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A general, systems semiotics is proposed as a conceptual, heuristic framework for understanding how signs are used in natural and artificial informational
systems. Signs are regarded as materially embodied distinctions that reliably switch the subsequent behavior of a system (as recognized by some observer 
through some observational frame). In biological systems, signs guide the construction of the organism (genetic codes), mediate cellular signaling operations 
(molecular codes), coordinate organismic behavior (neural codes), and subserve the contents of conscious awareness (neurophenomenal bridge laws). 
Drawing from Uexkull, Morris, Pattee, Rosen, classical cybernetics, theoretical biology, pragmatism, operationalism, and psychological constructivism, I 
propose a taxonomy of adaptive, self-modiying and self-constructing percept-coordination-action (observer-actor) systems. These functional organizations 
utilize three primitive semiotic operations that mediate relations between internal signs and with the external world. In "measurement" (sensing), 
contingent interaction of a sensory receptor with the external world produces sensory sign. In "computation" (coordination) internal signs are reliably 
mapped to other signs. In "action, " an internal command-sign directs an effector that causes a change in the external world. 
Systems are purposive by virtue of evaluative, switching, and construction operations that adaptively adjust the organization and behavior of the system to 
realize internal embedded goals. Evaluations are performance-related measurements used to steer behavior towards goal satisfaction. Switching changes 
percept-action mappings using existing signs, whereas construction changes physical substrates that can enlarge the set of available sign-primitives. 
Switching enables combinatoric creativity within existing sets of primitives (Piagetian assimilation), whereas physical construction enables new primitives to 
be formed (emergent creativity, Piagetian accommodation). 
Neurosemiotics involves the role of signs in nervous systems. The (unsolved) problem of neural coding entails identification of which aspects of neural 
(spiking) activity subserve informational functions, i.e., that switch internal functional states and subsequent behaviors. We will discuss prospective types of 
neural codes. Rate-channel codes and connectionist networks encode distinctions using patterns of firing rates across neurons, whereas temporal codes and 
neural timing nets encode distinctions using patterns of spike timings. Both rate-channel and temporal codes can support iconic, form-preserving 
representations or arbitrary "symbolic" representations. However, temporal codes enable multiplexing of signals and broadcast coordination mechanisms 
that can liberate signals from wires (as in a radio network). In contrast, channel codes and connectionist networks must precisely regulate specific 
connectivities and transmission paths (as in a telegraph network or telephone switchboard). Whereas connectionism are channel-centric (which neuron does 
what is critical), timing nets are signal-centric (spike patterns irrespective of specific neurons are critical). Conceivably, neural timing networks can create 
new sign-primitives by selecting or tuning delays within local neural assemblies to produce new temporal patterns that function as tags that signify new 
concepts (semantic pointers). 
Neurophenomenology involves the dependence of conscious awareness and specific experiential states on patterns of neural activity. The 
neurophenomenal neural coding problem entails formulation of neurophenomenal bridge laws that predict 1) what organization of neural activity is 
necessary and sufficient for there to be any conscious awareness (NCCs) and 2) what specific patterns of neural activity correspond to particular experiential, 
phenomenal states (NCCCs). In line with neural global workspace theories, I hypothesize that those sets of temporally-coded neural signals that are stabilized 
in recurrent global circuits through active regeneration constitute the neurophenomenological contents of short-term memory and conscious awareness. 

Cariani, P. (2012). Creating new primitives in minds and machines. In J. McCormack & M. D'Inverno (Eds.), Computers and Creativity (pp. 395-430). Springer. 
Cariani, P. (2015). Outline of a cybernetic theory of brain function based on neural timing nets. Kybernetes, 44(8/9), 1219-1232. 
Cariani, P. (2015). Sign functions in natural and artificial systems. In P. P. Trifonas (Ed.), International Handbook of Semiotics (pp. 917-950). Springer.
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OUTLINE

Semiotics: “systems semiotics” as a general heuristic framework
Sign-distinctions as switches, meanings as consequences
Semiotic operations (sensing, coordination, action, construction)

Cybernetics: signs in purposive percept-action systems
Adaptive & self-constructing systems
New signs: Combinatoric vs. emergent creativity

Neurosemiotics: Reverse-engineering brains as informational engines
Neural coding: identifying signals of the system
Temporal codes & neural timing nets
Sketch of a temporal, signal-centric theory of brain function

Neurophenomenology
Neural substrates of awareness NCCs & experiential states NCCCs

Bridge laws: neural activity patterns à experiential states
Organizational closure through signal regeneration
An autopoiesis of neural signal productions

Cybernetics, neurosemiotic & neurophenomenology

1980’s on

1990’s on

2000’s on



SEMIOTICS

Semiotic systems switch
behavior on the basis 
of materially-realized

distinctions



92342  Sign Functions in Natural and Artificial Systems

This perspective presented here thus differs from the idea, held by many biose
mioticians, that semiosis is necessarily coextensive with and dependent on life (Kull 
et al. 2010). In our view the special form of organization that is characteristic of 
semiotic systems uses different, configurational states to switch system behavior. 
Although all sign systems are appropriately organized material systems, relatively 
few material systems are semiotic systems because they do not have internal orga
nizations capable of supporting signs and sign functions (Fig. 42.1).

42.5   Semiotics and Information

The term “information” has a very wide range of common meanings (Gleick 2011), 
many  of which  embody  concepts  from  semiotics  (Nöth  1990),  as well  as many 
others that do not. Concepts of genetic information in biology and information pro
cessing in psychology have long histories. The definition and role of information is 
a topic of ongoing discussion and debate in the biosemiotics community (Barbieri 
2013, 2007; Brier and Joslyn 2013; Marcos 2011; Pattee 2013).
The semiotic,  configurationdriven switching processes discussed here can be 

regarded as “informational processes” or “informational operations,”  if one con
ceives of “information” in terms of alternative internal functional states that are in
terpreted or “read out” by the system. The alternativestates functional usage is the 
sense of information in which one can meaningfully talk about genetic information 
or information stored in a computer, as specified distinctions among sets of alterna
tives that have functional relevance (meaning) for those systems.

Semiotic systemsNonsemiotic systems

Functionalities Examples

Perception
Directed action
Coordination

Communication
Representation
Computation

Memory
Adaptation

Construction

Humans and animals
Nervous systems

Information networks
Communications systems

Social organizations
Living systems

Speech & language
Robots

Computers

Examples

Unorganized matter
Gases, liquids, solids, plasmas

Ultrastable systems
Systems w/o alternative macrostates

Systems w/o attractor dynamics

Noninformational biological processes
Digestion, metabolism, catabolism

Fig. 42.1  Semiotic and nonsemiotic systems. Systems can be divided by whether  their organi
zational structures and dynamics support signs and sign functions. Basic functionalities of signs, 
signals, and symbols  in  semiotic  systems. Examples  include natural,  social,  and artificial  sign
using systems
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Not all material systems lend themselves to descriptions as semiotic systems
We are justified in labeling a system or process as “semiotic” only if we can identify 
material vehicles of sign distinctions & their differential consequences for behavior



Systems semiotics: a conceptual, heuristic framework for
understanding how signs are used in both natural &
artificial informational systems.

Based on sign-mediated operations.

Signs are materially-embodied distinctions that reliably
switch the internal organization & behavior of a system.

Systems are semiotic by virtue of their internal
organization, such that they show observable, sign-
mediated behavior.



Sign-mediated processes
Different modes of sign-use achieve different functions

• constructive functions in biological organisms (genetic codes)
• internal regulation (gene expression, neural regulation)
• epistemic functions in modeling relations, nervous systems
• steering functions in purposive animal behavior and robots
• mediation of informational organization (neural codes, computers)
• representational & compositional functions (brains, computers)
• mnemonic functions (genetic inheritance, memory traces)
• anticipatory functions (steer behavior based on past experience)
• information processing pattern recognition in animals & machines
• communicative functions (formulate, send, transmit, receive, 

interpret messages in/amongst animals, humans, machines)
• social coordination, cooperation, command
• construct new distinctions, concepts, categories (semiogenesis)



Interpretation: the process of “reading-out” the sign, i.e. 
switching behavior contingent on the sign vehicle presented.
Meaning: the manifold differential consequences of a sign-
distinction for the system’s state/behavior

Purpose: end-state of an internal goal-seeking mechanism.

SYSTEMATIC SETS OF DISTINCTIONS

Representation: set of mutually-exclusive sign-distinctions       
neuroscience, non-referentialist sense -- not “aboutness” –

linkages to sensorimotor states, not external events & objects per se

Language: A semiotic system of sign combinations and/or 
sequences to compose & express complex distinctions. 

Some basic concepts



SOURCES OF INSPIRATION (spiritually, I am a theoretical biologist)

THEORETICAL BIOLOGY Pattee, Rosen, Conrad 
Modeling relations, multiple descriptions, symbols & dynamics, emergence-relative-
to-a-model, Measurement Problem, non-reductionist/relational biology

SEMIOTICS Morris, Uexküll syntactics-semantics-pragmatics, pragmatism

PHILOSOPHY OF SCIENCE Hertz, Bohr, Bridgman, van Fraassen, 
von Glasersfeld, Feyerabend (theory creation), Maruyama (paradigmatics)

CYBERNETICS & SELF-ORGANIZING SYSTEMS Pask, Ashby 
Purposive systems, feedback control, feedback to material structure

BIOLOGICAL EVOLUTION Gould, Riedl adaptivity vs. evolvability, micro vs 
macro-evolution, modularity, open-ended functional emergence

PSYCHOLOGY Boring, Piaget, Gestaltists, Gibsonians, Uttal percept-
coordination-action, assimilation/accommodation, constructivism, open-endedness

NEUROSCIENCE Licklider, Lettvin, McCulloch, Lashley, Pribram, 
ER John, Abeles, Braitenberg neural codes, networks, temporal codes



PHILOSOPHY: EPISTEMOLOGICALLY-ORIENTED (operationalist)

MULTIPLE DESCRIPTIONS EXPLAIN DIFFERENT ASPECTS
Physical descriptions depict trajectories of physical states.
Semiotic descriptions depict functional, informational 

organizations that switch behavior.

HYLOMORPHIC WORKING ONTOLOGY
• Organization embedded in matter
• Functional properties supervene on material organization
• Mind is the semiotic, informational organization of brain
• Mental processes and conscious awareness supervene on 

specific organizations of neural activity.
• No “downward causation” per se: material action is closed 

under physical process (Kim); consciousness doesn’t ∆ physics



Definitions depend on functional organization
Life à autopoietic, regenerative self-production (M & V)

à sign-mediated self-production, codes are essential (Pattee)

Purposive à by virtue of embedded goal-seeking mechanism

Agent à system w. embedded goals & autonomy of action

Semiotic system à behaves contingent on observed & 
identified sign-distinctions & vehicles

Adaptive à a system that can alter its own internal signs & sign-
relations in order to better achieve goals

Although all living organisms are autonomous, 
purposive, semiotic systems, in my view semiosis does 
not require life, agency, purpose, or consciousness. 



CYBERNETICS

Purposive systems:
autonomous percept-action

systems that use 
internal feedback mechanisms 

for steering & modification 
to reliably attain
embedded goals

de Latil (1956) clear
exposition of 

classical cybernetics



A thermostat for controlling a
heating system is a simple, semiotic,
purposive system.

It makes one sensory distinction that is related
to the temperature in the room.

The sensory sign-vehicle is the output 
state (position) of the sensor element.

It compares the sensory sign-vehicle
with the goal set-point sign-vehicle
and makes one evaluative distinction:
room too cold (re: goal temp) vs.
room hot enough

The evaluative distinction is interpreted
to switch subsequent action.

Contingent on the difference
between the goal temperature (position
of goal element) and the observed temperature (position of sensor readout), an action-sign 
is produced that either turns the heating element on or off (differential action).
The meaning of the action-sign is the respective effect on the heater that it produces.

Purposive: has embedded goal state
Semiotic: switches behavior based on distinction
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Fig. 4. Percept-action loops in organisms and devices. (A) Cycles of actions and percepts and the formation of sensorimotor
interactions (Uexküll, 1926). (B) Completion of a neural feedback loop through environmental linkages (McCulloch, 1946). (C)
Adaptive control of percept-action loops in artifical devices, showing the three semiotic axes (Cariani, 1989, 1997a,b, 1998a,b).
Evaluative mechanisms adaptively modify sensing and effector functionalities as well as steering percept-action mappings.

discussed above. In such adaptive devices (Fig.
4C), there is in addition to the percept-action loop
a pragmatic, feedback-to-structure loop that eval-
uates performance and alters sensing, computing,
and effector actions in order to improve measured
performance. Evaluations are operations that are
similar to measurements made by sensors, except
that their effect is to trigger a change in system
structure rather than simply triggering a change in
system state.

What follows is a hypothetical account of the
brain as both a self-production network and an
epistemic system. On a very high level of abstrac-
tion, the nervous system can be seen in terms of
many interconnected recurrent pathways that cre-
ate sets of neural signals that regenerate them-
selves to form stable mental states (Fig. 5). These

can be thought of as neural ‘‘resonances’’ because
some patterns of neural activity are self-reinforc-
ing, while others are self-extinguishing. Sensory
information comes into the system through
modality-specific sensory pathways. Neural sen-
sory representations are built up through basic
informational operations that integrate informa-
tion in time by establishing circulating patterns,
which are continuously cross-correlated with in-
coming ones (i.e. bottom-up/top-down interac-
tions). When subsequent sensory patterns are
similar to previous patterns, these patterns are
built up, and inputs are integrated over time.
When subsequent patterns diverge from previous
patterns, new dynamically created ‘‘templates’’
are formed from the difference between expecta-
tion and input. The result is a pattern resonance.

Uexküll (1928)

McCulloch (1946)

Semiotics of
percept-action

loops
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42.9.2   Functional Boundaries: Epistemic and Control Cuts

The operational statetransition structure of a simple perceptaction sequence is de
picted  in Fig. 42.6  (bottom). Here, measurements produce alternative  sign  states 
that are then in turn determinately mapped onto other sign states to produce action 
decisions  activate  effectors  to  produce  physical  actions.  In  the  case  of measure
ments, the specific sign states that are produced are contingent on processes outside 
the sign system (the physical actions and interactions of measuring devices and en
vironments). For actions, physical changes in the environment are contingent upon 
a signdirected process. Thus, although both sensing and action realize contingent, 
semantic linkages, the directionality of the causal linkage is reversed, such that the 

A1

A2

Action
(semantic operation)

Measurement
(semantic operation)

M1

M2

M3

R

D1

D2

P1

P2

P3

Computation
(syntactic operation)

epistemic cut control cut

measurements
sensory distinctions

environment

sensory
receptors

perceptual
representations

percept-action
coordinative linkages

environment

M

Sp C

physical effects

motor
effectors

action
representations
motor programs

Sa

A

actions

control
cut

epistemic
cut

)LJ������� Top: Basic semiotic structure of simple perceptaction systems, in terms of measure
ment  (M),  computations/coordinations  (C),  signdirected  actions  (A),  and  physical  action  that 
takes place outside  the  semiotic  realm. Bottom: Observed  statetransition  structure of  semiotic 
operations. Circles  indicate sign states, while squares  indicate unobserved nonsign states. Epis
temic  and  control  cuts demarcate  the  functional boundaries of  signmediated determinate  state 
transitions (STs). Effects of actions on subsequent measurements that close the loop are omitted 
from the ST diagram
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OPERATIONAL STRUCTURE OF
PERCEPT-COORDINATION-ACTION SYSTEMS

Sign-mediated
sensations

Sign-mediated
actions

Sign-mediated
percept-action mappings



MORRISSEAN SEMIOTIC RELATIONS IN PERCEPT-COORDINATION-ACTION LOOPS
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put it, “This whole neural organism…is, physiologically considered, but a machine 
for converting stimuli into reactions; and the intellectual part of our life is knit up 
with but the middle or ‘central’ portion of the machine’s activities” (James 1890, 
vol. 2, p. 374). Likewise, biologists, psychologists, and neuroscientists have long 
appreciated  their  anatomical  substrates  in  sensory  organs,  brains,  and  muscles. 
However, understanding the internal cybernetic, goalseeking mechanisms that in 
Herbert Spencer’s words “adjust inner relations to outer ones” came to science con
siderably later (Arbib 1989; Craik 1966; James 1890).
Perceptaction systems can also be analyzed in similar semiotic terms as predic

tive models once signdirected actions are coupled to the predictive processes in the 
models. Actions allow the signs that are produced as predictions to influence the 
external world by directing the motions of effectors.
A  comprehensive  taxonomy  of  perceptaction  systems  can  be  formulated  in 

which the faculties of sensing (measurement), coordination (computation), and ef
fecting (action) are all subject to adaptive modification (Fig. 42.7). As in Fig. 42.5, 
syntactic relations are arranged along the horizontal axis, and semantic relations on 
the vertical one. Fixed, nonadaptive perceptaction systems end here.

syntactics

se
m

an
tic

s

pragmatics

Fig. 42.7  Semiotics of cybernetic perceptaction systems: basic structures, functions and semiotic 
roles. Semantics: sensors and effectors determine causal relations between the system and its envi
ronment. Syntactics: coordinative processes map current percepts to commands that activate effec
tors to produce actions. Pragmatics: signdirected processes that evaluate performance according 
to internal goal criteria and adjust perceptaction mappings accordingly to improve it (via short
term steerings, intermediateterm switchings, and longterm modification of physical hardware)
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6. Evolutionary semiotics and the semiotics of evolution: symbolically-steered

construction

Critical to the adaptive process is the modification of the "hardware" that subserves syntactic and

semantic functions. In order to alter semantic functions of sensing and effecting, sensors and

effectors must be physically altered; in order to augment the mapping capabilities of the

computational part, more sign-distinctions must be enabled (e.g. adding RAM to a computer), and

this must occur by physically constructing more accessible states (one cannot not create new RAM

by running computations, or our computers could expand by continuously "growing themselves").

Optimally the means by which these physical substrates of semantic and syntactic are altered

should result in stable alternatives (changes persist, making learning possible) and inheritable

structures (new generations can build on old experience). Arguably, symbolic control of the

physical construction process is the most efficient means of attaining these ends (Pattee, 1982;

Pattee, 1985), and all biological organisms now in existence have by one means or another

exploited this mode of functional organization. The cycle

(Figure 9) is one of symbol string → construction process →

formation of physical parts of the device → action of the

device → performance in the environment → differential

survival → selection of symbol strings (plans). Within the

self-construction process are mutational mechanisms for

generating variability in the symbol strings, which permits an

expanding the portion of the space of symbol strings to be

tested.

Thus, the most striking aspect of symbols in biological

organisms is their central role in self-production, in

reproduction and in evolution. Virtually all physical systems

that we intuitively recognize as living organisms engage in

DNA-directed construction processes. We cannot understand

the organization of living things without understanding the

role symbols play in biological organization.6  The converse

is also true, that virtually all symbols are associated with

biological organisms, whether for communication,

coordination of action, or construction, and whether at a

cellular, organismic or social level. We cannot understand symbols fully until we understand their

role in the organization of life.

One can outline the semiotic aspects of biological construction languages (Figure 10). The sign-

distinctions are DNA sequences, and their most obvious syntactic relations involve transcription-

translation rules, the mapping of a DNA nucleotide sequence into an amino acid sequence of a

protein.

construction
possibilities

A B C D
α β χ δ
1 2 3 4

computation

feature
 vector

test
performance

control
measure

action
 vector

environment

construction
language

construct

all parts of

the device

select from

existing alternatives

physical

construction

Aδ3 (mutation)

PRAGMATIC DIMENSIONS

Steering, self-modification and construction
to better achieve goals
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signs in all modes of signifying; syntactics deals with combinations of signs without regard 
to their specific significations or their relation to the behavior in which they occur. When so 
conceived, pragmatics, semantics, and syntactics, are all interpretable within a behaviorally 
oriented  semiotic,  syntactics  studying  the ways  in which  signs are combined,  semantics 
studying the signification of signs, and so the interpretant behavior without which there is 
no signification, pragmatics studying the origin, uses, and effects of signs within the total 
behavior of the interpretants of signs. The difference does not lie in the presence or absence 
of behavior but in the sector of behavior under consideration. The full account of signs will 
involve all three considerations. (Morris 1946), p. 219. See also (Nöth 1990)

Syntactic transformations perform operations on signs irrespective of their linkages 
to the external world or their purposes. Semantic operations determine relations be
tween signs and the world outside the system. Pragmatic operations determine how 
signs are used by the system to achieve system goals.5
Several  basic  types  of  semiotic  transactions  form  the  basic  functionalities  of 

perceptaction systems (Fig. 42.2). Computations are syntactic, rulegoverned op
erations that map sign states to other sign states. Measurements are operations that 
involve the free interaction of a measuring device (sensor) with the external world 
that produce one of several possible signs (“pointer readings”) that are associated 
with  different measurement  outcomes. Actions  here  are  signdirected  operations 

5  There are some substantial differences between Morrisean and Piercian semiotics  in  their de
scriptions of sign relations (see Brier 2008; Brier and Joslyn 2013; Ecco 1976; Nöth 1990; Queiroz 
et  al. 2011; Vehkavaara 2008)  for discussions. Although Pierce and Morris were both pragma
tists—C. S. Pierce  founded  the movement—Piercian  theory with  its  triad of  signifier,  referent, 
and interpretant is more compatible with realist ontologies, whereas the Morrissean triad is more 
compatible with epistemologies that are ontologically agnostic. These epistemological/ontological 
splits parallel pragmatistrealist debates  in philosophy of  science  (van Fraassen 1980; Murdoch 
1987).
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surement, and nonsemiotic physical  interaction that are used in figures throughout  this chapter. 
Right. Basic pragmatic operations involved in adaptive modification of functional organization of 
perceptaction systems (Figs. 42.8 and 42.9)
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42.9.2   Functional Boundaries: Epistemic and Control Cuts

The operational statetransition structure of a simple perceptaction sequence is de
picted  in Fig. 42.6  (bottom). Here, measurements produce alternative  sign  states 
that are then in turn determinately mapped onto other sign states to produce action 
decisions  activate  effectors  to  produce  physical  actions.  In  the  case  of measure
ments, the specific sign states that are produced are contingent on processes outside 
the sign system (the physical actions and interactions of measuring devices and en
vironments). For actions, physical changes in the environment are contingent upon 
a signdirected process. Thus, although both sensing and action realize contingent, 
semantic linkages, the directionality of the causal linkage is reversed, such that the 

A1

A2

Action
(semantic operation)

Measurement
(semantic operation)

M1

M2

M3

R

D1

D2

P1

P2

P3

Computation
(syntactic operation)

epistemic cut control cut

measurements
sensory distinctions

environment

sensory
receptors

perceptual
representations

percept-action
coordinative linkages

environment

M

Sp C

physical effects

motor
effectors

action
representations
motor programs

Sa

A

actions

control
cut

epistemic
cut

)LJ������� Top: Basic semiotic structure of simple perceptaction systems, in terms of measure
ment  (M),  computations/coordinations  (C),  signdirected  actions  (A),  and  physical  action  that 
takes place outside  the  semiotic  realm. Bottom: Observed  statetransition  structure of  semiotic 
operations. Circles  indicate sign states, while squares  indicate unobserved nonsign states. Epis
temic  and  control  cuts demarcate  the  functional boundaries of  signmediated determinate  state 
transitions (STs). Effects of actions on subsequent measurements that close the loop are omitted 
from the ST diagram
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signs in all modes of signifying; syntactics deals with combinations of signs without regard 
to their specific significations or their relation to the behavior in which they occur. When so 
conceived, pragmatics, semantics, and syntactics, are all interpretable within a behaviorally 
oriented  semiotic,  syntactics  studying  the ways  in which  signs are combined,  semantics 
studying the signification of signs, and so the interpretant behavior without which there is 
no signification, pragmatics studying the origin, uses, and effects of signs within the total 
behavior of the interpretants of signs. The difference does not lie in the presence or absence 
of behavior but in the sector of behavior under consideration. The full account of signs will 
involve all three considerations. (Morris 1946), p. 219. See also (Nöth 1990)
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to the external world or their purposes. Semantic operations determine relations be
tween signs and the world outside the system. Pragmatic operations determine how 
signs are used by the system to achieve system goals.5
Several  basic  types  of  semiotic  transactions  form  the  basic  functionalities  of 

perceptaction systems (Fig. 42.2). Computations are syntactic, rulegoverned op
erations that map sign states to other sign states. Measurements are operations that 
involve the free interaction of a measuring device (sensor) with the external world 
that produce one of several possible signs (“pointer readings”) that are associated 
with  different measurement  outcomes. Actions  here  are  signdirected  operations 

5  There are some substantial differences between Morrisean and Piercian semiotics  in  their de
scriptions of sign relations (see Brier 2008; Brier and Joslyn 2013; Ecco 1976; Nöth 1990; Queiroz 
et  al. 2011; Vehkavaara 2008)  for discussions. Although Pierce and Morris were both pragma
tists—C. S. Pierce  founded  the movement—Piercian  theory with  its  triad of  signifier,  referent, 
and interpretant is more compatible with realist ontologies, whereas the Morrissean triad is more 
compatible with epistemologies that are ontologically agnostic. These epistemological/ontological 
splits parallel pragmatistrealist debates  in philosophy of  science  (van Fraassen 1980; Murdoch 
1987).

Sign distinction Physical state

Sign
distinction

Physical
state

Computation
(syntactics)

Action
(semantics)

Measurement Physical
interaction

(nonsemiotic)
(semantics)

S P A

S P M

S C S 

P IP 

INPUT
TYPE

OUTPUT TYPE

Measurement directed at 
changing semiotic relations

Sign-directed action that 
physically modifies

signs and/or sign operations
S P A !M, !C, !A 

S P M !M, !C, !A

Sign-directed alteration of 
computations on existing signs

S !C

Evaluation

S P E

Switching
S !C

Construction
S Cs

EFFECT ON SYSTEMPRAGMATIC
OPERATION

)LJ������� Semiotic operational primitives and selfmodification processes. Left. Basic semiotic 
operations that mediate between signs and the world outside the semiotic system. The box icons 
containing letters C, A, M, and I, respectively, represent operations of computation, action, mea
surement, and nonsemiotic physical  interaction that are used in figures throughout  this chapter. 
Right. Basic pragmatic operations involved in adaptive modification of functional organization of 
perceptaction systems (Figs. 42.8 and 42.9)

 

cariani@bu.edu

Sign operations that
modify internal structure/
organization of the system

General types of operations



P. Cariani / BioSystems 60 (2001) 59–83 69

Fig. 3. Operational and semiotic structure of scientific models. (A) Hertzian commutation diagram illustrating the operations
involved in making a prediction and testing it empirically. (B) Operational state transition structure for measurement, prediction,
and evaluation. Preparation of the measuring apparatus (reference state R1), the contingent nature of the measurement transition
(R1 transits to A, but could have registered B instead), computation of a prediction (A transits to PA by way of intermediate
computational states), and comparison with outcome of the second measurement (A vs. C). Epistemic cults demarcate boundaries
between operationally contingent, extrinsically caused events and operationally determinate, internally caused sequences of events.

modeling relations might be embedded in biologi-
cal systems, essential functionalities of observer-
actors (measurement, computation, evaluation,
action) must be distinguished and clarified, and
then located in biological organisms. The latter
task requires a theory of the physical substrates of
these operations, such that they can be recognized
wherever they occur in nature. One needs to
describe in physical terms the essential operations
of observers, such as measurement, computation,
and evaluation. Once measurement and computa-
tion can be grounded in operational and physical
terms, they can be simultaneously seen as very
primitive, essential semiotic operations that are
present at all levels of biological organization and

as highly elaborated and refined externalized end-
products of human biological and social evolu-
tion. This epistemically oriented biology then
provides explanations for how physical systems
can evolve to become observing systems. It also
provides an orienting framework for addressing
the epistemic functions of the brain.

One of the hallmarks of Pattee’s work has been
a self-conscious attitude toward the nature of
physical descriptions and the symbols themselves.
Traditionally, our concepts regarding symbols,
signals, and information have been developed in
the contexts of human perceptions, representa-
tions, coordinations, actions, and communica-
tions and their artificial counterparts. The clearest
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Fig. 15.3 A taxonomy of cybernetic devices. Top left: a fixed computational device. Top right:
a fixed robotic device. Bottom left: an adaptive robotic device that modifies its computational in-
put-output mapping contingent on its evaluated performance. Bottom right: a robotic device that
adaptively constructs its sensing, effecting, and computational hardware contingent on its evaluated
performance

emulating the behaviour of a formal system. It is as if one were to perform a cal-
culation, say of the thousandth digit of ! , but midway in the calculation the result
depends partially on fine variations of the temperature in the room. Only rarely will
two such procedures produce the same result, and one now has a process that is the
antithesis of a formal procedure. When coupled this way such devices, in formal
terms, become machines with inputs from oracles, where the internal workings of
the oracle are left ill-defined (Turing 1939). Coupling a deterministic finite state au-
tomaton to a sensor that makes measurements converts the composite device to a
finite state oracle machine, a decidedly different kind of beast (Hodges 2008).

Adding measurements are useful for some purposes, such as responding appro-
priately to changes in an external environment, but highly detrimental to others,
such as performing reliable, determinate calculations, where one is interested in the
purely logical consequences of the application of specified rules on initial inputs.
For these reasons, our physical computing devices have been designed and built, as
much as possible, to operate in a manner that is independent of their environs.

Accordingly, one can add fixed sensors and effectors to purely computational
devices to create robotic devices (Fig. 15.3, top right) that have behaviours that are
qualitatively different from those of formal systems. These kinds of systems, which
include animals and artificial robots, have specific perception and action linkages to
the external world, thereby endowing their internal states with external semantics.

COMPUTER | FORMAL SYSTEM
syntactics w/o semantics

NONADAPTIVE ROBOTIC
fixed syntactics & semantics

no embedded goals

TRAINABLE MACHINE
∆ syntactics

SELF-CONSTRUCTING SYSTEM
∆ syntactics & semantics

∆ umwelt

Cariani, 2012



Types of semiotic creativity (semiogenesis)

Combinatoric creativity 
(new combinations of existing primitive distinctions)
new syntactic, semantic, pragmatic linkages

Emergent creativity 
(de novo construction of new primitive distinctions)
formation of new categories, dimensional increase

Piaget’s types of adaptivity:
Assimilation (∆ within schemas)
Accommodation (new schemas)



Figure 2. Photograph of Pask's electrochemical assemblage. The electrodes run
perpendicular to the page. The circular wires are a support frame. Two dendritic
iron thead structures can be seen in the righthand quadrants. The large dark area
in the lower left quadrant is undissolved ferrous sulphate. From [27].
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brains. We also need such principles if we are to effectively intervene in natural 
and social systems to repair and enhance their functioning. 

The main question we address here is what kinds of functional organizations 
are capable of producing emergent novelty? First, it is necessary to outline what is 
meant by the appearance of a new primitive. 

 

2.2 What constitutes a new primitive? 

The two kinds of novelty reflect different deeply divergent conceptions of order 
and its origins, "order-from-order" vs. "order-from-noise" (Piatelli-Palmarini 
1980), that are associated with different organizing paradigms (Maruyama 1977), 
and "world hypotheses" (Pepper 1942). Where order comes from order, novelty is 
but a preformationist unfolding of latent possibility or recombination of existing 
parts; where order arises from noise, chaos, formlessness, or ambiguity, novelty 
entails de novo formation of new realms of possibility vis-à-vis existing 
observational and interpretive frameworks. Both kinds of emergent orders entail 
recognition of basic sets of possibilities that constitute the most basic building 
blocks of the order, i.e. its atomic parts or “primitives.”  

By a "primitive", we mean an indivisible, unitary entity, atom, or element in a 
system that has no internal parts or structure of its own in terms of its functional 
role in a particular system. Individual symbols are the primitives of symbol string 
systems, binary distinctions are the primitives of flip-flop-based digital computers, 
and machine states are the primitives of finite state automata. To paraphrase 
Gregory Bateson, a primitive is a unitary "difference that makes a difference." 
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Fig. 15.5 Emergence relative-to-a-model. What changes need to be adopted by an observer in
order to continue to predictively track the behaviour of an evolving, complexifying system?

part, and effectors, the computational part of the device that mapped sensory inputs
into motor commands would have state-determined transitions.

One can determine if the input-output mapping of the computational part has
changed by observing its state-transition structure (Fig. 15.5, top panel). If the com-
putational part is a fixed program, this sensorimotor mapping will remain invariant.
If the computational part is switched by some adaptive process, as in a trainable
machine, then the sensorimotor mapping will change with training, and a new deter-
minate input-output state transition behaviour will then ensue. From an observer’s
perspective, the predictive model will fail every time training alters the computa-
tional sensorimotor mapping. In order to recover predictability, the observer would
have to change the state-transition rules of his or her predictive model. Thus an
observer can determine whether the device under observation is performing fixed
computations or whether these are being adjusted in some way over time.

Similarly, if the device evolves a new sensor, such that its behaviour becomes
dependent on factors that are not registered in the observer’s set of measurements,

Operational, epistemological
definition of 

functional emergence

Emergence-relative-to-a-model
(Rosen, Cariani)

How do we recognize when
a system has evolved a

new distinction?

An empirical, systems theoretic 
approach. Observer must first 
have a model that fully predicts 
the ST behavior of the observed 
material system in its initial state. 
The system then runs, changes 
its internal structure, and hence 
its ST behavior.
Combinatorial emergence: 
behavior can still be predicted in 
terms of existing phase-space, 
albeit with different trajectories.
Creative emergence: prediction 
of behavior requires the observer 
to employ new observables in 
order to recover predictability.



406 P. Cariani

Fig. 15.6 Creation of new
semantic primitives by means
of internal sensors. Neural
assemblies play the role of
sensors on an internal milieu
of neural activity patterns

15.5.1 New Primitives in Signalling Networks

I came to think about how neural networks might create new primitives from con-
sidering how a signalling network might increase its effective dimensionality. The
simplest way of conceiving this is to assume that each element in a network is capa-
ble of producing and receiving specific signals that are in some way independent of
one another, as with signals consisting of tones of different frequencies. A new com-
munications link is established whenever a tone frequency emitted by one element
can be detected by another. The effective dimensionality of such a network is related
to the number of operating independent communications links. If the elements can
be adaptively tuned to send and receive new frequencies that are not already in the
network, then new signal primitives with new frequencies can appear over time and
with them, new communications links. The dimensionality of the signalling network
has thus increased.

One can conceive of the brain as a large signalling network that consists of a large
number of neural assemblies of many neurons. If each neural assembly is capable of
adaptively producing and detecting specific spatial and temporal patterns of action
potential pulses, then new patterns can potentially arise within the system that con-
stitute new signal primitives. In the brain we can think of Hebb’s neural assemblies
(Hebb 1949, Orbach 1998) as ensembles of neurons that act as internal sensors on an
analog internal milieu (Fig. 15.6). The creation of a new neural assembly through an
activity-dependent modification of neuronal synapses and axons can be conceived
as the equivalent to adding a new internal observable on the system. Here a new
concept is a new means of parsing the internal activity patterns within the nervous
system. If an adaptively-tuned neural ensemble produces a characteristic pattern of
activity that is distinguishable from stereotyped patterns that are already found in
the system, then the neural network has created a new signal primitive that can be-
come a marker for the activity of the ensemble and some complex combination of
conditions that activates it.

The remainder of the chapter presents an outline of how a neural system might
utilise this kind of dimensionally open-ended functional organisation. The nature
of the central neural code in the brain is still one of science’s biggest unsolved

[Convolutional neural networks
can be regarded as networks
that adaptively choose their input 
representations, filters.] 

Cariani, 2012
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What constitutes
“a difference 
that makes 

a difference”?

What spike train messages 
have the same meanings?
(functional equivalence classes)

Temporal codes are neural
codes in which timings of
spikes relative to each other
are essential to their
interpretation.

Neurons are cells specialized 
for sending & receiving signals



Temporal pattern:
How neurons respond

Time-of-arrival:
When neurons respond

Channel:
Which neurons

respond
Latency-place

Synchrony-
place

Spatio-temporal
pattern

Three complementary types of neural codes
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# spikes

Phase-locking of auditory nerve fibers to a 300 Hz pure tone

Evans, 1982

Period histogram

Sounds impress their temporal structure on neural firing patterns
Interspike intervals in the auditory nerve encode stimulus periodicities

Spike train

Interspike interval histogram
(times between spikes)

Iconic, temporal 
representation
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Neural code for musical pitch: Global interspike interval representation

• Pitch = the predominant 
interval, interval pattern

• Pitch strength (salience) =
• % pitch-related intervals

Based on distribution of all-order 
interspike intervals across all fibers in 

the auditory nerve

Explains most pitch perception: 
¥ pure tones < 5kHz
¥ harmonic complexes
¥ missing fundamentals, F0 pitch 
¥ pitch equivalences 
¥ level & phase invariances 
¥ dominance region, repetition pitch
¥ pitches of inharmonic complexes

General autocorrelation-like representation:
encodes spectral aspects of timbre (e.g. vowels) 
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this correlation, also known as "phase-locking," patterns of time durations between spikes – 1089 
interspike intervals – reflect periodicities in the stimulus. First-order interspike intervals are time 1090 
durations between consecutive spikes, whereas all-order intervals include those between both 1091 
consecutive and non-consecutive spikes. 1092 

 1093 
Figure 7. Temporal coding of pitch in the auditory nerve. Auditory nerve fiber (ANF) responses to a harmonic 1094 
complex (single formant vowel, F0 = 80 Hz, pitch period 1/F0 = 12.5 ms, 100 presentations at 60 dB SPL). A. 1095 
Stimulus waveform. B. Peristimulus time histograms of different cat ANFs as a function of characteristic frequency 1096 
(baseline value). C. Stimulus power spectrum. D. Stimulus autocorrelation function. E. Stimulus-driven rate-place 1097 
profile of ANFs, i.e. firing rate - spontaneous rate. F. Population-interval distribution (PID) formed by summing all-1098 
order intervals from all recorded fibers (Cariani, 1999). Data from Cariani & Delgutte (1996). 1099 
 1100 
 Neuropsychoacoustic decision-theoretic models based on first-order interspike intervals 1101 
account well for the relative acuity of pure tone pitch discrimination as a function of frequency, 1102 
level, and duration (Goldstein & Srulovicz 1977; Heinz, Colburn, & Carney 2001; Siebert 1968). 1103 
However, distributions of all-order intervals, which include first order intervals, are far more 1104 
robust over wide frequency and level ranges, mainly because their form is highly stable with 1105 
respect to changes in firing rate. 1106 
 Global temporal pitch models combine all-order interspike intervals from all CF-regions of 1107 
the auditory nerve to form a temporal population-based auditory representation. These 1108 
population-interval or summary autocorrelation based on all-order intervals amongst auditory 1109 
populations yield accurate, precise, and robust predictions for a wide range of F0-pitches 1110 
(Cariani 1999; Cariani & Delgutte 1996a, 1996b; Lyon & Shamma 1996; Meddis & Hewitt 1111 
1992; Meddis & O'Mard 1997; Slaney & Lyon 1993). These models are descendants of earlier 1112 
neural temporal hypotheses for pitch (Licklider 1951, 1959; Moore 1980; van Noorden 1982) 1113 
based on mass statistics of interspike-intervals. Currently global temporal models provide the 1114 
strongest, most comprehensive, neurally-grounded models for musical pitches. Neural grounding 1115 
here means that they use neurophysiologically-realistic neuronal responses, either simulated or 1116 
observed, as their inputs. 1117 
 Global temporal models can be contrasted with spectral pattern models that recognize 1118 
patterns of resolved harmonics in a frequency domain, power spectrum representation ((Cohen, 1119 
Grossberg, & Wyse 1994; Goldstein 1973; Terhardt 1974; Wightman 1973)). Those spectral 1120 
pattern models that are neurally grounded that successfully predict F0-pitches, such as (Goldstein 1121 
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pattern of activity present if one orders the fibers by their
characteristic frequencies (cochlear place), this organization
is not precise enough to subserve the pitch of complex tones.
In contrast, interspike interval information from even a
handful of auditory nerve fibers is sufficient to yield reason-
ably accurate estimates of the fundamental. Pooling interval
information from many fibers integrates information from all
frequency regions and yields still more precise representa-
tions. The population-interval distribution (F) of the ensem-
ble of fibers is formed by pooling all of the interspike
intervals from the spike trains produced by the individual
fibers. These interspike intervals include time intervals
between successive and nonsuccessive spikes, i.e., both
“first-order” and “higher-order” intervals are pooled together
to form “all-order” interval distributions. Making histograms
of all-order intervals is formally equivalent to computing the

autocorrelation of a spike train. The population interval his-
togram (F) shows a very clear peak that corresponds to the
fundamental period. For harmonic complexes such as this,
the voice pitch that is heard would be matched to a pure tone
with the same period, i.e., the pitch is heard at the funda-
mental frequency. Because of cochlear filtering and phase-
locking, the form of the population-interval distribution (F)
resembles that of the stimulus autocorrelation function (D)
(Cariani, 1999). On the basis of such histograms that contain
on the order of 5000 intervals, the fundamental period for
such a harmonic tone complex can be reliably estimated, with
a standard error of less than 1% (Cariani & Delgutte, 1996a).

Many other detailed correspondences between patterns 
of human pitch judgment and these global all-order interval
statistics of populations of auditory nerve fibers have been
found in models, simulations and neurophysiological studies
(Cariani, 1999; Cariani & Delgutte, 1996a; Cariani &
Delgutte, 1996b; Lyon & Shamma, 1996; Meddis & Hewitt,
1991a; Meddis & Hewitt, 1991b; Meddis & O’Mard, 1997;
Slaney & Lyon, 1993). Features of population-interval dis-
tributions closely parallel human pitch judgments: the pattern
of the most frequent all-order intervals present corresponds
to the pitch that is heard, and the fraction of this interval
amongst all others corresponds to its strength (salience).
Regular patterns of major interval peaks in population-
interval distributions encode pitch, and the relative heights
of these peaks encode its strength. Many seemingly-complex
pitch-related phenomena are readily explained in terms of
these population-interval distributions: pitch of the missing
fundamental, pitch equivalence (metamery), relative phase
and level invariance, nonspectral pitch, pitch shift of inhar-
monic tones, and the dominance region.

Intervals produced by auditory nerve fibers can be either
associated with individual partials or with the complex wave-
forms that are created by interactions of partials. The first 
situation dominates at low frequencies, when there is strong
phase-locking to the partials (<2 kHz), and for low harmonic
numbers, when there is proportionally wider separation
between partials. This is the case that is most relevant to
musical tones. Here intervals are produced at the partial’s
period and its multiples, i.e., intervals at periods of its sub-
harmonics. Since all harmonically-related partials produce
intervals associated with common subharmonics, at the fun-
damental and its subharmonics, the most common interspike
intervals produced by an ensemble of harmonics will always
be those associated with the fundamental (Cariani, 1999;
Rose, 1980). Interval distributions produced by harmonic
complex tones thus reflect both the overtone series (patterns
of partials present in the acoustic waveform) and the under-
tone series (patterns of longer intervals present in interspike
interval distributions). Finding patterns of most frequent
intervals in population-interval distributions then is a time-
domain analog to Terhardt’s frequency-domain strategy of
finding common subharmonics (undertones) amongst the
partials. Here, the undertone series is directly present in 
patterns of longer intervals.

Fig. 1. Temporal coding of musical pitch in the auditory nerve.
Auditory nerve responses to a harmonic complex tone with a single
formant. (a) Stimulus waveform. A strong, low voice pitch is heard
at the fundamental (F0 = 80 Hz, pitch period (double arrow) 1/F0 =
12.5 ms). (b) Peristimulus time histograms of cat auditory nerve
fibers (100 presentations at 60 dB SPL). Histogram baselines indi-
cate fiber characteristic frequencies (CF’s). (c) Stimulus power spec-
trum. (d) Stimulus autocorrelation function. (e) Rate-place profile,
driven rates as a function of CF. (f) Population-interval distribution
formed by summing all-order intervals from all fibers. For further
details, see Cariani (1999).
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pattern of activity present if one orders the fibers by their
characteristic frequencies (cochlear place), this organization
is not precise enough to subserve the pitch of complex tones.
In contrast, interspike interval information from even a
handful of auditory nerve fibers is sufficient to yield reason-
ably accurate estimates of the fundamental. Pooling interval
information from many fibers integrates information from all
frequency regions and yields still more precise representa-
tions. The population-interval distribution (F) of the ensem-
ble of fibers is formed by pooling all of the interspike
intervals from the spike trains produced by the individual
fibers. These interspike intervals include time intervals
between successive and nonsuccessive spikes, i.e., both
“first-order” and “higher-order” intervals are pooled together
to form “all-order” interval distributions. Making histograms
of all-order intervals is formally equivalent to computing the

autocorrelation of a spike train. The population interval his-
togram (F) shows a very clear peak that corresponds to the
fundamental period. For harmonic complexes such as this,
the voice pitch that is heard would be matched to a pure tone
with the same period, i.e., the pitch is heard at the funda-
mental frequency. Because of cochlear filtering and phase-
locking, the form of the population-interval distribution (F)
resembles that of the stimulus autocorrelation function (D)
(Cariani, 1999). On the basis of such histograms that contain
on the order of 5000 intervals, the fundamental period for
such a harmonic tone complex can be reliably estimated, with
a standard error of less than 1% (Cariani & Delgutte, 1996a).

Many other detailed correspondences between patterns 
of human pitch judgment and these global all-order interval
statistics of populations of auditory nerve fibers have been
found in models, simulations and neurophysiological studies
(Cariani, 1999; Cariani & Delgutte, 1996a; Cariani &
Delgutte, 1996b; Lyon & Shamma, 1996; Meddis & Hewitt,
1991a; Meddis & Hewitt, 1991b; Meddis & O’Mard, 1997;
Slaney & Lyon, 1993). Features of population-interval dis-
tributions closely parallel human pitch judgments: the pattern
of the most frequent all-order intervals present corresponds
to the pitch that is heard, and the fraction of this interval
amongst all others corresponds to its strength (salience).
Regular patterns of major interval peaks in population-
interval distributions encode pitch, and the relative heights
of these peaks encode its strength. Many seemingly-complex
pitch-related phenomena are readily explained in terms of
these population-interval distributions: pitch of the missing
fundamental, pitch equivalence (metamery), relative phase
and level invariance, nonspectral pitch, pitch shift of inhar-
monic tones, and the dominance region.

Intervals produced by auditory nerve fibers can be either
associated with individual partials or with the complex wave-
forms that are created by interactions of partials. The first 
situation dominates at low frequencies, when there is strong
phase-locking to the partials (<2 kHz), and for low harmonic
numbers, when there is proportionally wider separation
between partials. This is the case that is most relevant to
musical tones. Here intervals are produced at the partial’s
period and its multiples, i.e., intervals at periods of its sub-
harmonics. Since all harmonically-related partials produce
intervals associated with common subharmonics, at the fun-
damental and its subharmonics, the most common interspike
intervals produced by an ensemble of harmonics will always
be those associated with the fundamental (Cariani, 1999;
Rose, 1980). Interval distributions produced by harmonic
complex tones thus reflect both the overtone series (patterns
of partials present in the acoustic waveform) and the under-
tone series (patterns of longer intervals present in interspike
interval distributions). Finding patterns of most frequent
intervals in population-interval distributions then is a time-
domain analog to Terhardt’s frequency-domain strategy of
finding common subharmonics (undertones) amongst the
partials. Here, the undertone series is directly present in 
patterns of longer intervals.

Fig. 1. Temporal coding of musical pitch in the auditory nerve.
Auditory nerve responses to a harmonic complex tone with a single
formant. (a) Stimulus waveform. A strong, low voice pitch is heard
at the fundamental (F0 = 80 Hz, pitch period (double arrow) 1/F0 =
12.5 ms). (b) Peristimulus time histograms of cat auditory nerve
fibers (100 presentations at 60 dB SPL). Histogram baselines indi-
cate fiber characteristic frequencies (CF’s). (c) Stimulus power spec-
trum. (d) Stimulus autocorrelation function. (e) Rate-place profile,
driven rates as a function of CF. (f) Population-interval distribution
formed by summing all-order intervals from all fibers. For further
details, see Cariani (1999).
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this correlation, also known as "phase-locking," patterns of time durations between spikes – 1089 
interspike intervals – reflect periodicities in the stimulus. First-order interspike intervals are time 1090 
durations between consecutive spikes, whereas all-order intervals include those between both 1091 
consecutive and non-consecutive spikes. 1092 

 1093 
Figure 7. Temporal coding of pitch in the auditory nerve. Auditory nerve fiber (ANF) responses to a harmonic 1094 
complex (single formant vowel, F0 = 80 Hz, pitch period 1/F0 = 12.5 ms, 100 presentations at 60 dB SPL). A. 1095 
Stimulus waveform. B. Peristimulus time histograms of different cat ANFs as a function of characteristic frequency 1096 
(baseline value). C. Stimulus power spectrum. D. Stimulus autocorrelation function. E. Stimulus-driven rate-place 1097 
profile of ANFs, i.e. firing rate - spontaneous rate. F. Population-interval distribution (PID) formed by summing all-1098 
order intervals from all recorded fibers (Cariani, 1999). Data from Cariani & Delgutte (1996). 1099 
 1100 
 Neuropsychoacoustic decision-theoretic models based on first-order interspike intervals 1101 
account well for the relative acuity of pure tone pitch discrimination as a function of frequency, 1102 
level, and duration (Goldstein & Srulovicz 1977; Heinz, Colburn, & Carney 2001; Siebert 1968). 1103 
However, distributions of all-order intervals, which include first order intervals, are far more 1104 
robust over wide frequency and level ranges, mainly because their form is highly stable with 1105 
respect to changes in firing rate. 1106 
 Global temporal pitch models combine all-order interspike intervals from all CF-regions of 1107 
the auditory nerve to form a temporal population-based auditory representation. These 1108 
population-interval or summary autocorrelation based on all-order intervals amongst auditory 1109 
populations yield accurate, precise, and robust predictions for a wide range of F0-pitches 1110 
(Cariani 1999; Cariani & Delgutte 1996a, 1996b; Lyon & Shamma 1996; Meddis & Hewitt 1111 
1992; Meddis & O'Mard 1997; Slaney & Lyon 1993). These models are descendants of earlier 1112 
neural temporal hypotheses for pitch (Licklider 1951, 1959; Moore 1980; van Noorden 1982) 1113 
based on mass statistics of interspike-intervals. Currently global temporal models provide the 1114 
strongest, most comprehensive, neurally-grounded models for musical pitches. Neural grounding 1115 
here means that they use neurophysiologically-realistic neuronal responses, either simulated or 1116 
observed, as their inputs. 1117 
 Global temporal models can be contrasted with spectral pattern models that recognize 1118 
patterns of resolved harmonics in a frequency domain, power spectrum representation ((Cohen, 1119 
Grossberg, & Wyse 1994; Goldstein 1973; Terhardt 1974; Wightman 1973)). Those spectral 1120 
pattern models that are neurally grounded that successfully predict F0-pitches, such as (Goldstein 1121 

Temporal codes and timing nets 111

pattern of activity present if one orders the fibers by their
characteristic frequencies (cochlear place), this organization
is not precise enough to subserve the pitch of complex tones.
In contrast, interspike interval information from even a
handful of auditory nerve fibers is sufficient to yield reason-
ably accurate estimates of the fundamental. Pooling interval
information from many fibers integrates information from all
frequency regions and yields still more precise representa-
tions. The population-interval distribution (F) of the ensem-
ble of fibers is formed by pooling all of the interspike
intervals from the spike trains produced by the individual
fibers. These interspike intervals include time intervals
between successive and nonsuccessive spikes, i.e., both
“first-order” and “higher-order” intervals are pooled together
to form “all-order” interval distributions. Making histograms
of all-order intervals is formally equivalent to computing the

autocorrelation of a spike train. The population interval his-
togram (F) shows a very clear peak that corresponds to the
fundamental period. For harmonic complexes such as this,
the voice pitch that is heard would be matched to a pure tone
with the same period, i.e., the pitch is heard at the funda-
mental frequency. Because of cochlear filtering and phase-
locking, the form of the population-interval distribution (F)
resembles that of the stimulus autocorrelation function (D)
(Cariani, 1999). On the basis of such histograms that contain
on the order of 5000 intervals, the fundamental period for
such a harmonic tone complex can be reliably estimated, with
a standard error of less than 1% (Cariani & Delgutte, 1996a).

Many other detailed correspondences between patterns 
of human pitch judgment and these global all-order interval
statistics of populations of auditory nerve fibers have been
found in models, simulations and neurophysiological studies
(Cariani, 1999; Cariani & Delgutte, 1996a; Cariani &
Delgutte, 1996b; Lyon & Shamma, 1996; Meddis & Hewitt,
1991a; Meddis & Hewitt, 1991b; Meddis & O’Mard, 1997;
Slaney & Lyon, 1993). Features of population-interval dis-
tributions closely parallel human pitch judgments: the pattern
of the most frequent all-order intervals present corresponds
to the pitch that is heard, and the fraction of this interval
amongst all others corresponds to its strength (salience).
Regular patterns of major interval peaks in population-
interval distributions encode pitch, and the relative heights
of these peaks encode its strength. Many seemingly-complex
pitch-related phenomena are readily explained in terms of
these population-interval distributions: pitch of the missing
fundamental, pitch equivalence (metamery), relative phase
and level invariance, nonspectral pitch, pitch shift of inhar-
monic tones, and the dominance region.

Intervals produced by auditory nerve fibers can be either
associated with individual partials or with the complex wave-
forms that are created by interactions of partials. The first 
situation dominates at low frequencies, when there is strong
phase-locking to the partials (<2kHz), and for low harmonic
numbers, when there is proportionally wider separation
between partials. This is the case that is most relevant to
musical tones. Here intervals are produced at the partial’s
period and its multiples, i.e., intervals at periods of its sub-
harmonics. Since all harmonically-related partials produce
intervals associated with common subharmonics, at the fun-
damental and its subharmonics, the most common interspike
intervals produced by an ensemble of harmonics will always
be those associated with the fundamental (Cariani, 1999;
Rose, 1980). Interval distributions produced by harmonic
complex tones thus reflect both the overtone series (patterns
of partials present in the acoustic waveform) and the under-
tone series (patterns of longer intervals present in interspike
interval distributions). Finding patterns of most frequent
intervals in population-interval distributions then is a time-
domain analog to Terhardt’s frequency-domain strategy of
finding common subharmonics (undertones) amongst the
partials. Here, the undertone series is directly present in 
patterns of longer intervals.

Fig. 1. Temporal coding of musical pitch in the auditory nerve.
Auditory nerve responses to a harmonic complex tone with a single
formant. (a) Stimulus waveform. A strong, low voice pitch is heard
at the fundamental (F0 = 80 Hz, pitch period (double arrow) 1/F0 =
12.5 ms). (b) Peristimulus time histograms of cat auditory nerve
fibers (100 presentations at 60 dB SPL). Histogram baselines indi-
cate fiber characteristic frequencies (CF’s). (c) Stimulus power spec-
trum. (d) Stimulus autocorrelation function. (e) Rate-place profile,
driven rates as a function of CF. (f) Population-interval distribution
formed by summing all-order intervals from all fibers. For further
details, see Cariani (1999).
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pattern of activity present if one orders the fibers by their
characteristic frequencies (cochlear place), this organization
is not precise enough to subserve the pitch of complex tones.
In contrast, interspike interval information from even a
handful of auditory nerve fibers is sufficient to yield reason-
ably accurate estimates of the fundamental. Pooling interval
information from many fibers integrates information from all
frequency regions and yields still more precise representa-
tions. The population-interval distribution (F) of the ensem-
ble of fibers is formed by pooling all of the interspike
intervals from the spike trains produced by the individual
fibers. These interspike intervals include time intervals
between successive and nonsuccessive spikes, i.e., both
“first-order” and “higher-order” intervals are pooled together
to form “all-order” interval distributions. Making histograms
of all-order intervals is formally equivalent to computing the

autocorrelation of a spike train. The population interval his-
togram (F) shows a very clear peak that corresponds to the
fundamental period. For harmonic complexes such as this,
the voice pitch that is heard would be matched to a pure tone
with the same period, i.e., the pitch is heard at the funda-
mental frequency. Because of cochlear filtering and phase-
locking, the form of the population-interval distribution (F)
resembles that of the stimulus autocorrelation function (D)
(Cariani, 1999). On the basis of such histograms that contain
on the order of 5000 intervals, the fundamental period for
such a harmonic tone complex can be reliably estimated, with
a standard error of less than 1% (Cariani & Delgutte, 1996a).

Many other detailed correspondences between patterns 
of human pitch judgment and these global all-order interval
statistics of populations of auditory nerve fibers have been
found in models, simulations and neurophysiological studies
(Cariani, 1999; Cariani & Delgutte, 1996a; Cariani &
Delgutte, 1996b; Lyon & Shamma, 1996; Meddis & Hewitt,
1991a; Meddis & Hewitt, 1991b; Meddis & O’Mard, 1997;
Slaney & Lyon, 1993). Features of population-interval dis-
tributions closely parallel human pitch judgments: the pattern
of the most frequent all-order intervals present corresponds
to the pitch that is heard, and the fraction of this interval
amongst all others corresponds to its strength (salience).
Regular patterns of major interval peaks in population-
interval distributions encode pitch, and the relative heights
of these peaks encode its strength. Many seemingly-complex
pitch-related phenomena are readily explained in terms of
these population-interval distributions: pitch of the missing
fundamental, pitch equivalence (metamery), relative phase
and level invariance, nonspectral pitch, pitch shift of inhar-
monic tones, and the dominance region.

Intervals produced by auditory nerve fibers can be either
associated with individual partials or with the complex wave-
forms that are created by interactions of partials. The first 
situation dominates at low frequencies, when there is strong
phase-locking to the partials (<2kHz), and for low harmonic
numbers, when there is proportionally wider separation
between partials. This is the case that is most relevant to
musical tones. Here intervals are produced at the partial’s
period and its multiples, i.e., intervals at periods of its sub-
harmonics. Since all harmonically-related partials produce
intervals associated with common subharmonics, at the fun-
damental and its subharmonics, the most common interspike
intervals produced by an ensemble of harmonics will always
be those associated with the fundamental (Cariani, 1999;
Rose, 1980). Interval distributions produced by harmonic
complex tones thus reflect both the overtone series (patterns
of partials present in the acoustic waveform) and the under-
tone series (patterns of longer intervals present in interspike
interval distributions). Finding patterns of most frequent
intervals in population-interval distributions then is a time-
domain analog to Terhardt’s frequency-domain strategy of
finding common subharmonics (undertones) amongst the
partials. Here, the undertone series is directly present in 
patterns of longer intervals.

Fig. 1. Temporal coding of musical pitch in the auditory nerve.
Auditory nerve responses to a harmonic complex tone with a single
formant. (a) Stimulus waveform. A strong, low voice pitch is heard
at the fundamental (F0 = 80 Hz, pitch period (double arrow) 1/F0 =
12.5 ms). (b) Peristimulus time histograms of cat auditory nerve
fibers (100 presentations at 60 dB SPL). Histogram baselines indi-
cate fiber characteristic frequencies (CF’s). (c) Stimulus power spec-
trum. (d) Stimulus autocorrelation function. (e) Rate-place profile,
driven rates as a function of CF. (f) Population-interval distribution
formed by summing all-order intervals from all fibers. For further
details, see Cariani (1999).

PREDOMINANT INTERSPIKE INTERVALS 
ACCURATELY PREDICT PITCHES HEARD 

• Pitch =  the predominant interval or interval pattern
• Pitch strength (salience) =  % pitch-related intervals



Emergence of a pitch at the
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¥pure tones < 5kHz
¥harmonic complexes
¥missing fundamentals, F0 pitch 
¥pitch equivalences 
¥level & phase invariances 
¥dominance region, repetition pitch
¥pitches of inharmonic complexes
¥pitches of repetition noise and AM noise
¥Spectral edge pitches
Only 3 clear exceptions
1. Pitches of high-frequency (> 5 kHz) pure tones
2. Click-rate pitch @ 2*F0 (for alternating polarity, near miss)
3. Zwicker tone afterimages (probable central origin)

Population-based interspike interval models explain 
almost all pitch perception, for f, F0 < 4kHz
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Temporal coding of /da/ (Seeker-Walker & Searle; Sachs & Young data)
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Peter Cariani (2019)
CHAPTER 5 

Musical Intervals, 
Scales, and Tunings: 

Auditory Representations 
and Neural Codes 

(pp. 149-220)

Implications
of temporal coding 

for music perception
(musical tonality)



Psychological uses of music (some categories)

• Drive motor systems (dance, work, march)
• Modulate moods, induce emotions (emo music)
• Facilitate motivation (inspirational music)
• Cognitive interest (complexity, novelty, fascinating music)
• Arousal control (lullaby, relaxation, EZ listening, pump-up)
• Memory (nostalgia music, musical mnemonics)
• Masking/distraction (unwanted thoughts, feelings, pain)
• Excitement (virtuosity, awe-inspiration)
• Entertainment/diversion/immersion
• Aesthetic interest (beauty)
• Identity assertion
• Gamut of social uses (bonding, group identity/solidarity, 

anthems, ritual, courtship, rebellion)

The upper categories
have more obvious
neural correlates than
the lower ones, being
closer to sensory &
motor surfaces.



Each musical genre is designed for only one or two primary 
psychological (ψ) purposes – to induce different ψ effects.
[One would not use heavy metal to calm a baby, nor a lullaby to get people dancing.]

Each musical genre uses different temporal & structural 
parameters to induce these effects.

[Tempo, sound levels, rhythms, melodies, tonal dynamics, orchestration/arrangement, 
complexity, predictability/surprise, etc.]

My working hypothesis: Music speaks the languages of the brain,  
which are themselves temporal codes. Different temporal parameters 
drive neural responses in manners similar to normal temporal patterns 
of brain activity so as to facilitate induction of desired ψ effects.

[Music intended for dancing will have tempos and rhythms similar to those of dance 
movements & their corresponding neural activity patterns in motor cortex]

Music, brain and time



Properties of this population-interval
coding scheme in the auditory nerve

Temporal-pattern spike code
Iconic neural representation of sound
Population-based code  (90k neurons)

Mass-statistical code
Autocorrelation-like

General-purpose, up to ~4kHz
Nonlocal: Not dependent on labelled lines
Multiplexing of multiple stimulus features

(periodicity, spectrum, timbre, rhythm)



Simple and complex temporal pattern codes

Two multiplexed
complex temporal pulse patterns

Complex temporal 
pulse pattern

Asynchronous concurrent 
transmission of  temporal patterns



Emmer’s proposed multimodal sensory code: 
multiplexed, interleaved multidimensional signals 

based on temporal pattern primitives
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PUTATIVE CODING OF ATTRIBUTES OF A SINGLE MUSICAL NOTE

PUTATIVE CODING OF A RHYTHMIC PATTERN OF NOTES



COMPLEX TEMPORAL CODES
MULTIPLEXING OF NEURAL SIGNALS

Iconic temporal codes: the signal’s form indicates signal type (category) & value (distinction)
Rate-channel codes: channel identity/connectivity indicates type, rate indicates value

Multiplexing: Multiple independent signals in the same spike train.
Rate-codes are inherently scalar codes and cannot multiplex. Massive signal interference.
Multiplexing “liberates signals from wires” (radio network)
Rate-codes are tied down to particular transmission paths (telegraph network)
Multiplexing permits broadcast strategies of communication & coordination 

(temporal pulse pattern signals do not interfere with each other)
Complex temporal codes make high-D vectoral population representations possible

(common temporal subpatterns indicate dimensions of similarity)

Signal A

Signal B

Signals
A & B

liberates signals fr. particular elements & paths
enables temporal pattern-resonances

content-addressable (form indicates meaning)

mass action (robust)
broadcast communication, coordination

flexible vector-based time-domain processing



Neural codes require different 
type of neural network architectures

Temporal codes

Stimulus-driven & stimulus triggered
spike timing correlations

Temporal pattern
Latency pattern

Neural timing nets
Interference nets
Oscillatory nets

Channel codes

Fixed features
Fixed filters

Receptive fields
STRFs

Connectionist
“switchboard”

neural networks

Mixed modes

Time-to-place
Jeffress model
Licklider duplex

Synchrony-channel
Latency-channel

Time-delay nets
Synfire chains

Oscillatory nets



Hippocampus

Cerebellar cortex

PURELY SPATIAL
CORRELATORS

SPATIO-TEMPORAL
CORRELATORS

CORTICAL
STRUCTURES

RATE
CODES

TIME
CODES

Cerebral cortex

Fox

Cajal

effective connectivity effective connectivity
&

timing relations

OUTPUT IS A SET OF
TEMPORAL SPIKE PATTERNS

OUTPUT IS A SET OF
ACTIVATED NEURONS

Rethinking the nature of
neural architectures
for signal processing

NEURAL COINCIDENCE
DETECTORS

NEURAL SPIKE-RATE
INTEGRATORS



Neural timing nets (time-domain neurocomputations)

FEED-FORWARD TIMING NETS
• Temporal sieves, filtering operations
• Extract (embedded) similarities
• Multiply autocorrelations
• Cross-correlation & convolution
• Time scaling operations

RECURRENT TIMING NETS
• Build up pattern invariances
• Detect periodic patterns
• Separate auditory objects
• Create pattern expectancies
• Autocorrelation-like processing

 Relative delay τ

Time
t

Sj(t)

Si(t)

Si(t) Sj(t - τ)
individual

multiplicative
term

   Si(tm) Sj(tm - t)Σ
τconvolution

time-series
term m

two sets
of input

spike trains

Input time sequence

All time delays present
τ0

τ1

τ2

τ3

Coincidence
units

Direct inputs

Recurrent,
indirect inputs

Time patterns reverberate
    through delay loops



General types of neural networks
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in a manner that improves their performance vis-a-vis evaluative criteria (survival, reproduction, 
health). They are emergent both because they can create both new combinations of existing 
structural and functional primitives and because in some cases they can create new primitives as 
well. 

If one defines these different attributes in terms of these specific, distinguishable kinds of 
functional organizations, then a system, such as an autonomous robot, need not be living to be 
semiotic, autonomous, purposive/agentive, anticipatory, and/or adaptive.  In this view, because 
these functional attributes depend on different aspects of organizations, although biological 
organisms have all of these attributes, it is not necessarily the case that living = purposive = 
semiotic = anticipatory = adaptive = emergent (see discussion of teleology and autonomy in 
(Thompson 2007)).  

 
III. A neuropsychological and neurophenomenal framework 

Neuropsychology involves the relation of neural processes to mental operations and functions. A 
more explicitly neuropsychological framework for mental operations and neural processes is 
shown in Figure 3. It includes operations related to perception (sensations), cognition 
(recognitions, thoughts), emotion (feelings), conation (goals, drives), memory (short- and long-
term), global state control (wake-sleep cycles), and mechanisms for switching between behavioral 
programs associated with different goal states (action-switching and attention). Although they 
constantly interact and influence one another, the processes of perception, cognition, emotion, 
conation, memory, and the execution of action nevertheless involve distinct and relatively 
autonomous types of operations.  

 

 
Figure 3. Mind-brain as a network of circular-causal processes. The three realms of environment, body, and nervous 
system are outlined. Within each of the loops, alternative sets of competing neural signals related to different types of 
distinctions (sensory, motor, cognitive, affective, conative, state-associated) build-up, compete, and are actively 
regenerated or die out. Those signals that are actively regenerated in global short-term memory are hypothesized to 

Map of basic types of mind-brain operations
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Figure 1. Examples of neural pulse code schemes. A. Rate-based channel code (# spikes in a given duration). B.
Rate modulation code (coarse temporal modulations of firing rate). C. Simple interspike interval (ISI) code. D. Mul-
tiplexing of two independent sets of intervals. E. Complex temporal pattern code. F. Simple time-of-arrival code
(spike latency re: some reference event). G. Interneural synchrony code (simultaneity). H. Interneural synchrony
(constant temporal offset). I. Burst length code (nontemporal spike count code). J. Interburst interval code (temporal
pattern of burst events). K. Combinations of neural ensemble-based channel, temporal pattern, and latency codes.
Clockwise. Rate-channel scheme: rate profiles. Synchrony-place scheme: Grouping of channels via common arrival
time (spike synchrony). Time-of-arrival: two different latency-place patterns. Temporal pattern: two different
ensemble-wide interval patterns. Spatiotemporal volley pattern (combination of all three code types): the same vol-
ley pattern shown twice.
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Figure 5. Feedforward timing nets. A. Basic structure. B. Cross-correlation by summing
output pulses within channels at each relative delay. Convolution by summing across
channels at each time step. C. The summary autocorrelation of the output computes prod-
ucts of input autocorrelations. D. Extraction of higher-order temporal patterns containing
interspersed spikes. E. Separation of patterns (inset) with different relative delays or
phases.
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COMPLEX
TEMPORAL SPIKE PATTERN 

CODES

PATTERN-RESONANCE
AMPLIFICATION

SIGNAL DYNAMICS:
INTERACTING SIGNALS

PRODUCED BY NEURAL ASSEMBLIES

PATTERN RESONANCES
Sets of patterns compete
Mutually reinforcing patterns win out
Signal dynamics groups, interprets,

and chooses actions

NEURAL CODING

INFORMATIONAL BINDING

SPREADING ACTIVATION



Primary
interactions

Secondary
interactions

Higher-order, more
complex interactions

Incoming sensory signals

Creation of new primitive time patterns

Higher-order
interactions

Neuronal assemblies, groups 
1) Recognize combinations of temporal spike patterns,
2) Add their own annotative “tag” pattern to circulating set of signals
3) Emergent, complexifying sets of signal productions
4) Tags of mutually resonant semantic nodes build up, regenerate each other 
and persist, while other non-resonant tags fade 
5) New tags = new conceptual primitives (open-ended signal dimensionality)



P. Cariani / BioSystems 60 (2001) 59–8364

Fig. 2. Stimulus-contingent switching between reverberant states. (A) Hebb’s conception of percept-action mappings using
reverberant loops. (B) Simplified state-transition diagram for this process. Depending upon the stimulus and the resulting neural
activity pattern, the network enters one of two resonant states (pattern-resonances), which subsequently produce different motor
responses. Resonant states at this level of description become the functional primitive (symbolic) states of higher-level descriptions.
The epistemic cut for this system lies at the point of contingency, where stimuli A and B cause different system-trajectories.

and high-level rule-systems. In the 1960s and
1970s, funding for research in information-pro-
cessing shifted from neural networks towards the
more symbolically oriented, logic-based ap-
proaches of symbolic artificial intelligence, cogni-
tive psychology, and linguistics. Strong
conceptions of minds as rule-governed symbol-
processing systems emerged from this movement.
The rise of the term ‘‘genetic program’’ reflected
the diffusion of the computer metaphor into
purely biological realms.

4. Symbols and dynamics in the brain

In this historical context, one could discuss the
competing paradigms of analog and digital com-
putation in terms of their respective descriptions:
dynamical networks vs. symbolic computation
(Pattee, 1990). These two paradigms defined the
poles of the ‘‘symbol-matter’’ problem as it re-
lated to the description of the brain.

In the mid-1980s, neural network research was
revived under the rubric of ‘‘parallel distributed
processing’’, and neural network information-pro-
cessing models reappeared in significant numbers
in the neurosciences. Currently, most neuroscien-
tists who work on informational aspects of the

brain assume that the brain is a parallel, dis-
tributed connectionist network of one sort or
another. The great diversity of current neurocom-
putational approaches make the core assumptions
and boundaries of this paradigm hard to clearly
delineate, such that it can be fit within the cate-
gories of the symbol-matter dichotomy (Pattee,
1990; Cariani, 1997a).

How brain function is conceptualized thus de-
pends heavily on which technological examples
are available, especially in the absence of strong
theories and decisive empirical data. The current
situation in the neurosciences regarding the neural
code is not unlike the situation in molecular biol-
ogy before the elucidation of the genetic code.
Biologists understood that there had to be molec-
ular mechanisms for heredity in the chromo-
somes, but did not have a specific understanding
of which aspects of chromosomal structure were
responsible for the transmission of genetic infor-
mation. We understand that all of the information
necessary for perception, cognition, and action
must be embedded in the discharge activities of
neurons, but we do not yet have firm understand-
ing or agreement as to which specific aspects of
neural discharge convey which specific kinds of
information.

Induction of two pattern-resonant states
upon hearing the words “elephant” or “pangolin”



NEUROPHENOMENOLOGY

The relation between 
patterns of neural activity 

and 
subjective, conscious experience



NEUROPHENOMENOLOGY

What is the relationship between 
neuronal activity and our subjective, 

conscious experience?

NCCs: What are the neural requisites of 
waking consciousness?

NCCCs: What are the neural activity 
patterns that produce specific 

experiential states (e.g. red vs blue, A440 
vs C256, thinking of a dog vs. an elephant)?



Working hypothesis;
neuropsychological isomorphism

organized matter à neural signs à awareness

• All experiential states are due to coded 
patterns of neuronal spiking activity.

• Only a coded subset of neural activity 
causes changes in conscious awareness.

• Dimensional structure of experience 
reflects that of the neural codes



Neural code: aspects of neuronal activity that bear distinctions

All aspects of neuronal activity
Spiking & non-spiking

Analog codes
(iconic representations)

Discrete codes
(cognitive “symbols”)

Contents of conscious awareness
(subset of informational processes)



Dimensional structure of experience reflects that of neural codes

Neural codes & computations
subserving contents of awareness

(subset of informational processes)

Dimensions of experience
Distinctions within each dimension

Vision
Form
Texture
Color
Depth
Movement
Grouping
Position
Audition
Pitch, Timbre, Loudness
Duration, Location
Grouping
Other senses
Somatoception, balance
Pain, olfaction, gustation, intero

Affective, emotional state
Desires, drives
Thoughts
Memories

Isomorphic relations
Many equivalent neural activity states 

for each phenomenal state
Structure of experience reflects 

the structure of neural codes



EVENTUALLY WE WILL UNDERSTAND THE NECESSARY & 
SUFFICIENT NEURAL CONDITIONS FOR 
1) being aware (waking conscious state)
2) having specific experiences (hearing A440 or C523 Hz)

From the effects of general anesthetics, seizures, comas, 
sleep states, perceptual masking experiments, and normal 
brain functions, these depend on coherent organization of 
neuronal activity rather than its presence or absence.

IMHO, the strongest current theories are neuronal global 
workspace theories. These depend on recurrent activity in 
global (cortical) neural circuits. The presence of recurrent 
activity is an indication that global brain circuits are 
producing sustained regeneration of signals.



Many current theories rely on recurrent activation (RA),
but what is special about recurrency per se?

Global workspace (Baars)
Recurrent activation (Edelman, Lamme, Dehaene, John)

Adaptive resonance (Grossberg)
Corticothalamic loops (Llinas)

Dynamic core (dynamic cortical & subcortical networks)
RA + anchoring to parietal body-space (Pollen)
Threshold informational complexity (Tononi)

Dehaene



Averaged TMS-evoked impulse-
response of a subject in waking &
sleep states (Massimini et al,
Science 2005 309:2228-2231).

Differences between
waking & sleep states

Impulses reverberate
longer in global loops
when we are awake

Workspace metaphor:
global circuits not 
engaged during sleep

Drumming metaphor:
drummers not listening 
to other local groups
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in a manner that improves their performance vis-a-vis evaluative criteria (survival, reproduction, 
health). They are emergent both because they can create both new combinations of existing 
structural and functional primitives and because in some cases they can create new primitives as 
well. 

If one defines these different attributes in terms of these specific, distinguishable kinds of 
functional organizations, then a system, such as an autonomous robot, need not be living to be 
semiotic, autonomous, purposive/agentive, anticipatory, and/or adaptive.  In this view, because 
these functional attributes depend on different aspects of organizations, although biological 
organisms have all of these attributes, it is not necessarily the case that living = purposive = 
semiotic = anticipatory = adaptive = emergent (see discussion of teleology and autonomy in 
(Thompson 2007)).  

 
III. A neuropsychological and neurophenomenal framework 

Neuropsychology involves the relation of neural processes to mental operations and functions. A 
more explicitly neuropsychological framework for mental operations and neural processes is 
shown in Figure 3. It includes operations related to perception (sensations), cognition 
(recognitions, thoughts), emotion (feelings), conation (goals, drives), memory (short- and long-
term), global state control (wake-sleep cycles), and mechanisms for switching between behavioral 
programs associated with different goal states (action-switching and attention). Although they 
constantly interact and influence one another, the processes of perception, cognition, emotion, 
conation, memory, and the execution of action nevertheless involve distinct and relatively 
autonomous types of operations.  

 

 
Figure 3. Mind-brain as a network of circular-causal processes. The three realms of environment, body, and nervous 
system are outlined. Within each of the loops, alternative sets of competing neural signals related to different types of 
distinctions (sensory, motor, cognitive, affective, conative, state-associated) build-up, compete, and are actively 
regenerated or die out. Those signals that are actively regenerated in global short-term memory are hypothesized to 

HYPOTHESIS: AWARENESS BASED ON REGENERATION OF NEURAL SIGNALS
1. Waking awareness depends on threshold levels of global circuit activity
(“ignition”) that integrate & sustain reverberating neural signals.
2. The contents of experience at any given time correspond with those sets of
neuronal signals in the form of temporal pattern spike codes being actively
regenerated in & by global circuits (autopoiesis of neural signals).
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