called downward causation or downward determination (Campbell
1974; El-Hani and Emmeche 2000; Emmeche et al. 2000; Vieira and El-Hani 2008),
but can control information at its own and higher levels more completely (Collier
1990b, 2003). This asymmetry is biologically important.

Restricting further, we have functional information, which is the expressed infor-
mation that is functional. This sort of information is easily seen as information from
outside the system. It has both syntax and semantics (reference), but does not require
that the information is information for the system itself. Functional organization is
biologically important, of course, but at least one common account of biological
functionality (the etiological account) tends to suppress the informational aspect.
Whether or not to call functional information meaningful has been a subject of some
debate. Cognitive or intentional information lies within the scope of functional
information, and is clearly meaningful. This is the sort of information we are aware
of. So the next level of restriction is intentional information, though some authors
hold that cognitive content depends on language, which is a social activity.6 We will
not deal with this level of information further here, which is not to say that it is not
important, or is in some sense reducible to the biological information. Rather, it is just
that the focus of our discussion lies in the latter.

The nature of meaning is the great object of desire for information theory and this is
what we attempt to address in this paper by providing a minimal model for the emergence
of meaning in biological systems. But before that, it is useful to layout the general context
as well as the respective difficulties concerning the investigation of the nature of meaning
and its relation to the expression of information in the evolution of living organisms.

Considering the classification of the levels of information discussed above, all
physical information systems have certain general dynamical properties. DNA can
form such a system, but so can RNA, proteins, cells and cellular subsystems, various
immune system elements, organisms in populations and in ecosystems, as well as
other higher-level phenomena. These systems are hierarchical structures with respect
to the expression of lower level information at higher levels. This allows a distinction
between macro and microstates within the system, with resulting statistical (entropy
driven) dynamics, including the possibility of self-organization, system bifurcation,
and the formation of higher levels of information expression.

The common aspects of such physical information systems are shared between
biotic and prebiotic evolution; so, there is nothing particularly biological about them.
More specifically, “It from bit”, intropic and level-intropic substantive views of
processes are all found outside of biology, and, thus, the relevant level for specifically
biological information is the functional level. The intropic and level-intropic views
are useful for describing the formation of self-organized structures, their replication

5 Collier (1990a) borrowed this term from engineering usage. Lyla Gatlin (1972) called this information
stored information, but this name is somewhat misleading, as it does not reflect either the dynamical and
often active nature that expressed information allows, or its hierarchical nature.
6 Standard semiotics (those pertaining merely to the actions of cognitive agents) typically deals with this
level. There may be a need for an additional social level.
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and heredity in prebiotic evolution. In a more technical view, the decoupling of
energy and information budgets, which is a matter of degree, and which increases
through the major evolutionary transitions, permits self-organization within the
information system itself (Collier 1986, 2003; Brooks and Wiley 1988; Brooks et
al. 1989; Layzer 1990). The degree to which this occurs is presently unclear (it is an
empirical matter), but it is a potential source of new organization and information
within the information system itself, including within adaptive space itself (Layzer
1990; Collier 1998). This permits “minor transitions”, allowing gradual increases in
the size of the information space. These transitions, like the major transitions, are
chance events, but are favoured probabilistically. On the level-intropic account they
increase both information and entropy (disorder of the lower level) simultaneously, a
phenomenon well known in physics (Landsberg 1984; Layzer 1990).

The arguments developed up to this point give some idea of how an information
system can evolve according to its own dynamics. Furthermore, there are other
channels of heredity through the environment by way of epigenetic inheritance, niche
construction (Odling-Smee et al. 1996) and developmental systems more generally
(Griffiths and Gray 1994; Oyama 2000). Particularly, external dynamics is also
important. In biology, perhaps the most important external factor is selection. Since
selection works only through elimination, its function is to remove information, or, to
be more accurate, to reduce the size of the information system. This is true of
selection at any level, whether working on populations of organisms, or within an
organism during development, or in other selection regimes, such as within the
immune system. This removal of information through selection can be added directly
onto the sort of information dynamics described above. However, the most important
thing to observe about selection is that it is not itself creative, and other dynamics are
required to explain the appearance and increase of information capacity and of
semiotic freedom, as it will be discussed later in Using biosemiotic tools to model
normativity in biological systems section. This suggests that a full account of
meaningful information in biology cannot be limited to selection processes and the
basis that they give for adaptation.

Summarizing, although lower-level information is expressed in an information
hierarchy, this in itself is not sufficient for reference, function, or meaning. Nonethe-
less, the expression of information is necessary to the realization of all of these.
However, the dynamics of hierarchical physical information systems is of interest to
the study of how functional information might be embodied physically. This is the
reason we mention it here, but one cannot consider just that in order to explain
biological functionality and meaningfulness.

Biological Information, Function and Meaning

It is tempting to assume that the expression of information automatically makes the
expressed form the referent of the potential information. For example, even though
traits are not taken to be just the expression of genes, it is the case that the information
contained in the genes is about traits. Sometimes this is implicit, as in metaphors that
treat genes as blueprints or programs for the whole organism. Aside from problems
with the need for additional information and the nontrivial passage from potential to
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expression, the relation of “containing information about” is symmetrical; so, just as
the genes contain information about traits, the traits (and the whole organism) also
contain information about the genes.

By a similar argument, but going a bit further up the scale to the behavioral
expression of genetic information through coordinated interactions with the environ-
ment, we might say that genes encode information about the environment. This is a
result of the etiological account of function (Wright 1973; Millikan 1989) often used
in biology. According to this account, the function of X (expressed in a phenotype)
has caused the respective genotype to be selected by natural selection. Therefore, a
trait is functional if it is selected for, and this means that it is an adaptation. Therefore,
a selected trait will contain information contained by certain genes that are selected
along with the trait. Thus, it is sometimes said, the selected genes have information
about the environment, as well as about the traits that they express information about.

The problem with this account is that expression is an asymmetrical relation. Thus,
if one assumes that meaningfulness arises through the act of expression, then meaning
will be an asymmetrical relationship on most accounts (like control, incidentally).
This presents no special problem for the information in traits, but for environmental
features the problem is not so easily handled. On the etiological account, it is certainly
arguable that since the genes are (in most cases, indirectly) selected, they are under
the control of the environment. Thus, the genes do not have the right relation to the
environment in order to have information about it in the same way that they may have
information about traits. At best, the genes could be signs of environmental features,
not meaningful representations. It all depends on which way the channel goes. One
cannot have both that the genes mean the traits and that they mean the environmental
features that selected them. To put it another way, genes are sometimes described as
blueprints for the organism, but if this is fair, then the etiological account implies that
the environment is a blueprint for the genes.

Something has gone wrong in this picture,7 and it is not the idea of meaning, as it
will be explained below (although there are some controversies about the view that
meaning is required for fully understanding biological information – see, e.g.,
Barbieri (2001)); rather, the problem lies in the etiological view of function, which
just seems wrong in several very obvious ways. Foss (1994) noted that we can
typically assign function without knowing anything about etiology (though etiolo-
gists will argue that this is often fallible). Alternative accounts of function focus on
organizational role (Maturana and Varela 1980; Cummins 1983), with selection and
resulting adaptation being explained in terms of differences in functionality rather
than defining function (see Mossio et al. 2009; Nunes-Neto et al. 2011, for relevant
analyses of this issue). On this account the function of genes is heredity and the
guidance of ontogeny, working together with other developmental resources and
epigenetic factors. Selection acts on the results as a sort of filter, creating a channel
guiding the gene pool to greater fitness.

7 The symmetry problem has been pointed out in one form or another by Sarkar (2000), Sterelny (2000) and
Winnie (2000). Sterelny and Godfrey-Smith (2000) are also concerned with symmetries between genes and
their contexts. Collier (2003, 2008) argued that the contexts serve the role of channels. Of course, there
might be regulatory genes that serve a regulation function and code for channel construction. These issues
are complex, and need to be untangled, but they do not seem to present any special difficulties if we have a
suitable account of function that breaks the symmetries.
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However, such a functional analysis is not that straightforward and a lot more is
needed in order to layout the relative notions and terms in the characterization of a
biological information system and to distinguish the components of such a system
which will combine to form more complex informational modules and result in the
expression of meaningful information. But let us get back to the inadequacy of the
etiological account of function in order to start laying out the relationship between
function and meaning that is adopted in this paper. The difficulty in the etiological
account seems to arise through an impoverished view of reference, in which coordi-
nation is assumed to be sufficient for reference. If we reflect back on language, we
can observe that words function within a linguistic context, and that they get their
meaning not merely through coordination with some object or property, but through
mediation by contextual connections with other words. This is a feature of C.S.
Peirce's semiotics, in which reference requires a tripartite relation that includes the
sign, the object, and the interpretant, in an irreducibly triadic relation. Peirce also
emphasized the necessity of habits, or regular forms that systems tend to take.
Considering that expression of information involves a binding of basic components
of the information system (Collier 2003), it seems natural to look at this as a sort of
habit, or triadic structure. If we assume this, then we could try on the idea of the
expressed information as a Peircean Interpretant. If we do so, then these expressions
of information themselves are more developed signs, which function to mediate the
relations between signs and their objects.

In this case, we could see the phenotypic information, for example, as mediating
the relation between the information in the genes and that in the environment. This
would give a basis for seeing particular genes as representing certain environmental
features. There is a coordination established, but only in the context of the mediating
phenotype. The simple coordination of genes with environmental features, even given
selection history, is not enough to establish the meaning of the genes. Similarly, we
can relate the genes to traits through the mediation of the phenotype, but not in
isolation. A more fine-grained treatment would probably have to augment each of
these accounts with a discussion of the relevant origins of the phenotypic information,
adaptive selection in the first case, and development in the second. This has the
attractive result that adaptation produces the meaning for the genes in the context of
populations, whereas development produces the meaning of the genes in the context
of the individual organism. It also explains a widespread reluctance to reduce
functionality in genetics to mere gene-trait or gene-environmental feature relations.

Despite the attractiveness of this view from a Peircean perspective, it fails the
requirement of asymmetry. Just like the pure coordinative views, it allows that traits,
in the context of the phenotype, might mean certain genes, or environmental features,
in the context of the phenotype, might also mean certain genes. This implies that the
purely informational account ascribes the representational role, if any, always to the
genes. Perhaps, this is a reason to reject the etiological view in favor of the organi-
zational role view of function, but it also suggests that the purely informational
account is insufficient, and that more is required in order to construct an adequate
theory of functionality and meaningfulness for biological information. The answer
would be interpretation, without which a representation is useless, non-functional.
More specifically, as it stands in the above, there is a complete parity between
supposed sign and object, allowing them to be reversed. What we need is a way to
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fix what functions as a sign. This suggests that we should look for some sort of
‘interpretation’ in biological systems if we wish to find meaning.

Information expression within information systems can give us some necessary
conditions for biological meaning, such as possible interpretants, signs, and objects,
but it lacks the finesse to take us through the door of meaning. In order to correct this
deficit, an account of functionality, which will include, along with the syntax (rules)
and semantics (reference), also a pragmatics, is strongly needed. Peirce believed that
pragmatic issues were the basis of meaning, in particular, what anticipation/expect-
ations about the world are attached to a given idea in a way that might guide action.
On Peirce’s theory, full-fledged signs are an irreducible whole of three parts, the
symbol, the object, and the interpretant. This whole is embedded in a ‘system of
interpretance’ that connects to anticipation and actions. If these ideas are to be applied
to biological systems, the interpretant has to be within the organism, or more
accurately, within the relevant biological agent.

In what follows we will present a framework of normativity in autonomous
biological agents that satisfies the principles of the evolution of a physical informa-
tion system, as described in Physical information systems section. This framework
will then be integrated with the Peircean semiotic theory in an attempt to provide a set
of tools for the modeling of the emergence of the informational structures that are
normatively related to the functionality of a autonomous biological agent.

Normativity in Autonomous Biological Agents

Agency in General

As we already mentioned in Physical information systems section, the dynamics of
hierarchical physical information systems is of interest to the study of how functional
information might be embodied physically. However, as we discussed in Biological
information, function and meaning section, one cannot consider just that in order to
explain biological functionality and normativity. Biological agents are also governed
by formal and final causality — ‘formal causality’ in the sense of the ‘downward
determination’ (El-Hani 2008) from a whole structure (such as the organism) to its
individual molecules, constraining their action, but also endowing them with implicit
normativity in relation to the whole metabolism; and ‘final causality’ in the sense of
the tendency to take habits and to generate future functional interpretants (what we
call explicit normativity) of the present sign actions. We suggest that in order for the
normative dimension of biological information to be properly modeled, what is
needed is a integration of the respective functionality of biological agency with the
evolutionary dynamics of hierarchical information systems.

It has been argued (Collier 1999; Arnellos et al. 2010) that there is an interesting
interdependence between the fundamental properties exhibited by an autonomous
agent. Specifically, there could be no function without autonomy, no intentionality
without function and no meaning without intentionality. The interdependence is
completed by considering meaning as a prerequisite for the maintenance of system’s
autonomy during its purposeful interaction with the environment. However, a com-
plete definition of the notion of ‘agency’ is out of the question, and any efforts in this
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direction should express agency as a capacity with an incremental and evolutionary
character (Barandiaran et al. 2009; Arnellos et al. 2010). Also, notions such as
autonomy, intentionality, goal-orientation, etc. are philosophically loaded and con-
troversial. Additionally, although intentionality is a common further requirement to
meaning and function, there are no other arguments for intentionality within biolog-
ical systems except for the mind, with the exception of the work of Matthen and Levy
(1984), who argued for intentionality in the immune system. Overall, it is a bit too
much to ask for a genuinely intentional behaviour (i.e. engaging in a goal-oriented
interaction driven by beliefs and desires) from a bacterium or a fig plant. After all,
intentionality has mental connotations. Therefore, this conceptual interdependence
places some interesting constraints on the capacities that contribute to agency and sets
some requirements in terms of the properties that an agent should exhibit, but always
of a gradual nature. The properties mentioned above and their interdependence are
characteristic of the strong notion of agency (i.e. the one exhibited in full-fledged
cognitive agents).

Nevertheless, this interdependence has some pragmatic implications. At any level
of complexity, agency is considered as emergent in relation to the functional organi-
zation of the living system – the agent. The term ‘functional’ is used here to denote
the processes of the network of components that contribute to the autonomy of the
agent and, particularly, to the maintenance of the system as a whole (see e.g. Ruiz-
Mirazo and Moreno 2004; Ruiz-Mirazo et al. 2004). Accordingly, in autonomous
biological agents, implicit normativity is naturalistically grounded on self-maintenance.
Intentionality is weaken in the explicit normativity of the system, and its tendency and
also necessity to acquire habits that will ease its interaction with the environment. A
bacterium or a plant has no intentionality, but they could be considered as agents with
the capacity to modify their actions to fulfil their intrinsic norm better and more robustly
(i.e. they acquire habits through which they adapt to their environments). Finally,
meaning, if it is not to be considered as an ascription by an observer, it should be
linked with the functional structures of the agent. It should guide the constructive
and interactive processes of the functional components of the biological agent in
such a way that these processes maintain and enhance its autonomy (emergence of
normativity).

Any naturalized account of the functionality of autonomous biological agency
should be integrated to the evolutionary dynamics of a biological information system.
In the next section we suggest such an account.

Autonomous Biological Agents

Cohesion and Process Closure

In the kind of self-organization involved in living systems the whole and the parts are
correlated to each other in a highly reciprocal manner. This correlation results in the
emergent increase of order through the internal construction of a higher-order orga-
nization and a simultaneous classification of the environment. Collier (1988) and
Collier and Muller (1998) called this systemic pattern of organizational dynamics
cohesion, an inclusive capacity of autonomous systems, indicating the existence of a
logical closure of the relations among the elements of a system that contribute to its
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maintenance. This kind of organizational complexity requires systems that are ther-
modynamically open and function in far-from-equilibrium conditions (Collier and
Hooker 1999; Ruiz-Mirazo and Moreno 2004; Ruiz-Mirazo et al. 2004).

In self-organizing systems with a certain degree of stability, the degree of cohesion
is more appropriately characterized in relation to the organizational (level-intropic)
rather than the energetic (intropic) aspects of system processes. Such systems exhibit
long-range correlations between different processes. Moreover, since there is an
internal need for the coordination of processes in order for them to achieve viability,
one should expect to find in such a system a holistic organization in which organi-
zationally/operationally open aspects of lower levels are closed at higher organiza-
tional levels. This constructive type of cohesion requires what is described as process
closure (in accordance with organizational/operational closure – Collier 1999). In
such systems, there are internal constraints controlling the internal flow of matter and
energy, allowing the whole system to acquire the capacity to carry out the processes
that contribute to its persistence.

Cohesion via process closure is a necessary but not sufficient condition for agency
(Arnellos et al. 2010). Agency comes in many degrees and different levels in nature.
Active agency is open-ended and emerges out of normatively-driven interaction with
the environment. Therefore, active agency cannot be solely a matter of internal
constructive processes and process closure. The need for open-endedness calls for a
rich and versatile interaction of the self-organizing system with the environment,
while the functional aspects of such a constructivist embodiment call for advanced
and efficient mechanisms for controlling and managing these interactions. The
development of such constructive and interactive capacities requires complex bound-
ary conditions that favor asymmetries between system and environment.

Asymmetries, Interaction Closure and the Emergence of Normative Functions

Hoffmeyer (1998) stresses the importance of ‘inside exterior’ and ‘outside interior’ as
two conceptual categories that are reflected in the real world at the relation between
inside (the system itself) and outside (the environment) of a system (see Arnellos et
al. 2010 for further discussion). In this way, living systems are interwoven with the
environment, although they are asymmetrically differentiated. Hoffmeyer notes that
when this dichotomy is closely examined, one concludes that the external part of a
given asymmetry tends to be an internal part of something else. In addition, some-
thing that belongs to the external part for a given span of time, may belong to the
internal part at some other time. Hoffmeyer goes on suggesting that life and agency
are constructed upon a fundamental asymmetry, but not an absolute one. Biologically
speaking, he suggests that such an asymmetry is produced via a semi-permeable
membrane. Accordingly, Ruiz-Mirazo and Moreno (2000, 2004) have argued in
detail that the boundaries of self-maintainingsystems have a functional basis of a
chemical nature, as they are the result of a productive organization and activity of the
self-regulating and self-modifying processes of their systems.

However, for the purposes of this paper the material basis of the boundary
supporting the asymmetry need not concern us. What is really important here, are
the logical implications of such a boundary and the implied asymmetry. Indeed, as
Hoffmeyer (2001) points out, the current mechanistic view of biochemistry must be
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abandoned in service of the attempt to understand the relations between inside and
outside as measurements with a referential nature. Accordingly, and considering the
organizational- and process closure- nature of a self-maintaining system, one should
try to understand the regulatory relations between system and environment based
on two kinds of interaction, namely functional and dysfunctional (Moreno and
Barandiaran 2004). An interaction is considered as functional, when it is integrated
into the functional organization of the agent and contributes to its self-maintenance. A
dysfunctional interaction cannot be properly integrated in the functional organization
and hence, it either fails to contribute to or actually disturbs the self-maintenance of
the system.

Such systems do not only exhibit process closure, but also interaction closure
(Collier 1999, 2000), a situation in which the internal outcomes of the interactions of
the self-maintaining system with its environment contribute to the maintenance of the
functional (constructive/interactive) processes of the system that are responsible for
these specific interactions. Cohesion via process and interaction closure is what
distinguishes autonomous systems from other kinds of cohesive systems. In this case,
an autonomous system is not only able to maintain itself, but it can also alter its
internal functionality in order to adapt to changing conditions in the environment.
This capacity for critique regarding the ‘good’and the ‘bad’ with respect to the
maintenance of the system is a normative one. Self-maintaining systems that exhibit
normative functionality are truly autonomous systems presenting genuine agency.

Normative functions are emergent in system’s interactions with the environment.
This is the phase where information expression within a hierarchical physical infor-
mation system becomes biological information with normativity. As it is argued in
Biological information, function and meaning section, in order to designate the
information that arises through biological functionality as meaningful, we should
embed this functionality in a ‘system of interpretation’ which is connected to
anticipationand actions. At this level of organizational complexity, we suggest to
ground anticipation to explicit normativity. Anticipation is evaluated on the basis of
the functional outcomes of the autonomous system, therefore, anticipation is imme-
diately related to functionality (see Collier 2000, 2007; Arnellos et al. 2010). Antic-
ipation, in turn, is normativity-directed, in the sense that ‘primitive’ expectations are
the tendency to comply to the respective integrated norms. As we argue in the next
section, anticipatory function, in an autonomous system, exhibits a normative nature.

The Normative Nature of Anticipatory Function

The higher the degree of agency, the deeper the implications of the interaction
between the autonomous agent and its environment, since some norms of such
higher-level agents can be satisfied with more than one interactive strategy (see also
the discussion on the increasing ‘semiotic freedom’ in DAC-logic and the integration
of emerging normativity section). Additionally, different interactive strategies may
have more than one independent consequence. Therefore, action selection cannot be
made through simple triggering, but it requires some more complex process in
determining the course of the interaction. Something is needed that can justify the
relation of the internally self-organizing structures of the autonomous system to
particular aspects of the interactions with specific conditions in the environment.
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Bickhard (1993, 2000a, 2009 – see also Fig. 2) exemplifies this situation by
postulating a recursively self-maintaining system, which is a self-maintaining system
that has more than one means at its disposal to sustain its capacity for self-
maintenance under various environmental conditions. This is a self-maintaining
system that avoids going to equilibrium by continuously interacting with the envion-
ment, in order to determine the appropriate conditions for the success of its
functions. Therefore, the implicit and explicit norm of such a system is to
maintain and enhance its autonomy in the course of interactions. What is still
missing is meaning, on the basis of which the autonomous system selects which
of the available functions it should invoke in order to successfully interact with
a specific environment, that is, in order to fulfill its norms. But, where exactly is this
meaning to be found?

Bickhard argues that such an autonomous system (e.g. a frog that feels hungry –
see Fig. 2) should have a way of differentiating (e.g. the subsystem Dif) the possible
environments with which it interacts (e.g. a fly for Env1 and snakes for Env2 and
Env3), and a switching mechanism in order to choose among the appropriate internal
functions (e.g. hunt (tongue flicking) for FP1 and processes related to jumping in
order to get away for FP2) that it will use in a given interaction. The differentiations
(e.g. the final states of the frog’s retina – e.g. FS1 and FS2) are implicitly and
interactively defined, as the internal outcomes of the interaction. These differentia-
tions can occur in any interaction, and the outcome of the interaction depends on the
organization of the participating subsystems which is constructed through the evolu-
tionary history of the lineage to which that frog belongs) and of the environment.
Such differentiations create epistemic contact with the environment, but they do not
carry any representational content; thus they are not representations by themselves.
Rather, they are indications of the interactive potentiality of the functions available in
the autonomous system. Actually, we have no epistemic base to claim that the frog
understands or even recognizes that what he is looking at is a fly (by all means that
are characterizing a fly to a human observer). Frogs will most probably lash out at
suitably moving ball-bearing as much as a fly. It is thus safer to claim that the frog is
looking at something which is in a size, shape, colour and mode of movement that

ENVIRONME SYSTEM
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Fig. 2 Modeling the interaction of a recursively self-maintaining system (i.e. autonomous system) at the level
of primitive anticipatory function. An autonomous system physically interacts with any type of environment
(Env) through its differentiator subsystem (Dif). This interaction brings about certain final states (FS) of the
differentiator subsystems, which are functionally connected to several processes (Pi,j) resulting in different
(optional) final processes (FPi) which are dependent on system’s interaction to the environment
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historically and evolutionary corresponds to FS1). The role of these differentiations
(e.g. FS1 and FS2) is twofold:

i. they indicate the range of interactions that are functionally available to the system
to use in this specific environment, i.e., they indicate which further interactions
might be possible or appropriate, by virtue of at least contributing to the mainte-
nance of the autonomy of the autonomous system (hunt → tongue flicking);

ii. they implicitly presuppose the environmental properties that would support the
success of the functionally indicated interactions (i.e. there is something out there
that justifies the frog to be in a tongue-flicking situation).

This is a form of anticipatory function. It is a kind of anticipation involved in
action selection. It is an anticipation of what further actions and interactions are
possible under current or indicated conditions (Bickhard 2001). What is of interest,
here, is that in this framework, those indications of interactive potentiality can be
considered as a primitive form of representation.8 As Bickhard states, such repre-
sentation ‘is emergent in anticipations of what further actions and interactions are
possible under current or indicated conditions.’ (ibid. 465).

Now, those conditions of the environment that are functionally presupposed by the
differentiation, as well as the internal conditions of the autonomous agent (i.e. other
functional processes or conditions – e.g. eating → digesting, etc.), that are supposed
to support the selected type of interaction, constitute the dynamic presuppositions of
the functions that will guide the interaction. In particular, the dynamic presupposi-
tions constitute the content of the representation, which is emergent in anticipation of
what further actions and interactions are indicated as possible in the particular
environment. Such indications (or else, predications about the environment) consti-
tute “the emergence of a primitive bearer of ‘truth value’” (ibid 465). But those
indications are realized, in the autonomous agent, as nothing else than anticipatory
functions. In other words, the dynamic presuppositions provide a value to the
interactive anticipation of the agent with respect to the environment. Therefore,
anticipatory function exhibits a normative nature.

Accordingly, anticipation may be in error, which means that the respective dy-
namic presuppositions may not hold (i.e. the environment may not satisfy the
presupposed conditions – e.g. instead of a fly, there is a screw hanging by a thread
and moved in several directions by a man). But this error will be functionally

8 The notion of representation in agency, and especially, in biological systems is highly controversial.
Nevertheless, we think that what is of interest here is that any indication (any predication about the environ-
ment) that the environment is appropriate for an interaction, constitutes a primitive form of representation with
emergent truth value and content provided by the conditions of the dynamic presuppositions of the indication.
Now, given that these indications are realized in the system as anticipatory functions, we may consider that the
form of anticipation implied in this framework is the locus of the emergence of normative representational
content, and as such of representation in general. This is the context in whichwe use the notion of representation
in this paper. As Bickhard (2001) states, “higher forms of such anticipation are involved in the subsequent
macro-evolutionary sequence of learning, emotions, and reflexive consciousness” (ibid, 459). Accordingly
we suggest that the normative basis of these higher forms of anticipatory function is provided by the type
and level of functionality concerning lower-level autonomous biological agents, as we discuss and model in
this paper (see also the discussion on emergent interpretant and Digital-Analog consensus in DAC-logic
and the integration of emerging normativity section). However, in this paper we choose to emphasize more
the aspect of function and its normative and anticipatory nature as we are more interested in the effects of
the transduction of information in biological systems.
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detectable by the autonomous system itself, since it will be functionally evaluated on the
basis of its contribution to the maintenance of the autonomy of the system. In order to
clarify this point we should note that the criteria for the functional results of a selected
action are given by system norms which need neither be explicit nor involving any
representations. They can be simple functional tests on internal conditions pertaining to
a subsystem with two processes (e.g. feeling hungry→ hunting by tongue flicking) that
may either loop to each other (dysfunctional) and then switch to another process (i.e.
jumping to get to another place to find food) or manage to pass the control of the flow to
the following process (e.g. eating) outside that subsystem (functional).

In this way, indications of the dynamic presuppositions are embedded in the
functionality of the system, but the respective presuppositions (criterion for the
switching of the control flow among processes) do not have to be represented at
all, for such switching to work. Therefore, meaning (i.e. selection of the appropriate
function so that the system will maintain its autonomy according to its norms – e.g.
avoiding being hungry or avoiding being eaten by a predator) is produced by the
normative evaluation of anticipation, internally in the autonomous system (the frog),
but in the interaction of the system with its environment (e.g. the fly or the snake). It
is in this way that meaning is a prerequisite of, and contributes to the maintenance of
the autonomy of the agent according to and in favor of its explicit normativity.

Now, since such anticipation is normatively evaluated, the potential error is
detectable by the system itself. This type of anticipation is future-oriented and it
can be mistaken, if the chosen interactive strategy does not internally yield the desired
results (process closure – e.g. the tongue-flicking process does not function well), or
if the respective environment does not support the type of interaction (interaction
closure – e.g. there is a screw out there instead of a fly) that would lead to the
anticipated internal outcome (e.g. successful propagation of functional control to the
following subsystems, e.g. eating, digesting, etc. so that the frog will be able to get
hungry and hunt again). This is a account of the emergence of anticipatory function
with a normative value, i.e. of the emergence of explicit normativity.9

The cohesive dynamics of hierarchical physical information systems provide us
the naturalized constraints for the physical embodiment of functional information.
Biological functionality needs far-from-equilibrium dynamics implemented via pro-
cess and interaction closure. This provides the minimum requirement for recursive
self-maintenance that exhibits normative functionality. This is the minimum basis for
autonomous agency. A autonomous system constantly interacts with a dynamic
environment, hence, it needs to be able to choose among its functions those which
is likely to maintain or further enhance its autonomy. A capacity for a normative
evaluation of the available interactive strategies is needed. This, in turn, needs the
point of reference for the evaluation. This point of reference is considered as the
functionally anticipated internal result, which is indicated and implemented through
the informational structures of the autonomous system. These information structures
indicate the normative functions that may emerge or/and used in the interaction,

9 Similar examples have been introduced in Tommi Vekhaavara (2003). At any rate, we do not claim that
our example is a complete one, but it shows the proof of concept regarding the emergence of normativity in
autonomous agents, by suggesting a model that aims at the unification of the modality of ‘interaction’,
‘perception’ and ‘action’ with the smallest possible number of normative primitives.
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but they do not provide the truth value or else, the content of the respective
anticipation. This can only be defined in the context of the interaction of the
autonomous system with the environment. The truth value depends on whether or not
the environment supports those informational relationships, not in the functional
informational relationships per se (e.g. Pi, Pj and whatever is functionally related to
them) Bickhard (2000b).

This is a case of pragmatics, where meaning is produced by the normative
evaluation of the system’s anticipation, internally in the autonomous system, but in
the interaction of the system with its environment. The result of this production is
action selection (i.e. selection of interactive strategy among those functionally avail-
able) on the pragmatic basis indicated by the anticipation for process and interaction
closure (i.e. for normative functionality).

Using Biosemiotic Tools to Model Normativity in Biological Systems

Should the framework of the emergence of normativity, described in Normativity in
autonomous biological agents section, be used to model biological systems, one has
to suggest a way that functionality is constructed in the system. Particularly, tools for
the construction of models for the emergence of the informational structures indicat-
ing that functionality are needed. In order to advance in this task we will use here
Peirce’s theory of signs (for more details, see El-Hani et al. 2006, 2007, 2009). This
semiotic framework is theoretically and conceptually complementary to the more
general framework of 2nd-order cybernetics and of organizational/operational closure
(see e.g. the works of Brier 2004, 2008; Arnellos et al. 2006, Arnellos et al. 2007),
and, as it is shown below, is largely compatible with the theory of autonomous
systems sketched above.

A Biosemiotic Model of Signal Transduction in B-cell Activation

According to Peirce (1931), any description of semiosis should necessarily treat it as
a relation between three irreducibly connected terms (sign-object-interpretant, S-O-I)
(CP 2.171, CP 2.274) (Fig. 3a, b).

Any sign is something that stands for something else, its object, in such a way that
it ends up producing a third relational entity, an interpretant, which is the effect a sign
produces on an interpreter (which is, in the context of biosemiotics, a biosystem such
as a cell or an organism). In many biological informational processes, sign interpre-
tation results in a new sign within the interpreter, which refers to the same object to
which the former sign refers (in an informational cascade), or ultimately in an action,
which can lead to the termination of an informational process. The fundamental
character of the interpretant in many biological processes is that it is a new sign
produced by the action of a previous sign in such a manner that both share the same
referent and, indeed, refer to it in a similar way. In other words, the interpretant is
often an instance for relaying the information further within the system or an instance
for the system to select alternative responses (i.e. what we have so far called
emergence of normativity). These signs can be, in biological systems, aggregates of
sensed differences that are conveyed in a chain of transformations (e.g. signal
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transduction) so as to refer back to the original referent and accordingly prompt the
appropriate action (see 6.3 below).

Semiosis necessarily entails the instantiation of chains of triads, since a sign in a
given triad leads to the production of an interpretant, which is, often, a new sign.
Therefore, an interpretant is both the third term of a previous triadic relation and the
first term (sign) of a subsequent triadic relation (Savan 1986. See Fig. 4). We can
describe, thus, a first transition accounting for the dynamical nature of semiosis,
namely, the interpretant-sign (I-S) transition. By this ‘transition’ we simply mean that
the same element that plays in a triad the role of the interpretant will play in a
subsequent triad the role of the sign.

interpretant 

form 

sign 

object 
REFEREN

T
MEANING

FORM

SIGN 

a b

Fig. 3 a. Semiosis as a relation between three irreducibly connected terms (sign-object-interpretant, S-O-I).
This triadic relationship conveys a form from the object to the interpretant through the sign (as symbolized
by the horizontal arrow). The other two arrows indicate that the form is conveyed from the object to
the interpretant through a determination of the sign by the object, and from the sign to the interpretant
through the determination of the interpretant by the sign. b. A sign (or representamen) can be also seen
as the form which a signal takes and which designates an object (its referent) through its relation to the
meaning (or interpretant) which is created in the system while the latter interacts with the sign. The two
figures should be considered as complementary to each other. Meaning is the selection of the appropriate
functional connection between the sign and the object, and it is constructed by the agent during its
interaction with the object

Fig. 4 The triadic relation forms a chain of triads. The grey area at the bottom of the figure shows that all
signs in the chain of triads refer to the same dynamical object through a series of immediate objects. The
arrows show the interpretant-sign (I-S) transition and the changes in the occupant of the functional role of
the immediate object
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When the I-S transition takes place, there is also a change in the occupant of the
functional role of the immediate object. When the interpretant becomes the sign of a
new triad, the relation of reference to the same dynamical object depends on the fact
that the new occupant of the role of immediate object stands for the same aspect of the
dynamical object that the immediate object of a previous triad stood for
(Fig. 4). Through the triadic relationships, a series of new signs (interpretants) is
produced, with a series of changes in the occupant of the functional role of the
immediate object, up to the end of that specific sign process. This typically amounts to
the triggering of an action, which is the final interpretant in this semiotic process, usually
leading to its termination.

In order to advance in modeling signal transduction from a biosemiotic perspective,
we will consider here a model of some steps involved in B-cell activation, an important
process in the immune system (El-Hani et al. 2007). The B-cell antigen receptor (BCR)
plays a key role in this process. BCR has two functions in B-cell activation (Pierce
2002): it initiates signaling pathways that result in a series of intracellular processes in
B-cells, including changes in gene expression patterns, which lead, in turn, to the
activated B-cell phenotype; and it plays a role in the uptake and processing of
antigens to be presented to T-helper cells, another important class of cells in the
immune system, which will assist B-cells in achieving full activation.

Reth and Wienands (1997) proposed a model of molecular interactions in signaling
pathways based on functional definitions, intended to express the roles played by
several elements in such pathways, acknowledging that different elements can fulfill
those roles, i.e. be the occupants of the described functional roles in different
signaling processes (Fig. 5).

Through signal transduction, living systems are capable of internalizing a cue to a
certain aspect of the environment, by producing intracellular signs in response to an

Fig. 5 Reth and Wienands’ (1997) functional model of signaling pathways. Arrows represent different
types of functional connections between signaling elements. Dashed arrows represent regulatory relation-
ships. R, receptor; T, transducer; SM, signal manager; SP, signal processor; SR, signal regulator; ST, signal
terminator; Sc, scaffold protein; E, effector
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extracellular sign. Receptors play a central role in the processes through which a cell
shows the capacity of answering to its surroundings. A receptor is in most cases a
transmembrane protein that undergoes, when bound by an extracellular ligand, a
conformational or topological (e.g., receptor aggregation) change that is transmitted
into the cell. The molecular change suffered by the receptor is communicated through
the action of transducers. In most cases, transducers are enzymes physically associ-
ated with the intracellular part of the receptor. In its resting state, the receptor often
represses signaling activity of the associated transducer, but, when it is activated by
ligand binding, it suffers a conformational or topological change that leads to the
activation of the transducer.

There can be several signaling pathways arising from the same receptor, and this
potentially results in a crucial problem for the normative functioning of the signaling
system, namely cross-talk between signaling pathways, endangering the specificity of
the response to the signal. This is one of the key questions in the study of signal
transduction, and we will come back to it in DAC-logic and the integration of
emerging normativity section.

Signal transduction occurs in an organized microenvironment, in which different
elements of a signaling pathway are connected both functionally and spatially. This
architecture of signaling elements can be established before or after the activation of a
receptor. In the former case, scaffold or adaptor proteins play an important role in
organizing the spatial and functional architecture of signaling elements, by bringing
them together in a preformed protein complex.10 Even if the stimulus is persistent,
signal transduction through many receptors is terminated after some time, due to the
activity of signal terminators, which establish a feedback loop that changes the
activity of the receptor, transducer, and/or a particular signal manager. At the endpoint
of a signaling pathway, one finds one or several effectors, which can be enzymes,
transcription factors, or cytoskeletal elements. They are the elements whose behavior
is modulated by the signaling pathway.

The mechanistic interactions involved in this process are aptly modeled by Reth
and Wienands in functional (and, thus, properly general) terms, but, if the series of
mechanistic interactions that take place in a signaling pathway amounts to a process
of signal transduction, a description in terms of molecular interactions or even
functional definitions will not be enough. It is not that some element, besides the
molecules themselves, should be added to the mechanistic and material aspect of the
signaling pathway; rather, what should be added to in this picture is a semiotic model
that can deal with the issue of how the reference to the same cue or signal is
maintained in the several changes in the material basis of the message throughout
the signaling system. That is, we need to model a semiotic relation by means of which
a molecule such as an antigen can be a sign that stands for something else, say, a
pathogen, and, in turn, lead to the production, within the living system, of other
(signaling) molecules which stand in the same relation to that object in which the
antigen itself stood.

10 As we will see in DAC-logic and the integration of emerging normativity section, these category of
scaffold or adaptor proteins play a crucial role in the necessary coincidence detection for assuring proper
categorical sensing and interpretation of an ambiguous signal, a process that will be characterized as a
“digital-analogical consensus”.
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To model in Peircean terms this maintenance of the reference to an extracellular
sign, one should consider how the processes described above instantiate a triadic
relation in which, a receptor, which acts as a local interpreting system, recognizes a
sign (the extracellular signal, an antigen), which refers to an object in the world
(a dynamical object, say, a pathogen) through a feature semiotically available in its
representation (the molecular form of the antigen, as an immediate object that
indicates the pathogen, as a dynamical object). Receptors act as interpreting systems
by coupling to transducers, catalytic molecules that trigger the production of another
sign inside the cell in response to the extracellular sign. This subsequent sign is the
interpretant of a first triadic relation, and it takes the role of a sign for a subsequent
triadic relation, allowing signaling to proceed. This happens through a series of
intracellular signs that can diverge, if several signaling pathways are triggered by
the transduction of a single extracellular sign, and are amplified by signal regulators
along the pathways. Each pathway ends in an effector, which produces the final
interpretant in the process, an action through which sign interpretation has an effect
on the cell phenotype.

Figure 6 presents a more detailed model of the main events at stake. In resting B
cells, BCR is excluded from membrane domains (lipid rafts) that concentrate the
transducer Lyn. In the absence of antigen, the BCR monomer has a weak affinity for
lipid rafts, but antigen binding makes BCR molecules associate with each other,
increasing affinity for those domains. Stable residency in lipid rafts results in asso-
ciation with Lyn, which phosphorylates BCR, initiating several signaling pathways.
In Fig. 6 another kinase is shown, named Syk, which initiates one of the signaling
pathways resulting from BCR activation.

When interpreted from a Peircean perspective, an antigen is a sign that stands for
something else, say, a pathogen, and a receptor such as BCR acts as a local
interpreting system in the cell membrane, triggering processes by means of which
new signs, i.e., interpretants, are produced inside the B-cell. The first interpretant in
this case is the phosphorylated state of BCR, which is a sign that stands for the
pathogen as the antigen itself stood for it. This generates a new triad, linked to the
previous one by the double role played by the phosphorylated state of BCR, which is
both the interpretant of a first triad, and the sign of a second triad (Fig. 7). We are

Fig. 6 Model of the initiating events in the signal-transduction pathways leading to B-cell activation.
(From Pierce 2002)
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dealing, thus, with the I-S transition. When it takes place, the aspect of the pathogen
which was represented in the antigen (Oi) is now represented in the phosphorylated
state of BCR (Oi+1). To put it differently, following the I-S transition, there is a
change in the occupant of the functional role of O (Fig. 7).

It is this latter change that makes it possible that the same entity or process is kept
as a stable referent throughout the signaling process, despite the several changes in
the material bases of signaling, i.e., in the signs involved. The maintenance of the
reference to the pathogen in a signaling pathway can be modeled as such changes of
occupants because all the immediate objects in a chain of triads stand for the same
dynamical object, the pathogen. The fact that the reference to the same dynamical
object is maintained can be explained on the basis that the latter is, in a Peircean
framework, the primary constraining factor in semiosis, since its form – understood as
a regularity or habit – is communicated through several semiotic, triadic relations.
Such a communication of the form of the dynamical object, as semiotically available
in a series of immediate objects, can be conceived as information in a signaling
pathway.11

The kinase Syk, shown in Fig. 6, has a key role in a well-defined pathway of B-cell
activation, which results in the release of Ca2+ from the endoplasmic reticulum (Reth
and Wienands 1997). In this case, the binding of Syk to the phosphorylated BCR
makes a specific interpretative process proceed. When Syk is activated, it leads to the
activation of another enzyme, phospholipase Cγ (PLC-γ), which is an effector,
converting the membrane component phosphatidylinositol 4,5-biphosphate into the
two second messengers diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).
DAG remains attached to the inner side of the plasma membrane and recruits and
activates the cytosolic protein kinase C (PKC). IP3 binds to receptors on the

Fig. 7 A model of one of the signaling pathways triggered by activated BCR as a chain of triads. Notice
the I-S transition and the changes in the occupants of the functional role of O. The maintenance of the
reference to the pathogen in a signaling pathway is modeled in terms of these changes of occupants, since
all the immediate objects stand for the same dynamical object, the pathogen, throughout semiotic relations
that communicates the form of the object

11 We are following here El-Hani et al. (2006, 2009) account of what is information.
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endoplasmic reticulum, causing the release of Ca2+ ions. The release of Ca2+ ions is a
new interpretant in the signaling pathway managed by Syk.

Furthermore, the number of different PKC substrates and the multifunctional role
of Ca2+ ions in cell metabolism and, also, in signaling, illustrates a case of divergence
of intracellular signals, modeled in biosemiotic terms by means of the production of
more than one interpretant from a single sign, namely, the phosphorylated state of
BCR (Fig. 8). This makes clear how an original sign-response can be broadly
diversified by the signaling systems of the cell. However, this is where biological
meaningfulness should be inquired.

In more detail, and in order to emphasize the necessity of biosemiotic modeling,
this is why molecules such as DAG and IP3 are called ‘second messengers’ (see
Fig. 8). DAG and IP3 are second messengers precisely because they are interpretants
produced as a result of the processing of an extracellular sign (a ‘first messenger’), in
this case, an antigen. The message refers to the presence of a non-self entity (e.g. a
pathogen) within the organism. But in order to successfully model the maintenance of
reference to such an entity throughout the process, we should go beyond the pairwise
or dyadic interactions between molecules and their substrates. Particularly, the pair-
wise and dyadic interactions between Syk, PLCγ, IP3 and Ca2+ and their
physicochemical substrate, which may end up regulating of gene expression so as
to lead to the B-cell activation, in the signaling pathway managed by Syk (see Fig. 7),

Fig. 8 Several intracellular signaling pathways are initiated by cross-linking of B-cell receptors by antigen
(From Goodridge and Harnett, 2005). In the center of the figure, one can see the signaling pathways
modeled above, involving Syk, PLCγ, IP3, and Ca2+ release. Notice the integration between this signaling
pathway and the one involving DAG, which leads to the activation of cPKC and nPKC. Notice, also, that
the pathway involving IP3 and Ca2+ regulates in the end patterns of gene expression in B-cells
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are indicative relationships of anticipatory functions, which are constituted of infor-
mational structures providing the system with the range of organizational forms that
can be supported in the particular interaction with the antigen. These information
structures do not provide any representational content, i.e. they do not provide and
normative values. These can only be defined in the context of the interaction of the
immune system with its environment, which in turn, should be considered in the
greater context of the interaction of the respective agent with its environment (see
also the discussion in DAC-logic and the integration of emerging normativity section
regarding second-order emergence in a multi-level hierarchy).

The salient semiotic issue here is that second-messengers, i.e. the “occupants” in the
middle of the pathway actually are not specific for the original signal-receptor complex.
On the contrary, they are ubiquitous in cellular processes and are part of signal-
transduction pathways in many processes. Thus some sort of contextual evaluation
(see also Autonomous biological agents section) is necessary to assure the right
“reading” of such mediating occupants, i.e. second-messengers, an issue that we will
address in the next section.

The emergence of each interpretant (e.g. DAG or IP3) results in a certain biolog-
ical functionality. Therefore, secondly, and based on what is argued in Biological
information, function and meaning section, what is needed in order to call this
functionality normative is to embed it in a system of ‘interpretation’ (i.e. functional
evaluation) that connects to anticipation and actions. This is what the changes of the
occupants of the functional role of the antigen serve, as they show how the reference
to the pathogen is maintained while the material bases of the message, namely the
signs, keep changing throughout the process. It is the selection of a certain set of
functions out of the available functionality (i.e. the interactive capabilities of the B-
cell signaling system, e.g. the pairwise and dyadic interactions between Syk, PLCγ,
IP3, Ca2+ as well as all other physicochemical elements being present), which results
in the emergence of a certain signaling pathway instead of another, and which is
manifested as emergent normativity of the B-cell. But as explained in 5.2.3, the set of
those dyadic interactions constitutes the anticipation or else, the explicit normativity
of the system. Anticipation guides the functionality of the system through its norma-
tive values (i.e. the representational content that emerges based on the dynamic
presuppositions that are implicitly indicated by the different occupants of the func-
tional role of the pathogen), as well as the internal conditions of the system itself (i.e.
several conditions in higher or lower organizational levels – e.g. the levels of
metabolism, of the hormone system, the nervous system, etc.).

The functional aspects at stake are various and divergent. Different occupants can
play the same semiotic roles in a signaling pathway. The same signal and receptor in
different cells can create totally different answers. Activation of the same signal-
transduction component in the same cell through different receptors often elicits
different cellular responses. The binding specificity of two receptors may differ while
their effector specificity is identical. Different cell types may have different sets of
receptors for the same ligand, each of which inducing a different response. Some
signaling-molecules can function in more than one modality (e.g., epinephrine can
function as both neurotransmitter and hormone). Different receptor-ligand complexes
can induce the same cellular response in some cell types. Those are anticipatory
functions (functional relations of the present action of an agent to its norms– i.e.
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achievement of process closure) that guide the functionality of the system through the
respective dynamic presuppositions (which provide normative values), by constraining
the behavior of the system in the sense that they bring about a constrained set of
functional relations between the object and the system through the mediation of the sign.

But fundamental questions still remain. For instance, where should this con-
strained set of relations be found and how can this constrained set of relations be
brought about (emerge) in the framework of an autonomous system as the one
sketched above? More specifically, how can this emergent constrained set of func-
tional relations allow that the reference to the pathogens is maintained by using
intermediary occupants with different material bases, while each of these occupants
can be a component of many different pathways? In the framework sketched so far,
this is a case of meaningful biological functionality.

Therefore, in the next section we will examine the problem that different signal-
receptor complexes typically lead to the same second-messenger, a ubiquitous signal
such as Ca2+. The specificity of each pathway should be maintained so as to avoid
undesired cross-talk between pathways, since different pathways, related to different
responses, use the same second messenger. The notion of the digital-analog consensus
is used here to explain that such kind of functionality requires a multi-level hierarchy,
where we cannot consider the emergence of normativity (and of the respective repre-
sentational content) at a given level without considering its functional connections to
lower, higher and parallel levels in the organisation of the autonomous system.

DAC-Logic and the Integration of Emerging Normativity

At this point we need to address the crucial issue of interpreting ubiquitous and multi-
purpose signal mediators (e.g. second-messengers) in a context-specific manner. In
other words how can the system (in this case a cell) categorically sense and transduce
such signals in the specific required way? Bruni (2003, 2007) describes what could be
called the “Ca2+ code” as an example of how cellular systems achieve the necessary
categorical sensing that allows them to avoid undesirable cross-talk by using the
semiotic regularities that in this framework have been referred to as the “digital-
analogical consensus” – a recurrent pattern for the creation of complex “logical
products”12 that constitute specific signs (Bruni 2003, 2007; Giorgi et al. 2010).
These considerations have been extended to different biological and cognitive pro-
cesses that involve hierarchical embedded instances of sensing, perception, and/or
transduction of complex logical products that become crystallized in codes (or
encoded regularities), and which bind specific complex configurations (that mirror
the context) to specific responses (Bruni 2002, 2003, 2007, 2008b).

12 In this context a ‘logical product’ is understood as the result of an operation which is not exclusively or
necessarily and additive operation, or a summation. For example, the logical product of two propositions p,
q, is their conjunction, p & q. The logical product of two sets is their intersection. In a material-mechanical
understanding of biochemical-metabolic-ecological processes there is no place for logical products to
contribute to causality. Everything is considered to be additive and subtractive budgets of matter and
energy; there is no possibility for “an absence” to contribute to causality. On the other hand, pattern
(information) can combine presences and absences into logical products. The causal role of patterns and
information is not proportional to the quantity of matter that constitutes them. Bateson (1972) used the
expression “logical product” to explain that “synaptic summations” where not really summations but the
formation of logical products, therefore in (A+B), A and B can have equal levels of causal influence.
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The versatility of calcium as an intracellular “second messenger” has led biologists
to talk about its “universality” as a signal (Berridge et al. 2000; Carafoli 2003). This
ubiquitous intracellular signal is held to be responsible for controlling multiple
cellular processes throughout the life of eukaryotic cells from fertilization to apopto-
sis. When the Ca2+ concentration rises to certain specific threshold levels, many
different functions can be activated. The question is: how can these elevations of Ca2+

concentration regulate so many different processes? Specific patterns have to be
decoded in order to maintain specificity. Such specificity is vulnerable, however, to
cross-talk. In order to avoid such undesired mixing of pathways the cellular system
needs to be able to count on some sort of categorical sensing: the capacity for pattern
recognition, which is the action of extracting contextual meaning from what would
otherwise be ubiquitous signals, avoiding therefore anarchic cross-talk, which would
be deleterious to any system that depends on semiotic processes involving these kind
of signals (Bruni 2003, 2007, 2008b).

What is needed is an explanation for how the cell gets the most global and
complete representation of the context to consequently be able to interpret correctly
the otherwise ubiquitous calcium signal (i.e. normatively select and evaluate the
respective functional responses) and maintain, therefore, the specificity of the orig-
inal signal in the network. In this direction, Bruni proposes one way to look at how
elementary differences build up and are sensed up and down the biological hierarchy,
and how can biological systems categorize, distinguish and obtain relevant informa-
tion out of otherwise ubiquitous differences and signals, by considering the commu-
nication pattern or logic referred to as digital-analogical consensus (from now on
DAC-logic) (Bruni 2003, 2007). Three important features of the DAC-logic at all
levels are:

1. The detection of synchronicity of a series of events that by their simultaneous
occurrence characterize, or map, a particular state of affairs. Once the patterns are
bound into a unitary whole (e.g. a percept), once they “click” together, the unit is
exposed (or represented, i.e. functionally anticipated) in the background of the
biological organization. Every single digital difference manifested synchronically
and bound into a higher level analogical representation, functionally anticipates
an aspect (or news from an aspect) of the context that is normatively mapped into
that analogical representation.

2. Representations (i.e. normative content) works within networks and chains of
triadic causal relations (what Bruni calls ‘triadic causality’). If we are to take
seriously the condition of context-dependency, “pattern-recognition” (a prerequi-
site for any kind of representation, and consequently, of anticipatory function) is
much more than the mere extraction of a pattern from its background; it also
involves association of the pattern to “something”, i.e., a differential response to the
implicit category. In other words: detecting an “object” or a state of affairs by
functionally anticipating (forming a representation of) it – i.e. pattern recognition –
leads to something.13

13 This is in a direct accordance with the model of action-selection based on dynamic anticipation with
emergent representational content, presented in The normative nature of anticipatory function section.
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3. The links across hierarchical emergent levels. The emerging analogical represen-
tation may also constitute a “quasi-digital” piece of information to a higher level
anticipation. In this way the new analogical representation can be a digital
contribution to a still larger or more complex analogical representation.

Digital-analogical consensus provides the ability to distinguish meaningful pat-
terns (“true” synchronic events) from scattered and random coincidental configura-
tions and it is at the basis of categorical sensing14 in cellular systems. A “consensus”
because it is not just any coincidence: it is an “agreement of many participants”, a
very specific one which, has been codified in an evolutionary habit and it links the
(contextual) complex set of stimuli, the system’s internal organization and the
response in a triadic logic (Bruni 2007).

We have, in other words, the formation of an interpretant by the synchronic
occurrence of a combination of discrete factors, determinants or circumstances. A
continuous process in which an indefinite set of digital messages in simultaneous
occurrence form an analogical message that links the most comprehensive interpre-
tation (or characterization) of the context to an appropriate response, what Bruni
refers to as an emergent interpretant. Here, the emergent interpretant can be seen as
the locus at which a normative system (which can be contained in a larger system)
defines its norms (i.e. achieves process closure as described in the context of a
autonomous system sketched in The normative nature of anticipatory function sec-
tion). It is that part of the emerging system that achieves a higher logical type of
manifestation with respect to the dynamics that underpins it (Bruni 2003, 2007;
Giorgi et al. 2010).

Since Ca2+ patterns have to be de-coded, their specificity as signals is related to a
pattern of concentration thresholds of different elements (in simultaneous occurrence)
that form the vehicle of a more complex sign. It is because of this variability that
different types of cells may exhibit very different responses to the same extracellular
signal or the same second messenger (Bruni 2003, 2007). Actually, it is not the simple
linear rise in concentration that informs the system and triggers a response. It is rather
the fluctuation of concentrations which creates differences that are sensed categori-
cally at particular “meaningful” thresholds. The case of the Ca2+ digital-analogical
consensus requires the simultaneous occurrence of certain specific threshold concen-
trations of, for example, Ins(1,4,5)P3 (inositol) second messenger, Ca2+ ions
themselves, other Ca2+ binding proteins, adaptor and scaffolding proteins, etc. Each
of these parameters has its own concentration fluctuation curve (see Fig. 9). In order
for a specific response to be triggered, there is for each parameter a required threshold
concentration which is - as any other threshold - a digital (or categorical) boundary. In
other words, the moments at which these specific thresholds intersect in complex
combinations are the moments of digital-analogical consensus that will link a partic-
ular emission of Ca2+ patterns to a particular context that includes other clues and in
which the “sign” (Ca2+ plus the rest of the concomitant compounds) will be
interpreted properly, i.e., categorically and hierarchically, linking a complex set of
cues to a specific response (see Figs. 9 and 10).

14 Away to model and implement hierarchical categorical sensing is through the concept of differentiations
as these are explained in The normative nature of anticipatory function section.
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Many signal transduction pathways contain large multi-protein signaling com-
plexes, which often are held together by adaptor proteins. Adaptor proteins do not
have catalytic activity, nor do they directly activate effectors. Rather, they contain
different combinations of domains, which function as docking sites for other proteins.

Fig. 9 In the Ca2+ code, digital-analogical consensus requires the simultaneous occurrence of specific
threshold concentrations of different elements, for example Ins(1,4,5)P3 second messenger, Ca2+ ions, Ca2+

binding proteins, adapter and scaffolding proteins among others. When the specific (digital) concentration
thresholds of the various elements coincide, they form an analogical sign. In this way the Ca2+ signals are
sensed categorically and therefore lead to a specific response (Figure taken from Bruni 2007)

Fig. 10 Digital analogical consensus for activating Ca2+ channels. The variety of co-factors that have to be
simultaneously present imply a precise “cocktail” of signals and transforms of signals, whichmirror a particular
interpretation of the context, forming an analogical sign out of many coincidences of digital presences (some of
whichmay in turn be analogues at a lower level). This particular analogical configuration for activating a cluster
of channels to form a particular pattern of Ca2+ signals will be a digital event in a larger network (Figure
taken from Bruni (2007) adapted from Berridge et al. (2000: 521)). Reproduced with permission from
Nature Reviews Molecular Cell Biology. Copyright (2000) Macmillan Magazines Ltd
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In some cases adaptor proteins contain arrays of a single binding domain or different
combinations of domains. In addition, these binding domains can be found alone or in
various combinations in proteins containing catalytic domains. These combinations
provide enormous potential for complex interplay of consensual factors to provide a
more global interpretation of the context.

It makes sense to think that we are dealing with fluctuations of patterns (of e.g. Ca2+

concentrations) when transducing a message into a higher order code. We see here
how the logical product is not necessarily quantitatively proportional to the mass that
expresses it, i.e., logical products need not necessarily be formed incrementally in
proportion to an increment in mass. In semiotic processes the variation of patterns is
not always proportional to mass quantity. If this were the case, there would be no
possibility for any kind of digitalization or codification, i.e., we would be back to the
world of dynamics, forces and impacts (Bruni 2007).

Similar generalizations can be made with regard to the interrelation and integration
of hierarchical living systems in order to provide an account that considers the
embeddedness of many instances of categorical sensing and perception in communi-
cation and cognitive processes. These could include intracellular, intercellular, met-
abolic, physiological, cognitive, and ecological levels, for instance, in somatic cells
communication, inter-bacterial communication, multi-trophic systems; in symbiotic
relations, at the physiological and ecological levels; in the integration of the immune
and nervous systems; and in complex neurophysiologic and cognitive processes, i.e.,
all processes of sensing, perception and cognition in living systems (Bruni 2008b).
Therefore, there are many different possible levels of categorical sensing and cate-
gorical perception, which constitute emergent anticipatory function (or else interpre-
tants): “binding” events, different instances of complex “lock and key mechanisms”
in emerging systems of correspondences. This implies increasing thresholds of
semiotic freedom (Bruni 2003, 2008a, b) (see below).

Sensed differences and complex aggregates of sensed differences are integrated
into categorical representations, which are further integrated into even more complex
percepts and categories that map corresponding events and situations. Bruni (2008b)
emphasizes the distinction between “representation” and “image” so that the problem
of anticipatory function and of the related normativity (the normative representational
content) can also be posed at the cellular level during the processes of signal
transduction, keeping in mind that this lower-level representational content contrib-
utes to more complex representations such as the ones emerging in “neural-based
anticipatory functions” and “image formation” (in any sensorial modality). This
includes in general any event where there is semiotic convergence or integration,
where the sensed or perceived unit is associated to “something” within the cellular,
physiological or cognitive organization, or participates as a concomitant element to
determine a consensus at a new emerging level. DAC-logic emerges as a general pattern
for sign integration (i.e. for generating complex specificities and lock and key mecha-
nisms), providing complex possibilities and plasticity for fine-tuning responses to
variable contexts in an incredibly creative combinatorial manner; in other words, linking
the most comprehensive interpretation of the context to an appropriate response.

This can be related to the increasing semiotic freedom observed in complex
biological processes. In this context, semiotic freedom is defined as the degree of
divorce between the deterministic coupling of the material–mechanical dynamics of a
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systemic process and a given causal outcome of that process (Bruni 2003, 2008a).
Such divorce starts whenever the kind of causality implied by information (i.e.,
sensed differences) is invoked, as for example the kind of causality operating when
a cell integrates thousands of signals into a response. In other words, small and
localized signal transduction networks in cells more or less constitute the first degree
of semiotic freedom obtained in living systems. From there, more complex systems of
forming and categorizing logical products grow and attain increasing semiotic free-
dom and greater divorce from the physical forces and energy exchanges in the
particles of the substrates in processes that are characteristic of life: sensing, percep-
tion, cognition, consciousness (Bruni 2008b).

One can better grasp this notion of semiotic freedom by distinguishing between
“horizontal” and “vertical” emergentism in the following way: horizontal emergent-
ism (whether understood ontologically or epistemologically) considers only one level
of freedom or indeterminacy: the one at the level of the compound array of billions of
sensed differences which at one point give rise to the higher organizational levels of
mind, as for example consciousness, imagination and symbolic reasoning – the
alleged emergent property. For those who support this kind of emergentism only at
the epistemological level, there is a material-mechanical causality invoked at the
ontological level; but since the elucidation of its complexity escapes our natural
epistemological limits, we treat such gaps epistemologically “as if” they were emer-
gent properties. Vertical emergentism, on the other hand, allows for emerging levels
of freedom (thresholds if you wish) by the formation of more complex logical
products formed by the combinations of lower-level logical products. Each threshold,
or new degree of freedom, can be attained by the combination of simpler logical
products – and the new products formed at one emergent level can, in turn, be
combined to achieve still higher degrees of freedom (as implied in DAC-logic).
When we talk about emergent properties, we usually take for granted that emergence
occurs from a complex combination of material-mechanic (dyadic) causal events
giving rise to the emergent level. Very seldom do we consider the case of a ‘second
order emergent process’, which originates from a complex combination of causal
factors that are themselves emergent properties of a first order. Logically, the higher
the emergence order of the factors involved, the more divorced these causal links are
from the kind of material-mechanic causality which determined the first order
emergent property at the molecular level (Bruni 2003, 2008a).

The lower in the scale of semiotic freedom the process or the organism is, the more
the system will behave closer to a cybernetic system. On the other hand the more
there is second-order emergence and the higher the process or the organism stands in
the scale of semiotic freedom, the more it will behave as a semiotic system. Thus a
thermostat device is a purely cybernetic system which shows no semiotic freedom.
An E. coli cell is obviously higher than the thermostat in the scale of semiotic
freedom but much lower than the frog that, by integrating complex multimodal
percepts, predates the by-passing fly. From the cellular level up to mythological
narratives, there is an increase of possibilities for pattern recognition, categorical
sensing, categorical perception, categorization and semiotic freedom (Bruni 2008b).

A fundamental difference between “horizontal” emergentism and the semiotic
freedom achieved by the kind of second-order emergence explained above is the
possibility of considering the reality of downward causation/determination (Vieira and
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El-Hani 2008). In this way it is possible to conceive top-down approaches that start from
higher levels of semiotic freedom and cognitive processes, and to explore how they
disaggregate into lesser degrees of freedom, thus being able to take into consideration,
for example, the influences of higher-order cognitive processes on perception, as well as
concomitant and interrelated processes such as the emotional ‘significance’ and ‘intel-
ligibility’ of complex stimuli, and in turn the relation of this significance to the
functioning of the immune system, just to name an example (Bruni 2008b).

Conclusions

This paper has as a general scope the establishment of a robust theoretical framework
for the emergence of normativity and simultaneously, for the ways information is
transduced across several interconnected organizational levels in autonomous biolog-
ical agents. The aim is to suggest tools for pragmatic modeling of information and
functionality in living systems.

We have clearly argued that there is a need to build a theory of information in
biology that clarifies the meaning of ‘information’ and explains biological function-
ality and meaningfulness in living systems. We started by arguing why the dynamics
of physical information systems are necessary but not enough to explain biological
functionality and meaningfulness. Instead, we suggested the framework of emergent
normativity based on anticipatory functions and we argued in favor of its suitability in
order to explain functionality and meaningfulness of information processes in auton-
omous biological agents. We sketched the way such a system operates in the context
of its functionally anticipated interactions with the environment. We explained the
reasons why we think this framework could be useful when, in general, one considers
the emergence of normativity in autonomous biological agents.

We then complemented and integrated the notion of emergent anticipatory func-
tion with other approaches to functionality, such as the ones appealing to the Peircean
semiotic processes and especially to Biosemiotics, as well as to the Digital-Analog
consensus and interplay between different levels of organizational forms in an
autonomous system. Additionally, we provided several conceptual relations, compa-
tibilities and integrations between the notion of anticipatory function and the types of
functionality implied in biosemiotic modeling and in the DAC-logic.

This work is a step in a direction towards integrating several different but related
theoretical models of information and normativity in autonomous biological agents,
and thus, move information-talk in biology from a metaphorical to a more developed
theoretical status.
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