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Abstract

Much of neuroscience is currently dominated by an information processing

metaphor which is largely conceptualized in discrete terms. An alternative

metaphor conceptualizes information flow as continuous. A qualitative set of

hypotheses based on this metaphor, the energy model, is described here. This

model considers information transfer in terms of the flow of an abstract variable,

energy, between points in a field comprising the extent of the nervous system.

Although extremely simple, it generates some intriguing consequences. In

particular, it provides a useful way in which to look at consciousness. Traditional

problems of consciousness, such as qualia and the unity of consciousness, are

briefly addressed, and outlines are sketched of the answers given by the energy

model.



Introduction

Despite many attempts in recent years, e.g. (Cai, 1991; Lazarev, 1992; Llinas and

Pare, 1991; Niedermeyer, 1997), there is still no generally accepted theory of

many large-scale neural phenomena, such as sleep, the EEG and consciousness.

One reason for this is that the currently dominant information processing

approach is essentially functional in emphasis, e.g. (Guigon et al., 1994), and

determining the functional significance of large-scale phenomena has proved

unexpectedly problematic. A second reason is that treating neurons as discrete

information processors when modelling large-scale phenomena leads to a

combinatorial explosion of parameters, an insoluble problem given current

computing power.

In other sciences, numerous researchers are beginning to apply continuous

modelling techniques to phenomena long considered discrete. In brain science

too, continuous modelling is being applied to large-scale neuronal phenomena.

Here I present a very simple qualitative model, the energy model, which despite

its simplicity makes a number of testable predictions. Many other more complex

quantitative approaches exist in the literature (for example Liley et al., 1998;

Wright, 1997). However, what the energy model lacks in complexity it gains in

interpretability and breadth of scope. It has intriguing implications when applied

to consciousness, including a potential answer to the functional problem of what

consciousness is for.

I should note at this point that the approach taken here is neuroscientific, not

philosophical. The unashamedly neuro-physicalist approach taken in this paper

undoubtedly glosses over many philosophical subtleties. For example, I use the

term >mental object= throughout to refer to qualia and any other contents of

consciousness, without attempting to discriminate between types (for the reason

that according to the model here presented, they are all instantiated in the same

way, as patterns of brain activity). Nevertheless I have attempted to sketch ways

in which the energy model may be applied to such philosophical issues. It seems



to me that the model has a potential for such application, and that this in itself

makes it worthy of further consideration.

The Energy Model

The traditional view of neurons holds them to be discrete entities performing

computational functions. However, they can also be conceptualized as points in

a continuous >energy field= (Taylor, 2000). Fields are defined over some specified

domain, here the nervous system. Much of my discussion will focus on the more

restricted example of activity within cerebral cortex.

Energy, which is an abstract variable related to the transmission of information

between neurons, has the following properties. Firstly, it flows from inputs to

outputs via the synaptic connections (>weights=) between neurons. That is, energy

enters >the field= via the inputs (sensory transducer structures such as the retina)

at a given time, and leaves via the outputs (motor transducer structures such as

the muscle endplate) to terminate in behaviour, which dissipates energy in

interactions with the environment. Secondly, the rate of energy flow is dependent

on the strength of the synaptic weights, while the amount of energy flowing into

the system is dependent on how active the inputs are. Thirdly, the amount of

energy at a given point in the field at a given time reflects the neuronal activation

at that point and time.

The concept of energy

I should state to begin with that by ‘energy’ I do not mean the intimate

biochemical details of synaptic function. ‘Energy’ is an approximation: instead

of treating synaptic transmission as discrete, and facing the consequent

combinatorial explosion, I treat it as continuous. Undoubtedly more complex

hypotheses would more accurately reflect synaptic behaviour. However, I feel

one should begin at the beginning, with the simplest model capable of generating

interesting predictions.



The terms ‘information flow’ and ‘information processing’ are used widely in

cognitive neuroscience, while in neuroimaging studies talk of ‘neuronal

activation’ is commonplace. Precise definitions of these terms are hard to

achieve, and they may often be used with different referents. For example, a PET

and a MEG study may both discuss their findings in terms of ‘neuronal

activation’, even though one is measuring levels of radioactive oxygen and the

other electromagnetic changes. Nevertheless, there is consensus that the terms

‘information’ and ‘neuronal activation’ do have some meaning, that there is some

quantity which is stimulated in cortex by sensory input, transmitted through

cortex and in some sense dissipated by motor output. The energy model is an

attempt to capture this intuition. The currently dominant information processing

metaphor is usually expressed in discrete terms, envisaging each neuron as an

individual processor, each cortical area or functional network as a ‘module’, and

so on. Yet within this intellectual environment the term ‘information flow’ is

often used. All the energy model does is take that term literally.

In physics, it is difficult to say what energy actually is. Rather, it is defined by its

relationships to other variables. I have tried to do the same with my ‘energy’,

relating it to other variables (for example synaptic strengths, cortical distances),

stating that it is closely linked to ‘neuronal activation’, and so on. The reason for

using the term ‘energy’ is that the behaviours being modelled seem most closely

fitted by the concept of an energy field.

On what parameters does energy flow depend?

This can be illustrated by considering the simplest case: energy flow between two

points A and B. The assumption made is that a connection between two points in

the field can be treated as a cylindrical medium through which energy flows (see

Figure 1). The rate of energy flow per unit time from point A to point B is

proportional to the strength of the weight (the synapse) between A and B: the

larger the weight, the more energy can flow along it in a given time, ceteris

paribus (all things being equal). The rate of flow is also proportional to the

difference in energy between the two points: the larger this gradient between A



and B, the faster the flow of energy between them, ceteris paribus. The flow rate

is inversely proportional to the distance between A and B: longer distances mean

less energy is transferred from one point to the other in a given time.

How fast energy flows also depends on the type of neuronal ‘material’ through

which the energy is flowing, and on the amount of ‘weight leakage’ (removal or

addition of energy within the process of transfer along the weight) which occurs

as energy flows from one point to another. For simplicity, I have assumed that the

type of material is the same throughout the nervous system, and that no weight

leakage occurs.

Weights

For simplicity, the weight which connects points A and B is proposed to be

adjusted by some biologically plausible mechanism such as Hebbian learning

(Obermayer et al., 1995; Pennartz, 1997). This is assumed to occur over a longer

timescale than that of synaptic transmission. The weight change at a given time

therefore depends on the amount of energy in A and B at that time. High energies

at A and B lead to greater weight change if maintained over time than briefly

high inputs. In the two-point closed system discussed above, maintained high

energy levels, due to high levels of input over time to both A and B, would lead

to uncontrolled weight increases.

However, our simple example does not in reality exist in isolation (it is not a

closed system). Energy is transmitted on to other points with a speed which

increases as the strength of the weight increases. Repeated co-activation of inputs

strengthens the weights and shortens the time taken for energy to flow from A to

B, and from these points to others. So stronger points will actually be active

(have energy flowing through them) for less time than weaker ones.

Consequently the degree of weight change will be less. As the activation time

decreases to the point where it is less than the timescale of weight change, weight

change will tend to zero. Thus weights will settle towards fixed values by a

process of gradual optimization, avoiding the uncontrolled increases typical of



>pure= Hebbian learning in simulations. Numerous biological means of achieving

such >settling= have been proposed: neuronal plasticity is likely to be regulated by

normalizing mechanisms (Carandini et al., 1997) such as receptor up- and down-

regulation and dendritic growth.

Over time, this tendency of frequently used synapses to >settle= will allow energy

to flow quickly through them and into other connections. In a sense, a point=s

>function= is to balance the energy leaving it against the amount flowing into it at

a given time. Learning is used to adjust the weights to maximise the rate and

smoothness of energy flow from one point to another, and to minimise the

amount of energy lingering at a given point. The degree of strengthening between

two points A and B will tend to decrease as the distance between them increases:

ceteris paribus, if energy takes longer to get from A to B then the time period

over which A and B are both highly active, and the weight between them can

therefore strengthen, is likely to be less.

Outputs

Energy leaves the system via a range of outputs and is dissipated in patterns of

behaviour (here broadly defined to include not only muscular control but

neuroendocrine and neuroimmune effects). Many behaviour patterns are mutually

exclusive. Two such patterns cannot be activated simultaneously, and yet both

may be possible responses to a given sensory stimulus. In the oculomotor system,

competition appears to occur between representations of conflicting eye

movements; neurons in the frontal eye fields send excitatory projections to

neurons in the superior colliculus which encode the same eye movement

parameters, but inhibit neurons encoding different parameters (Schlag Rey et al.,

1992). Similar competitive mechanisms may also occur in other areas.

This competition effectively sets a threshold on motor output: any potential

output must be strongly enough activated to overcome inhibition from any other

potential outputs active at the same time. This corresponds to a localised build-up

of energy in the pathways encoding a particular output representation, relative to



other pathways encoding competing representations. When the threshold is

reached, behaviour is generated, rapidly draining energy from the system. The

longer the energy takes to reach threshold, the longer the organism’s reaction

time.

Inhibition

Inhibitory connections are usually modelled as having a negative sign. On the

energy model, the effect of this is to reverse the direction of flow. Consider two

points A and B, with A more active than B. If the weight between them is

excitatory, energy will flow from A to B. If the weight is inhibitory, energy will

flow from B to A. This has a blocking effect: it prevents energy from A reaching

B and continuing from B to other points. Instead the energy which reaches A

must find alternative routes.

Energy and input probability

The flow of energy effectively acts to recode likelihood in terms of time. A given

input must pass through a complex matrix which weights it according to the

organism=s prior experience. Low probability inputs will tend to take

considerably longer to stimulate an output than more familiar (high probability)

inputs, because the synaptic weights which process them are less well-established

and therefore slower to transmit energy.

Energy flow also depends on the complexity of the initial input, and its intensity.

Energy from more complex inputs will tend to stimulate an output more slowly

than energy from simpler inputs; since more complex inputs tend to activate more

pathways, more conflict resolution is required. Similarly, less intense inputs have

lower energy, so take longer to reach threshold. High-intensity inputs, whether

low or high probability, will stimulate a large flow of energy, so they will be

likely to reach output before weaker inputs activating the same pathways.

However, the organism’s past experience will still influence the speed with which



a high-intensity or complex input stimulates an output behaviour. These

hypotheses are testable.

Prefrontal Cortex

This is interesting when we come to consider the structure of cortex.

Neuroanatomical studies suggest that the primary sensory areas, such as primary

visual cortex (V1), can feed activation to motor (output) areas of cortex via a fast

and relatively direct route. For vision, a major contributor to this sensorimotor

transformation is parietal cortex (Elkington et al., 1992). The information it

processes is primarily, although not exclusively, concerned with motion and the

spatial location of the stimulus. Visual information is also transmitted via a more

indirect, and somewhat slower, route, involving areas of cortex in the temporal

lobe. These pathways, the classic >what= and >where= divisions of Ungerleider and

Mishkin (Ungerleider and Mishkin, 1982), are thought to interact at multiple

levels.

These are not, however, the only routes from sensory input to motor output.

Indeed, calling them pathways makes the process of information transfer sound

more clear-cut and spatially limited than in fact it is. As activation flows from

V1, for example, it is carried by other routes as well as those directly processing

sensorimotor transformations. MEG and ERP studies show complex, spreading

patterns of activation for even the simplest stimuli (Kelso et al., 1998). A major

recipient of information from >what= (temporal lobe) and >where= (parietal lobe)

areas, as well as from the insular and cingulate cortices, is the prefrontal lobe

(Kawamura and Naito, 1984; Barbas, 1988).

Prefrontal cortex (PFC) can be thought of as acting as an interface between

sensorimotor function and more cognitive functions such as memory. Its many

subdivisions receive input from, and send output to, distributed networks

throughout cortex (Knight et al., 1999). Thus it can be considered to function in

parallel with stimulus-driven input-output processing (Buchel and Friston, 1997),



allowing the incorporation into such processing of complex contextual

information, and monitoring cortical activity. Prefrontal outputs are thought to

be both inhibitory and excitatory (Knight et al., 1999). Targets of prefrontal

connections are not restricted to cortex, but incorporate many important

subcortical areas and pathways including the thalamus, superior colliculus and

brainstem (Leichnetz and Gonzalo Ruiz, 1996).

Weaker, more complex or less familiar inputs are more likely to activate

prefrontal cortex

Ceteris paribus, low probability inputs will generally be processed more slowly

than more familiar inputs, and will likely result in a more complex pattern of

activation. They will be more likely to activate the PFC prior to a motor response.

This is because, on the energy model, energy is a limited resource; for a given

stimulus, if less energy flows down one pathway (e.g. because that pathway is

weaker), more is available to flow down alternative routes. A low probability

input will therefore tend to activate any given synapse weakly, but to activate a

greater number of synapses, compared with a more familiar input of equal

intensity.

Put another way, energy from high probability inputs will flow mostly through

fast, frequently used pathways between input and output, and will tend to reach

the output before it reaches prefrontal areas. Energy from low probability inputs

will flow along paths to output, and to prefrontal areas, much more evenly. It is

thus more likely that a low probability - unfamiliar - input will activate prefrontal

areas, prior to a motor response, than a high probability input. Infrequent visual

stimuli have been shown to activate PFC transiently (McCarthy et al., 1997),.

Since, on the energy model, the activation of an output motor response ‘drains’

the energy out of the nervous system, energy from the input stimulus is thereafter

no longer available to activate the PFC.

The same pattern holds for strong and weak inputs (of equivalent familiarity), and

for complex and simple input patterns. The amount of energy provided by a



stimulus is linked to the time that input takes to be processed. In addition, the

faster an input is processed, the less its activation of additional pathways (‘path

leakage’) during processing. Strong inputs will therefore tend to involve less path

leakage than weaker inputs. In neuroanatomical terms, they will be less likely to

activate the PFC prior to a motor response.

Prefrontal inhibition can cause localised energy build-ups

It is also worth noting that on the energy model inhibition tends to block energy

flow. Energy will therefore tend to build up (>pool=) in the vicinity of the inhibited

unit. Since the main direction of energy flow, up to the first motor response, is

generally presumed to be from sensory to motor (posterior to anterior), this

inhomogeneity will tend to be greater on the sensory >side= of the inhibition.

Because of path leakage, energy will tend to flow away into sensory areas

connected with the area in which the pooling is occurring. Phenomenologically,

this evokes the mind’s great tendency to drift onto other ideas associated with

(triggered by) the original thought. Focusing consciousness on a particular

>mental object=, such as a thought - equivalent, in the model, to the localised

buildup of energy - is hard to maintain.

Function of the PFC

Given that the PFC appears to have a large number of inhibitory outputs, and

given the wide range of areas from which it receives and to which it projects, it

is likely that a major function of this area could be to control the flow of energy

by generating or suppressing local inhomogeneities. This control would not, of

course, be de novo - that is simply to give the homunculus a new residence in the

prefrontal lobe. Rather, prefrontal control of energy flow in other areas of cortex

would be driven by the inputs received by the prefrontal lobe at a given time.

These inputs would be from sensory areas, but also from more >cognitive= (higher

level) areas stimulated by the current sensory input.



How is such control exerted in the developed brain? Consider the example of a

novel and complex visual stimulus S, which initially activates representations of

many possible targets and eye movements in the parietal cortex and the frontal

eye fields respectively (Goldberg and Bruce, 1990; Platt and Glimcher, 1997). On

the energy model, energy provided to the field by S will flow into any pathways

previously used by energy from stimuli with similar features (for example the

same colour or location in space). As well as the sensorimotor (‘where’)

pathways encoding target and eye movement representations, these pathways

may include object analysis (‘what’) temporal lobe pathways which encode

notable features of S (for example large size or bright colour), and

hippocampal/limbic pathways which encode previously formed associations

between stimuli like S and other sensory, cognitive or emotional stimuli. S will

not stimulate an immediate motor output, removing energy from the field,

because of the conflict between multiple potential outputs. Some energy will

therefore have time to reach the PFC from pathways encoding representations of

features of S or its associations.

The PFC can act as an interface between stored knowledge (representations of

which are ‘retrieved’ by the energy flowing through them from S) and the

sensorimotor pathways activated by S. Energy reaching the PFC from object

analysis areas, for example, which would otherwise have dispersed, can be

transmitted preferentially to a chosen sensorimotor representation, boosting its

activity sufficiently to generate a motor output. Which representation is chosen

will depend on how connections between the PFC and other areas have been

formed by experience. If the PFC operates on the same competitive principles

found in other areas of cortex such as the frontal eye fields (Schlag Rey et al.,

1992), one would expect to find that excitatory connections between a point in

the PFC and pathways encoding a given sensorimotor representation would be

balanced by inhibitory connections between that point and pathways encoding

competing representations. This is empirically testable in primates if not in

humans.



The PFC allows energy to flow between networks encoding information about

a stimulus S and those encoding sensorimotor transformations of S. This

coordinating role facilitates the strengthening of connections between these

networks. Even excluding links via subcortical regions, neuroanatomical studies

in monkey suggest that parietal and temporal lobe areas are highly interconnected

(Jouve et al., 1998), so such connections are likely to be direct as well as to run

via the PFC. Furthermore, the direct connections will be over shorter distances,

given the relative position of the parietal, temporal and prefrontal lobes. Since as

discussed earlier shorter distances imply greater weight change, this means that

over time, as stimulus S becomes familiar, the direct weights will strengthen

faster than those via the PFC, leading to decreased activation of prefrontal areas.

Prefrontal activity thus tends to be self-limiting. In a sense, the function of the

PFC is to minimise the amount of energy passing through it by maximising the

speed of energy transfer from input to output.

The PFC can thus be thought of as a large number of associative networks, each

linking fragments of cognitive and sensory information about particular stimuli

together to provide an >experiential filter= through which all but the strongest or

most familiar inputs pass. To begin with, this filter will be broad and non-

specific; it is refined by experience. Developmentally, the PFC appears to be the

youngest part of cortex: it is thought to mature until adulthood in humans

(Rosenberg and Lewis, 1995; Woo et al., 1997). As the filter develops it becomes

more able to manipulate the flow of energy, channelling it into restricted

pathways (for example by inhibiting other options), and thereby strengthening

those channels much more efficiently. This allows learning to be faster and more

precisely specialized than if no such manipulation occurred, which facilitates the

further refinement of the filter. As the filter refines, one would expect to see

corresponding differentiation of the underlying tissue, and indeed the adult PFC

of both monkeys and humans is not homogenous, either in its cytoarchitectonics

(Rajkowska and Goldman-Rakic, 1995a; Rajkowska and Goldman-Rakic,

1995b), neurotransmitter distributions (Gebhard et al., 1995; Goldman-Rakic et

al., 1990), or connectivity (Carmichael and Price, 1994; Cavada et al., 1995).



The PFC and executive control

According to the energy model, the PFC acts to minimise its own activity by

optimising flow from inputs to outputs. It does this by providing an ‘experiential

filter’ which allows stored information to contribute to the process of resolving

conflict between potential outputs. I speculate that this activity is equivalent to

‘executive function’. This is perhaps the most unsettling aspect of the energy

model. At any given moment, energy is pouring into the nervous system, and

hence into cortex, from a huge variety of inputs. If the input patterns are familiar

they can be processed (energy transmitted to the relevant outputs) fast; no

executive processes, thought to be mediated by prefrontal areas (Weinberger,

1993), need be engaged. Even if prefrontal areas are engaged, however, there is

no specific decision-making module, no seat of the will, in which a rational

comparison of all possible options takes place. Energy from the input-processing

networks simply flows into connected areas of the PFC (flushing out any lurking

homunculi en route) and from the PFC most speedily to whichever networks

experience has selected to have the strongest links with the PFC. One implication

of this is that once the organism’s history has set up its brain pathways, there is

no way in which the organism can decide to change those pathways by itself.

Some input stimulus (whether from the body or the external environment) must

be the trigger which evokes the prefrontal activation essential for such change to

occur.

Having set out the energy model, let us consider how it re-interprets

consciousness.

Consciousness

Philosophers and neuroscientists working on this topic have tended to distinguish

two aspects or types of consciousness (Block, 1995; Weiskrantz et al., 1995).

Firstly, there is a generalized state of awareness: the >stream= or >flow= of

experience. In the human domain, this type of consciousness is used to

discriminate between robots, zombies and unconscious or brain-dead humans on



the one hand, and awake humans on the other. Secondly, there is a much more

specialized state of >internal monitoring=, in which the conscious subject seems

to >check= his internal states (>tapping into the stream of consciousness=) and can

report on or otherwise utilize their content (Levine, 1990). This ability,

sometimes called self-consciousness, is often thought of as being restricted to

humans, though the debate on this point is lively. In a sense, the former is a

potential for being conscious, the latter an actualization of this potential.

Nomenclature varies. I will use the terms >awareness= and >monitoring=

respectively. Of course definitions vary also; consciousness is highly

controversial. It is not clear to what extent awareness and monitoring are

separate. The functions and interrelationship of these two types of consciousness

have not been satisfactorily defined. What does the energy model say about them

and their relationship?

Awareness and monitoring

Cortical activity is defined by the behaviour of an energy field with time. It is the

structure of the field, on the energy model, which constitutes awareness. Both the

postulated energy field and awareness are continuous, highly variable, and

susceptible to changes in both external inputs (Bottini et al., 1995) and internal

inputs from one part of the field to another - for example from the ascending

reticular activating system, thought to control alertness (Mesulam, 1981), and

from the body, via the hypothalamus and cingulate (Vogt and Gabriel, 1993). In

addition, changes in awareness are correlated with changes in the electrochemical

activity of the cortex, as EEG and other studies tell us (Menon et al., 1997;

Schellberg et al., 1990). On the energy model, energy represents information

flow in cortex. The assumption is that the electrochemical activity at a synapse

reflects information flow (however measured) across that synapse; in which case

awareness will also be related to information flow, that is to energy.

As energy flows through the nervous system from input to output, flow may be

more or less smooth. If the inputs reaching cortex are sufficiently complex or

weak, PFC areas may be stimulated before the motor response is initiated (and



energy drained away). Depending on what associations are triggered by the

energy flow, the PFC may manipulate flow to cause inhomogeneities in some

areas. Prefrontal inhibition can be direct (via a GABAergic1 connection), or by

utilizing local inhibitory networks (of GABAergic interneurons). It has been

suggested that such local inhibitory networks can implement a winner-takes-all

policy over time, such that smaller activations of units within the network quickly

tend to zero, eventually leaving only the initial maximum active (Taylor and

Stein, 1999). This implies that inhibition may act to enhance already active areas

of the energy field, while suppressing flow through other, less active areas.

Again, this has a phenomenological correlate: being conscious of something

means not being conscious of very many other things. I propose that as the focus

of consciousness on a single >mental object= becomes more intense, more energy

pools in the network concerned with processing that object, and less is available

to flow through other networks. Monitoring can be thought of as the effect of the

PFC on energy flow. In its extreme form, this can reduce the energy field to

having a >peak= of activity in a single neural pathway - although because of path

leakage, as described above, this state of affairs can rarely be maintained for very

long. In passing, I speculate that states of consciousness such as those found in

meditation - in which the mind is described as empty - are reverse phenomena,

in that energy is fairly evenly distributed through the cortical part of the energy

field, with no large inhomogeneities. If correct, this predicts an absence of

prefrontal activation during such >altered states=.

In cognitive terms, monitoring is equivalent to having attention highly focussed

on activity in the area where pooling occurs. When energy flows smoothly and

swiftly from input to output, attention (pooling) does not occur to the same

extent. Behaviours thus generated are referred to as >automatized=. The energy

model conceptualises an automatic movement as one in which the input-output

pathways are so well-established that there is little leakage of energy into

alternative routes (path leakage). There is therefore little competition between

alternative input-output possibilities to be resolved before the movement is

                                                
1γ-amino-butyric acid is the main inhibitory neurotransmitter in cortex.



generated. If consciousness is focussed on such behaviours during their

execution, the result is disruption of the flow, and hence, of the smooth execution

of the behaviour. By contrast, complex, non-automatic movements will generate

much more path leakage, since the pathways are by definition less well

established. That is, they will activate many more pathways, including those

concerned with contextual information (e.g. in cingulate and prefrontal regions).

This gives rise to many possible energy flows competing for control of the motor

output. Here it may be advantageous to focus consciousness on one flow at the

expense of others; it speeds up decision-making.

The usefulness of monitoring is therefore threefold. Firstly, as described above,

it may facilitate faster and more precise learning by restricting the number of

paths through which energy can flow. Secondly, it may provide a mechanism for

strengthening one potential pathway over another, using the collated experience

of the organism to do so. This may help reduce competition for outputs (conflict

resolution). Such a mechanism allows past experience efficiently to modulate

sensorimotor networks. Thirdly, monitoring has proved invaluable for humans,

because the PFC can be refined until its filter is capable of discriminating

individual, complex and highly abstract thoughts. This process of extreme

refinement is associated with the development and use of language.

Implications of the energy model

Consciousness is time-dependent

One of the implications of the energy model is that for any given input state, the

organism will only be conscious of that input if there is enough time between

input and output for an inhomogeneity to build up. If the input-output pathways

are so well established that energy flows smoothly through the field, the

organism=s reaction time will be fast, and it will not be conscious of either the

input or the decision to initiate a response. This is the case for highly-automatized

movements such as walking (in adults, at least). In other words, the model

predicts that the likelihood of an organism becoming aware of a given stimulus



will correlate negatively with the reaction time of a motor response to that

stimulus. The reverse also holds: during periods of high activity, an organism is

likely to be less conscious of stimuli than during rest or low activity.

Consciousness and memory

By providing a more differentiated energy field, monitoring may also improve

the efficiency of memory storage, since a clear and distinct pattern of neural

activity is presumably easier to encode than a broad swathe of undifferentiated

neuronal activation. Indeed, I speculate that monitoring may be essential for

memory storage. Implicit and explicit memory should be distinguished here. On

the energy model, implicit memory is mediated by changes in weights as energy

flows through them, and does not require monitoring. Explicit memory only

occurs when a local inhomogeneity becomes sufficiently great that energy

flowing from it can reach and activate areas specialized for storage, such as the

hippocampus (Knight and Nakada, 1998), before the activation of a motor output

drains energy from the system. The model therefore predicts that prefrontal

activation may be required for explicit but not implicit encoding.

Consciousness is developmentally as well as evolutionarily graded

The hypothesis that the function of consciousness is to manipulate the energy

field of awareness - to assist learning, fluid action and (for humans) description

- has interesting consequences. For example, one implication is that monitoring

is likely to be a learned ability. The PFC develops relatively late, reaching peak

connectivity at about four months postnatally, and continuing to develop until

adulthood (Rosenberg and Lewis, 1995; Woo et al., 1997). Since the >grain= of

consciousness - the discriminability of individual >mental objects= - is, on the

energy model, correlated with the degree of development of prefrontal cortical

function and connectivity, this provides a gradient of >degree of consciousness=

which fits the common-sense intuitions that babies and animals are less fully

conscious than healthy adult humans.



Consciousness is an entirely physical phenomenon

On the energy model, consciousness at a given time, that is, consciousness of a

given >mental object=, is always due to a complex combination of the organism=s

current input state I(t), the state of its energy field E(t), and its past experience or

history H(t). Past experience, as stored in the cognitive networks of the brain, was

itself generated by some combination of I(τ), E(τ) and H(τ), where τ is the time

at which the experience was generated. Although highly complex, I(τ), E(τ) and

H(τ) are in principle specifiable in purely physical terms for any given time τ in

the organism=s lifetime. In practice, their complexity places any full specification

of them far beyond the reach of current neuroscience.

Unity of consciousness

Consciousness is generally thought of as unified. Indeed, self-consciousness is

traditionally referred to as a >stream of consciousness= which encompasses only

one >mental object= at a time. Indeed, when we introspect, >looking at ourselves

to see what we are thinking about=, we find that we appear to be able to focus on

only one object at a time.

However, the >we= in the previous sentence is typically taken to refer to a mature

human adult, equipped with full linguistic capabilities and years of experience in

describing his (or her) inner life, to himself or for the benefit of others. If, as

argued above, consciousness is a spectrum, a matter of degree, then taking this

highly specialised case as typical is like assuming that all human beings have

Richard Feynman=s affinity for quantum mechanics. We view our consciousness

as unified for two reasons. The first is that we are organisms who have a single

physical body and a Darwinian imperative to preserve it which often dictates

unified action - in that sense we are >one thing=. The second is that we have been

taught to think of ourselves as singularities. Human language and society teaches

us about an attribute called the self from so early on, and so vigorously, that any

challenge to the notion seems peculiar.



On the energy model, consciousness is singular, focussed on only one object at

a time, because the act of introspection - focussing in on consciousness - makes

it so. This focussing is something we learn to do with greater precision as our

prefrontal lobes mature. One might expect, therefore, that consciousness >feels=

less unified to a young child than to an adult; that is, that the sense of self

develops with age. One might also expect that the ability to focus would be

variable within the population, as are so many other features of brain function.

Qualia

As noted at the start of this paper, it is written by a neuroscientist, not a

philosopher. I have throughout made the basic physicalist assumption that

consciousness is to do with the brain, while noting that it is also to do with social

factors - in that it is a learned ability which may develop to different degrees in

people dependent on their upbringing. The energy model gives a brusque and no

doubt over-simplistic answer to the problem of qualia: if two individuals have the

same pattern of energy flow through identical neuronal pathways in their brains,

and if those energy flows are experienced as conscious, what the two individuals

experience will be the same.

At one level this is so unlikely, given individual differences in both brains and

environments, that consciousness must surely be unique at all times. However,

the remarks earlier about the >grain= or discriminability of awareness are worth

reviewing here. This grain is refined by usage: the more the prefrontal monitor

is used, the more adept it will be at differentiating patterns of energy flow. So the

judgement of what is >the same= and what >different=, in terms of mental objects,

will differ between individuals. Thus two children could experience a shade of

red as the same, while two trained artists experienced it differently from each

other, according to the energy model.

Plasticity



The energy model says that neuronal architecture is much more dependent on the

pattern of inputs than has generally been thought. In principle, knowing the

pattern of inputs over time to an area of cortex should allow the accurate

prediction of its function, and changing those inputs should allow that function

to be altered. (In practice, of course, the effects of noise will place limits on the

accuracy of such predictions.) We already see this in plasticity following brain

or body damage (Maldonado and Gerstein, 1996; Ramachandran et al., 1992;

Yang et al., 1994). Another consequence is that cortical areas spatially further

from the major sensory inputs (e.g. vision) should be less functionally committed,

have a greater variety of inputs, and be more plastic in their neuronal properties.

These properties are particularly characteristic of the parietal and frontal lobes,

as one would expect from their locations relative to sensory inputs. This may help

to explain why so many functions have traditionally been ascribed to these areas.

Studies are already addressing this issue by looking at brain changes during

learning (Zohary et al., 1994), but determining the extent of brain plasticity

remains a huge challenge.

External interference

The energy model also predicts that adding energy to the field will distort the

structure of awareness to a degree dependent on the amount of energy added. We

can see this with electrical stimulation such as that used in electroconvulsive

therapy, which at low levels causes conscious sensations, at higher levels

seizures, unconsciousness and amnesia (Friedberg, 1977). Incidentally, similar

interference occurs when energy is transferred to the skull and brain by a blow

on the head. Light blows cause sensations (relatively small variations in the

energy field=s structure), heavy blows unconsciousness (catastrophic disruption

of the energy field’s structure). The analogy of waves passing through water is

perhaps informative here. Adding a few droplets to the wave will not change its

structure greatly. Pouring a bucket of water over the wave alters its structure in

such highly complex ways that the original structure is effectively abolished.

Conclusions



I have argued that viewing neurons as discrete information processors, while

useful in some circumstances, is less useful when it comes to understanding and

modelling large-scale phenomena such as consciousness. For such phenomena

a >field theory= may be more useful. Central to field theory is the concept of

energy flow between points in the field. I have given a simplistic example of such

an energy model. The model generates numerous testable predictions, some of

which have been described here. It has intriguing implications when applied to

consciousness. Of course, the model described here is at a very preliminary stage.

Much more needs to be said, in much more detail, about how it can be applied to

clarifying what consciousness is and what it is for. However, the claim of this

paper is that the model=s usefulness makes it an important candidate for further

theoretical and empirical research.
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