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Abstract

This paper contributes an analysis and formalisation of Damasio’'s theory on core
consciousness Threeimportant conceptsin thistheory are ‘emotion’, ‘feding’, and ‘feding
a feding' (or core mnsciousnesy. In particular, a smulation model is described of the
dynamics of basic mechanisms leading via emotion and feding to core cnsciousness and
dynamic properties are formally spedfied that hold for these dynamics at a more global
level. These properties have been automatically cheded for the smulation model.
Moreover, aformal analysisis made of relevant notions of representation used by Damasio.
As part of this analysis, spedfications of representation relations have been verified and
confirmed against the simulation model.

1 Introduction

In (Damasio, 1999 the neurologist Antonio Damasio pus forward his theory of consciousness
He describes his theory in an informa manner, and suppats it by evidence from neurologicd
pradice More experimental work suppating his theory is reported in (Damasio, Grabowski,
Bedhara, Damasio, Ponto, Parvizi, and Hichwa, 200Q Parvizi and Damasio, 2001, Parvizi,
Hoesen, Buckwalter, and Damasio, 2006§. Damasio’s theory is described onthe one hand in
terms of the occurrence of certain neura states (or neural patterns), and tempora or causa
relationships between them. Formalisation d these relationships requires a modelli ng format
that is able to expressdired temporal or causal dependencies. On the other hand Damasio gives
interpretations of most of these neura states as representations, for example & ‘sensory
representation’, or ‘seacnd-order representation’. This requires an analysis of what it meansthat
a neural state is a representation for something. This paper focuses on Damasio’s nations of
‘emotion’, ‘feding, and ‘core mnsciousness or ‘feding a feding. In (Damasio, 1999,
Damasio desribesan emotion asneural object (or internal emotiond state) as an (unconscious)
neural readionto acertain stimulus, redised bya complex ensenble of neural adivationsin the
brain. As the neura adivations invaved dften are preparations for (body) adions, as a
consequence of an internal emotional state, the body will be modified into an externally
ohservable anotiond state. Next, afedingis described as the (still unconscious) sensing of this
body state. Findly, core mnsciousnessor feding afeding is what emerges when the organism
deteds that its representation d its own body state (the proto-self) has been changed by the
occurrence of the stimulus: it becomes (consciously) aware of the feding. A brief summary of
the main basic assumptions underlying Damasio’s approach is expressed in:



‘I n summary, the compete course of events, from emotion to fedingto feding of feding may be

partitioned alongfive steps (...):

1. Engagement of the organism by aninducer of emotion, for instance, a particular objed processed
visually, resulting in visual representationsof the object. The object may be nede consciousor
not, and may be reacognized ornot, because neither consciousnessof the objed nor recogntion o
the objed are necessary for the continuation of the cycle.

2. Signals consequent to the processng of the image of the object adivate neural sitesthat are
preset to respondto the particular classof inducer to which the objed belongs (emotion-induction
sites).

3. The emotion-induction sites trigger a number of resporses toward the bodyand toward other
brain sites, and unleash the full rangeof body and brain resporses that conditute emotion

4. First-order neural maps in bath subcorticd and cortical regions representchanges inbody state,
regardlessof whether they were achieved via‘bodyloop, ‘asif bodyloop’, or combined
medhanisms. Fedings emerge.

5. The pattern of neural adivity at the emotion-induction sites is mapped in second-order neural
structures. The protoself is altered becaise of these events. The changesin protoself are also
mapped in second-order neural structures. An acourt of the foregoing events, depictinga
relationship between the ‘emotion object’ (theadivity at the emotioninduction sites) and the
proto-self isthus organized in second-order structures.

This perspedive on emotion, feding, and knowing is unorthodax. First, | am suggesting
that (...) ‘having a feding’ is not the same as ‘knowing afeding’, that reflection on feding is
yet another step up (...) The inescapable and remarkable fact about these three phenomena —
emotion, feding, consciousness— is their body relatedness (...) As the representations of the
body grow in complexity and coordination, they come to constitute an integrated representation
of the organism, a proto-self. Once that happens, it becomes possble to engender
representations of the proto-self as it is affected by interactions with a given environment. It is
only then that consciousness begins, only theredter that an organism that is responding
beautifully to its environment begins to discover that it is responding beautifully to its
environment. But all of these processes— emotion, feding, and consciousness— depend for their
execution on representations of the organism. Their shared essence is the body.” (Damasio,
1999, pp. 283-284.

This paper aims at formalisations and simulation modds for the three nations emation,
feding and conscious feding a core consciousness as distinguished by Damasio (1999. In
addtion, the nation d representation used by Damasio is formally analysed in the context of
different approaches to representational content from the literature on philosophy of mind. It is
shown that the classical causal/corrdational approach to representational content, e.g., (Kim,
1996, pp. 191193 is inappropriate to describe the nation d representation for core
consciousness used by Damasio, as this nation esentially invdves more complex temporal
relationships describing histories of the organism’s interaction with the world. An alternative
approach is dhown to be better suited: representational content as relational specification ower
time and space, cf. (Kim, 1996, pp. 200-202 Criteria for this approach are formalised, andit is
shown that the formali sation d Damasio’ snotionsindee fit these criteria.

The dfort to dotain a formalisation d an as yet informally described theory can orly be
justified if sufficiently substantial gains can be indicated. In this respect, for the dfort reported
here the foll owing contributions can be recognised:

(@) assesdng the theory with respect to unintended conceptual incompleteness or
ambiguity, and if present, identification (and posdbly removal) of such incomplete-
nesses or ambiguities

(b) asssdng the theory with respect to internal coherency or consistency, and if present,
detection (and possbly removal) of such incoherencies or inconsistencies.

(¢) increasing cktail ednessof the theory

(d) deriving more detail ed implications of the theory

(e) rdatingthetheory to ather theories and perspectives in the literature

() the posshility to conduct pseudo-experiments (simulations) for the theory by computer
support

(9) the posshility to use computer support for verification and validation d the theory



The contributions on these aspects have indead turned aut substantial enough to justify the
effort; in the discusson the aspects (a) to (g) above will be discussed in more detail .

In this paper, first in Section 2 the moddling approach used is briefly introduced. Next, in
Sections 3, 4, and 5, modds are presented for the processs leading to emation, feding, and
feding a feding (or conscious feding), respectively, and illustrated for a simple example.
Section 6 provides the results of a simulation d these moddls. In Section 7 it is analysed in how
far the representational content of Damasio’s nations can be described by two approaches from
philosophy o mind. Formalisations of some of the dynamic properties of the processes leading
to emation, feding and feding a feding are presented. Next, Section 8 addresses verification. It
is dhown that the nations for representational content developed in Section 7 indeed hdd for the
simulation modd. The verification is performed both by automated checks and by mathematical
prodf. Section9 concludes the paper with a discussion.

2 Modelling Approach

To modd the making d emation, feding and core consciousness dynamics play an important
role. Dynamics will be described in the next section as evolution d states over time. The nation
of state as used here is characterised onthe basis of an ortology dfining a set of state properties
that do a do nd hdd at a certain point in time. The moddling perspective taken is nat a
symbolic perspective, but esentially addresses the neural processs and their dynamics as
neurological processs. This implies that states are just neurological states. To sucoessully
modd such complex processe, formsof abstraction are required; for example:

* neural states or activation patterns are moddl ed as single state properties

»= Jarge multi-dimensional vectors of such (distributed) state properties are composed to ore
singe composite state property, when appropriate; e.g., (p1, p2, ...) top and(s1, s2, ...) to
S in Section 3.

To describe the dynamics of the processes mentioned above, explicit reference is made to time.
Dynamic properties can be formulated that relate a state at one point in time to a state at anather
point in time. A smple eample is the following dyramic property specification for bdlief
creation based on doservation:

‘at any point intime t1, if theagent obsevesrain a t1,
then there exigts a point in time t2 &ter t1 such thatatt2 theagent hasinternal state property s

Here, for example, s can be viewed as a sensory representation d the rain. To expressdynamic
properties in a precise manner a temporal language is used in which explicit references can be
made to time points and traces: the Temporal Trace Language TTL; cf. (Jonker and Treur,
2002. Here atrace or trajedory over a state ontology Ont is a time-indexed sequence of states
described in terms of state ontology ont. The sorted predicate logic temporal trace language
TTL is built on atoms referring to, e.g., traces, time and state properties. For example, ‘in the
internal state of agent A intracey at timet property s hdds' isformalised by state(y, t, internal(A))
|= s. Here |= is a predicate symbol in the language, usually used in infix notation, which is
comparable to the Holds-predicate in situation calculus; cf. (Reiter, 2001). Dynamic properties
are «presed by temporal statements built using the usual logical conrectives and
guantification (for example, over traces, time and state properties). In the overview given in
Galton (2003 2006 the language TTL can be classfied as a form of reified temporal logic.

To be able to perform some (pseudo)-experiments, a simpler temporal language has been
used to specify simulation modds in a declarative manner. This language (the LEADSTO
language) enables one to modd direct temporal dependencies between two state properties in
successve states. This executable format is defined as follows. Let a and B be state properties



of the form ‘conjunction d atoms or negations of atoms', and e, f, g, h, nonnegative real
numbers. Inthe LEADSTO language the natationa — ¢ 1, ¢, n 3, Means:

If state propertya hold for a time interval with duration g,
then after some deay (between e andf) state property S will hdd for atimeinterval of length h.

For reasons of simplicity, sometimes the timing parameters e, f, g, h are left out. For a precise
definition d the LEADSTO format in terms of the language TTL, see (Jonker, Treur, and
Wijngaads, 2003. A specification d dynamic properties in LEADSTO format has as
advantages that it is executable and that it can dften easily be depicted graphically.

In Sections 3, 4, 5 and 6, the LEADSTO format is used to create simulation modds of the
processs leading to emotion, feding and core consciousness in terms of neural processes.
Given this physical-levd modd and its dynamic properties, a next step is to ass€gn
representational content to (some of) the rdevant state properties. For nortrivial cases
representational  content invadves histories of interaction between arganism and world
(Bickhard, 1993 200Q Jonker and Treur, 2003, and this also shows up in Damasio’s theory.
To specify and analyse the representational content to a number of state properties of the modds
and the traces they generate, the more expressve TTL format is used in Section 7. Both formats
areused in Section 8.

3 Emotion
First Damasio’s nation d emotion is addressed. He explains this nation as foll ows:

‘The substrate for the representation of emotions is a collection of neural dispositions in a
number of brain regions (...) They exist, rather, as potential patterns of activity arising within
neuron ensembles. Once these dispositi ons are activated, a number of consequacesensue. On
the one hand, the pattern of activation represents, within the brain, a particular emotion as
‘neural object’. On the other, the pattern generates explicit responses that modify both the state
of the body proper and the state of other brain regions. By so doing, the responses crede an
emotional state, and at that point, an external observer can appreciate the enotional engagement
of the organism being dbserved. (Damasio, 1999, p. 79.

According to this description, the substrate for the representation o an emotional state is a
collection d neural dispositions in the brain, which are activated as a reaction ona certain
stimulus. Once this occurs, it entails modification d both the body state and the state of
other brain regions. By these events, an emotional state is created which is accesdble for
external observation; this state may have multiple facets or dimensions

Asaume that the music you hear is 9 special that it leads to an emotional state in which you
show some body responses on it (e.g., shivers on yaur back). This process is described by
executable local dynamic properties taking into acoount internal state property sr(music) for
activated sensory representation d hearing the music, and a vector (p1, p2, ...) of preparation
state properties for the activation d the body responses (S1, S2, ...); seeFigure 1.
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Figure 1: Processss leading to a (multi-dimensional) emotional state

These vectors are the possble internal emotional states. Note that the state properties are
abstract in the sense that a state property refers to a specific neural activation pattern, or neural
activation basin o attraction. In the modd the conjunction p1 & p2 & .. of these preparatory
state properties is denated by p; this p can be considered a multi-dimensional composite state
property. Moreover, the conjunction d the vector of all body state properties respondng to the
music s1, S2, ... (i.e, the respective body state properties for which p1, p2, ... are preparing) is
denated by (composite) state property S.

The modd abstracted in this manner is depicted in Figure 2, upper part. In formal textual
format these local properties (LP's) are as follows (in the LEADSTO natation introduced in
Section 2):

LPO music — sensor_state(music)
LP1 sensor_state(music) — sr(music)
LP2 sr(music) — p

In the remainder of this paper this abstraa type of modelli ngwill be used. Notice, however, that
ead o the abstrad state properties used are redised in the organism in a distributed manner as
a large-dimensional vedor of more locd (neural) state properties. Also the sensory
representation sr(music) may be cnsidered such a mmposite state property with different aspeds
of the music represented in dfferent forms at different places. Notice, moreover, that the rames
of the state properties have been chasen to suppat realability for humans. But in principle these
names shoud be onsidered as neutra indications of neural states, such as n1, n2, andsoon. In
(Damasio, 1999 the neurologicd medanisms and substrates under these states and causa
relationships are discussed in more detail; e.g., (Damasio, 1999 pp. 47-53, pp. 59-62, pp. 79
81). For example:

The brain induces emotions from aremarkably small number of brain sites. Most of them are located
below the ceebral cortex and are known as subcorticd. The main subcorticd sites arein the brain-
stem region, hypothalamus, and basal forebrain. One example is the region known as periaquedictal
gray (PAG), which isamajor coordinator of emotional resporses. The PAG ads via motor nuclei of
the reticular formation and via the nuclel of cranial nerves, such as the nuclel of the vagus nerve.
Ancther important subcorticd site is the anygdala. The induction sites in the ceebral cortex, the
corticd sites, include sedors of the aterior cinguate region and d the ventromedial prefrontal
region. (Damasio, 1999 p. 60-61)

(..

The substrate for the representation of emotions is a coll edion of neural dispasitionsin a nunber of
brain regions locaed largely in subcorticd nuclei of the brain stem, hypahalamus, basal forebrain,
and amygdala. (Damasio, 1999 p. 79)

Moreover, for different types of emotions thesesitesare involved to varying degrees:



We have recently shown, using PET imaging, that the induction and experience of sadness anger,
fea, and hgppinessleand  adivation in several of the sites mentioned &ove, but that the pattern for
ead emotionis distinctive. For instance, sadnessconsistently adivates the ventromedial prefrontal
cortex, hypahalamus, and train stem, while anger or fea adivate neither the prefrontal cortex nor
hypahalamus. Brain stem adivation is sared by all three enotions, but intense hypahalamic and
ventromedial prefrontal adivation appeas spedfic to sadress (Damesio, 1999, p60-61)

The modd for emotions as described in this dion abstrads from such spedfic processs. In
particular, property LP2 could be refined and dfferentiated into a larger number of more
spedfic causal relationshipsbetween reurologicd statesinvolved in differert types of emotions
However, as the main aim of the paper is to describe the globa dynamics behind core
consciousness as described in (Damasio, 1999, this more abstrad and generic perspedive was
chosen.

The eeautable rules can aso be used to spedfy functiond roles of the internal state
properties invalved. The relationd spedfication d the functiona role of amental state property
concerns relationships both badkward and forward in time. Given the modd provided abowve,
when looking badkward, for example, the functional role of state property p is the tempora or
causal relationship between p and the state that leads to p. Thus, looking backward the
functiond role of p is described by exeautable property LP2. Likewise, when looking forward
the functional role of p is described by the causa relationship between p and the (future) state
that is brough aboutby p, i.e., by exeatable property LP3.

4 Feding

Next, Damasio’'s nation d feding is considered. A central role is played by the proto-sef
that provides a map of the state of the organism’s body.

‘| propose that the snse of self has a preconscious biological precedent, the proto-self, and that
the ealiest and simplest manifestations of self emerge when the mechanism which generates
core consciousnessoperates on that nonconsci ous precursor.

The proto-self is a coherent coll ection of neural patternswhich map, moment by moment, the
state of the physical structure of the organism in its many dimensions. This ceaselesdy
mai ntained first-order coll ection of neural patterns occurs not in one brain place but in many, at
amultiplicity of levels(...) These structures are intimately involved in the processof regulating
the state of the organism. (...) We are not conscious of the proto-self.” (Damasio, 1999 pp. 153
154).

Based onthis proto-self he expresses the energence of feding as foll ows:

‘Asfor the internal state of the organism in which the emotionis taking place it has available both
the emotion as neural objed (the adivation pettern at the induction sites) and the sensing o the
consequences of the adivation, afeding, provided the resulting colledion o neural patterns beames
imagesin mind.” (Damesio, 1999, p79).

Next he describes how the neural patterns which constitute the substrate of feding
arise in two classes of biologicd changes: changes related to body state and
changes related to cogntive stateThe former class of changes is briefly
summarised as foll ows:

‘The changes related to bodystate ae adieved by ore of two mechanisms. One involves what |
cdl the ‘body loop. It uses both hunaral signals (chemicd messages conveyed viathe bloodstream)
and reural signals (eledrochemicd messages conveyed vianerve pathways). Asaresult of bothtypes
of signal thebodylandscape is changed ad is sibsequently represented in somatosensory strudures
of the central nervous g/stem, from the brain stem on up The changein the representation o the body
landscape can partly be adieved by another mechanism, which | cdl the ‘asif bodyloog. In this
alternate mechanism, the representation d body-related changesis creaed diredly in sensory body



maps, under the control of other neural sites, for instance, theprefrontal cortices. It is‘asif’ thebody
had redly been changkbut it was not.” (Damasio, 1999,p. 79-80)

The changs related to cognitive state are briefly summarised by

‘They occur when the processof emotion leals to the seaetion d certain chemicd substancesin
nuclel of the basal forebrain, hypahalamus, and brain stem, and to te sulsequent deli very of those
substancesto several other brain regions. When these nuclei release catain neuromodu ators (such as
moncamines) in the ceebral cortex, thalamus, and besal ganglia, they cause severa significant
alterations of brain function. The full range of alterationsis not completely understoodyet, but here
aremost important: (1) theindwction d spedfic behaviors auch asthose @amed at generating bondng,
nurturing, exploration, and gdaying; (2) a change in the ongang processng d body statessuchtha
body signals may be filtered o allowed to pass be seledively inhibited or enhanced, and their
pleasant or ungeasant quality modified; and (3) a change in the mode of cognitive processng such
that, for example, the rate of production o auditory or visual images can be danged (from slow to
fast and viceversa) or thefocus of images can be changed (from sharply focused to vaguely focused);
changesinrate of prodiction a focusare anintegral part of emotions asdisparate & those of sadness
or elation.’ (Damasio, 1999, pp. 80).

Thus, a feding emerges when the collection d neural patterns cortributing to the enotion lead
to mental images. In aher words, the organism senses the consequences of the enctional state.
In a generic manner, abstracting from the more specific and detailed biological states as
described above, the two mechanisms by which a feding can be achieved as distinguished by
Damasio have been incorporated in the modd:

(1) Viathe body loop, the internal emotional state leads to a changed state of the body, which
subsequently, after sensing, is represented in somatosensory structures of the central
nervous system.

(2) Via the as if body loop, the state of the body is nat changed. Instead, on the basis of the
internal emotional state, a changed representation d the body is created drectly in sensory
body maps. Consequently, the organism experiences the same feding as via the body loop:
itis‘asif’ the body hed really been changed but it was nat.

sensor
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Figure 2: Body loop and asif body loop in the generation d feding

The mode described in Section 3 has been extended to include a number of internal state
properties for sensory representations of body state properties that are changed due to responses
to the music; together these sensory representations constitute the feding induced by the music.
In Figure 2 the conjunction d these sensory representations is depicted: sr(S) (a sensory



representation d the changed body state; this may be materialised in a distributed manner as a
kind d vector). This describes the ‘body logp’ for the responses on the music; here s and
sensor_state(S) are df ects and sensors in the body, respectively. In formal format, two additional
local dynamic properties are neaded (seealso Figure 2):

LP4 S — sensor_state(S)
LP5 sensor_state(S) — sr(S)

Notice that an internal state property sr(shivering) for shivering orly, does nat directly rdate to
the music. It is caused by the eternal stimulus shivering, which in this particular case is
originally caused by the music. This body state property shivering could be present for a lot of
other reasons as well, e.g., a cold shower. However, taking into account that nat only shivering
but a larger number of sensory state properties constitute the overall composite state property
sr(S), the feding will be more unique for the music. For the case of an ‘as if body loop’ dynamic
properties LP3, LP4 and LP5 can be replaced by the following local dynamic property directly
connecting p and sr(S).

LP6 p — sr(S)

Also a combination d modds can be made, in which some dfects of hearing the music is
caused by a body loop and some are caused by an ‘as if body logp'.

5 FedingaFeding

Finally, Damasio’s nation d knowing or being conscious of or feding a feding is
addressed. This nation is based onthe organism detecting that its representation d its own
(body) state (the proto-self) has been changed by the occurrence of a certain dbject (the
music in our example). He expresses the way in which the proto-sdf contributes to a
conscious feding in the foll owing hypothesis:

‘Core consciousness occurs when the brain’s representation devices generate an imaged,

nonverbal account of how the organism’s own state is affected by the organism’s processng of

an object, and when this processenhances the image of the causative object, thus placingit in a
spatial and temporal context. (p. 169)... with the license of metaphor, one might say that the
swift, second-order nonverbal account narrates a story: that of the organism caught in heact of
representing its own changed state as it goes abou representing something else. But the
astonishing fact is that the knowable entity of the catcher has just beencreaed in the rarrative

of the catching process (...) You know it is you seeng because the story depicts a character —
you — doing the seeing. (pp. 170-172) ... beyond the many neural structures in which the
causative object and the proto-self changes are separately represented, thereis at least one other

structure which re-represents both proto-self and object in their temporal relationship and thus
represent what is actually happeing to the organism: proto-self at theinaugural instant; object
cominginto sensory representation; changng o inaugual proto-self into proto-self modified by
object.” (p. 177 italics in theoriginal).
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Figure 3: Damasio’s picture for assembly of a second-order map

In summary, the conscious feding accurs when the organism deteds the transitions
between the foll owing moments:

1. Theproto-sdf exists at the inaugural instant.
2. An dbject comes into sensory representation.
3. Theproto-sdf has become modfied by the object.

For our case we restrict oursdves to placing the rdevant events in a temporal context. In a
detailed account, in the trace considered subsequently the following events take place: no
sensory representations for music and S occur, the music is snsed, the sensory representation
sr(music) IS generated, the preparation representation p for S is generated, S ocaurs, S is snsed,
the sensory representation sr(S) is generated. According to Damasio (1999, pp. 177-183, two
transitions are relevant (see Damasio’s Figure 6.1, seealso Figure 3), and have to be taken into
acoount in a mode!:

= from the sensory representation d the initial no s body state and nad hearing the music to
hearing music and a sensory representation d the music, and nos sensory representation

= from a sensory representation d the music and nosensory representation d S to a sensory
representation d s and a sensory representation d the music

These two transitions are to be detected and represented by the organism. To modd this process
threeinternal state properties are introduced: so for encoding the initial situation, and s1 and s2
subsequently for encoding the situations after the two reevant changes. By making these state
properties persistent they play the role of indcating that in the past a certain situation has
ocaurred. With resped to the cae study addressed, an example behaviour, spedfied from an
external perspedive, is that the ayent makes a statement abou the music (e.g., “I am redly
touched by this music!”). Local dynamic properties that relate these addtional internal state
properties to the others can be expressed as follows (seealso Figure 2); here state properties so
ands1 are persistent:

LP7 not sr(music) & not sr(S) — sO
LP8 sr(music) & not sr(S) &s0 — sl
LP9 sr(music) & sr(S) & s1 — s2
LP10 s2 - speak_about(music)

Given the mode provided, when looking badkward, the functional role of state property s2 for
core @nsciousness is the caisa relationship between s2 and the (past) states that cause s2.



Thus, looking badkward the functional role of s2 is described by exeaitable property LPO.
Likewise, when looking forward the functional role of s2 is described by the cauwsal relationship
between s2 and the (future) states that are caused by s2, i.e., by exeautable property LP10.
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Figure 4: Overview of the overall simulation modd

Damasio (1999 Ch 8) addresses the neurologicd substrate for core mnsciousness Evidence
from patients with spedfic types of brain damage shows that core @mnsciousnesis disrupted in
case of damage in ore of: the dnguate gyrus, thalamic nuclei, and superior colliculi. For the
cinguate cortex, also referring to aher relevant literature, he oncludes:

‘Refledion onthe anatomicd spedficaions of the dnguate crtex indicaes that it is an excdlent
candidate for the sort of seacond-order structure | proposed ealier. Its different subregions and the
masdvenessof its omatosensory inpus can gve rise to perhaps the most “integrated” view of the
entire body state of an organism atany gven time. But sincethe cingulate cortices are also privy to
signals from the man sensory chanmls—the appeaanceof an ohjectcan ke reported to the dngulate
eaily via both thalamic projedions and dred projedions from higher-order cortices in
inferotemporal, poar temporal, and lateral parietal regions — the dnguate culd help generate a
neural pattern in which the relationship between the gopeaance of an oljed and the modificaions
uncergore by the body could be mappel in theproper causal sequance’ (Damasio, 1999, p264).

Referringto (Stein and Meredith, 1993, Damasio (1999 describes the role of the superior colli culi as
follows:

‘The superior colli culi are multil ayered structures which receéve amulti pli city of sensory inpusfrom
an asortment of modaliti es, integrate signalsin a mmpli cated fashionaaosstheir several layers, and
communicae the resulting ouputs to a variety of brain-stem nuclei, the thalamus, and the ceebral
cortex. (...) The integrative adivity of the superior colli culi isaimedat orienting the g/es, the heal
and red, and the eas (in credures that move them) toward the source of a visual or auditory
stimulus  that optimal objed processng can take place In the course of this adivity, the superior
colli culi map the temporal appeaance and spatial position d an oljed as well as varied aspeds of
body state. (...) In spedes with little crticd development this might be the source of the simple
form of core mnsciousnessthat may acaompany the exeaution d attentive behaviours. | hastentoadd
that, in the cae of humans, there is no evidence that the superior colliculi can suppat core
consciousnessin the absenceof the brain-stem and cinguate structures, even asauming intadnessof
the brain-stem proto-self structures.’ (Damesio, 1999, pp264-265)

In the way Damasio describes the role of the superior colli culi in core mnsdousnesshe does not
go as far as Strehler (1994 who pus forward a more extreme view on them as ‘the sed of
consciousness . The role of thethalamusis lesswell -documented, athough®bil ateral damage to
the thalamus disrupts consciousnessfor catain’ (Damasio, 1999, p266).
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6 Simulation

A special software ewvironment has been created to enable the smulation d executable modds
(Boss @ al., 2005. Based onan input consisting d dynamic properties in LEADSTO format
(and their timing parameters e, f, g, h, see Section 2), this oftware ewironment generates
simulation traces. The algarithm used for the ssimulation is rather straightforward: at each time
point, a bound part of the past of the trace (the maximum of all g values of all rules) determines
the values of a bound range of the future trace (the maximum of f + h over all LEADSTO rules).
The software was written in SWI-Prolog’ XPCE, and consists of approximatey 20000lines of
code. For more implementation details, see(Bos< d al., 2005.
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Figure 4: Simulation trace invdving a body logp

Using this oftware eavironment, the modd described in the previous sctions has been used
to generate a number of simulation traces. An example of such a simulation trace can be seen in
Figure 4. Here, time is onthe harizontal axis, the state properties are onthe vertical axis. A dark
box on top of the line indicates that the property is true during that time period, and a lighter
box below the line indcates that the property is false. This trace is based onall executable local
properties (i.e., LPO to LP9), except LP6. In al properties, the values (0,0,1,1) have been chosen
for the timing parameters e, f, g, and h. Figure 4 shows how the presence of the music first leads
to an emation (p or S), then to a feding (sr(S)), and finally to the appearance of core
consciousness(s2), invaving a body loop.

A similar trace is given in Figure 5, for the case of the as-if body loop. This trace is based on
all executable local properties (i.e, LPO to LP9), except LP3, LP4, and LP5. Again, in all
properties, the values (0,0,1,1) have been chasen for the timing parameters e, f, g, and h. As can
be see in Figure 5, in this case the feding (sr(S)) immediately follows the preparatory state p,
without an actual change in body state (S).

MusiC
sensor_state(music)
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$2+
s peck_dbout(mus ic)

1
T T T T T T T U 1
fime 05 15 2 25 35 4 45 55 6 65 7 75 8 85 9 95 10

Figure 5: Simulation trace invdving an as-if body loop
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7 Representation Relations

In this sction, first it is discussd how in the literature in the area of consciousnessthe nation
representation is used in reation to dyramic and temporal aspects of the mental processes
invdved, eg., (Damasio, 1999 Denrett, 1991, Wegner, 2002. Next, in Section 7.2 some
approaches to representational content of mental states from the literature on philosophy o
mind are briefly discussed. In Sections 7.3 to 7.5 it is shown how these approaches can be
applied to provide a philosophical and formal foundation d Damasio’'s use of the nation d
representation (1999.

7.1 Usesof Representation

The rdationship between the nation d representation and dyramic or temporal aspects of
mental processes attracts more and more attention in the literature; e.g., (Dennett, 1991, 2001,
2005 Hasdager, Groat, and Rappard, 2003 Pacherie, 2006 Pockett, Banks and Gallagher,
2006 Wegrer, 2002 2003. A central theme here is that certain mental states or brain states can
be interpreted as representing temporal information. Several authors put forward ideas on
consciousnessthat incorporate this theme. It is nat always clear, however, what is meant by the
nation d representation used, and haw it can be made more precise; e.g., (Hasdager, Groat, and
Rappard, 2003. The literature in phil osophy o mind provides a number of diff erent approaches
to define representational content; an interesting cuestion is how these phil osophical approaches
relate to such literature on consciousness In Damasio’s description as addressed here various
types of representation are mentioned, for example, sensory representations and second-order
representations; more specifically, this can be seen in the following quotations (see also the
previous ones).

‘The substrate for the representation of emotions is a coll ection of neura dispositions in a number of
brain regions (...) They exist, rather, as potential patterns of activity arising within neuron ensembles (...)
On the one hand, the pattern of activation represents, within the brain, a particular emotion as ‘neural
object” (p.79)

‘... the body landscape is changed and is subsequently represented in somatosensory structures of the
central nervous system, from the brain stem on up.’ (p. 80)

‘Core consciousness ocaurs when the brain’s representation devices generate an imaged, nonverbal
acoount of how the organism’s own state is affected by the organism’s processng of an adbject’ (p. 169
‘... beyond the many neural structures in which the causative object and the proto-self changes are
separately represented, thereis at least one other structure which re-represents both proto-self and object
in their temporal relationship and thus represent what is actually happeing to theorganism.” (p. 177)

Also in aher literature on consciousness representation o temporal reationships plays an
important role. For example, Dennett (1991) discusses his multiple draft modd, also called
‘fame in the brain’ or ‘cerebral cdebrity’ modd in (Dennett, 2001, 2005. A puzZing isue
discussed by Dennett (1991, Ch. 5, 6) is the following. From a physical perspective within the
brain an asynchronaus distributed process occurs (in contrast, for example, to the
nondstributed, synchronaus processin a computer). A main question then is how the mind can
create consciousness of events that are temporally ordered and can be synchronaus. In this
context he discusses how the brain can represent time (Ch. 6, Section 2).

As another example, also in the literature about conscious will such as (Wegner, 2002 2003
Pacherie, 2006 Pockett, Banks and Gallagher, 2006, representations of temporal relationships
play an important role. Here the perceived temporal rdationship between a thought and an
action is claimed to be a main source for the experience of ownership of an action. In a broader
context, for example, in (Kdley, 1972 198Q Michate, 1954 representations for causal
relationships are discussed.
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In all of these cases, an interesting isaue is how to analyse the nation d representation that is
used in the context of the philosophical approaches to representation found in the literature in
philosophy o mind. In this paper the nation d representation as used by Damasio is analysed. It
is shown how it can be made more precise using concepts from philosophy o mind and
formalisations of them. In the remainder of this wction, first three of these philosophical
approaches are briefly introduced and subsequently it is discussed in hav far the types of
representation used by Damasio indead can be rdlated to these approaches.

7.2 Approachesto Representational Content

In (Kim, 1996, pp. 191-192 the causal/correlationd approach to representational content is
explained as follows. Suppose that, some causal chain is conrecting an internal state property s
and external state property ‘harse nearby’. Due to this causal chain, under normal condtions
internal state property s of an arganism covaries regularly with the presence of aharse: this date
property s occurs precisdy when a harse is present nearby. Then the occurrence of s has the
presence of the horse as its representational content. Especially for perceptual state properties
this may work well.

In (Kim, 1996, pp. 200202 the concept of relationd spedfication of a state property is put
forward as an approach to representational content. It is based on a specification d how an
internal state property can be related to properties of states distant in space andtime.

‘The third pcssbility isto consider beliefs to be whadly internal to the subjeds who have
them but consider their contents as giving relationd spedfications of the beliefs. On this
view, beliefs may be neural states or other types of physicd states of organisms and
systemsto which they are dtributed. Contents, then, are viewed asways of spedfyingthese
inner states, wide contents, then, are spedficationsin terms of, or under the constraints of,
fadors and conditions external to the subjed, bath physicd and social, bath current and
historicd.’ (...)

‘The gpproach we have just sketched has much to recommend itself over the other two. It
locates beliefs and cher intentional states gquarely within the subjeds; they are internal
states of the persons holding them, not something that somehow extrudes from them. This
is a more degant metaphysica picture than its alternatives. What is “wide” abou these
statesistheir spedficaions or descriptions, not the states themselves.’

(Kim, 1996 pp. 200-202); italics in theoriginal.

In Kim's propcsal a mental state property of a subjed itsdf is distingushed from its
relationships to ather items. This contrasts to some other approaches where the menta state
property is considered to be ontologicdly constituted as one entity comprising bah the subjea
andthe related items, or where the mental state property is considered to be the relaion between
the subjed and the other items (cf. Kim, 1996 pp. 200-202). Kim explains how a mentd state
property itself can be @nsidered an intrinsic interna state property, wheress its reationa
spedficaion expresses how it relates to aher items in the world. In particular, concentrating on
the tempora dimension, atemporal relational spedficaion can beviewedas the spedfication d
temporal relationships of a (mental) state to ather patterns in past and future. This approach is
more liberal than the causal/corrdational approach, sinceit is nat restricted to ore eternal state,
but all ows reference to a whae sequence of statesin history.

The generd ideais asfollows. Suppase for an aget a nental state property p is given, which
relates to a pattern of past (e.g., external world) traces (from a given time point t), on the one
hand, and to a pattern of future (e.g., external world) traces on the other hand. Let ¢(y, t) be a
spedficaion d this pattern of past traces y and Y(y, t) a spedficaion d the pattern of future
traces y. Then the relational spedficaion approach, which considers how the occurrence of
mental state property p in the present relates to these past and future patterns, can be formdised
asfollows:
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Oy, t) = state(y,t) |= p (backward representation relation)
state(y, ) |= p = W(y, 1) (forward representation relation)

Finally, in some recent literature cognitive fundioningis studied from an interadivi st
perspedive; e.q., (Bickhard, 1993 2000. Thetemporal-interadivist approach (Bickhard, 1993
Jonker and Treur, 2003 relaks the ocairrenceof internal state properties to sets of past and
futureinteradion traces. Bickhard (1993 emphasises the rel ation between the (mental) state of
asystem (or agent) and its past and future in the interadion with its environment as fo llows:

‘“When interadion is completed, the system will end in some one of its internal states -
some of its possble final states. (...) The final state that the systemendsup in, then, serves
to implicitly caegorise together that classof environmentsthat would yield that final state
if interaced with. (...) The overall system, with itspossblefinal states, therefore, functions
as a differentiator of environments, with the final sates implicitly defining the
differentiation caegories. (...) Representational content is congtituted as indications of
potential further interadions.’

Here it is indicated that mental states are related to interaction histories on the one hand, and to
futureinteradions, onthe other hand. Bickhard (1993 2000, does not addressthe question how
to formalise the interadivist approach, but in (Jonker and Treur, 2003 a formalisation is
propased which takes into accourt the tamporal aspeds of this interadivist perspedive.

The generd ideais as foll ows; cf. (Jonker and Treur, 2003. Suppase for an agent a mental
state property p is given, which relates to a pattern of past interadion traces (from a given time
point t), onthe one hand, and to a pattern of future interadion traces onthe otherhand. Let ¢(y,
t) be aspedficaion d this pattern of past interadion traces y and Yi(y, t) a spedficaion d the
pattern of future interadion traces y. The tempora-interadivist approach considers the menta
state property p holding in hepresnt can mediatein this process afollows:

o(v,t) O state(v, ) |= p & state(v, ) I= p O (v, t)

Thus, like the relational spedficaion approadh, this approach allows reference to a whale
sequence y of states in history (or future). However, whilst in the relationa spedfication
approach these states can have any desired type (e.g., internal, external, or interadion states), in
the temporal-interadivist approach they are restricted to interadion states (i.e., observations and
actions).

The following sedions explore whether these gproaches can be used to spedfy the
representational content of the relevant mental states that ocaur in ourmode (i.e., the gates that
represent emotion, feding, and feding a feding). The focus is on the caisd/corrdationa
approach and the relational spedficdion approadh. The tempora-interadivist approad is not
discussed in further detail. However, the formulae epressng the representational content
acording to the rdationa spedficaion approach gven below can be eaily trandated into the
temporal-interadivist approach by repladng the externa states that occur in the formulae by
interaction states; e.g., repladng

music by sensor_state(music),
and
speaks_about(music) by communicates(speaks_about(music))

7.3 Representational Content of Emotion

Consider the causal chain leading to a sequence of state property occurrences music,
sensor_state(music), sr(music), p, S (seeFigure 1). Thus, looking backward in time, the external
emotional state property S can be considered to (externally) represent the amotional content of
the music. On the other hand, the internal emotional state property invaved is p. Given the
causal chain above the (backward) representational content for both p and s is the presence of
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this very special music, which could be considered acceptable. However, following the same
causal chain, also the state property sr(music) has the same representational cortent. What is
different between p and sr(music)? Why are the enotional responses to the same music diff erent
baween dfferent indviduals? This would nd be eplainable if in all cases the same
representational content is assigned. It might be assumed that state properties duch as sr(music)
may show changes between dfferent individuals. However, the differences are probably much
larger between the ways in which for two dfferent indviduals sr(music) is conrected to a
composite state property p. This aubjective aspect is nat taken into acoount in the
causal/correlational approach. The content of such an emotional response apparently is more
personal than a reference to an dyjective external factor, so to define this representatioral
content both the external music and the internal personal make up has to be taken into account.

For the relational specification approach the representational content of p can be specified in
a manner similar to the causal/corrdational approach by ‘p occurs if the very special music just
ocaurred’, and conwersdy. However, other, more suitable posshilities are available as well,
such as, ‘p ocaurs if the very special music just occurred, and by this organism such music was
perceived as srmusic) and for this organism sr(music) leads to p’, and conversdly. This reatioral
specification invaves both the external music and the internal make up of the organism, and
hence provides a subjective dement in the representational content, in addtion to the eternal
reference. This provides an explanation d differences in emotional content of music between
indviduals.

7.4 Representational Content of Feding

The representational content of sr(S) according to the causal/correational approach can consider
the causal chain music - sensor_state(music) - sr(music) - p - S - sensor_state(S) - sr(S). Using this
chain, sr(S) can be reated to both the presence of s, and further back to the presence of the very
special music. This deps outside the context of having a reference to ore state, which limits the
causal/correlational approach. A more suitable approach is the relational specification approach,
which allows such temporal rdationships to dfferent states in the past; there is the following
temporal relation between the occurrence of sr(S), the presence of the s, and the presence of
music: ‘sr(S) ocaursif S just occurred, preceded by the presence of the music’, and conversdly:

0Ot1, t2 [ t1<t2 & state(y, t1, EW) |= = S Omusic & state(y, t2, EW) |=S]
O [O3=t2 state(y, t3, internal) |= sr(S) ]

Ot3 [ state(y, t3, internal) |= sr(S)
O [O1,t2 t1<t2<t3 & state(y, tl, EW)|=- S Omusic & state(y, t2, EW) |= S]

7.5 Representational Content of Feding a Feding

The backward representational content of so according to the causal/corrdational approach can
be taken as the absence of both s and music in the past, via the causal chain: no S and no music -
sensor state no S and sensor state no music - no sr(music) and no sr(S) - s0. This can be expressd
relationally by referring to ore state in the past: ‘if no s and nomusic occur, then later so will
occur,” and conversdy. Formally:

Ot1 [ state(y, t1, EW) |= = S O~ music ad 02 > t1 state(y, t2, internal) |=sO ]
Ot2 [ state(y, t2, internal) |= sO ad 01 < t2 state(y, t1, EW) |= = S 0= music]

For s1 and s2 the causal/corrdational approach for backward representational content does not
work well because these state properties esentially encode (short) histories of states. For
example, the backward representational content of s1 according to causal/ correational
approach can be tried as follows:. presence of the music and nos in the past under the condtion
that at some point in time before that point in time no music occurred. However, this canna be
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expressd adequately according to the causal/ corrdational approach since it is nat ore state in
the past to which reference is made, but a history given by some temporal sequence. The
problem is that no adequate solution is posdble, since the internal state properties shoauld in fact
be rdated to sequences of different inputs over time in the past. This is ©mething the
causal/correlational approach canna hande, as reference has to be made to anather state at one
time point, and it is nat posdble to refer to histories, i.e., sequences of states over time, in the
past. A better option is provided by representational content of s1 as relational specification: ‘if
no s and nomusic occur, and later music occurs and still no S occurs, then still |ater s1 will
occur,” and conversdy. Formally:

Ot1, t2 [ t1<t2 & state(y, t1, EW) |== S O- music & state(y, t2, EW) |= = S Omusic
O [O3=t2 state(y, t3, internal) [=s1 ]
Ot3 [ state(y, t3, internal) |= sl
0O O1,t2 tl<t2<t3 & state(y, t1, EW)|=- SO~ music & state(y, t2, EW) |== S Omusic ]

Similarly, the backward representational content of s2 as reational specification can be
specified as follows: ‘if no s and nomusic occur, and later music occurs and still no s occurs,
and later music occurs and s ocaurs, then still | ater s2 will occur,” and conversdy. Formally:

Ot1, t2,t3 [ tl<t2<t3 &
state(y, t1, EW) |=—~ S O- music & state(y, t2, EW)|=- S Omusic & state(y, t3, EW) |= S Omusic
O [4 =13 state(y, t4, internal) |[=s2 ]

Ot4 [ state(y, t4, internal) |=s2 O
01,t2,t3 tl<t2<t3<t4 &

state(y, t1, EW) |=—~ SO- music & state(y, t2, EW) |=- S Omusic & state(y, t3, EW) |[= S O music]

This comes close to the transitions indcated by Damasio (1999 p.177), as also mentioned in
Section 5: the proto-self exsts at the inaugual instant - an oljed comes into sensory
representation - the proto-self has become modified by the object.

The above relational specification is a first-order representation in the sense that it refers to
external states of world and body, whereas Damasio’'s scond-order representation refers to
internal states (other, first-order, representations) of the proto-sdf. Moreover, the rdatioral
specification gven above only works for body loops, na for ‘as if body logps'. A relational
specification that comes more close to Damasio’'s formulation, and also works for ‘as if body
loops' is the following (RsP):

Ot1, t2,t3 [ tl<t2<t3 &
state(y, t1, internal) |= = sr(S) O - sr(music) &
state(y, t2, internal) |= = sr(S) O sr(music) &
state(y, t3, internal) |= sr(S) Osr(music) O
(04 > t3 state(y, t4, internal) |=s2 ]
Ot4 [ state(y, t4, internal) |=s2 O
01,t2,t3 tl<t2<t3<t4 &

state(y, t1, internal) |= = sr(S) O - sr(music) &
state(y, t2, internal) |= = sr(S) O sr(music) &
state(y, t3, internal) |= sr(S) O sr(music) ]

Thisisarelationa spedficaionin terms of other representations (i.e., sr(music), sr(S)), and
therefore a £oond-order representation. It has no directreference b extemal states anymore.
However, indiredly, viathefirst-order representations sr(music) and sr(S) it has references to
external states.

When looking forward, the representational content of mental state property s2 can be
described by rdating it to future world states. For the given modd the forward representational
content of state property s2 can be informally described as follows: ‘if s2 occurs, then later the
agent will speak about themusic’, and conversdly. This expressonis formalised as foll ows:

Ot1 [ state(y, t1, internal) |= s2 O [O2=tl state(y, t2, EW) |= speaks_about(music) ]
Ot2 [state(y, t2, EW) |= speaks_about(music) ad (01 < t2 state(y, t1, internal) |= s2]
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8 Verification

In Sections 3-6, local, executable dynamic properties were addressed, and simulation based on
these properties was discussed. In Section 7, dynamic properties to describe representational
content of internal states are introduced. These dynamic properties are of a globd nature.
Anather example of a more global property is the following;

OP1 music — s2

Informally, this property states that the presence of music eventually leads to the birth o core
consciousness (s2). This can be considered as a global property because it describes dynamic of
the overall process whereas the local properties (LP's) presented in Sections 3-6 described
basic steps of the process

In principle, variousbehaiours can ke described in which core mnsdousnessfulfill sa role.
Examplesin gereral are high-level cognitive functions suchas reasoning, planning and
languege processng. With resped to the dove case study, anexanyple béhaviour, specified
from an external perspedive, isthat the ayentmakes a statement abou the nusic (e.g., “l am
redly touched by this music!”). Using the executatbe format, this behaviour can be formali sed
by the foll owing global behaiioural property:

GP1 music — speak_about(music)

For al types of global properties (i.e., dynamic properties OP1 and GP1 and the properties
specifying representational cortent), an important issue is verification. In aher words, are these
global properties satisfied by the simulation modd described in Sections 3-6? Therefore, the
global properties have been formalised, and wification hes been applied in two ways. by
automated checks and by establishinglogical relationships.

8.1 Automated Chedkson Simulated Traces

In addition to the simulation software described in Section 6, a software ewvironment has been
developed that enables one to check dynamic properties gecified in TTL against simulation
traces. This oftware environment takes a dynamic property and ore or more (empirical or
simulated) traces as input, and checks whether the dynamic property hdds for the traces. Using
this environment, the global properties mentioned above have been automatically checked
against traces like depicted in Figure 4 and 5. The duration d these checks varied between 0.5
and 1.5 seconds, depending onthe complexity of the formula. All these checks turned aut to be
succesgul, which validates (for the given traces at least) our chaice for the representational
content of the internal state properties. However, nate that these checks are only an empirical
validation, they are no exhaustive prodf of validities (statements proven true on all possble
traces) as, eg., modd checking (Clarke, Grumberg, Pded, 1999 McMillan, 1993 is; see
however, next subsection.

8.2 Verifying Logical Relationships

A second way of verification is to establish logical reationships between gobal properties and
local properties. This has been performed in a number of cases. For example, to relate OP1 to
local properties, intermediate properties were identified in the form of the following mil estore
properties that split up the processin threephases:

MP1(MtoE) music — sr(music) & sr(music) — S
M P2(EtoF) S — sr(S)
M P3(FtoFF) RSP (seeSedion 7)
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For the milestone properties the following reationships had (for simplicity neglecting ‘as if
bodyloops):

MP1(MtoE) & MP2(EtoF) & MP3(FtoFF) 0 OP1

LPO & LP1 & LP2 & LP3 0 MP1(MtoE)
LP4 & LP5 0 MP2(EtoF)
LP7 & LP8 & LP9 0 MP3(FtoFF)

Figure 6 provides the same ®ationgipsin the form of alogical AND-tree

OP1

MP1(MtoE) MP2(EtoF) MP3(FtoFF)

LPO LP1 LP2 LP3 LP4 LP5 LP7 LP8 LP9

Figure 6: Logical rdationships between dyramic properties

Such logical rdationships between properties can be very useful in the analysis of traces. For
example, if a given trace that is unsucces<ul does nat satisfy milestone property MP2, then by a
refutation processit can be concluded that the cause can be found in either LP4 or LP5. In aher
words, either the sensor mechanism fails (LP4), or the sensory representation mechanism fails
(LP5). Using the modd checking environment SMV, cf. (McMillan, 1993, it has bean
automatically verified that indeed the local properties LP1 through LP9 together entail global
property OP1. Likewise, it has been verified that these local properties together entail the
representational content specifications. This approach based on dfferent aggregation levels of a
process and interlevd relations has dmilarities with the notion d componential explanation as
described by Cummins (1975 1983 and Davies (2001); see also (Bosse, Jonker and Treur,
2006).

9 Disausson

The aim of the work reported here was to analyse in haw far the theory of core consciousness
described by Damasio (1999 can be formalised in a coherent manner. The outcome of the work
shows that inded this is the case. The indcations about relations between dfferent states lead
to a suitable computational modd of the basic mechanisms of the processthat shows behaviour
as expected. Moreover, the statements made in Damasio (1999 about representations also can
be formalised, and fit the other part of the formalisation in the sense that these are indeal
logcaly entailed by the computational modd of the basic mechanisms. Following Damasio
(1999, the chosen moddling approach describes temporal dependencies in processs at a
neurologcal, rather than symbolic levd. To avoid complexity the modd was ecified at an
abstract level. More specifically, from the avail able approaches to representational content from

18



philosophy o mind, the causal/corrdational approach is nat applicable, but Kim's reatioral
specification approach (1996, that allows more complex temporal dependencies, is applicable.
Using this approach, claims on representational content made by Damasio (1999 have bean
formalised and supported using two types of techniques for verification against the
computational modd describing the basic mechanisms. The concepts used in the modd closdy
follow the informally described concepts in (Damasio, 1999. Further discusson d the
relationships between these concepts and reuroanatomical structures can be found in (Damasio,
1999, in Ch. 8, pp. 234276 among dhers. As these suggested rdationships are still
hypothetical to a certain extent, research is gill needed to fully validate them; for partial
corfirmations, see for example, (Damasio & al., 200Q Parvizi and Damasio, 2001, Parvizi et
al., 2006.

Furthermore, while developing the computational modd, by the authars a prediction has
been made on the basis of the formalisation, namey the posdbility of ‘false core
CONSCIOUSNESS: core consciousness that is attributed to the ‘wrong stimulus. To explain this
phenomenon suppose that two stimuli occur, say x1 and x2, where x2 is subliminal and
unnaiced. Then, it could be the case that X2 provokes emotional responses, whilst the conscious
feding that arises is attributed to x1 instead o x2. In terms of the modd presented here, this can
be simulated by first introducing a subliminal stimulus that yidds emotion s (eg., a cold
breeze) followed by the stimulus music. In that case, the conscious feding would incorrectly be
attributed to the music. Putting this prediction forward in email communication to Damasio, he
corfirmed the istence of this predicted false core consciousness See also the etensive
discusdon d empirical findngs on this isaie in (Prinz, 2004 Ch. 3). Although this is nat a
prod for the validity of the modd, it indcates that this type of modding can be used to derive
interesting predictions.

From a philosophical perspective the paper contributes a case study for representatioral
content which is more down-to-earth (and more complex) than the science fiction style thought
experiments, such as the plangt Twin Earth, that are common in the literature on phil osophy o
mind, eg., (Kim, 1996. In addtion, the type of representation is more sophisticated than the
usual ones esentially addressng sensory representations induced by observing (a snapshat of) a
horse or a tomato. Interesting further work in this area is to analyse other approaches given in
this literature on representational content by applying them to this example.

As discussd in Section 7.1, also in aher literature representation d temporal relationships
plays an important role. For example, in the context of the multiple draft modd, Dennett (1991)
discusss how representations of time may alow the brain, as an asynchronaus distributed
process to create conscious experience of temporally ordered events (Ch. 6, Section 2). It may
be an interesting study to analyse how such representations can be made more precise in a
similar way as addressed for Damasio’s nations of representation. The same can be said for the
literature about conscious will such as (Wegner, 2002 2003 Pacherie, 2006 Pockett, Banks
and Gallagher, 2006. Here, representations of temporal relationships between a thought and an
action are considered a basis for the eperience of ownership of an action. Also this may be
analysed using similar methods. Two papers reporting aher analyses of more complex cases of
representational content are (Bosse, Jonker and Treur, 2005) for representational content for a
case of intensive reciprocal agent-environment interaction, and (Boss, Jonker, Schut, and
Treur, 2006 for collective repreent ational content for a case of a society of agents.

As indcated in the introduction, the dfort to dbtain a formalisation d an informally
described theory can orly be justified if certain gains can be recogrised. The items (@) to (g)
mentioned in the introduction are evaluated as foll ows.

(@) Asssdng the theory with resped to passble unintended conceptual incompleteness or
ambiguity, andif present, identifi cation (and possbly removal) of such ambiguities.
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It has turned aut that the basic conceptual framework has been described in (Damasio, 1999 in
such a manner that on the crucial issues no incompleteness or ambiguity was found to stand in
the way of a faithful formalisation. In experiences with aher informally formulated texts
sometimes a serious gep of conceptual clarification and precision had to made before
formalisation was posdble. In this case this was na nealed, as Damasio (1999 already
contributed that step. As an example, the nation d second-order representation which is the
essnce of the theory on core consciousness is described in so much detail and clarity that the
formalisation d the representation rdation gven in Section 7 above, amost literally follows the
informal formulation d Damasio (1999. In this way the formalisation effort contributes a
positive assesanent for the theory as described.

(b) Asssdng the theory with resped to internal coherency or consistency, and if present,
detedion (and passbly removal) of possble incoberercies a inconsigercies.

In addtion to the above, during the moddling and formalisation also no incoherencies or

inconsistencies have been found. For example, the ndtions of first-order and second-order

representation used in the theory can be justified by an approach in the literature on phil osophy

of mind, seeaso item (€). In this way anather positive assesament for the theory is cortributed.

(¢) Increasing detail edressof the heory

By the formalisation, some increase in detailedness has been dbtained, for example, in the
distinction between the state properties €, sl and s2 and the precise temporal rdations between
them. However, in the light of the positive assesament of (@), the increase in detail edness was
limited.

(d) Deriving more detail ed impli cations of the theory

One of the implications of the theory found was the nation d false core consciousness discussed
above. This implication was found orce the modd was designed and it became clear what the
possbili ties and impossbili ties of this modd are.

(e) Reatingthetheory to other theories andpergedives in theliterature

An interesting cuestion that was addressed by the formalisation effort was in how far the use of
the nation d representation in (Damasio, 1999 can be justified by approaches to representation
in the literature on philosophy o mind. By relating this nation to Kim (1996’'s nation d
relational specification d representational cortent and formalising this nation, this question has
been answered in a positive and even formally founded manner. This is a substantial
contribution d the formalisation eff ort to the theory. Even when the precise formalisation is left
out of consideration, the underlying conceptual analysis is an interesting contribution providing
a crossconrection between this theory as described in the literature in Neuroscience or
cognitive science, and the literature in phil osophy o mind.

(f) The posgbility to condwct pseudo-experiments (simulations) for the theory by computer
suppat
The theory was formalised in a computational manner. The simulations performed indeed show
how pseudo-experiments can be conducted. The modd can be etended by addtional aspects
concerning specific experimental setups (e.g., invaving multiple stimuli, or repetition d a
stimulus, or introducing specific physical factors that disturb the body state, such as a cold
showver or a certain medicing) to dbtain simulated autcomes within a certain experimental
context, after which simulation results can be compared with results of the correspondng
experiments.
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(g) Theposshility to use computer suppott for verification and \alidation d the theory

In the first place the formalisation provides the possbility to perform automated verification d
properties on simulated ar empirical processtraces. The formalised state ontologies can be used
as a format to represent the states in either type of traces in the computer. In the case of
simulated traces this can be dore by an automated trandation. In the case of empirical traces,
the formalisation d the trace into a format readable by the computer is dore by hand. But once
such a formal representation is available, any dyramic property can be checked for it. A second
way in which automated verificationis offered isin rdationto interlevel relations.

The analysis approach that is applied in this paper to modd Damasio's theory of

consciousness has previously been applied to complex and dyramic cogritive processs other
than consciousness such as the interaction between agent and environment (Bosse, Jonker, and
Treur, 2005). In a number of these cases, in addtion to simulated traces, also empirical
(human) traces have been formally analysed. Using this approach, it is posdble to verify global
dynamic properties (e.g., specifying the representational content of internal states) in real-world
situations.
For some other recent work in the area of emotion and consciousness see(Prinz, 2004 Chapter
3), which gves an account for emotions as embodied representations of ‘ core rdational themes
such as danger and dostruction. An interesting extension d the work described here would be to
make a similar formal analysis of this perspective, and to compare this formalisation with the
formalisation  Damasio’'s theory. The same could be dore with work reported in (Edelman
and Tonori, 2000 and (Metzinger, 2003.
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