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Abstract—The paper outlines a three-stage neural nenwork model for (i} the emergence of consciousness at its lowest
level of phenomenat experience, (ii} the development of actions on the emerged conscious activity so as 1o generate
higher-arder consciousness. In the model, the lowerfirst stage involves modules transforming inputs into various codes.
It is only at the second level thar further modules are activated in a manner which brings about the emergence of
phenamenal awareness. The evidence in support of the initial two-stage model is briefly summarised. The rwo-stage
model is then developed by means of a derailed neural framework which allows analvsis of the extended duration of
activity in posterior working memory sites.The third stage is then described in lerms of known neural structures in the
fronial lobes, and the manner they might support the creation of higher consciousness is briefly presented. © 1997

Elsevier Science Lid

L. INTRODUCTION

The race for consciousness has started (Taylor, 1998).
There is a large amount of interest in the neursscience
and neural network community on the topic. Various
groups are seriously trying to track it down by the use
of non-invasive insyuments (PET, fMRI, EEG and
MEG) by observing the networks of connected modules
which function so as to enable various high level cogni-
tive tasks to be solved by the brain.

The current body of knowledge on consciousness is
rapidly increasing. There is already a large reservoir of
material on it discovered by psychelogists over the last
century, and this is now being combined with the results
coming from non-invasive instruments, and at single cel]
level in monkeys, to atternpt to indicate where and how
consciousness arises. and is supported in the brain.

Varicus models of consciousness have been suggested
in the past. These give answers 1o the two questions
indicated in Figure [ associated with the question
marks inserted there. The figure shows schematically
the preprocessing of input by the modules labeled 1.
and its further analysis by the modules 2. It is the latter
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which are supposed 1o support the initial appearance
of consciousness of the incoming stimuli. The wo
question marks attached to the flow of activity in
Figure 1 are related to the following basic questions
about consciousness:

1. QI: how js content supplied to the conscious experi-
ence once it has been created?
The second question mark is attached 10 the “*hard’”
question of consciousness (Levine, 1983):

2. Q2: how does the transformation of activity from the
modules 1 to those in 2 cause phenomenal awareness
1o arise in the first place?

These two gquestions are closely related to each other,
but are logically distinct in that content may have many
possibilities, but the underlying phenomenal experience
itself appears to have a relatively constant set of attri-
butes (which will be considered in due course). Question
1 attempts to explain how these variations of awareness
occur, whilst question 2 explores the principles behind
that emergence in the first place. It might be suggested
that one should answer guestion 2 before question 1.
but indeed the former is very hard 1o give a convincing
explanation. That is why a number of reasonably
acceptable proposals have been made to answer guestion
1, but with no acceptable solution to question 2 in sight.

The most promising of the answers to guestion | is in
terms of some form of feedback from earlier memoties.
both of semantic and episodic form. Thus, there is the
‘Remembered Present’ (Edelman, 1989), the ‘Relational
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FIGURE 1. The basic two-stage model of awareness. Moduie 1
performs preprocessing in various modalfities and codes;
activity in module 2 is that on which phenomenal awareness is
based. The two question marks denote the questions Q1 and Q2
stated in the text.

Mind’ (Taylor, 1973, 1991) and the ‘Predicted Present’
{Gray, 1995) as candidate versions using, in one way or
another, relational structures involving past memories
in one form or another. However, these approaches do
not seem o help solve question 2. It is the purpose of
the first part of this paper 1o propose the bare bones
of such a solution.

There is also the unresolved question as to how further
higher level cognitive experience arises and is related to
that of phenomenal experience. This leads to our third
question:

Q3: Is there a dissociation between higher level cog-
nitive processes (thinking, planning, self-awareness) and
the lower level phenomenal experience, and if so what
are the additional neural structures and mechanisms
which support the higher level processes?

There has already been acceptance of some level of
dissociation between passive awareness and controlled
cognition in presenting the two-stage model of Figure 1,
since otherwise it would not be possible to leave out
the higher levels. The three stage model of Figure 2
does assume some dissociation but may simply be
regarded as a summary of known anatomy, with the
modules at stage 2 being in posterior cortex and stage-
three modules in frontal lobe. However, the process of
modeling the actions of the various parts of the more
complete structures of Figure 2 would need to be per-
formed with some knowledge of the level of any such
dissociation. That will be considered at a later stage
of the paper; for the moment we will assume that the
methodology we are adopting, of modeling the lower
two stages before attacking the third stage, will have
some chance of being successful.

The detailed contents of the paper are as follows. It
commences 1 Section 2 with an outline of the two-stage
neural model for the emergence of consciousness. In this
model the lower first stage involves modules transform-
ing inputs into codes in the visual or other modalities. Tt
is only at the second higher level that further modules are
activated in a manner which brings about the emergence
of phenomenal awareness. The evidence in support of
such a two-stage model will be briefly summarised in
Secuon 3.

The two-stage model is then developed in Section 4
by means of a detailed seural framework which allows
analysis of the extended duration of activity in posterior
working memory sites (which are posited as at the second
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FIGURE 2, The three-stage model for the creation and control of
awareness. The modules at the iowest or first stage are denoted
A,,A,, ... and are involved only in low level feature analysis in
the appropriate medality. A number of modules are involved
in such processing. At the next stage are sites of ‘buffer’ memory
in posterior cortex, denoted B4, By, .... They are fed by prepro-
cessed activity from first stage modules, and are coupled to each
other s0 as to run a competition by lateral inhibition so as 1o
select the most appropriate percept, given earlier context still
present in activity traces on these modules, to enter phenomenal
awareness. The final third stage is composed of modules which
are frontal and possess atentional feedback control both to
the second stage modules, so as to refresh activity there,
and to the first stage modules to reduce or increase stimulus
selectivity. Feedback is shown explicitly from the third o lower
stages although it will also be present from the second to first
stage (not all feedback is shown explicitly).

stage in the model) using the notion of “bubbles’ of activ-
ity which are formed in neural models with enough
neurons and suttably strong recurrent excitatory and
inhibitory conpections (Amar, 1977; Taylor, 1997a).
Such models have recently been suggested as explaining
the development of observed odentation sensitivity in
primary visual cortex (Douglas et al, 1995; Somers
et al., 1995; Ben-Yishat et al., 1995). The purpose of
Section 4 is to discuss the implications of the resulting
dynamical activity for the two-stage model of the
emergence of phenomenal consciousness.

Detailed neural moedels are then briefly summarised

‘for

1. the initial emergence of consciousness in terms of
semi-autonomous ‘bubbles’ of activity in a neuwral
systemn of the formn of a continuum neural field
theory {CNFT), as developed in a two-dimensional
context (Taylor, 1997a);

2. application of CNFT to give brief initial explanations
of various visual phenomena: apparent motion (due to
moving  bubbles) and stabilised image effects
(destruction of bubbles); '

3. how working memory modules, with extended tem-
poral activity, can arise as from CNFT for suitably
high density neurona! content {together with suitable
ionically-driven adaptation):

The initial two-stage model is then extended to a third
stage, as shown in Figure 2, in Section 5. There is much
investigation presently as to the extent of possible disso-
ciations between postertor sites of working memory, the
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so-called ‘buffer sites’ of short term memory, and the
anterior ‘active memory’ sites (Fuster, 1993). The
nature of this evidence wiil be summarised and a third-
stage model suggested in Section 6 which appears to be
consistent with presently know data.

The paper finishes with a discussion. particularly on
how the antedor activations can create the experienced
features of higher consciousness.

2. THE TWO-STAGE MODEL OF AWARENESS

The two-stage maode! of the emergence of awareness in
the brain is shown in Figure 1. There is supposedly no
awareness of activity in stage ! modules, whilst it is in
modules at stage 2 that activity can enter awareness.
What sort of neural networks would be suitable for
such a separation? Some features of them have been
summarised in Table 1, derived from analysis of intro-
spection by psychologists and philosophers (and sum-
marised in Metzinger, 1995). As seen from the table,
there are spatial and temporal features of the nerworks
which are of great importance. Thus, there are spatal
features which require localised representations in sets
of well-connected modules which are also welt coupled
to those modules involved in higher cognitive processes
(the modules C of the third stage of processing in
Figure 2).

The temporal features are also very specific, requiring
suitably long temporal duration of activity (of the order
of 300500 ms) for phenomenal experience (PE) to arise
but with little time between one experience and the
next. Finally, there are emergent features which are
also non-trvial, involving one-way and rapid emergence
of PE at the highest level of a processing hierarchy
with no ability to gain awareness of the activity of
lower modules of stage 1.

Coding at the highest level of activity emerging
into PE is most simply obtained by assuming that it
arises from those first stage modules which are also
coded at the second-stage level. The other most

TABLE 1
Criterial features on peural networks io support PE

Spatiai features:

(a) localised representations in localised modules

(b medules weli-coupled together

(c) modules well-coupled to higher-ieve! modules
Temporal features:

(a) temporal continuation of activity

{b} time required to achieve PE activation

{c} no gap between different PE activations
Emergent features:

(a) one-way creation of PE activation

(b) PE created at highest level of a hierarchy

{c) rapid emergence once begun

{d) no ability to probe lower levels supponing PE bui below PE

creation level
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important feature in Table 1, that of the temporal aspect
of duration, is a crucial part of the general features of
the buffer stores in the psychologically-based working
memory model (Baddeley and Hitch, 1974; Baddeley.
1986). These buffers have input from semantic-level
coding, where all possible interpretations (in the case
of words) have already been accessed in the semantic
memory, so at the end of the stage 1 processing, before
the buffer store is attained (Marcel, 1980: Levelt et al.,
1991).

The two-stage mode! of Figure 1 has been developed
in a neural network implementation elsewhere (Taytor,
1996a). It uses semantic-feve! coding of activity at stage
1 and then buffered activity at stage 2, with lateral
inhibition at this stage to achieve singling out of the
contextually appropriate representation at the higher
stage. It is this activity. which then enters awareness
by being broadcasting around the ‘global workspace’ of
{Baars, 1988) or, in terms of the three stage model
of Figure 3 gaining access to the anterior sites of working
memory. Once at that third and highest level the material
can be rehearsed or manipulated as desired. A neural
network model of this higher level processing will also
be described later in the paper.

Besides the construction of a model of the two-stage
process. and due to the plethora of buffer stores now
observed in posterior cortex in various modalities and
codes (Salmon et al., 1996; Paulesu et al., 1993, Smith
and Jonides, 1995) there must be some way of combining
their various aciivities so as to achieve a unified experi-
ence of comsciousness. Control structures in the brain
are thereby needed which produce global correlations
between the various component working memories. I
particolar, these control structures should suppon com-
petition between various inputs, when suitably encoded.
and only allow certain, most relevant, memories to be
activated and related to the corresponding winning input.
Such structures may also be involved with assessing
the tevel of discrepancy of new incoming input with
that predicted from later parts of activated stored pattern
sequences. These aspects were considered (Taylor, 1992,
1993, 1994; Taylor and Villa, 1997), in terms of possible
networks which could perform pattern matching and
sustain competition. One of these involved the sucieus
reticularis thalami {NRT), a sheet of mutually inhibitory
neurons interposed between thalamus and cortex (see
Figure 3).

It was suggested that the thalamus-nucleus reticularis
thalami(NRT)-conex complex may support such activ-
ities. This is due to the fact that the NRT is composed
almost entirely of inhibitory neurons which are fed by
activity coming from thalamus up 1o cortex and also
by reciprocal cortico-thalamic connections. Since NRT
also sends inhibitory inputs down onto thalamus, it is
clear that such inhibition (which could also function as
a release from inhibition if the NRT targets inhibitory
interneurons in thalamus more effectively than the
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Nucleus
Reticularis
Thalami

FIGURE 3. The Nucleus Reticularis Thalami {NRT) is a sheet
of inhibitory neurons surrounding the upper and lateral parts
of the thalamus. It only gives sutput to the thalamus as well as
by lateral connections to other parts of itself, whilst receiving
collaterals from both thalamo-cortical and certico-thalamic
axons.

Main Nuclef of Thalamus Cerebellum

excitatory relay cells to cortex) could exert a powerful
control influence on cortical activity. This has been
shown experimentally to be the case. with global effects
of the NRT sheet especially being observed in the
manner in which NRT controls the nature of cortical
patterns of activity in sleep. There is also some evidence
for a similar global form of control by NRT on allowed
cortical activity in the non-sleep states (Skinner and
Yingling, 1977; Villa, 1988).

It is possible, in a general manner, to understand
this global control achieved by NRT of cortical activity
in the following manner. Since any localised activity on

Cortex NRT

{ ]

Thalamus

N, T 7"“'f1

—

[ T ———&

FIGURE 4. Circult used to simulate the global competitive contro!
action of the NRT over thalamic inputs to cortex, and hence to
cartical actlivity itsetf. Input | enters both the main relay cells,
denoted T, and the associated inhibitory interneurons IN in tha-
lamus, and then feeds topographically to cortical ceils C. There
are collaterals from the cortico-thalamic axens and the thalamo-
cartical ones feeding the NRT cells N, whcih are also laterally
connected. These latter also feed back to both the inhibitory
and reiay cells in the thalamus, having greatest inhibitory etfect
on the former (from Aiavi and Taylor, 1993).
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FIGURE 5. Results of a simulation of the circuit of Figure 4 for a
line of 100 cells, for an input given on the bottom line. There is a
giobal wave of activity set up over the NRT, as seen in the activa-
tion curve iin the second line of the figure. This causes a reduced
level of input to cortical cells, as their activity indicate, shown on
the top line.

the NRT will ry to damp down activity on it elsewhere
by lateral inhibition, the NRT can sustain ‘bunched’
spatially inhomogeneous activity, in which competition
between neighbouring thalamic or cortical inputs onto it
is occurring. This spatially structured activity may occur
globally over the whole NRT sheet if it is well enough
connected laterally, as is seen to be the case in spindle
generation in sleep (Steriade et al., 1990). In this manner
the NRT may function as a global controller of cortical
activity. As such it appears of great relevance to include
it models of the contro! circuitry for consciousness
{Taylor, 1992, 1993, 1996b; Alavi and Taylor, 1992,
1993, 1995; Baars and Newman, 1993, 1994; Harth,
1995; Kilmer. 1996). Known local circuitry (Steriade
et al, 1990) was used to construct a simulation of
the coupled thalamo-NRT-cortical system following
the circuit of Figure 4; the resulting activity arising
from a simuiation of 100 cortical neurons is shown in
Figure 3. The resulting extended two-stage model is
shown in Figure 6.

In summary the proposed two-stage mode! has the
following features:

1. coding occurs up to semantic level (denoted SM) in
the first (preprocessing) stage in Figure 6,

2. there is feedforward wansfer of activity from the first
10 the second stage at approximately the same level of
coding, with the feedforward map being

3. 5M — WM

. in a given code {as shown in Figure 6),

5. duration of activity is longest of all posterior modules
in the WM of the second stage.

6. there is a process of global competition between

oy
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FIGURE 6. The resulting more detailed first two stages of
the networks of the 3-stage model. The various features are
discussed in the text.

activities on different WMs, supported by the
TH/NRT/C system,

7. there is a strong reciprocal connectivity between the
posterior WM sites and frontal areas at the highest
level of coding (to allow rapid and effective access
to the frontal ‘active’ working memory sites). Such
connections are observed neurcanatomically.

The above model of the two-stages of phenomenal
awareness leaves unanswered many detailed points. In
particular:

I. what is the dynamical origin of the temporally
extended activity traces on the working memory
sites?

2. how are the codes in the WMs built up?

3. how do features become bound across codes and
modalities ?

4. what is the temporal dynamics of the emergence of
awareness?

Answers to some of these questions (especially the 1st,
2nd and 4th) will be developed in Section 4. Before that
we turn in the next section to describe some of the experi-
mental basis for the separation of the emergence of
awareness in two parts, as the 2-stage model claims.

3. EXPERIMENTAL SUPPORT FOR THE
TWO-STAGE MODEL. ’

The two-stage model supposes that there are two sorts of
cortical processing: firstly at the level of the stage-1
modules in Figare 1 and supporting neural activity of
which there is no direct awareness, and secondly that at
the level of stage-2 modules of Figure 1, of which there is
direct awareness. This is not 2 new idea although it has
been severely challenged in the past.
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The reason for such a challenge is not teo difficult
to discern. If the two-stage model is true then there
must be some properties possessed by the stage-2
modules which are not by the stage-1 modules. Such
properties should be open to direct apalysis by experi-
ment and modeling, and perhaps allow the manner in
which awareness is created to be determined. On
the other hand, if there were no special modules in the
brain supporting awareness then consciousness could
preserve its monolithic mystery; it would still be some
unknown feature possessed by a complex enough set of
nerve cells but not one we can yet (if ever) sec how to
probe. Of course the two-stage model shades into the
one-stage, monolithic one as the preprocessing stages
of Figure 1 reduce in size and importance. However
the existence of any modules at the non-aware level
would still destroy the monolithic approach and make
the task of probing consciousness more hopeful.

There are two main sources of support for the two-
stage model: altered experience brought about by defi-
cits, and that caused by suitably subtie paradigms for
normal people. The first class contains modification of
many forms of experience due to brain damage brought
about by accident or disease. All of these are germane to
the general program of explaining the mind in terms of
the brain but some are more crucial to the task at hand,
that of supporting the two-stage model, so will be
described briefly in this section.

The two most important deficits to be discussed here
are those of neglect and of blindsight. Neglect involves
the inability to notice inputs to one side of the body.
Thus, a patient will be unable to notice one side of
their field of view; if such a patient is shown a picture
containing two houses, placed one above the other, with
one of the houses having flames emerging from its left
side, then the patient may well prefer the house without
the flames if asked to choose between them. This and
other tests (Bisiach, 1988) indicate that the patient has
knowledge up to a high leve! about the neglected side of
their field of view but it is not part of their phenomenal
experience.

Blindsight is a similar phenomenon in which there is
knowledge without awareness. It is a phenomenon which
has been well documented (Weiskrantz, 1986), and
occurs to those who have lost a part of the primary
visual cortex and so canpnot see things in that part of
the visual field. Yet they have knowledge of moving
spots of light in their blindfield, since they can guess
above chance as to where a spot of light has moved
across a screen in front of them. It has even been
found, in some cases, that the patient possesses some
form of awareness of the movement-termed "contentless
awareness’ (Weiskrantz et al., 1995). if it is fast enoogh.
Thus, it would appear as if there is still the ability of
modules after V1 (the primary visual area) to create
awareness provided there is a large enough input by
some alternate route,
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Besides the cases brought about by damage and
disease there is also the phenomenon of ‘normal blind-
sight’ {(Koth and Braun, 1995). A subject is required to
pick out from an array of short bars oriented in a parti-
cular direction a small subset oriented in the perpendi-
cular one. It is found that, provided the field of oppositely
oriented bars 1s small enough. the subject is not aware of
them but can be correct as to where they are more often
than by chance alone. Here again there is knowledge
without awareness, so that the orientation analysis, per-
" formed very likely in V1, is producing knowledge which
is below the level of awareness.

Further support for V1 being below the level of aware-
ness has also been given by an experiment which uses
the adaptation of subjects to oriented bars, which takes
place over about 5 s of viewing the bars (He et al., 1996).
Once such adaptation has taken place, and before recov-
ery, the contrast threshold for detecting oriented bars of
the same orientation is found to have increased consider-
ably. If the bars were ‘crowded’ by having bars of oppo-
site orientation surrounding them in the field of view,
loss of awareness of the particular bars now occurs but
there is still an increase of the threshold for detecting
bars presented at a variable contrast thresholds. The phe-
nomenon of crowding is also found to be asymmetric
between the upper and lower halves of the field of
view, an asymmetry not possessed by V1. This means
that V1 is involved in the adaptation to the orientation
analysis but not in the final production of awareness. As
the authors concluded ‘activation of neurons in V1 is
insufficient for conscious perception’.

This is further supported by the so-called waterfall
effect or ‘motion after-effect’” (MAE). This occurs as
an adaptation after about 30 seconds of viewing a moving
scene; on cessation of the motion there is an apparent
motion of the now static scene in the opposite direction.
The time course of this has been investigated under fMR]
(Tootell et al., 1996a) where they detected in subjects
continued activity in the motion-sensitive area V5 for
about the same length of time that the MAE persists in
humans {(about 9 s). even more interestingly they
observed (Tooteli, 1996b) a longer time course of the
effect (by about 3 5) in higher visual areas beyond V5.
This supports the notion that awareness arises in sites
with about 3 seconds of duration of neural activations.

Single cell data from monkeys are also relevant to the
search for the modules involved in the creation of con-
sciousness. Binocular rivalry (in which different images
are presented to the two eyes and the percept will switch
every few seconds between the two possibilities) has
been used in monkeys 1o determine in which area there
1s a predominance of neurons signaling the percept when
it is experientced (which they can be trained to do faith-
fully). The use of this technique, over several years. has
led Logethitis and colleagues (Logothetis and Schall,

1989; Leopoid and Logothetis, 1996} to be able to~

show that, in vision, certain earlier areas (V1, V2, V4)

J. G. Taylor
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FIGURE 7. The levels of activation of the various medules of the
3-stage model for a glven input under the three conditions of a)
ignore b) passive awareness c) directed attention. Under condi-
tion (b) both the first two stage modules are activated, whilst
under (c) alt are on. There will be differences expected between
the total levels of activation across the conditions due to feed-
back modulation, so the levels in the different conditions are
normalized.

have about equal numbers of neurons firing both for
the percept they support (in terms of direction of
motion, for the paradigm in which the rivalry is between
two sets of moving bars going vertically upwards versus
moving downwards; a neuron supports a movement
direction if it fires preponderantly when that direction
of movement is presented) and the opposite one. As
they wrote, “The migjority of cells in all areas continue
to respond even when it is perceptually suppressed’.
However their most recent analysis in the inferotemporal
area {Sheinberg and Logothetis, 1997) has shown that in
areas TE and TEO there is now a majority of active
neurons in favor of the percept being experienced.
Where the change-over area is sited is unclear and very
important to discover.

There is also support from psychophysical experi-
ments on word processing, in which the processing of a
word presented visually is probed by a further auditorily-
presented probe word (Levelt et al., 1991). The conclu-
sion of the study was that a two-stage process occurs in
which at the first stage there is automatic processing of
all meanings of the word, which at a later stage are
reduced to a suitably unique phonological representation.
This is similar to the earlier two-stage ‘logogon’ model
of (Morton, 1969, 1979) both supporting the proposal
of the two-stage model of Section 2 that awareness
arises at the second stage. :

There is also increasing evidence in support of the
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FIGURE 8. Differences in activation at various levels of the brain from an fMRI experiment (Taylor, Jaenke et al, 1997} in which the passive
levels had subtracted from them levels due to ignore conditions for listening to a sequence of syllables. Note the non-zero levels of
activity in various sites {threshold set at 5 leads to significance at p < 0.01).

2-stage model from non-invasive measurements. Thus, if
a stimulus is ignored (by means of a suitably distracting
task in another modality) the activity in cortical areas can
be compared with that arising from passive awareness of
the stimulus itself without any distractor. The 2-stage
mode] would lead to the expectation of differences in
activation along the lines of that shown in Figure 7.
These differences in activation level have been seen in
an auditory listening task with an added attentional joad,
as shown in Figure 8 (Taylor et al., 1997). This is taken
from an fMRI study of five subjects in which there is
comparison between subjects ignoring a sequence of syl-
lables and listening passively to them. There is clear
activation of regions in BA44/45 (Broca's area) and
auditory areas when one passes from the ignore condition

to the passive listening condition; these are candidates
for the emergence of phenomenal awareness of syllables.
The activation in Broca’s area may be part of attetional
processing and not due to phenomenal awareness.

Similar support arises from a recent MEG experiment
(Vanni et al., 1996) in which subjects were presented
with line drawings of objects or of non-objects, with a
visual mask then delivered 30, 45 or 106 ms later. The
level of the peak amplitude in only one visual area, the
right lateral occipital (1.O) area, was found to be signifi-
cantly correlated with the level of awareness of the
object drawings. This result indicates that the right
cortical visual area LO is importantly involved in
the creation of awareness of the objects described by
the line drawings.
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There is also a set of recent fMRI studies determining
areas activated by various working memory tasks, such
as the n-back task (Cohen et al., 1996). In this task a
subject observes a sequence of letters or numbers pre-
sented one per second and has to respond when the same
symbol occurs after n presentations (where n has been
told to the subject by the experimenter before the parti-
cular run, with values of n = 1 10 4), Varlous areas were
found to be significantly active compared to a back-
ground task, in particular posterior sites in BA 40 and
BA 18/19, as well as prefrontal sites when n became 2 or
greater. This was especially so for the dorsolateral pre-
frontal cortex (DLPFC), a fact important for our analysis
of the third siage modules of Figure 2. However this areca
was not active for n = 1, so corresponding to posteriorly
sited buffer memory (holding an object in memory over
10 s), and supporting the dissociation between frontal
(stage 3) and posterior (stage 2) cortical areas under
low-load conditions.

The conclusion of this section is that there is strong
experimental support for

1. the existence of two separate stages at the lowest level
in Figure 1,

2. the localisation of activity associated with the second
stage of Figure 1 to specialised sites in posterior
cortex, usually termed sites of ‘buffer memory’,

3. the determination of sites also involved in the stage-3
modules of Figure 3, involved in the creation of
higher -order consciousness.

4. dissociation of the third from the lower stages under
low attentional load.

4, A NEURAL NETWORK FOR THE TWOQO-
STAGE MODEL

4.1. The Basics of Bubbles

We now turn to the development of a neural model to
help support the two-stage model of Figure 1 and use it to
give tentative answers to the guestions raised at the end
of Section 2. In particular we will consider the questions:

I. what is the dynamical origin of the temporally
extended memory traces residing in the short-term
working memory sites considered in this section?

2. how are the codes in these sites constructed?

3. what are the neural principles behind the creation of
phenomenal awareness in these sites?

As stated in the Introduction we will employ conti-
nuum neural field theory (CNFT) wheth has been used
over many years as a first approximation to certical struc-
ture (Amart, 1977; Beurle, 1956; Ermentrout and Cowan,
1978). One of the important results of that period is the
discovery of cortical ‘bubbles’ of activity which are
imtially created by input but which persist after stirnulus
offset (Amar, 1977). A brief introduction to bubbles
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and some of their properties in CNFT is given in this
subsection, and relevant applications developed in the
following one.

CNFT is based on a model of cortex as a continuous
two-dimensional sheet of neurons with a lateral connec-
tion with the shape of a ‘Mexican hat’. This allows the
creation of localised activity, the bubbles, which can
persist, and remain localised in spite of the absence of
input'due to the recurrent activity produced initially
causing repeated firing of the neurons initially activated.
The basic CNFT equation is constructed in terms of
the membrane potential of a neuron and denoted by
u(x,t), at the point x and time r. It will be assumed that
there is lateral connectivity other neural sheet defined
by the lateral connection weight function w(x — x')
between the two neurons at the relevant points x. The
connection weight will be usually taken to be of Mexican
hat form as a function of the Euclidean distance ix — x’l.
There is also an afferent connection weight function
s(x, y) from the thalamic position y to the cortical
point x. The response function of a neuron will be
taken to be determined by its mean firing rate,
which is given as some function f of the membrane
potential u of the relevant cell.

The membrane potential u{x, 7) will satisfy the CNFT
equation (Amari, 1977)

Tou(x, 0/ = —u(x, 1)+ J‘dx'w(x —x Y ulx', t}]

+ des(x,y) It + h n

where Ky, £) is the input to the thalamic position y at
time ¢, # is the neuron threshold and the integration
over the lateral connection weight is over the manifold
M of neurons.,

There are well-known autonomous solutions to (1) in
the case when M is one-dimensional (Amari, 1977). In
that case equation (1), for a static solution and with no
input, becomes:

ulx)= I w(x —x") Hu(x)]dx' + h (3]

where the sharp threshold response function f = 1 (the
step function) has been assumed in (2). A ‘bubble’ is
defined to have a positive membrane potential over an
interval, independent of input. This is formalised as

4.1.1. Definition. A ‘bubble’ of neural activity is a loca-
lised persistent solution to the CNFT equations. Its size is
in general dependent on input, but its continued existence
is not {to within effects of adaptation).

Let us consider the bubble extending from x = 0 to
x=a

Wx) >0,0<x<a u®=u@=0 (3

and otherwise u <C (). Then from (2) and (3), u is obtained
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explicitly as

u(x) = Jo wix—x)dy' + h=Wx)— Wkx—-—a) @)

where the function W is defined by

wie) = | wix) ax )

Necessary conditions for the bubble to exist are that the
membrane potential vanishes at the ends of the interval
[0, 4}, so

w0) = u(a)=0=W(a) + h (6}

It is then possible 0 show that w(x)>0 for
0 <x<aif h <O ulx) <0 otherwise.
Stability of the resulting solution then requires

dWia)da <0, v wia) < 0 (N

Thus, the one-dimensional bubble exists under the con-
ditions (6} and (7).

There are a number of further important results
derived in Amari (1977) concerning the nature of
bubble solutions and their extension to input dependence
which will be briefly summarised here:

1. the parameter ranges for & and for the parameters in W
can be determined so as to allow for antonomous
solutions of various types ( J or the trivial one, =
or the constant non-zero one, an a-solution as the
bubble of finite length a described above, and a spa-
tially periodic solution),

2. complete determination of those patterns which are
stable and those which are unstable, from amongst
the stationary solutions described above,

3. response to input stimulus patterns: a bubble of finite
iength moves to a position of maximum of the input,

4. two bubbles interact, if ciose, with attraction (from
the Mexican hat connection weight function), if
more distant with repulsion, and if very distant with
no effect on each other,

5. there can occur spatially homogeneous temporal
oscillations (between a layer of excitatory and one
of inhibitory cells)

6. traveling waves can persist,

Retuming to the full two-dimensional bubble in the
region D (which will be called an R[2]-solution here),
we define

W, = limg_. WR) (8)
where

W(R) = J.D wlx — x")dx’ ¢)]

where x is only allowed to be on the boundary of D,
which has radius ixI = R.
It is now possible to extend the methods
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1977 to deduce the same results as in the one dimensional
case for the questions (a) to (f) raised above. Using the
same enumeration:

1. Theorem 1. In the absence of input:

There exists a & solution iff B < 0.

There exists an «-solution iff W, > - A

There exists an R[2]-solution iff » < Qand R > 0
satisfies

WR) +h=0 (10)

It is possible to extend the classification of the solu-
tions for varying levels of the stimulus h. Let W, =
max ; W(x).

2. Theorem 2. The nature of the various solutions for
different parameter ranges is as in Figure 9.

To determine which of these solutions is stable it is
necessary to extend the one-dimensional discussion of
Amari (1977) to two (or higher) dimensions. From the
two-dimensional extension of equation (6) the bound-
. ary of D, defined by the radius R{(r) at time ¢, satisfies
the constraint '

u(R(),)=0 (11}

On differentiation of equation (11) with respect to ¢
and use of equation (1) there results

dR/dt = — [G(R(t}) + h)irv (12)

where v is gradient of « normal to 8D and is negative.
The equilibrium case results on setting the right

Case |
1@} {2} {0} {eo}
R} {eo}
{Ry} {R}
I-G. T, o
b
Case I
(D} (D) {=}
{w} Annuli
{R}
{R2}
-G, 0 - W

FIGURE 9. Parameter ranges for the existence of stable bubbles
in two-dimensionatl CNFT (from Taylor, 1987a). The meaning of
“-a paramteres is given in the text.
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hand side of equation (12) to zero. The stability of this
solution is determined by the sign of dG/dR: dG/dR <
0 < stability. This leads to the stability classification
of the solutions as given in theorem 2.

3. The response to stationary inputs of an R[2]-solution
can also be treated as in Amari (1977). Consider a
small stationary input € f(x), which is not assumed
to be circularly symmetric so that the asymptotic
bubbie will not be circularly symmetric either.
The equation of constraint is, following equation
(12), that

dv/dr. Vi + auldr =0 on aD(1) (13)

Replacing the time derivative of 4 on the left hand
side of equation (13) by equation (1) it is now
possible to derive the condition for x(f) on the bound-
ary of D),

de/de. Vu =(1n)h+ &l + G(x(DD)]  (14)

On expanding in a perturbation series in the small
quantity £, with

lx()ll = Ry + &(s, 1) (15)

(where s denotes a parameter specifying which point
on the boundary of the unperturbed R[2] is being
considered in the perturbation {15)) there results the
constraint

de/dt. Vu =(Ur)e +& YG(x(OD ]

~(16)
where £ = &{s, #) is a vector describing the direction
as well as the magnitude (s, #) of the perturbation of
the boundary point x, and the derivatives in (16) are
evaluated at e =0,soatx(f) = Ry.

The result from the constraint (16) is that the net
radial movement of the boundary of D(¢} is towards
the region of largest input. There will be a movement
of regions of d0X1) towards lower values of the input,
if these are positive, but there will be a larger velocity
of movement towards those regions of the boundary
nearer the maxima of 1.

4, The one-dimensional result (d) above can also be
extended in the same way, where the effect of one
region {say D1) on another (say D2) is given, in
terms of the lateral interaction term in equation (2).
as the effective input to a neuron in D2 at the point x
of amount

s(x) = ,[m w(lx — x’'Hdx’ an

This will have the same effect as in the one-

J. G. Taylor

dimensional case, with attraction between the bubbles
at D1 and D2 if they are close enough (as deter-
mined by s(x)), repulsion if the two regions are
further separated, and ultimately no interaction
between the bubbles at all if they are beyond
the range of the lateral interaction term w (if that is
finite).

5. The case of spatially homogeneous oscillations
extends immediately to the two-dimensional case,
since only 2-solutions are being considered.

6. This case involves temporal structure and is consid-
ered more fuily in Taylor (1997a).

4.2, Applications of Bubbles

We will apply the bubble solutions only to the cases of
apparent motion, the fading of stabilised images and the
lifetime of bubbles in cortex. Bubbles have also been
applied to a variety of other cortical processes: the devel-
opment of topographic maps, both in the one dimensional
case (Takeuchi and Amari, 1979) and for two dimensions
(Taylor, 1997a), control of saccades by the superior
colliculus, on which the bubbles are supposed to form
(Kopecz and Schoner, 1995), the modifications of the
somatosensory constant topographic map by rapid
unmasking due to removal of portion of an input
(Petersen and Taylor, 1996a) or by relearning (Petersen
and Taylor, 1996b), the guidance of head-directed cells
{Zhang, 1996) and in explaining pre-attentive auditory
memory (May et al., 1995). The two cases te be consid-
ered are closely related to features associated with the
possible manner in which bubbles could enter directly
into perception, and so are most relevant for discussion
here.

4.2.1. Apparent Motion. This is the very well-known
phenomenon in which a spot of light appearing on a
screen in one place within 200 or so ms afier the dis-
appearance of one within 5 degrees of the second leads
to the experience to a viewer of the motion of the first
spot to the second. There has been considerable research
on this phenomenon (see, for example, Cavanagh and
Mather, 1990 and Ullman, 1979) and interesting attempts
to correlate and explain it (Dawson, 1991). Here CNFT
will be used to give an explanation at the level of
principle, without attempting to explain all of the details
of the phenomenon by the model (which is discussed
more fully elsewhere). . '

The basic idea is the visual input from the initial spot
creates a bubble in a cortical area (very likely MT) which
is then dragged across the area by the appearance of the
new spot in the manner arising from the result (d) above.
The disappearance of the first spot and the appearance of
the second causes a change in the background in which
the bubble created by the first spot resides. It is thus
attracted 1o the central region of activity brought about
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Evolution of Neura! Activity
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FIGURE 10. The dragging of a bubble, due to a localised input at the point 30 at time 0-300, formed in a line of neurons when the new input
at the position 70 is switched on at the time 250. This is a proposed explanation of AM (see text).

by the second spot on its appearance, following the
above argument. This process is difficult, although not
impossible, to analyse in detail using the time-dependent
equation (1), but a one-dimensional simulation is shown
in Figure 10. In this, a bubble is created by a spot at
time ¢t = O at the position 30, using equation (I) with
suitable parameters for the input to cause the creation
of a bubble. This initial input is then removed at time
250 and a new input used at the position 70 at that
time. As seen from the figure the bubble created by the
first spot reduces in size when its input is removed but
persists to move over to the position of the second
input. It leaves a trail as it goes, causing the impression
of a moving input.

4.2.2. Stabilised Images. These are experienced when the
retinal image is kept fixed on the eye and the image
ultimately fades from view (Pritchard, 1963). The initial
loss of image may be due to adaptation in the retinal
pathway, so reducing the image able to reach later
stages. The process leads to very interesting patterns of
image loss in which there are both Gestalt-type and
ensemble effects observed. One particularly interesting
effect was observed by (Crane and Piantanida, 1983) by
stabilising the line between a rectangle of green and one
of red. Normally it is not possible to observe both green
and red together (they are opponent colours) but on

stabilising the dividing line between them three '“"-'antﬁ_s_

percepts were observed by subjects:

1. an overall ‘red/green’ colored region they had never
experienced before, .

2. dots of red and green interspersed throughout the
visual field,

3. islands of red in a sea of green or vice versa.

It is possible to give a simple model possessing these
three activations by means of two coupled CNFTs, one
coding for red, the other for green. The red and green
neurons at a given position are coupled inhibitorily to
each other. The resulting mode! is shown in Figure 11.
The coupled equations for the membrane potentials u and
v for the two sets of colours are

di/dt = —u + w,, *0() —w, x6(v) + b, + L,
(18a)

RED LAYER

GREEN LAYER \

o 0.

FIGURE 11. The architecture used for modelling red/green
stabilie- 1ge percepts. See toxt for details.
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FIGURE 12. The regions of the { |, + h, [, + h, ) plane
associated with the possible solutions to the model of figure
11, as discussed in the text

dvidt= —v + w, *8(v)—~w, *8w) + h, + I,
(18b)

{where * denotes convolution over the cortical area,
wy, and w,, are the nsual Mexican hat functions and
Wy, W, are short range (excitatory} carriers of
inhibition to their opposite colour). The inputs /7, and /,
are assumed to have been reduced on stabilisation
of the image, so as to lead to a range of possible
solutions to (18a) and (18b). It may be shown (Taylor,
1997b) that there are at least three forms of solution
to (18):

I. 22x2¢ (in the notation of earlier in the section, where
‘e’ denotes an infinitely extended bubble),

2. interdigitating spatial oscillations,

3. solutions of the type {{ — =, a4, ] U [a, =} X
[ a1, a; 1 (giving the support of the bubble solutmn
in the separate coordinates).

It is seen that these solutions correspond respectively

._
input

L
output

J. G. Taylor

to the experiences of subjects listed above. The range
of the parameter plane ({, + A, I, + h,} for which
these solutions (i)-(iit) exist is shown in Figure 12 and
Figure 13.

4.2.3. Bubble Lifetimes, Having seen that bubbles can
help explain some of the phenomena of perception {and
other features of cortical processing as well, as noted
in the earlier references) we now tumn to the important
question as to how bubbles might disappear It is very
unlikely that they persist for ever, and if they did so
then they would present an ever increasing background
of ‘noise’ interfering with current ongoing processing.
There is even some evidence for their possessing a
finite lifetime from work of Lu et al. (1992). They
exposed subjects to a sequence of sounds with the inter-
stimulus interval (ISI) being gradually increased. They
discovered that the amplitude of the NI100 response
(100 ms after stimulus onset) reached saturation at
suitably long IST in both primary and secondary auditory
cortex, with the rise to saturation corresponding to a
decaying trace with lifetime of about 3 s in primary
and 5 in secondary auditory cortex.

What mechanism could cause the decay of such a
trace or more generally of the bubbles which they
might represent? The most likely answer is that of adap-
tation of the responses of the neurons in the CNFT.
Spike adaptation is a well-studied phenomenon (Connors
et ai., 1982; McCormick, 1986) arising from slow
after-hyperpolarizing currents [ p and [y, which can
last for several seconds (Schwindt et al., }988). These
after-currents essentially raise the threshold for neuronal
response. There may also be an effect from previous
traces of neural activity which shunts out later activation
(May et al., 1997).

The results of Lu et al. (1992) and of Uusitalo and

Potential

Potential

1.50 I

0.00
0

Time

FIGURE 13. The mode! of recency in working memory (Hastings and Taylor, 1994). The nodes are dedicated 1o a given input item, and the
resulting activity decays as corresponding to a leaky-integrator neuron. Probe re-activation has to lead to neuron activity above a criterial
level befora reponse. The resulting ‘universat forgetting' formuia for the reaction time 1o a new input as having been in the previously

presented list fits known data well.
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Williamson (1996) will be interpreted here in terms of
the decay of a lasting trace of activity in the parti-
cular region from which the magnetic field was being
measured (auditory or primary visual cortex respec-
tively). This will be shown by using a very simple
model of the response of a neuron, that of the leaky
integrator (Hodgkin—Huxley) neuron, but with an after-
hyperpolarizing current as observed in Schwindt et al.
(1988). The equation for the membrane potential u of
this neuron will be

rdu/dt=—u + I)— A Jo expi — (f — ' Y7’ flu(e Nde’
(19

where I(?) is the input current at time ¢, A is the strength
of an after-hyperpolarising current dependent on the
response flu(r)] integrated over the time the neuron is
active with an exponential decay of lifetime 7', and 7
1s the intrinsic lifetime of activity on the surface of the
neuron (assumed to have no internal structure).

Under the experimental paradigm of Lu et al. (1992)
the input is on for the time T and off for the time which
we denote by the value ISI.

During the period that the input is on, u builds up its
value driven by the input I. Let us suppose that the hyper-
polarising lifetime 7' is much longer than the time T of
duration of the input. This is valid for the long-lasting
potassium-dependent hyperpolaristions mentioned by
Schwindt et al. (1988), which we assume to be the one
of equation (19). At the end of the input period the mem-
brane potential begins to decay exponentizily, so behaves
as exp[ — ¢/7] (multiplied by a suitable constant, and to
within an additive constant).

We now assuime that the term on the left-hand side of
(19) can be neglected (in other words the time constant 7
is relatively short) with the result that the time depend-
ence of u at (or close to) the beginning of the next input,
say at the N10O response, has the value (to within a
constant initial value from ¢t = T)

-\ L expl - (1 — £'Y7"] flu(e'))dr’ (20)

where ¢ = T + IS1. For f chosen to be the semi-linear
function fx} = (x), (the positive part of x) and assuming
that the membrane potential is positive through the 1S}
(so that fis linear) then the membrane potential a1 =T =
181, is from (20) equal to

constant — hexp[ — (T + I5I)iti] 2n

For an ISI = 0 there will be no N100 so that (21) must
then be equal to zero. Thus (21) becomes (for fixed 7}

u(T + 18Iy = A(1 — exp| — ISliT]) (22)

Formula (22) fits the resuits of Williamson and coliea-
gues (1992, 1996). This justifies interpreting the value of
the time constant (as the duration of the neural trace
of activity in the cortical site from which they were
measuring. A more complete analysis can be given,

1219

under other assumptions on the' relation between 7 and
', with a similar result to that presented above.

There is the further question as to how neurons can
possess such large and variable time constants, both
across areas and across subjects, as have been measured
by Williamson and colleagues (1992, 1996). We will
now show that these variations are to be seen as arising
from variable levels of recurrence, giving an increase 10
the intrinsically identical time constants of each neuron
by an amount dependent on the amount of recurrence;
this level of recurrence can vary from one cortical region
(and from one subject) to another, and is cructally depend-
ant on the cell density in the short-ierm memory stores.

In order to consider bubble decay we will consider
in more detail the effect of the long-lasting after-
hyperpolarisation current used in equation (19) on bubble
lifetime. The two-dimensional expression replacing
equation (19) is

Tou(x, )t = — u(x,t"y + Jd.x' wix~x ) flulx', )]

+ Idy s(x,y} I, 1) + h —~ )\L
X expl — (¢ — t'V7'] flulx, )] de’ (23}

where 1’ is a measure of the lifetime of the adaptation
current, and A denotes its strength. It is now necessary o
calculate the lifetime of a bubble created using equation
(23). Let us first consider the one-dimensional case; that
for two dimensions will follow straightforwardly.

A particular case of interest is when a bubble has
initialty been created by an input which is then removed.
That could be due, for example, to the neural module
acting as the source of the input having a shorter lifetime
for the persistence of bubbles than the one under con-
sideration. It would also occur if the bubble is created ina
primary sensory module and the input itself has been
modified.

To discuss this case it is appropriate to first reduce
even further to a single recurrent neuron. For that case
the membrane potential equation, from (23), is:

rou(ty ot = — w(t) + whlut) ] + A
“ 24)
—A L exp{ — (r—t'V7'] 8lu(:')] dr’

where a step function response has been taken for the
neuron. From equation

u(?) = u(Q) + {1 —exp( — t/7}}{h +w] (25)

0

— A Jo expl — (r — r')iridt’ J expl —{' — )7’ )d"

From (25), with «(® > 0, u(f) will remain positive
initially in time. Moreover (25) reduces to the expression
w(t) = a(0) + [1 — exp( ~ T}l + w— A77’]

+ (') [exp( — t/7') — exp( — UDINT' ~ 1) (26)
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where the last term on the right hand side of (26) is
replaced, for r=17', by the expression Arr'exp( — t/1).
The last term in (26) may be neglected ifr’ < 7, so that if

At > h + w4+ w(0) 27N

then for suitably large 1, u(s) will become negative and
the firing of the neuron will then cease. If no new
input amrives then no further activity will ensue from
the neuron.

The initial hifetime of the bubble is given by equating
the right hand side of (26} to zero. Using the assumption
that 7" > r in (26) gives the approximate value for the
life-time T as

T= —7ln{l — wlQit[hrr’ — A — w]} (28)

where the factor [A77" — h — w] is positive by (27).
Equation (28) is the formula we wish to extend to the
case of a one- and then a two-dimensional CNFT.

Firstly the case of a bubble solution infinitely extended
in either dimension reduces to the above analysis with
the constant w in the single neuron case being repiaced
by the quantities w = [ w(x)dx, w = [ w(x)dx in the
one and two dimensional cases respectively.

The relevant equation in one dimensions for a finite-
sized bubble solution (Taylor, 1997a) has the extra adap-
tation term

— A7’ (29)

(dropping the term of O(7") in (26)) and the added initia)
value #(/(0), 0), where (7 is the size of the bubble at time
t. the input term involving S has also to be dropped. The
bubble will have a finite lifetime if the adaptation term is
so negative that there exists a solution to the resulting
equation for the asymptotic size of the bubble Amari,
1977: ‘

h— k' + WQRN=)) =0 ' (30)

where W{(x) is the first integral of the connection weight
w over the bubble domain. Such a solution could arise if

Nt =R > W, 31

where Wy, is the maximum value of W, Thus if (31) is
true then the bubble will have a finite lifetime given,
under the same approximation as for the single neuron,
by

T =7 ln[ —hikrr" — h W) (32)

This approximation should hold for both the one and two
dimensional cases. In both cases we note that as W,, is
increased, say by increase of cell density, the correspond-
ing lifetime increases.

For the other extreme 7' > > rthen 7 and 7’ must be
interchanged in the lifetime formulae (28) and (32).

In conclusion, for the case 7 > > 7’ the bubble life-
time is effectively proportional to 7, so dependent on
whatever mechanism preduces the bubble itself. In the
opposite case the bubble lifetime is proportional to 7.

J. G. Tavlor

The latter quantity 15 expected to be an intrinsic charac-
teristic of the single (pyramidal) neuron, so very likely
constant throughout cortex. This charactenistic differ-
ence between the bubble lifetimes in the two cases (in
the former depending on the cortical area under con-
sideration, in the latter constant throughout cortex) has
interesting experimental consequences for cortical
processing, which are explored in Taylor (1997a).

Finally the lifetime is seen to increase (logarithmi-
cally) as the lateral connection strength (so W, in (32))
increases. Such an increase is slow. according fo the
formula (32), but this may be only a resuit of the assump-
tion of a hard limiting threshold cutput function for the
neurons. A smooth sigmoid response (which can still
support bubble creation) can lead to a linear increase in
lifetime. This may therefore explain the observed
increase of lifetime as observed in Lu et al. (1992), as
well as be the source of the buffer capability of working
memory modules.

4.2.4, The Buffer Srores. A simple explanation of the
recency effect, that more recent items in a short list are
remembered better and faster, has been given by many
groups; one of these, with a useful ‘universal forgetting
formula’ was in Hastings and Taylor (1994), This models
the short-term buffer store as a sel of dedicated nodes
which have decaying activity on them. A short list of
iterns coded by these nodes has decaying activity on
the store in which the strongest activity is that for the
latest input. Recognition of the items presented then
occurs from probe inputs which cause a temporal
increase in activity until it reaches some criterial thresh-
old for response. The form of this reactivation is shown
in Figure 12. It is clear from the figure that the most
recent input reaches the criterial threshold soonest, the
earliest one taking the longest time. The resulting set
of reaction times RT(n, N) for the n’th item in a list of
length N may be shown to be given by the ‘forgetting’
formula ’

RT(n,N) = a.ln{b + c.expld(n— N)]} (33)

where a, b, ¢, d are constants and in particular J is deter-
mined by the decay constant of the nodes. A very good fit
to the experimental observations leads to a value of the
lifetime of the activations on the nodes of about 1.5 s,
which is in the same ‘ball-park’ as the lifetimes observed
by Williamson et al. noted above.

We conclude that there is support for the existence of
bubbles in cortex at the basis of phenomenal experience
and that these can help to explain the somewhat activity-
independent lifetimes observed in short-term memory
tests and modeled by very simple dedicated nodes with
lifetimes of about 100 times the decay constamt of the
single neurons themselves. This latter feature is explic-
able in terms of adaptation-driven bubble decay. The
resulting lifetime of a bubble depends on the density
of the cells in the area supporting it, with the longest
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lifetime occurring for highest density. Finally we note
that these bubble may be used to help explain the nature
of the “qualia’-like aspects of phenomenal experience, in
particular its apparently intrinsic and non-relational
characteristics Taylor (1997b).

5. THE THREE-STAGE MODEL

We now turn briefly to the third stage of the three-stage
model of Figure 3. This stage receives conscious material
from the second stage discussed above and uses it to
achieve goals by planning and reasoning. We would
expect that the regions of frontal cortex so involved
would be the working memory sites of the prefrontal
coriex, particularly areas 46 and 9, those observed to
cause deficits in long-term planning and delayed tasks
when lost due to accident or discase. There is also a
clear change in personality and social responsiveness
when there is loss of the mesial oribtofrontal regions.
Such regions would also be implicated in the construc-
tion of higher order consciousness.

We have already given support, at the end of Section 3,
to the suggested dissociability between the first two
stages and that at the third, highest level assumed in
the three-stage model of Figure 3. There is considerable

further material for such dissociation between the stages

from deficits of frontal patients, who appear to posses
awareness of their deficits but not the comcern that
would be expected in their situations. Thus there is ‘a
dissociation between what the frontal patient knows or
says, and how he or she behaves® (Stuss, 1991), a feature
indicating dissociation between posterior knowledge and
anterior action systems.
The earlier approach, in terms of the use of memory
structures, termed the ‘Relational Mind’ model in Taylor
(1973, 1991) can also be used to explain how content
arises in higher consciousness. Thus there are repre-
- sentations of earlier experienced objects encoded in
appropriate sites in frontal lobe and their re-activations
by later input gives content to that input. These inputs
arise from the posterior buffer sites discussed earlier, so
that the coding of the frontal sites is guided by posterior
activity and at the same time feedback to those sites
would help their own representations. However the late

- onset of prefrontal myelination would prevent much use
being made of such frontal sites in the first few years of
life, a period when there is extensive coding of words and
objects in posterior sites. Thus the prefrontal representa-
tions may only help in the development of more
advanced and sophisticated concept representations
than carried posteriorly.

There is now considerable experimental evidence
from non-invasive instruments for the involvement of
the above mentioned areas in so-called ‘working mem-
ory’ tasks, those requiring the holding of activity over
long and variable periods of time for transformation and
later response. Such tasks, for example in the encoding
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and later retrieval of words or pictures, have shown up a
network of modules involving area 46 on both left and
right as well as Broca’s speech area 44/45. These new
modules appear to have considerably longer lifetimes
than those of the posterior cortex (Goldman-Rakic,
1992) so posing a question as to the mechanism behind
such long activation. We will turn in the next section to
consider 2 possible model for such iong and adaptive
lifetimes.

6. A NEURAL NETWORK FOR THE THREE-
STAGE MODEL.

One of the clearest differences between the frontal and
posterior cortices is the existence of strong cortico-
thalamic recurrence between frontal sites and the
medio-dorsal thalamus. There is also known crucial
involvement of the basal ganglia in motor and cognitive
processing, as defects brought about by loss of the basal
ganglia show in patients with Parkinson’s disease. The
problem we are facing is that of modeling what Fuster
(Fuster, 1993) calls ‘active memory’, that is persistent
neural activities which can be acted upon and trans-
formed into other ones so as to achieve some goal or
other. It is useful to turn to consider what form represen-
tations of motor actions take in motor and related
cortices. Strong support for population vector coding in
motor and pre/supplementary motor cortices for output
responses {coding of the direction of motor actions)
has been presented in Georgopolous (1994). This also
gives a mechanism for allowing the active memory
regions of frontal cortex to be used as ‘blackboards’.
Material can be written on these by input causing the
recurrent lateral cortical and recurrent thalamo-cortical
loops to tend rapidly to the relevant attractors of the
populatior coding; modulation by basal ganglia will act
thereby to modify the thresholds and direct or change
the attractors.

A neural model of such processing has been presented

*in the ACTION network of Taylor (1995) and Alavi and

Taylor (1996), which has some similarity to models of
Houk and Wise (1993). It has been applied to modeling
delayed tasks and their deficits in frontal patients
(Monchi and Taylor, 1995, 1997). There are also a
further range of neural models of frontal components.
of working memory (Carpenter and Grossberg, 1993;
Dominey and Arbib, 1992; Dominey et al., 1995:
Guigon et al., 1994; Kirillov et al., 1993; Zipser et al.,
1993). We will concentrate here on the ACTION net-
work as being most closely related to the neuroanatomy
of the frontal cortex.

6.1. The Action Network

The ACTION net is composed of the basal ganglia acting
in a disinhibitory manner on the thalamo-cortical recur-
rent loops (with the presence of lateral cortico-cortical



1222

Corntex

Posterior Inputs

—

| Basal Ganglia |

[ Medi-dorsal Thalamus |

FIGURE 14, A schematic version of the ACTION network. See text
for details. ) .

connections present as well), so as to cause an attractor to
be set up by an external input in the (possibly high)
dimensional space given by the input features, as
shown schematically in Figure 14, This generalises the
two-dimensional population-vector action coding of
the motor cortex to the other loops of the frontal system.
The process of learning the correct connection weights
for such an input set, so as to be able to write any material
from posterior WM and other memory sites onto the
frontal cortex, is presently under analysis (Taylor and
Taylor, 1997), and has been considered in some detail
in Dominey et al. (1995). These connections would allow
the active memories to have written on them material
from posterior buffer sites, from autobiographical/
episodic memory databases related to this material and
from goal or other memory buffered in hippocampus.

The process of ‘intermingling’ of these activities
with ongoing activity so as to achieve higher level con-
sciousness is expected to require competitive processing
for a similar reason to that discussed in connectipn with
low-level consciousness and for which the NRT was
employed earlier in the paper. That such competition
can be supported by the ACTION network was suggested
in Alavi and Taylor (1996), where the inhibitery nuclei
in basal ganglia (striatum and globus pallidus)} may be
able to function in a similar manner to that of NRT. The
competition would then -involve threshold-changing
processes, as performed by the disinhibitory action of
striatum on thalamus.

There are five possible ACTION networks, corres-
ponding to the 5 great frontal loops of Alexander and
colleagnes (Alexander et al, 1986) involving motor,
premotor and supplementary motor cortex {action
sequences), limbic (affect), orbitofrontal (social), frontal
eye fields (eye movements) and dorsolateral prefrontal
cortex (cognitive/ attentional). Each of the cortical
regions is expected to have suitable connections for
writing on them from posterior and limbic sites; this
seems to be the case from neuro-anatomical knowledge,
as mentioned earlier, and so supporting the ‘well-

connected character’ required for the modules supporting

consciousness noted in Table 1.
From the discussions so far it is clear that the
re-excitation of episodic memories from hippocampal

1. G. Taylor

and mesio-orbital areas needs to be of a whole host of
earlier memories, which can give the consciousness
‘color’ to experience. That might not best be achieved
by a pattern completion or attractor network (Amit,
1990), since only a single pattern would result at one
time. The most suitable memory structure is an associa-
tive matrix memory for a feedforward net, in which a
given input pattern will excite as many outputs as pre-
viously stored patterns with strong overlap with the
input. However the use of an attractor net may in fact
help explain the length of time taken in memory search,
as various of the attractors are activated and then rejected
by comparison to some actively heid template as part of
the processing of the frontal lobes’ ACTION network.
This has been discussed from an interesting neural basis
in Amit (1995).

7. DISCUSSION

Having constructed some of the possible neural machin-
ery to support higher consciousness, it has now to be put
to work. In particular it is important to show, though in
the space available only very cursorily, how the frontat
processes of attention, thinking, planning, prediction and
schema learning and selection might be achieved. Also
the place of emotions in such a galaxy of functions
needs to be clarified. More general aspects of higher
consciousness, such as intentionality and introspection,
are considered elsewhere (Taylor, 1997a).

A number of these processes have already been hinted
at in Taylor (1995). Thus attention can be decomposed
into the component sub-processes of comparison, activa-
tion/inhibition and monitoring. All of these can be per-
formed by the ACTION network (Alavi and Taylor,
1996), as can sequence learning and generation, at the
basis of schema learning and production. Prediction is
also involved in sequence generation, in which hippo-
campal activity, as in Gray’s model (Gray, 1995;
Kubota and Gabriel, 1995), should be included. Thinking
has been discussed in Taylor (1993), using action trans-
formations on representations written on prefrontal
cortex so as to make such representations be closer,
after comparison by the ACTION network, to a goal
held in the Papez circuit. Planning can use similar tech-
niques to discover transformations taking a given state to
a goal state. Note the difference between thinking and
planning; on this view the former uses whatever trans-
formations that can be constructed so as to reach a
goal—it is the sequence of states that are important—
whilst the latter emphasises the set of transformations
and not the states.

Emotions are considered as global activations from the
limbic system when concerns (Frijda and Moffat, 1993),
that is differences between desired and actual states,
become large. Such comparisons (as concerns) are
related to those of the model of Gray, but are used to
give a global signal of affect to the cortical sites of
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consciousness 50 as to cause modification of on-going
behavior. This may be crucial in order to change
schemata (Frijda and Moffat, 1993) as well as having
an important effect in motivation and intelligence.
Such an approach has been used in the neural models
of delayed tasks and the Wisconsin card sorting task in
Monchi and Taylor (1995, 1997) where there are three
coupled ACTION networks with switching betweeen
them according to valuation (concerns) by a net model-
ing the amygdala.

The above models of neural networks for conscious-
ness have not only been sketched very briefly but also
there has been omission of models for the limbic system,
in particular the hippocampus and related areas. There
is presently considerable interest in such areas and they
clearly play an important role in determining the contents
of consciousness. However this is something that the
interested reader will have to look elsewhere (see, for
example, Taylor, 1996¢, 1998).
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