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Abstract

A machine with human like conscioushess would ke an extrenmely complex system. Prior work has demondrated that the way in which infamation handing resources are organized (the resource
architecture) in an extrenely conmplex learning system is congdrained within some specific boundsif the availabk resouces are limited, and that there is evidence that the human brain has been
congrained in this way. An architectural coneept is developed fa a conious machine that is within the architectural boundsimposed by resource limitations This architectural concept includes a
resource driven architecture, a degription of hav consious phenonenawould be suppotted by information processes within that architecture, and a description of actual implementations of the key
information processes. Othe appraaches to designing a consious machine are reviewed. The corcluson is reached that althoughthey could be capable of suppoting human consiousiess-like
phenonena, they do not take into account the architectural boundsmposed by resource limitations Systems implemented using these approaches to learn afull range o cogntive featuresincluding
human like coniousess would therefore require more information handling resources, could have difficulty learning without severe interfererce with prior learning, and could require add-on
subg/stems to suppott some coniousphenorena that emerge raturally asconseqences of aresouice driven architecture.
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I ntroduction

Theoretical arguments, suppored by expeaience with the design of extremely complex electronic systems and by compaisons
with the mamma bran, have demondrated that any system which must paform a sufficienly complex combination of behaviourd
features with limited information handling resouraes will experience severe condraints on its architectura form [Coward 2001]. The
implementation of a "conscious maching" with a full range of cogntive cagpabilities and the ability to bootstrap those capabilities by
learning from experience is likely to require extensive information handling resouraes. The primary value of considering the design of
acongious machineis probaly to achieve a degper undestanding of human constiousess [Aleksande 2005], and the valueof such
conddeation is reduced if the impact of resourae limitationson achitectureis not taken into account

Thee are many diff erent ways in which asystem to paform agiven combination of features could beimplemented. However, as
the number and complexity of the required features inaeases, practicd condderations place increasingly severe condraints on the
architecturd form of the system. For example, the resource driven system architecture for a complex eectronic system has a
separation beween memory and pracessing subsystems, and communication buses that link them. Memory is separated into donains
with different access times (eg. cache RAM, hard drive and CD memory). There may be a primary processor and vaious peaiphera
proaessors. Busses with various bandwidths connet different parts of the system. A had wired ingrudion set and registers are

defined which can df iciently perform all the information processes required by g/stem gopplications
Coward [2000,2001] has argued tha unless there are no limits to available information handling resources, any system tha is

desighed unde externd intellectual control to perform a large number of diff erent features tends to be condraned into this



architecturd form. Any paticular application or feature will cal upon dl or most of these different resources, and the same resouraes
will be shared across many different gpplications and features. Fundiond architectures and ugr manuas ae important to specify the
features of the system from auser's point of view, by describing howthe features perform. However, their feature descriptionsdo not
discuss how system resources are organized to supportthe peformance of the features. An atempt to i mplement the system features
by using the fundiond architecture or user manud as the resource driven architecture (i.e phydcal modules corresponding with
features or fundions would result in impractical levels of resource requirements and other practica problems.

These condusions [Coward 2001] are based on analysis of the architecturd impacts of a numbe of practical consderations
induding (1) theneed to perform a large nunbe of behaviourd features with limits on tie physcal resources required for information
recording, information processing and internal information communication; (2) the need to add and modify features without side
effects on othe features; (3) the nead to protect the many different meanings of information generated by onepart of the system and
utilized for diff erent purposs by each of anumber of othe pats of the system; (4) the need to maintain the assodation between
results obtained by dfferent pats of the system from a set of system inputs ariving a the same time (i.e. maintain synchronicity); (5)
the need to limit the complexity of the system condrudion process;, and (6) the nead to recove from condrudion errors and
subsquent phydcal falures or danage.

Any learning system will tend to require more resources than asystem designed unde externd intellectua control to peform the
same set of behaviours Coward [2000,2001] has argued tha for a complex learning system, the same practica congderations will
aso tend to condran architectural form. However, for a learning system the need to learn new and modified features rather than
having such changes imposed unde externd intellectual control results in a quditatively diff erent set of architectural condraints
cdled the recommenddion architecture There will tend to be a primary sepaaion beween two subsystems cdled clustering and
compdition. The clustering subsystem is a hierarchy of modules tha defines and detects simil arity circumstances in the sensory and
othe information available to the system. The competition subsystem interprets each detection of a similarity circumstance as a
recommenddion in favour of a range of diff erent behaviours each with a different weight, and deermines and implements the
behaviour nog strongly recommended across dl currently detected smilarity circumstances.

Each module in clustering detects a different similarity circumstance. Such a similarity circumstance can aso beviewed as a set
of similar information condtions and deection of the circumstance means that a high proporton of the set of condtionsis present.
Resource limitationsimply that the management of different benaviours will need to share the same set of similarity circumstances,
and the need to learn without interf erence with prior learning therefore implies tha there will be severe restrictions on the ways in
which thesimilarity circumstance of a module can change

As described in Coward [2001],if the ratio of nunbe of behavioursto available resourass is high, new condtions can be added
to the set for a module if they are fairly similar to othe conditions dready in the set, but with some limited exceptions conditions
cannot be removed once added. As a result, modules cannot be evolved to correspond with cogntive features or categories. Such



modulkes are andogous with statistically defined independent components [HyvSinen et d 1999] although unlike such components
they are evolved continuousy with experience.

These architectural condraints only apply if there are strong limits to information handling resources relaive to the number of
behaviourd feaures tha mus be learned. However, Coward [2001; 20054 has pointed out that naturd seection will geneate
pressures on architecturd form analogouswith the practicd condderations and presents a wide range of evidence that the human
bran ha been condrained within these theoretical architectural limits.

In human bengs cogntive capabilities induding conscioumess are dgpendent on an immense amount of learning. For example,
speech capabilities are often regaded as essentid to humen constiousiess [e.g. Blodk 1995], and such capabilities require an
extensve learning proass. Information deived from sensory expeience must be recorded and orgaized to supportdiff erent kinds of
representations of tha experience. In addition, behaviours approprete to representations corresponding with different sensory
expeiences etc. must be learned. Any externd guidance of this learning has to be provided throughsensory inpus influenced by a
teacher, but such a teache does not have access to the internd opeations of the brain. A conscious machine given its capabilities
largedy by design and not requiring such a learning process might be possible, but might dso have fewer lessons for undestanding
humen consciousess. For example, as discussed later, some machine consciousess proposs limit ther discussion of learning to
creating assodations beween representations and behaviours but do not address the issue of how an adequde set of representations
can be boostrapped from expeience with very limited a priori knowledge and ongong guidance. This approah will reduee the
resources required, but the lessonsfor hunman constiousness which can bedravn fromsuch an gpproach may beless rdiable.

If a conscious machineis required o learn ahigh proporion of its capabil ities from expeience, and @ntinueto learn and nodify
its own behaviours on an ongong basis, the architecturd limits on complex learning systems will be a reasonale guide to the
definition of the architecture for such a fully featured constious machine. However, it is important to note tha given enough
resources, a system with an architecture outside the condraints could learn the same range of behaviours. With enoughresourass,
different types of representationd learning or behaviour could be supporied with separae resouraes without shaing. Such an
organization of resources to correspond with externdly visible functiondity is anadogousto an implementation of a user manud for a
regular dectronic system. Coward and Sun [2007] have argued that a nunber of consciousess modds ar e of this Quser manud Otype.
A smdl sub=t of the full rangeof constious capabilities could beimplemented with this goproach, but problems would occur & such
asystem was scaled up to perform an increasingly widerangeof capabilities. Eventudly the avail able information handling resources
would be inadequate, or severe problems with interference beween earlier and later learning would develop. Hence a critica test of
any propos for a consiousmachineis whether it includes astrategy by which avery widerangeof capabilities can be boostrappeal
from expeience with limited, plusble apriori knowledge and ongoing gudance.

Furtheemore behaviourd phenomena tha emerge naurally within an architecture satisfying the condraints might need to be
specidly implemented (for example by additiond subsystems) in anothe type of architecture For example, in systems within the



recommendaion achitecture condraints, modules that are activated when their simil arity circumstance is present in a specific sensory
input state are likely to have behaviourd recommenddion strengths relevant to that input state. However, the severe restrictionson
module changes mean that modules tha have often been active in the past at the same time as such active modules, or modules that
changal a the same time in the past as such modules may also have relevant recommenddion strengths. Indirect activation of
modules on the basis of such temporaly correlated past activity may therefore have behaviourd advantages which would not be
present for modulkes in a different architecture which could change more freely with learning [Coward and Gedeon 2005] One such
advantage is support for autobiogrgphic memory requiring recall of uniqueevents on hebasis of asingle exposure[Coward 20053, b].
As discussed bdow, such indirect activations are important for supportng constious phenomenain the recommendaion architecture
goproah.

Two initid steps in any mgor design project are firstly to specify the desired functions of the system and secondly to define an
architecturd conaept, and taking these two gepswithin the architectura condraints imposed by resource limitationswill be the focus
of this pge.

Thedesired fundionsnead to bedescribed on anunber of levels of detail. Onelevel is alist of different system features and how
they opeate, described in away that can easily be undestood by a system user. This first level is essentially equivalent to a user
manud. The second levd describes the functionsneeded to supportthe system features, in terms of subsystems peforming functions
tha are readily undestood byan ouside obsrver, with these functionscombining in vaiousways to ddiver individud features. This
second levd is the functiond architecture, which in some ways is a more genaad user manud. When the desired functions of the
system indude "humaen constiousess’, an important issue is the specificaion of wha exactly is meant by tha term. In this pgper,
severd types of constiousess will be discussed induding access constiousess, pheomend consciousess, sream of consciousness
and sdf congtioumess. The term @onsiousDis often not precisdly ddined, and to avoid the problems created by such wesk
specification the focus will be on specific examples of cogntive phenomena of these constiousess types, and how such specific
examples could besupporied within the ar chitecture.

The architecturd concept for a complex system has three elements. One eement is a system architecture which sepaates the
system into a nunmber of physca modules, with different modules peforming different types of information processes in a resource
effi cient fashion. The second dement is a step by step description of howeach of arepresentative range of features will be paformed
by a sequence of informeation proaesses suppored by the modulkes. The third dement is a deamondration tha the key information
proaesses can be implemented with the available technology. An adequae design concept implies tha thee is a high leve of
confidence tha the system could be implemented, and in a commercid environment jugtifies investment of the subdantid design
resouraes needad to buld acomplete system. This pgoe aims to present aconstciousmachine a chitectural conagpt of this type

Thedriving force for the system architecture is &f ective use of resouraes. A moduke is a set of physcal resouraes that paforms a
group of $milar information processes, where "similar" means that the proasses can dl bepaformed df iciently by the same physca



resources. The architecture therefore sepaates the available system resouraes into modulkes that can peform different types of
information processes very efficiently. Because the primary emphasis is on resouraes, and system features or fundions as ddfined by
an outside observer will typicdly require information processes suppored by many diff erent modules, the relationship between
modules and such features or fundionswill be very complex. Thusin a complex system there are some similarities beween the user
manud and the functiona architecture, but radical differences baween these descriptions and the system architecture that describes
how the resources of the system are organized to ddiver the features. In this pgoe it will be assumed tha a resource conserving
system architectureis required, as argued by Coward [2001].

Thesecond d ement in the design @mncept is demongdration of the capability of the system architecture to supportarepresentative
selection of therequired system features. This demondration is quditative but must be reasonably detailed in terms of the steps by
which afeature opeades. In the case of a constious machine it must show tha sequences of information processes suppored by the
modules of the architecture can combineto deliver arepresentative cross section of @nsciousphenomena

Thethird dement in the design concept is demondration that the diff erent required information processes can be i mplemented
using avail able technology. This demondration geerdly means an actud implementation of each critica information proess.

An architecturd concept must thus provide a framework in which resourees are organized to deliver a set of information
proaesses, a damondration that each information process can be implemented (genegally with an actud implementation), and a set of
scenaios by which arepresentative sample of system features are paformed usng he information proesses.

The gpproach in this page will be firstly to ddfine consciousess in terms of phenomenain physologica systems; secondly to
providean oveview of the argunments in Coward [2001]tha arange of practicd condderations condran the system architecture and
information proaesses of any complex learning system whethe biologica or dectronic into a recommendaion architecture form;
thirdly to summarize how physology suggests tha the humen brain has been condrained within the recommendaion architecture
limits; fourthly to specify how consious phenomena can be understood as information processes within this physologica
architecture; and fifthly to review how the same architecture and information proaesses can beimplemented in dectronic form.

A rangeof dterndive gpproahes to moddling consciousness will be discussed, leading to the condusion tha thar architectural
conapts do not adequaey take into account the practicd consderations that apply to any sufficiently complex system. Often an
architecture is defined in which subsystems correspond with major system features or fundions rather than types of information
proaess specified in terms of the implementation technolbgy. This type of architectura concept is eff ectively a user manud tha
describes how features work in away that is easy for an outside observer to undestand, or afunctiond ar chitecture that describes how
magor groupsof similar features work. If such architectures ae treated as system architectures, they will bediffi cult to implement for
acomplete rangeof features without excessive resouraes and othe practica problems.

Congiousess features are often defined geneally in these dternaive approaches, and not in terms of a reasonaly detailed
sequence of seps, and heissueof learning wmplex combinationsof detailed features withoutsev ere interference between earlier and



later |earning not addressed. It may well be possible to implement limited subsets of constious features with such approahes, butin
addition to practica problems, features which emerge naturdly because of the form of the resource driven architecture in the human
bran could need to be added as additiond subsystems in afundiond architecture type implementation.

Modeling Consciousness

As discussed in Coward and Sun [2004, 2007], the objective of a physologically redistic modd of consiousess is not to
"undestand” subjective individud experience in a philosophica sense. Raher, the objective is to modd specific, observable
phenonmena labdled "constious' in terms of phydologicd structures, in such a way tha observed cogntive inpus (i.e inpus
described in cognitive terms such as perceptions result in specified physiologicd states, and these physiological states cause othe
physological states, and © on, to gene ate the observed high level cogniive outputs. This postion follows the aagument of William
James [1904] tha athoughconsciousess is clearly a fundion in experience which thoughts peform, it is not an entity or qudity of
being which can be contrasted with the materid world. A "constious maching' will similarly need to modd specific, obsrvable
congious phenomena, butusng dectronic rather than physological strucures to implement the required information mechanisms.

Thee is, however, controversy ove which phenomena should be labdled consious An important pat of the definition of
"congioumess” is a contrast beween humen behavioursthat are constious and those tha are unonsious As a simple example of
this contrast, condde the phenonmenon of dichotic listening [Treisman 1960]. This phenomenon occurs when different texts are
presented verbdly to theleft and right ears of human subjects and the subjects are told to shadow (i.e. repeat) the text ddivered o just
onespecific ear. If the texts are switched beween ears during the shadowing, subjects switch ears to the meaningful continuation
withoutbeing aware of having switched. Subjects hasre no memory of theunshadowed text. Thusdthough thee is no memory of the
text presented to the unshadowed ear, sudch text must be able to influence behaviour because it is able to trigge a switch. The
argument is tha the attended text enters constiousess, while the unatended text influences behaviour but does not enter
congioumness. A physiological mode needs to describe the physological states tha result from the presentation of the two texts and
how tho=e states gengated othe states, and demondrate that those later states result in the ability to switch from oneear to the other
when the texts switch beween ears, but create future memories of only onetext. It is of course posible tha physologicad modds of
this typemay give indghtinto the issues of phiosophical undestanding.

In this pgoer, four aspects of conscioumess phenomena will be discussed: access constioumess; phenomend coniouMess;
stream of consciousess induding imagining of nonexistent circumstances; and self constiousiess.  Access constiousess and
phenomenal constiousess were propo®d by Blodk [1995] as mgor different types of constiousess. Access constiousis defined as
the ability to report and act uponan experience and requires the existence of some "representation” of the expeiencein the brain, the
content of which is avail able for verbd report and for high level progesses such as constious judgrents, reasoning, and the planning
and gudance of action. The phenomenon of dchot c listening is an example of access constiousmess compaed with unconsciousess.



Phenomend consciousess refers to the quditative naure of expeience, for example why the experience of the colour red feds as it
does and not like something else. Part of the issue hee is the diffi culty in generating exact descriptions of such fedings and the
possibility that such fedings may be different for each individud. Stream of constiousness is the conapt formally introduced by
William James [1892], and will be ddiined as the ability to experience streams of mental images that have limited connection with
current sensory inpus and may be of situaions never actualy experienced or even impossible in redity. Sdf constiousmess refers to
the capability to includesdf images in a meaningful way in streams of constiousess. These different types of consiousess are of
course notfully indgpendent.

There is no a priori guarantee tha the many diff erent phenxomena which have been labelled "conscious' are suppored by exactly
the same physologicd mechanisms. It could dso betha it is the occurrence of a sequence of phydologica processes in a paticular
orde that results in "constious' phenomenag but all of the same processes in a different orde might not result in a "conscious'
proaess. In this context, searches for "neurd corrdates of constiousmess”, or detectable physologica states tha occur congstently at
the same time as awiderangeof consciousphenonena, may be somewha simplistic.

As a starting point for cregtion of a physologicdly realistic modd, it is essentid to have specifi c examples of these phenonmena
and ohea phenomenatha are not"constious' for comparison purposs. In the case of access consiousess, onesuch pheaomenonis
dichotic listening as described above To provide phenomena for diff erent types of constiousess, conside the following scenario
(similar to that discussed in Coward and Sun [2004]). Inthe scenaio, apason is out waking with acompanion, and encounters atree
patially blocking the path. One behaviour is simple avoidance: stepping aroundthetree. A second bénaviour is to make the comment
"Mind hetree" to acompanion. Athird behaviour is to focus atention on he tree and "become avare' of the tree as atree. A fourth
behaviour is to expeience aseries of mental images initiated by the sensory experience of the treg, resulting in acomment "Up in the
mouniins | saw a whole area covered with trees like it. | wonde wha it would be like to have a group of trees like tha in my
gaden”. The cognitive processes suggested by these scenaios could be visud inputfrom a tree, unmnscious activation, constious
activation, avoidance behaviour, and highea cogniive behaviour (induding assodative thinking, and verbd report of assodative
thinking).

Thefirst behaviour can gengdly be unmnsious Sensory inputfrom the tree and the path etc. generates some activation state
internal to the brain tha leads to avoidance behavior but does not lead to highea cognitive functions verbd report, or in many cases
even later memory. Thesecond béaviour is geneation of asimple comment and may notrequire complex cognitive processing. The
internal bran activation date in respone to thetree generates both nmotor behaviour and asimple verbal report

The third behaviour appears to have some reationship with wha is often caled phenonmend constiousess. Becoming aware of
the tree as a tree is subjectively a richa experience of the tree, the experience is difficult to express in speech and may be very
individud specific. The cognitive phenomenaresulting from this third behaviour are therefore verbalization of hepresence of aricher
expeience that cannotbedescribed verbdly in deail, butmay bevery idiosyncratic.



The fourth behaviour is an example of a stream of constiousess induding imagining of non-existent circumstances ("trees like
tha in my garden”), in this case leading to a specific verba behaviour. As will be discussed later, it is possible that an initid step
could be to become aware of the tree as a tree; this step could lead to simple comments, andfor be followed by a stream of
congciousess resulting in more complex comments.

The objective of this pape is to indicate how an dectronic system moddled on physology could be given sensory inpus, and
from the internd states generated by those inputs would in turn generate states correspondng with observed "constious' cogntive
outputs congstent with the internd states.

Architectural Constraints on Complex Learning Systems

Significant limits can be observed on the range of architectures exhibited by practica systems. It is striking, for example, that
every electronic system above a certain level of behavioura complexity has the memory, processing, inpufoutput and common
communication bus strudure Both hardware and software in complex dectronic systems tend to be organized into modules, with far
more communication within modules than baween them. It is also driking tha structures including cortex, hippo@mpus cerebdlum,
thdamus, hypohdamus and basa nude (or ganglia) appear ubiquitoudy in the mamma brain, across species with widdy differing
behaviourd challenges. Andogousstrudures are visible in theavian bran despite 300 million yers of indgpendent evolution [see eg.
Shimizu and Bowers 1999].

As discussed in Coward [2000;2001], the source of many of the architectura condraints on complex electronic systems is the
group of practical congde ations listed earlier. In the case of systems such as brans tha mus learn complex combinations of
behaviours theae are analogouspractical condderations [Coward 2001; 20054. Possible eff ects of some of these consdeaationson
learning system architectures have been discussed by a number of authors For example, the need to |earn withoutinterf erence with
prior learning, a need analogouswith feature modifi ability in eectronic systems, has been widdy discussed as the "catastrophic
interference" problem [M cClelland et d 1995; Robins, 1995;French, 1999]. The need to maintain the assodation beween results of
system proassing oninpus received from the same object at the same time has been widely discussed & the"binding probem” [V on
de Mdsburg, 19811999;Shadlen @ a 1995].

The specific architectural requirements tha apply to complex learning systems have been labdled the recommendation
architecture [Coward 2001],and in avery generd sense this architecture is andogouswith the memory, proaessing architecture for
systems in which complex combinations of behaviours are defined unde externd intdlectud control, dthoughthe two architectures
are quditatively different.



At the highest levd, the architecturd limits on complex learning s/stems require a separation between a modular hierarchy and a
component hierarchy®. The modular hierarchy organizes information derived from experience by defining and recording conditions
that occur within tha expeience, and deecting each condiion when it is recorded and any subsequent repdition. A module defines a
set of similar conditions and indicates the detection of any significant subset by produdng an output Components in the component
hierarchy correspond with different behaviours sequences of behavioursor types of behaviour. The component hierar chy receives
module outputs, and interprets each such oufput as a recommenddion in favour of a range of different behaviours each
recommenddion having a weight. The component hierarchy peforms a competitive process, which determines and implements the
mogt strongly recommended béhaviour & each paintin time.

In orde to economze on resources, the conditions detected by onemodule must be used to support many different benaviours
However, this creates a problem for modifiability, snce achangeto a module condition set to supportlearning of onebehaviour will
tend b introduce undesirable side eff ects on dl the other behaviourssuppored by the same module. As aresult, the degree and type of
changes to module condition sets must be severdly condraned. For a system tha learns a complex combinaion of behaviours a
module can add a condtion © its group f it is similar to and occurs at the same time as condtionsdready in its group, butwith some
tightly limited exceptionscannotsubsequently change or ddete the condition [Coward 2001]. Modules thus deect a"similarity space"
(or receptivefidd) that gradudly expandsbutdoes not contract.

Rewvard feedback following a behaviour changes the recommendaion weights recently active in the component hierarchy in
favour of tha behaviour, but cannot change condition ddinitions in the modular hierarchy. Hence modules cannot be evolved to
correspond with unambiguouscogntive circumstances (such as features or categories). Rather, modules must be evolved into a set of
statisti cally semi-indgoendent units that can discriminate between cognitive circumstances with behaviourdly diff erent implications
In othe words thegroup of module oufputs in respone to instances of one category is sufficiently different from those in response to
ingtances of a different category that high integrity behaviours can be achieved. Electronic simulations have demondrated tha such
discrimination can be achieved with module changes restricted to gradud expanson [Gedeon et d 1999; Coward 2000; Coward et d
2001;Ranayake et d 2004].

In orde to achieve a high integrity behaviour, areasonale range of behavioura recommendaionsmust begenerated in response
to every inputstate. Thisis equivd entto arequirement that a least aminimum level of module outputs must begenerated in response
to each inputstate. This requirement is the primary driving force decermining the need for recording of additional conditions if the

' In recommendation architecture terminology, the difference between a module and a component is tha modues can exchange information with complex

behaviourd meanings while exchanges betw een components can only have simple behaviourd meanings This difference is driven by the use of reward
feedback within the component hierarchy [Coward 2001; 2005]



nunbe of modules produéng an output is bdow a minimum level, conditions present within the current input state are added to
modules untl the minimum levd is reached. Such additions must be sufficiently similar to existing module conditions and new
modules could be defined if the current input state does not contain conditions sufficienty similar to existing modules. The new
condtionsadded to arangeof modules conditute the "memory trace’ of the current experience.

A moduk in the modukr hierarchy detects a group of condtionstha are rdatively similar, and with as little ovelap as possible
with the groupsof condtions detected by othe modules. A condiion is defined by a group of sensory inpus; each with a specifi ed
state, and the condtion ocurs if a high proporton of the inpus are in the state specified for the condition. Two condiionsare similar
if there is significant ovelap in the sensory inpus that ddf inethem, and they tend © occur in the same sensory inputstates.

There are some conceptud similarities baween modules and the components in indgpendent components andysis [HyvSinen et
a 1999] in the sense tha modules decompose a sequence of input states into patidly statisticaly indgpendent "features” in an
unaupevised mannea. As in the case of indgpendent components [e.g. Bartlett et d 2002], modules will not generdly correspond
exactly with clear cogntive features. No onemodule will bepresent if and only if a paticular featureis present. Raher, there will bea
group of modulkes, which tend to be present more often when a particular feature is present. The criticad diff erences beween
indgpendent componeants and modules are tha modules can continuoudy evolved with experience by approprete addition of nev
conditionsor nav modules, butare less rigoroudy statisticaly indgoendent than independent components.

Condtions can have diff erent degrees of complexity, where the complexity of a condition is defined as the numbe of raw
sensory inpus tha contribute (directly or via intermediate conditions and induding dupicates) to the condtion. Condtions with
different degrees of complexity are usgful for deermining diff erent types of behaviours For example, relaively simple conditions
may be useful for discriminating between features (e.g. wings heads, legs etc.), more complex condtions beween types of objects
(e.g. birds, cats, trees etc.), and yet more complex conditions beween types of groupsof object (e.g. something chasing something,
something dimbing omething, €c.) asillugrated in figure 1.

Condiion déinition and deection is paformed by derices, and these devices must bearranged in layers. This layering is required
to maintain synchronicity for one inputstate whil e detecting conditionsat a nunber of different levels of complexity [Coward 2001].
Highe level modules are made up of groupsof devices in one layer, columns across several layers, arrays of padld columns etc.
Resource limitations require mechanisms to dlow simultaneous detection of condtions derived from multiple input states within the
same physca group of modulks, in such a way that the condition detections are kept sepaate until it is approprate to detect
combination @nditions For example, if condtionsrecommending behavioursin response to agroup of djects are needed, conditions
mugt first bedetected within each obgct sepaately, and hen conditionsdeected that ae combinationsof individud object conditions
Resouree limitationswill tend to require use of the same modules for dl the individua object condtion ddections
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Figure 1. A sequence of arrays of columns deecting conditions on different levels of complexity tha can discriminae baween different types of cognitive
crcumstances. Outputs indicating condition deectionsby onearray are communicated to thenext array. The ! symbol is usad to emphasize tha the outputs of
onecolumn do not correspond ex actly with oneunambiguouscognitive circumstance, but tha the outputs of an array makeit possible to discriminae beween
cognitive circumstances with different behaviourd implicaions One individud column may have recommendaion wei ghts in favour of many different
categori es (because of some dement of similarity beween the categories). However, thegroup of columns produéng outputs in respon® to oneingance of a
category will be sufficiently similar to the groupsfor othe ingances of the same categoty, and suffici ently different from the groupsfor ingances of othe
categori es tha high integrity discriminaion can be achieved in the component hierarchy usng the recommendaion weights assodaed with each column. In the
diagram thae aretwo arrays a diff erent leves of condition complexity providing discriminaionbeween, for example, different types of object. In redity, thae
could be even more intermediate arrays deecting conditions ussful for discriminaing beween onetype of cognitive circumstance.

In orde to econonize on information recording resources, there must be careful management of when and wheare newv conditions
will be recorded. A critical role of the modular hierarchy is to provide this management function. In otha words some condition
detections must determine whethe or not conditions will be recorded in specific locations Columns are a key pat of this
management fundion. Specifically, a colunn detects conditionson a nunbe of diff erent levels of complexity, as illudrated in the



three layer column in figure 2. In tha column, the top layer deects rdatvely simple conditions the middle layer more complex
conditions that are combinations of the condtions detected by the top layer, and the botom layer even more complex condtions that
are combinations of the conditions detected by the middle layer. The highe the conmplexity, the more specific the condition to the
input states that contain it: many inputstates will contain conditions detected by the top layer; fewer will contain conditions detected
by the middle layer, and even fewer will contain conditions detected by the bottom layer. If a significant numbea of condtions
detected by the bottom layer, the column will produ@ an ouput that will be provided to the component hierarchy. If such an oufputis
present, thereis little value in recording ary additiond conditions Activity in the botom layer will theref oreinhibit such recording. If
there is aneed o record condtions(i.e less that the minimum nunber of columnsis producing an ouput) there needsto be condtion
recording in some columns. Condtions must be recorded in columns that have previoudy recorded similar conditions If thee is
strong condtion recording in the middle layer of the column, this indicates that the colunn already contains conditionsfairly similar
to those in the current input state, and recording in tha column would be more approprate than recording in a colunn with minimal
activity in themiddle layer. Activity in the middle layer therefore excites condition recording in the column & awhole. To ensure tha
condiion recording is limited to the most gopropriate columms, activity in the middle layer of a column also inhibits recording in any
othe column, and a competition occurs to determine the most approprate columns for condition recording. This three layer columrmn
illugtrates the conagpt, but dthoughthe practica consde aionswill tend to result in layers and columns, the actud nunber of layers
in acolumn will depend upon he fundiond needs of the system [Coward 20054
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Figure 2 A three layer column. The conditionsdeected within onelayer of a column inarease in complexity from top to bottam, whee complexity is the numbe
of raw sensory inputs tha contribute to a conditiondthe directly or viaintermediate conditions Thegreater the complexity of the condition, the more specific it
isto thesensory inputstates tha contain it. If an inputstate contains a condition recorded in the bottom layer, the column produes an output and condition
recording will in gengd not begppropriae Overdl activity in thebottomlayer thaefore inhibits condition recording. If thee is activity inthemiddle layer and
nonein the bottom layer, this indicates tha thee is a sigrficant degree of similarity beween the current input state and states tha have resulted in column
outputs in the past. Condition recording could theefore be appropriate. Inhibition beween columns sdects the columns in which this degree of similarity is

grestest.

Direct and Indirect Activation of Information

A moduleis directly activated by thedetection of the presence of some similarity crcumstance in current sensory inpus, and such
detections have acquired a range of recommendation strengths throughpast reward feedback. However, the severe limits on module
changes mean that some inactive modules may have recommendation drengths rd evant to agiven sensory inputstate. For example, if
amoduke is inective, but has often been active in the past, or has recently been active, or recorded conditionsin the past a the same



time as many of the currently active modules, such an inactive module may have relevant recommendaion strengths to contribute in
the current circumstances. If active modules do not result in a predomnant behaviour, such inactive modules could be indirectly
activated to expand therangeof available behavioura recommendaions Sudh indirect activationswould beagppear to the system like
pseudosensory experiences gengally made up of fragments of many past expeiences. Condition recording could occur within such
pseudosensory expeiences, resulting in amemory trace of "nonrea"” experiences.

Unoontrolled proliferation of indirect activations would produ@ chaos. Sudh indirect activations must therefore be treated as
behaviours and modules have recommendation strengths into appropriate components in favour of indirect activation of other
modules on e basis of diff erent types of tempordly correated past activity. The actud activationswill be deermined by cmmpetition
between the recommended alternatives. It can be demondrated [Coward 2005b]tha indirect activation on the basis of frequent past
simultaneous activity results in the phenomena of semantic memory, indirect activation on the basis of past simultaneous recording
results in episodic (and in particular autobiogrgohic) memory, and indirect activaion on the basis of recent simultaneous activity
results in priming memory.

As an example of semantic memory, consder how the ability to classify diff erent visud images of birds (pigeon, owl, thruh,
parot €c.) as indances of the BIRD category could besupporied. Each visud ingance will directly activate a diff erent set of columns.
However, because of visual similarities, there are some columnsthat will tend to beactivated rather frequently (athough probdly no
one column will dways be activated). When the word "bird" is heard, there will be some auditory columms tha will tend to be
activated rathe frequently. Because the word is often heard a the same time as a visud peception of a BIRD indance, the auditory
colums will often be active a the same time as the frequently active visud colunns. This frequent simultaneous activity means tha
the auditory columns that are most often active will acquire recommendaion strengths in favour of activation of the visud columns
tha are often active and vice versa. This means that when theword "bird" is heard, it will generate apseudovisud image of an average
bird, a& some levels of condition complexity. These levels will genegally not indude raw visud inpus because there will be
consdeaable diff erences baween diff erent BIRD ingtance activations at that level. Hence the pseudovisud activation will not be a
visud hdluanation. When aBIRD ingtance is seen, it will generate amental state as if the word "bird" had been heard.

Thetwo key aspects of episodic memory are firstly that extensive information can beretrieved abouta single unique event, and
secondly the sequence of occurrences within along event can beretrieved. As an example of episodic memory, suppo® tha a novd
situaion occurred such as watching news of 9/11 on tdevision for the first time. The novdty means a high degree of condition
recording. Suppo< later thewords"nine-deven”, "twin towers" and "airplane’ were heard. Each of thewordswould activate colurms
on thebasis of frequent past simultaneousectivity. The result would be an ensemble of active colunns that was not the same as those
active during the origina experience, but thee would be some ovelap. If then there was indirect activation on the basis of
simultaneous past recording, there would be a tendency for the ensemble to evolve towards a closer gpproximation to the oneactive



during the original expeience. This closer gpproximation would be experienced as a patid recongruction of the origind experience
and would, for example, hare recommendation drengthsin favour of describing tha experience.

Activation of columns on the basis of past activity shortly after currently active columns makes it possible to step throughthe
recongrudion of squences of expeaiences in the gopropliate orde [Coward 2005ab].

A Biologically Realisti c Cognitive Model within the Architectural Bounds

A phydologicdly redistic cognitive mode within these ar chitecturd boundshas been described [Coward 20054. In this modd,
the cortex correspondswith the recommendation ar chitecture modular hierarchy. Cortex devices are organized into layers, colurns
and areas as required by the recommendaion architecture bounds The thalamus, basa ganglia and cerebellum correspond with
componant hierarchies making behaviour sd ections determining, respectively, the sensory information which will be alowed to
influence behaviour, the generd type of behaviour and the specific behaviour. Nudei within the thdamus and basal ganglia
correspond with diff erent more specific behaviour types. The hippocampus corresponds with the recommenddion architecture
subgystem tha manages the assignment of modular hierarchy (cortex) resources. Other brain structures correspond with other
recommendaion achitecture subsystems [Coward 20054



mnakans
ahzv L T
S ok e Thrazhald 10w
':'.} 2 Oy, 2 far Iyac lanof
o e "-“'c. -"-""b paan.al daapar
e e Inla dandria
Fravis R et | o
Ewcha candFsan = dandrha = Sama
2rthiky Rt e———
I:"-.'-‘
2
.;,I:" A Innlok acike by
Inhluk i O
acihoy o2 A e
| o -:}D -
* -
InpulsLhal padarm —— Candilandanl
candhbn recarding hpus and wymapl Gr
maagEman. Inhlbhary wahhz (@ halary]

Figure 3. Pyramidd neuron moddled as a condition recording and detection device. Theneuron has a dendiitic tree made up of anumbe of branches. Theaeis
sepaae integration of inputs within each branch, then integraion across dl the branches for which the partid integraion exceeds a threshold. Previoudy
recorded conditions correspond with branches in which the totd of avalable synatic strengths of condition defining inputs exceeds the threshold for
contributing to tree integration. A large subst of the inputs to one branch will thea efore generate a contribution to dendiitic tree integration. A provisiond
condiion provides a framework within which anew condition could be recorded. The condition defining inputs to a provisiond condition have totd available
syngptic strengths less than thethreshold for contributing to tree integration. However, inputs tha excite condition recording could result in tha threshold beng
exceaedd. If the neuron shortly afterwards produces an output action potentid, the strengths of the condition ddining inputs are increased to the point a which
thdr totd synaptic strengths exceed the threshold. Ininformation terms a condition has been recorded.

Pyramidd neurons in the cortex correspond with devices tha ddine and detect conditions The physiological mechanisms
involved can be understood by congderation of figure 3. In the figure there are a nunbe of groupsof synaptic inpus to different
pyramidal neuron dedrite branches. A branch integrates the pod synapti ¢ poentials from these syngpses, and injects poential into the



dendrite if athreshold is exceedad. Furthe integration occurs within the dendrite as a whole, and then integration within the neuron
body (soma) daermines the generation of action potentids into the output axon [Sourde and Debanne, 1999]. In informetion terms,
such an action potentid indicates the deection of a significant numbea of the conditions progranmed on the separate dendrite
branches.

Three of the brandhes illugtrated in figure 3 correspondin information terms with recorded conditions The syngptic weights of
the condition déining inpus are postive and heir tota exceeds thethreshold for injecting poentid further into the dendrite. If alarge
proporton of these inpus is active, the detection of the condition defined by the group of inpus will besigndled to the dendrite and
poentidly to theneuron ma

It would be imprectical to create the connectivity defining a new condition at the ingtant the new condtion was required. Hence
provisiond conditions must be defined in advance, providing the framework for definition of a regular condtion, generally usng a
subst of theavailable input connectivity. A provisiond condition is defined by st of inpus to the branch on helower I€ft of figure 3.
The total weights of the condtion defining inputs to this provisiond condition are insufficient doneto result in potential injection
degpe into the dendrite. In othe words the condition will not be detected on the basis of these inpus aone no condition has been
progranmed. However, there are also excitatory and inhibitory inputs that manage the condition defining proaess. These condiion
ddinition managgement inpus are ultimatey deaived from column activities as illustrated in figure2. If a significant proporion of the
condtion defining inpus is active, inpus exciting condition recording are also active, and inpus inhibiting condition recording are
inactive, the totd podsynagtic potential may be sufficient to inject potential into the dendrite. If shorly af terwards the neuron
produ@s an output action potentid, an action potentid also backpropagaes into all the recently active dendrite branches. This
backpropayating action potentid increases the pogsynatic strengths of dl recently active syngpses (i.e. the wdl known long term
potentiation (L TP) mechanism [Bi and Poo, 1998]). The effect will be that the recently active subst of the condtion defining inpus
may acquire enough podsyngptic strengths to inject potential deepe into the dendrite independent of the state of the condition
recording management inpus: in information terms a condition has been recorded.

An important issueis how provisiond condtion defining inpus are s ected. The sdlection could be random but the probaility
tha abehaviourdly ussful condition can beinareased by basing therandom selection in favour of inpus often ective in the past at the
same time as the target nauron. Such abias could beachieved by taking the bran off ling and peforming an approximate fast rerun of
past experience, establishing provisiond connetivity between nauronsoften active & the same time during tis rerun. Covard [1990]
suggested that sleep is the off-line paiod during which provisiond conditionsare configured, and REM sleep provdes the rapid rerun
informetion. Simulations have demondrated tha sudh a proaess reduces resoure requirements (by making condiions more relevant)
by ebout20% [Coward 2000]. BEfectivey, resources for recording memories of future experiences are configured to be as approprate
as possible during sleep. Note that this propod is radicaly diff erent from suggestions that recent memories are consolidated during



sleep [eg. McCldland, McNaughbn and ORally, 1995]. The advance configuration proess will have no dfect on prior memories. It
is andogouswith formatting astorage disk in dectronic systems.

Pyramidd neuronsare organized into layers, with colunns of neuronspenetrating severa layers. These colurms are organized
into arrays in which the same input space is available to al the columnsin the array. In the recommendaion ar chitecture mode, a
significant proporion of the organization and interconnectivity within and between columns and arays is to manae the
circumstances under which conditionswill be recorded. Note that the recommendation architecture bounds do notspecify the nunber
of layers in a column, only the diff erent fundionsthat must be performed. A way in which observed inter and intra layer column
connettivity in the Macague cortex can bemapped to recommendation architecture requirements is described in Coward [20054

Thereceptive fidds of pyramidal nauronsin mlumnsin the visual cortex inaease in complexity across successive column areas.
The expected cogniive ambiguity is present even in the TE visud area tha discriminates beween visua objects the receptive fields
do notcorrespond with objects, butwith ambiguousforms that will bedetected in some butnot dl visud inpus [Tanaka 2003].

In orde to detect conditionswithin a group of objects, it is necessary for conditionsto be detected simultaneoudy within the
individud objects in arrays 1 through4 in figure 1, then combinaion condtions deected in the following arrays. However, it is
important that the conditions detected within different objects are kept separate. In other words in arrays 1 through4 it is imporint
not to deect conditions containing information deived from multiple objects. As described in deal in Coward [2004] the
requirement to keep independent popuhtions of condition detections active withoutinterference within the same physca groupsof
neuronscan beachieved by afrequency modulation mechanism gpplied to leeky integrator naurons To simplify the discussion, patia
integration across subsections of the dendritic tree will be omitted.
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Figure 4. The leky integrator neuron modd. The pogsynaotic potentid resulting from oneinput action potentid rises rapidly and then decays. Thae must
theefore beanumbe of input action potentids within ardaivey shott peiod of time to exceed thethreshold for an output. This peiod of time can beregaded
as an integration windowtha will in practice berathe shotter than thetotad peaiod ove which oneinput contributes potentid. For simplicity, in thefiguredl the
input action potentid s contribute the same pogsynaptic pdentid.

In alesky integrator neuron modd, inpus and outputs are action potentid voltage spikes. An input spike injects a potentid into
its target neuron hat initidly increases rapidly, then decays exponentially with some time condant. The tota podsynaptic poential is
therefore the sum of the eff ects of recent input action potentials as illusrated in figure 4. Because of the decay in podsyngptic
potentid, if two action paentids arivetoo far goart in time, they will not reinforce each othe signifi cantly. Hence the concept of an
integration window is useful: if a number of spikes arrive within a limited period of time, the threshold will be exceeded. The
integration window is in principle no larger that the total period during which an input contibutes postsynaptic potentid, but in



prectice is significantly shorter because the contiibution of a spike is very smdl towards the end of this peiod as illudtrated in figure
4,

Figure 5. An irregular sequence of output action potentids (top) from aneuron is frequency modulat ed by an imposed signd (middle) resulting in amodulated
spike sequence (bottom) tha is still irregular, but has atendency for spikes to occur more often dose to pesks in the moduation signd.

The existence of an effective integration window makes it possible for a frequency modulation mechanism to support multiple
indgendent activations in the same phydcal set of devices. The meaning of frequency modulation is illugrated in figure 5. An
unnmodulted sequence of action potentids coming from a neuron is illustrated. Such sequences are in genea not regular. The
sequence is frequency modulated if each action potentid in the sequence is shifted slightly towards the nearest pesk in a modulation
signd. Theresultant sequence still appears irregular, butthere is a highe probaility of an action potentia close to the pegks in the
modulktion dgnd. Themodulation sgnd would bedirected to aset of devices and each device would have its ouputs modulated with
the same phase. If the same average output rate was needed, the threshold of each device would be lowered slightly. In figure5 the
moduation signd is illustrated as a continuoussine wave, but in precti ce the signd could be a sequence of action potentias directed
to the gppropriate target devices.

If a subset of the currently active neuronsin onelayer were given such afrequency modulaion and other neuronswere not given
the modulation, the effect would be tha groupsof outputs from those neurons would be much more likely to arrive within the
integration window of neuronsin the next layer, and herefore generate ouputs from those neurons Those ouputs would dso tend to
be in phae with each otha and the bias would propajate to the next layer and so on. For example, if a subset of the neurons
responding to visud inputs could be given such a bias, and subsats correspondel with an object in the visud field (for example, by



targetting al the neurons with receptive fields within some closed bounday with the modulation signd), the effect would be tha
condtionswithin the oneobject would tend to be detected rather than within ather objects. This mechanism provided a physologicd
modé for the atention fundion [Cowerd 2004].
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Figure 6. Two groupsof three neuron outputs, modulated with different phases of the same frequeancy, tend to have mos of their output action potentids within
different integration windows.

Furthemore if different subsets were modulated with different phases of the same frequency, then provided tha the integraion
windows did not overlap, the effect would be tha outputs from the different subsets would not contribute to integration outside their
own subset asillugrated in figure 6. The effect would be that two independent popuhtions of condtion deections would be present,
corresponding with, for example, two different objects.

Theratio of the time between pesks in the modulation signd to the integraion time gives aroughindication of the number of
different objects that can be processed sepaately in the same phydcd resources. If the ganma band (~ 40 Hz) EEG signd is
interpreted as the modulation signd, and an integration time ~ 8 millisecondsis assumed, then this ratio indicates a limit of 3 - 4
objects can be processed simultaneoudy in the same phydca neuron resources. This limit can provide an account for working
memory obsrvations [Coward 2004;2005b].



As discussed earlier, individud columns will not correspond exactly with specifi ¢ cogntive circumstances. Raher, each colunn
will have recommendation strengths in compeition in favour of a wide range of different behaviours appropriste in respons to
different cognitive circumstances, which may contain conditions recorded within the column. Some of the behaviours that may be
recommendead by acolumn arelisted in table 1.

Recommenddion strengths are ingtantiated in the connestion strengths of the outputs from cortex colurmns into neurons in
different nude within suboortica structures such as the thdamus and basa ganglia Behaviour types A and B ultimately result in
physca muscle movements ousside the brain. However, the othe types result in different information management behaviourswithin
thebran tha are imporiant intermediate stepsin the course of generating bdaviour.

Consde first attention behaviours (type C). Colurms deecting condtions corrdating with the presence of closed boundaies at
different places in thevisua field all have recommendaion strengths in favour of shifting the atention domain to correspond with
thar bounday. Acceptance of onesuch recommendaion may require eye movements, but the key result of acceptance is tha all the
sensory input derived from the area within the closed boundary are modulated with the same phase, and conditions within the
selected object are therefore preferentially detected. Sequences of atention behaviours exist for learned cogntive processes. For
example, in progessing an arithmetic equation, atention shifts in a paticular sequence between diff erent sub-objects within the
equdion [Coward 2005.

Information avail ability recommendaion types (D) are required to manage how long a group of condition detections will be
dlowed to influence behaviour selection, and aso to manage when the outputs from severd sepaate active column popuations (at
different phases) in onearay will be synchronized and rdeased to thenext layer.

Indirect activation recommendaions (E, F, and G) can expand the popubtion of condtion detections available to influence
behaviour. The conditions detected within the visud objects currently the focus of attention will have recommendation strengths in
favour of externdly directed behavioursin respon to the object. However, thae may be othe conditionswhich are not currently
beng ddected butwhich may have gopropriate recommendation grengths for aurrent circumstances. For example, columns which are
currently inactive (i.e not detecting condtions but which have often been active in the past a the same time as currently active
columns may have relevant recommendation drengthsin some circumstances.
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Table 1. Different types of behaviourd recommendaion strengths tha may be possessed to different degrees by even asingle column

Columns theefore have recommendation strengths in favour of activating such othe columns. Similarly, if two colurmns record
condtions a the same time, each column acquires recommendaion strength in favour of activating the other. Such recommendaion
strengths will in generd decay with time unless reinforced by actua use followed by postive consequence feedback. As discussed in
Coward [2005H, indirect activation on the basis of frequent past simultaneous activity suppors semantic memory, and indirect
activation on the basis of past simultaneous condtion recording suppors episodic memory. Such indirect activations must be
recommendaions tha compete with, for example, externdly directed behaviours othewise the brain could be swamped with

irrdevantinformation in the course of peforming ay behaviour.



All of these recommendaion strengths are ingtantiated as weights possessed by column outputs into components corresponding
with the behaviours Conponents can correspondwith types of behaviour, specifi ¢ behaviours or sequences of specific behaviours
Sdection of atype of behaviour will result in a bias in favour of components correspording with the specific behaviours of the type
Sdection of asequence of benaviourswill result in abias in favour of he components corresponding with theindividud behavioursin
the gopropriate sequence. Such bénaviourd sequence components can beddined hauristically when a paticular behaviourd sequence
is often invoked. I mplementation of the component hierarchy requires devices with input weights tha can vary continuougy,
conaptualy similar to the dassicd perceptron.

Modedling Conscious Phenomena
Thecognitive modé described in the previous section mekes it possible to modd constious phenomenain terms of physology.

Figure 7. A simplified set of column arays for the pupose of describing dichotic listening. In this simplified version, an array of columns receives auditory
inputs from the right er and generates outputs tha discriminae beween different words Anothe array of columns peforms a similar fundion for left ear
inputs. Three arays of columns process visud inputs, generating outputs tha discriminae beween diff erent types of object, different types of groupsof object,
and different types of groupsof groupsof objects. The! objects array is able to suppot indgpendent activationsdeecting conditionsin severd different objects
by mantaining ther activity a different phases of frequency modulation. At appropriat e points, outputs from these activationsare broughtinto the same phase
and rdessed to the ! group of objects aray where they geneae condition deections tha contain information from dl theobjects in the group. Similarly for
combinaionsof ! group of objects activationsgenadting a! group of groupsactivation.

Dichotic Listening
Consde first the dichotic listening phenomenon discussed earlier. A version of the cognitive architecture simplified for the
purposs of explanation is illustrated in figure 7. The sequence of arays illugrated in figure 1 has been compressed o three arays in



the case of visud procaessing, and onearay for each ear in the case of auditory processing. The columns in the first visud proaessing
array detect conditionswhich can discriminate beween diff erent types of visual object, those in the second array can discriminate
between different types of groupsof objects and so on. The columnsin the array detecting conditions in the auditory information
presented to theleft ear can discriminae baween diff erent words and smilarly for theright ear.

The activation state a the point a which the text switch occursis illugrated in figure8. When aword is heard in the left ear,
columns deect conditions within the auditory information contained in the word. To simplify speech learning congderably (for a
somewha moreredistic discussion see Coward [20053), the "auditory” columns activated by hearing a word like "dog" have often
been active in the past when visual columns activated by seing adog hae also been activated, because a teacher has often ooken the
word when the learng’s atention was directed towards the visud object. The auditory columns have theefore acquired
recommendaion drengthsin favour of ativating he visud columns.

Hence the word "dog" results in activation of a visud image of an average dog, dthoughonly in arrays deecting conditions at
intermediate |evels of complexity (i.e not at the smpler levels where theresult would be avisud hdlucination, because there is mudch
less condstency in past activity between the auditory columns and thevisud columns at these levels). Hearing ag)hraselike"thebla:k
dog" first indirectly activates columnsin the top visud array corresponding with "the' and holds them active®, then columns (at a
different modulation phase) corresponding with "black”, then columns corresponding with "dog". The outputs from the three column
popuktions in the top array are then syndhronzed and released to the middle array and condtions detected corresponding with a
visud imageof the phrase, or group of olgcts. This popuktion is hdd active.

2 Thepsaudovisud activation in respon®e to hearing theword "thée' isdetermined by the columnstha have mog often bean activein the past whentheword has
bean heard. These columns will modify theactivationin respone to "dog" and a different way from the modification tha would result from hearing "d' shottly
before "dog". In this very simgified discussionof speech processing this point will not be d scussed.
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Figure 8. The patern of column activation during adichoic listeningtask, jug as the switch of texts beween ears occurs.

A similar proaess then occursin responge to the phrase "chased the cat”, resulting in a second activated column popuktion in the
middle array. After the phrase "up the tre€' there are three separate activated column popuhtionsin the middle aray, and the ouputs
from these popuations are synchronized and released to the bottom visud array. A popuktion of columns is activated in that botom
array tha deects conditionsin the group of phrases "the black dog chased the cat up the treg". Hearing the next phrase "and the cat”
leadsto an activated wlumn popuktion in the middle aray, then hearing theword "got' results in asingle ectivated popuation in the
top aray. At this point, as illustrated in figure 8, hereis one popuhtion active in thebottom aray, onepopulaion in the middle aray,
and onein thetop aray.

At each point in this process, there were also recommendation strengths in favour of indirect activation of visua columns
correspondng with the wordsheard in theright ear, butthe recommendaion strengths of wordsheard in theleft ear were enhanced by
theingruction © echo hetext heard in that ear.

Consde now thesituaion when theword "budness” is heard in thefavourdl left ear, and he meaningful continuaion "stuck™ in
theright ear. There ae some additiond recommendation drengthsthat must be conddered. The visud columns currently activein the
three arrays have recommendaion strengths in favour of activating porfolios tha have often been active a similar times (the same



time or shorty after) in the past. Because "studk” is the meaningful continuaion, these strengths reinforce the indirect activation
strengths of the auditory porfolios corresponding with the left ear. These strengths are sufficient to shift the predomnant
recommenddion drengths ove in favour of tha meaningful continuaion. Note that these strengths were dways present, butuntil the
switch they reinforced continuation in the targeted ear. Theindirect activation recommendation strengths of columns ectivated by the
untargeted right ear were also dways present, but did not result in pseudovisud activatiion and theefore (through condition
recording) memory. However, their congant presence results in the switch when they arerenforced by therecommendation strengths
of the currently active visud portfolios.

Theresult is that the unatended wordsdo notgenerate any pseudovisud activation. Such an activation is required if thereisto be
any verbd report of the words at the time, and the unatended text is therefore outside of access constioumess. The absence of the
activation dso meansthat the unatended text cannotresult in any indirect activationswhich could suppott stream of consciousness as
discussed bdow. Findly, the absence of an activation means tha the e is no condtion recording which could be the basis for future
reca|l. The modd thusprovides acomplete accountfor theobservations

Thebehavioural scenario

In the behaviourd scenaio discussed earlier, a pason is out waking with a companion, and encouners atree patialy blodking
thepah. One behaviour is simple avoidance: stepping around he tree. A second bdaviour is to make the comment "Mind hetree'. A
third béhaviour is to foaus atention on he tree and "become avar€" of the tree as atree. Thefourth benaviour is to follow a sequence
of internd "mental images" ending with the comment "Up in the mountains | saw a whole area covered with trees like it. | wonde
wha it would belike to have agroup of tees like tha in my gaden”.
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Figure 9. Pattern of column activaion suppoting motor behaviours for avoiding a tree. In the top two layers, columns are activated by deecting conditions
within three different aspects of a tree (for example, the atention domain foaussed on the trunk, roots and canopy) Outputs from these two popuktions are
syndhronized to the same phae and rdeased to the next layer. In the next two layers, columns are activated by deecting conditionsin the tree as a whole,
combining conditionsdeected by thetwo earlier popuktions In addition, anothe column popuktion was earlier created by a similar atention, synchronization
and re esse process in response to seeing thepah. This "pah population was generated in thel ayers 3 and 4, and its activity prolongel a adiff erent phase of
frequency modulation from tha genaated by thetree. Outputs from thetwo popuktiors inlayers 3 and 4 are synchronized and rdessed, generating a popuktion
I group of objectsin layers 5 and 6. This popuktionhas recommendaion strengthsin favour of gopropriate motor movements to avoid waking intothetreg, and
active columnsin any layer could dso have recommenddion strengths in favour of rdaivey simple verbd behaviours (such as describing wha is seen).

To urderstand the physological processes supportng tis scenaio, condde the pattern of ectivation illustrated in figure 9 for the
same architecture as illugtrated in figure 1. The figure shows the column activation pdtern a the moment when the behaviour of
avoiding hetreeis initiated.



Somewha prior to this moment, visud information about the path was being processed. This progessing resulted in several
popuktions of active columns in arrays 1 and 2 (gengated as a result of atention directed on different pats of the pah). These
popuktions were maintained active simultaneoudy at different phases of frequency modulation, and then the outputs from those
popuktions were synchronized and released to array 3, gengating an active column popuation in arrays 3 and 4. This "pah as a
whole' popuktion in arays 3 and 4 wes maintained active and the active popuhbtionsin arays 1 and 2 etingushed.

Visud attention on the tree then results in activation of three column popuhbtionsin arrays 1 and 2 as illudrated in figure 9,
geneated by different pats of the tree (e.g. trunk, crown, roots) and maintained active at different phases of frequency modulation.
Array 2 outputs from these populations are synchronized and released to array 3, generating an active popuktion in arays 3 and 4
which is maintained at a different phase of frequency modulation from the "pah as awhol€" popubtion. Array 4 outputs from the
"pah & awhole" and "tree as awhol€e' popubtionsare synchronized and released to array 5, resulting in an active column popuhbtion
in arays 5 and 6 at the ! group of objects level of complexity. The active colurms in this population (combined with column
activations resulting from propioceptic inputs that are notillustrated) have recommendaion strengths in favour of avoidance motor
behaviours

Any of the active colutms in this "tree plus path” popuktion dso have recommendation drengthsin favour of vebal benaviours
and if tha type of behaviour is accepted muld result in "mind the treg” speech. All of the column activationsin figure9 aethe result
of ddection of condtionsdirectly within aurrent sensory inpus. If thereis little novdty in the tree and pah obgcts, there may belittle
condtion recording. Hence motor bénavioursare generated, butthere may belittle future memory of the event.

Now suppo® tha indirect activation benavioursare encouraged. This will mean that the activated popubtion will be larger (with
highe biologicd cost), and may have oveaall motor recommendaion strengths somewha less gppropi ate for the waking motions
required. However, the popuation will include columns that have often been active in the past a the same time as, or tha recorded
condtions in the past at the same time as, the columns directly activated by current sensory inpus. The result will be additiona
behaviourd recommendaionstha may berdevant to aurrent circumstances. The third behaviour of "becoming avare" of the tree can
beundestood & this type of ectivation. Diff erent subsets of this popuktion will be subsets of popuktions active during thevery large
nunbe of past experiences in which trees were present. In generd, none of these subsets will be large enoughto generate speech
behaviour approprate to the correspondng past experience. The effect will theefore be a much riche menta expeience made up of
fragments of many past experiences featuring trees. Any one fragment will not have enough speech recommendaion strength to
describe the past experience, so it will not be possible to describe the experience verbdly in detail. The content of the mentd
expaience will bespecific to the past experience of the individud.

Thebéhaviourd vdue of such a"constious' activation is to search amudh larger space of possibly appropriate behaviours than is
avallable from condtionsactudly present in current sensory inputs. The costs ae higher biologica effort, and herisk of interference



with the most appropriate behaviour in respons to the currently peceived objects. Hence seection of "consious' activation
behaviourswill depend upon he vdue of such bénaviourscompa ed with the required accuracy of current motor béhaviours

Theadditiond behaviourswhich muld berecommended as aresult of a constiousactivation of this type could includeimmediate
sodd communicaion and planning for future behaviours The development of recommendaion strengths in favour of such
behavioursproaeds by asequence of seconday, tertiary etc. indirect activations

Within the large initial popubtion of indirectly activated alumns, there will be some subgroupsthat have often been active & the
same time in the past, and othe subgroupstha recorded conditions a the same time in the past. A large subgroupcould have a
somewha large total indirect recommendation strength than any other subgroup.Evolution towards atota popuhtion congstent on
the basis of past tempordly correlated activity would result in a population gpproximating to the origind population during the
expeience of which the subgroupwas a fragment, as discussed earlier for episodic memory retrieval. If a some point such an
evolution resulted in a less than minimum activated column popuktion, condition recording wuld occur to bring the popubtion wp to
theminimum level. Such condtion recording would result in amemory of anon existent circumstance that could beretrieved a some
future time. However, in generd such memories would not be connested with more raw sensory input and could be distinguished
from actua experiences on this basis.

At each pont in time, some additiond columns deecting condtionswithin the current sensory environment could beincorporaed
in the ongaing active popuktion and would influence its evolution. For example, sensory input from the waking companion could
bias the evolving popuhtion towards content of interest to that companion (e.g. by activating colunns often active in the past when
tha companion has been present).

In the specific example, suppo® tha in the initial indirectly activated popuation there were columrms activated by past
perceptions of my garden (because there are trees in tha garden), and by past perceptions of hiking in the moungins (because of the
presence of trees). If these two fragments expanded, the result could be an image of an area of smal butold trees in my garden,
supportng he fourth benaviour "Up in the mountains | saw a whole area covered with trees like it. | wonde what it would belike to
have agroup of tees likethat in my garden”.

To meke the development and impact of the fourth behaviour more dear, consdea amuch smpler example of the creation of the
memory of a non-existent situaion. Suppo® the words "rabbit chases giraff €' were heard. The three words activate populations of
auditory columns that generate pseudovisua activations as illustrated in figure 10A. The words "rabbit" and "giraffe" generate two
activated column popuétionsin the! objects arays 3 and 4 a different phases of frequency modulation. Theword "chased" generates
an active column popuation in the! group of objects arrays 5 and 6, reflecting the frequent activity of the auditory colunns at the
same time as many diff erent visual peceptions of group of object chase scenes. Then as in figure 10B, the outputs from array 4 are
synchronized to the phase of activity in array 5 and released o that array. A combination popuhtion is then geneated in arays 5 and



6 tha resemble the popuktion that would be ectivated by actual observation of arabbit chasing agiraffe3. Because such asituaion ha
never been obsrved beore, condition recording will be needed in arays 5 and 6 to reach the minimum popuhtion size for an
integrated popuktion.

The activity across arrays 3 to 6 will be similar to the activity that would be gengated by actudly seeing a rabbit chasing a
giraffe. However, thaeis no ativity in layers 1 and 2 doseto sensory input that would be present for such an actud observation. The
imagined dtuation is therefore not avisud hdlucination. The condition recording makes it possible to recdl the imaginary situation in
thefuture

3 This descri ption of the handling of "rabbit chesed giraffe’ in terms of column activationsisa simgification which does notaddress the difference between
"rabbit chased giraffe' and "giraffe chased rabbit ". This difference is suppoted by the existence of two ! group of objects levels which actudly have different
information interpretations Column activationsin array 5 can discriminae beween situdionslike "rabbit chased", "chased rabbit", "rabbit hdd", and "hdd
rabbit" etc. In othe words, the word "chased" activates two popuktionsin array 5: a"something chased" popuktion and a " chased something" popuktions The
word aso activaes a"something chased something” popuktionin array 6. The"rules of grammar” ddinetha the outputsfrom the first popuktionactivated in
aray 4 are combinad with the"something chased" popuktion in aray 5, and theoutputs from the second popuktionin array 4 are combined with the"chased
something" popuktionin aray 5, and theoutputsfrom the two resultant popuations are synchronized and combined with the "something chased something”
popuktionin aray 6. The"rules of gramma" are theefore learned rules for managing indirect popuktion activaions
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Figure 10. This figure illugrates how spoken words could lead to a pseudovisud experience of a non-existent circumstance, with the possibility of later recdl of
theexpeaience In 10A, hearing thewords "rabbit chased giraffe' results in a sequence of three active column popuktionsin an auditory column array a alevd

of complexity tha can discriminae baween different words. These popuktionsdrive theactivaion of visud columns onthebasis of frequent past simultaneous
activity. These psaudovisud popuktionsare activated in thelevd ! visud objects in thecase of "rebbit" and "girafe' and in thelevd ! groupsof objects (with

probably some! objects leve activation)in thecase of "chasé'. Active columnsin different popuktions but within the same array produce outputs with different
phases of frequency modulation. In 10B, outputs from thedifferent popuktionsin the! objects array are synchronized to the same frequency modulation phase
and rdeased to the ! group of objects aray, whee they combine with the previoudy activated columns to creste an integrated popuktion. Because a rabbit
chasing a giraffe has never been seen before, there is some condition recording a this ! group of objects leve which could be the basis for future reactivation of
the popuktion.

Speech and the Evolution of Indirectly Activated Populations
Thepropo®d modd for consciousess dgpendsuponthe evolution of primary active column popuktions generated from sensory
inpus. This evolution is on the basis of past temporadly corrd ated colunn activity: columns can beindirectly activated if they were



recently active, often active in the past, or recorded conditions a the same time in the past as a significant nunmbe of currently active
columns. Once a seconday popuktion has been generated on this basis, it in turn can gengate atertiary popuktion and so on. Long
sequences of active popuhtions can result without further reference to aurrent sensory inpus, athough aditiond sensory inpus could
beincorporated to some degree a any point. Thebehaviourd vaue of such evolutionsis tha they may result in end popuationswith
behaviourdly ussful recommendaion drengths. Such behaviourdly ussful results could bein the areas of planning or mmplex soaal
behaviours[Coward 20054

A problkem with this evolution proass is that it could drift and become cognitively meaningless, or in other wordsrarely end with
a behaviourdly useful popuktion. A second problem is tha only 3 - 4 indgendent popuktions can be suppored at the same time in
onearray, which could be a limitation if both current sensory inpus and multiple conscious image streams must be proaessed at the
same time,

In the case of drift into cognitive meaninglessness, oneway to limit such drift is to make use of capabilities created by gpeech. As
outined earlier and discussed more fully in Coward [20054, speech is dgoendent on the capability of cortical columns to indirectly
activate other columns on the basis of frequent past simultaneous activity. For example, auditory columns can indirectly activate
visud columms (e.g. hearing theword "bird" activates apseudovisud image of abird that is an averageover past expeaience, without
the activity close to sensory input that would make it a visud hdlucination). In addition, visual columns have recommendaion
strengths in favour of verba behaviours (e.g. the pseudovisud bird columns have recommendation strength in favour of saying
"bird").

There is a further result of theindirect activation capability. Because the word "bird" is often said after seeing a bird, the visual
bird mlumns are often active just before the auditory "bird" colummns, and can the efore acquire recommendaion drengthsin favour of
activating the auditory columns. Such an activation would bethe experience of seeing a bird followed by a pseudoaiditory experience
of hearing theword "bird" (but agan, withou theraw auditory sensory experience). Of course, the pseudoauditory column activation
would have recommendation drengthsin favour of apseudovisud activation (and 0 on).

This capability to generate alternating visud and auditory activations can be useful in redudng both of the problems discussed
exlier. Firstly, the verba-visual assodations can have the effect of focusng an evolving popuhtion. If in a seconday visud
popuktion, there are a nunber of groupsof active columns that are subsets of the groupsactivated by hearing different words each
group will tend to recommend activation of its correspondng auditory columns. Those auditory columns will in turn recommend
activation of their corresponding visud set. If onevisua subst is somewha larger than the others, it will tend to growat the expense
of theotheas by this indirect activation back and forth baween visud and auditory. Hence thedeived population will tend © monverge
on @gniively meaningful states.

Furtheemore the sequence of arrays proaessing auditory information can somewha inaeasse the numbea of indgendent
popuktionstha can be suppored. Thussomewha indgpendent seconday popuationscould besuppored and sparately proessed in



both visud and auditory arrays, dthoughseparate processing reduces the cognitive convergence advantage discussed in the previous
paagrgph.

In prectice, a simple motor task may require processing of visud sensory inpus up to the ! objects levels, leaving the more
complex visual levels available for indirect activations (i.e. "thinking™). Required "thinking" at the ! object level could be handled by
theauditory ! wordslevels, theresults passed to the ! phrases levels and then generating psudovisual activity at the ! group of obgcts
leve.

Themodd for the stream of conscioumess is thustha there could a some point in time be a popuhbtion of colunns activated by
current sensory input This population can then evolve by indirect activation, bang focussed a certain points to a popuhbtion with a
strong, congstent recommendation strength in favour of verba expression, such a popuktion bang equivaent to a congstent menta
image Beween such fixed points theae will be no grong, condstent verbad recommendation strength, and the experience will be of a
vague and evolving mentd state. This sequence of relatively congstent mental images separated by periods of vagueevolution is the
way stream of constiousness was origindly described by James [1892] as subdantive "resting places ..... occupied by sensorial
imaginations of some sort" separated by rangtive "places of flight ..... filled with thoughts of relations satic or dynamic, that for the
most pat obtain beween the matters contemplated in the peiodsof comparative rest".

The content of constiousess a the fixed points is therefore a mentd image, which could be visud or propiooeptic or even of
fedings and muld becouplked with amental verbd image. The content between these points is much more vague and will in generd
not be fully expressible in speech. Chrisley and Parthemore [2007] has discussed various ways of specifying the content of
congioumness. Thar aternatives include verba definition, visual images, and specification by the actions a subject with the
expeaience mightbe expected to peform. In the propo®d modd, the content of fixed paint activationscan bedescribed by dl of these
specifications The activated visud columns resemble those that would be activated by direct perception of the correspondng visud
object or scene the activated auditory columns are a verba description of the object or scene, the auditory colurns have a
predominant recommendaion strength in favour of activating the auditory columns and vice versa, and the activated colurns also
have recommendaion strengths in favour of a range of otha behaviours However, beween the fixed points the content does not
correspondwith well defined cognitive visual or auditory objects, and the predominant recommendation strengths are in favour of
indirect activationsand notwell ddined vebd or oher cognitive behaviours

Sdf Awareness

Sdf awareness refers to the ability to create internal representationsof sdf, and manipulate those images in acondstent fashion in
a manner which makes changes to future behavioursif appropriate. In the resourae limited recommendation architecture modd the
mechanisms used ae similar to those discussed for dreams of images The development of the capability can be modelled as follows.
Suppo® tha an entity has developead from expeience separate arrays of columns tha can discriminate beween different visud,



auditory and propgoceptic expeaiences. Suppo® that the entity is a smdl boy called John. bhn hexrs his paents say the name "John"
when they are directing his attention towards himsdlf. Hence auditory colurmns activated in responge to hearing theword are active a&
the same time as visud columns activated in response to visua input deived from looking a himsef, and propioceptic columns
indicating the postion of his body. The auditory columns can therefore acquire recommendation strengths in favour of activating
visud and auditory columrms as if hewas paying attention to himself. In other words a pseudomage of sdf viewed from within is
genaaed. Furthermore, sometimes his parents may say "boy" when foaussing dtention on dhn, ®metimes say "boy" when foaussing
attention on othe boys and sometimes say "Johnis a boy". This can lead to the auditory columns activated in response to "John"
ganing recommenddion strengths in favour of activation of visual columns often active in the past when looking at other boys In
other words the sdlf image activated by theword "John" indudes information which can be regarded & viewing sif from the outside
This sdf pseudoimage capability can then paticipaein sream of constioumess images as described earlier. For further description of
the development and use of this sdf image capability, see Coward [2005].

Machine Implementations of Required Information Mechanisms

The propogd modd for constiousmess is dependent upon a numbe of information mechanisms, induding unsupevised
organization of expaience into colunn condition groups assodation of colurns with behaviours usng reward feedbak, indirect
activation of columns on the basis of past tempordly corrdated activity, and support of diff erent active popuhtions in the same
physca resources by different phases of frequency modulation. There have been various € ectronic implementations of simplified
versions of the architecture tha demondrate tha the various information mechanisms can be implemented. These implementations
have in generd used three layer columms as illudtrated in figure 2, and have used software (Smdltdk and C++) modds for
physological strucures.

Electronic simulations have demondrated tha expeience can be organized into column modules, where each column deects a
gradudly expanding similarity spece tha is reatively orthogoné to the spaces deected by othe columns, in such a way tha the
column ensemble can discriminae between circumstances with bénaviourdly different implications[Gedeon & d, 199; Coward € d
2001;Ranayake et a 2003]. The ability to assodate partially ambiguous colurms with behavioursusng reward feedback and the
capability of imitation to improve the efficiency of reward based learning [Coward 2005] has been demondrated, including the
management of behaviourd selection by competition baween components corresponding with the different benaviours[Coward ¢ al
2004]. It has dso been demondrated tha the gradud expanson of column portfolios means that the architecture does not experience
catastrophic interference [Coward et d 2004]. Behaviours have included approprate responss to objects and groupsof objects.
Simulations have dso demondrated the effectiveness of indirect activation mechanisms in supportng activation of pseudovisual
images in responge to verbd inpuss, and supportng activation of pseudovisud images of objects often present in the past a the same
time as currently peceived objects [Coward 2001]. The cepability of the frequency modulation mechanism to implement attention



fundions a the physdological level has dso been demondrated [Coward 2004]. The use of a sleep-like proaess for configuraion of
provisiond condtions has dso been implemented, with the expected improvement to the behaviourd effectiveness of recorded
condiions[Coward 2001].

The primary factor limiting redistic moddling of the phenonena of constiousess is the need to organize a huge body of
expaience in such away that the information units (colurn modules) are shared across many expeaiences butevolved in such away
tha the information about earlier experiences can to a conddeable degree be recondruaded. The electronic simulations demongr ate
"in principle’ capabilities, but in practice aredistic constiousess mode requires much larger experience profiles and information
handling resources. However, dectronic experiments to date demondrate tha all the required informatiion mechanisms can be
implemented.

These simulations implement the information processes in virtual machine fashion on a conventional computer. The "hardwar €'
of the brain is effective for implementing the types of primitive information processes required for a complex learning system and
current compuing hardware is much less effi cient [Coward 199D; 20054 A way in which these primitive information pro@sses could
be implemented much more effi ciently usng custom integraed circuits is described in Coward [1990]. To design and build a
congious machine with full humen capabilities would require both the resouree driven architecture and effi cient i mplementation
technolbgy. The simulations demondrate that electronic implementations of the types of information proaesses needed to support
congiousphenomenain aresource driven achitecture operate as required.

The phenomena of constiousess result from the specific way in which information derived from experience is organized. This
organization is moddled on biology and results in various ways in which information can be accessed. These information access
routes would not be avail able, for example, in systems in which the information was organized into rigoroudy defined cognitive
categories. Following biological modds for the organization of information deived from experience will therefore be critica for
achieving bblogical like consciousess.

Comparison with other approaces

Since the 1990s one thread in the effort to understand human constiousess has been design of machines with andogous
cogntive capabilities. Efforts have ranged from architectural design on the conaptud leve to quantitative moddling of specific
phenomena Sucdh efforts have induded the kernel modd of Aleksande [2005], the globd workspace architecture implementation
[Franklin 2003 Shanahan 2006, the virtud machine gpproach [Sloman and Chrisley 2003], the forward modd approach of
Cleeremans [2005] and Haikonen's [2003 2007 neurd architecture

Themajor differences between the conscious machine a chitecture propo®d in this pge and othe gpproaches is the primary role
assignel to resource condraints in determining architecture, together with the requirement for a strategy by which the machine can
boostrap dl of a very wide range of cepabilities from expeience, with limited and plausble a priori knowledge and ongoing



guidance. Prior publications [Coward 2000;2001] have presented theoretica arguments, suppored by expeience with the design of
themost complex real time electronic control systems and aso by comparisonswith the mammal brain, indicating that such practica
conddeaionsdrive the architecturd form of any system which must perform a complex combination of behavioura features with
sufficiently limited resouraes.

In gengd thae are many ways in which a given combination of functiona features could be implemented. At one extreme, if
every feature could be implemented using separate resourass, then changes to onefeature would have no effect on any othe feature.
However, if resources are strongly condrained, individud feaures cannotbe suppored by sepa ate such resouraes. Resources will
genedly bedivided into subsystems that peform diff erent types of information pracesses where the type for onesubsystem will be a
set of GimilarOproaesses, with two proaesses bang GimilarOif they can both be peformed on the same hadwareO A system
architecture in which there are subsystems corresponding with individud features is in gengal not prectica if resouraes are
sufficiently condrained.

A resource oriented description of howany one feature works will need to refer to sequences of proaesses in (genegdly) dl of the
different subsystems. This makes descriptions of how features opeate in terms of the resource architecture more difficult to
undestand, and confusng for the user of an dectronic system who ha no interest in system design. Such auser is therefore provided
with a description of how the system works (the user manud) that largely ignores the system resource architecture This description
treats features as independent subsystems except when they interact from the point of view of the user. Coward and Sun [2007] have
suggested that a nurbe of constiousness modéds are of this Quser manud Otype.

However, if afully featured system was implemented with sepaate resouraes assigned to each feature GsubsystemOimplicit in a
user manud, much of the resource sharing would be log. In this section it will be argued tha many of the aternative modds do not
give adgquate congderation to resource limitations and boostrapping of capabilities, and often assume the existence of resource
modules corresponding with features. Such modds could be able to implement effectively a smal subset of conscious phenomena (or
pehgsaveay extensve set if M ooredd awOcontinues to make inareasing levels of information handling resouraes available), but if
as suggested by Coward [2001;20059 the human bran ha been subject to natural sel ection pressures on resources and learning they
will beless ffective as guides to undestanding hunan consciousess.

Haikonen's Neural Architecture

A central feature of Haikonen's cogntive architecture [Haikonen 2003 2007 is the percept module. This module receives inpus
from oneof the senses (visud, auditory etc) and generates an output if a specific cogntive feature (or percept) is deected. An object
in the environment is represented by the outputs of a specific combinaion of modules. In othe words, objects are represented as
signd vectors, with an eement in the vector corresponding with the presence or absence of a paticular cogntive feature. Hakonen
gives thesimple example of a cheary which culd berepresented by vector 100100100, with the three ones indicating the presence of



red, smdl and sphee, the zeros indicating the asence of green, blug medium size, large, cubeand o/linde. In more fully distributed
representations propeties could be represented by ecific combinationsof elements.

There are some general similarities between percept modules and colunn modules in therecommendation achitecture, butsome
fundamentd diff erences. In HaikonenOsar chitecture, percept modules form a single level of sensory proaessing and one module
receves informetion from only onesensory mode In the recommendaion architecture colunn modules form a hierarchy that detect
sensory circumstances on inaeasing levels of complexity, eventudly including multiple sensory modes. A more fundamenta
difference is that the sensory circumstances of column modules do not correspond with cogntive features. Rather, a sensory
circumstance is a similar sensory condtion tha may be present in many different cognitive features and objects. The outputs of
column modules could beregarded as signd vectors, but therewill bemany diff erent signd vectors corresponding with obgects of one
cogntive category, and one vector eement will be present in objects of many different cogntive categories. Each element has
different recommendation weights in favour of behaviours gpproprate to the presence of all the different categories in which it might
occur, and the predomnant weight across dl currently present elements will lead to, for example, a verbd behaviour of naming the
approprete category.

Thereason for the lack of corrdaion beween column module similarity circumstances and cognitive features is that the vast
mgjority of the similarity circumstances must be boostrapped from expeience with minimal a priori guidance. As argued in Coward
[2001], if information handling resouraes are limited such a boostrgpping proeess cannot convege similarity circumstances on to
cogntive features without excessive interference between early and later learning. Haikonen does not discuss how pecept modules
can beboatstrapped from experience, butthe arguments of Coward [2001] would indicate that a very high level of resources would be
required to generate the rangeof such modules needed to supportconsciouness.

A second mgjor aspect of HaikonenOsmodd is that assodations beween representations of different obijects from the same
sensory modeor between representations of objects from diff erent sensory modes are suppored by nairon modules. Neuronsin these
modules learn assodations beween a signd and a numbea of other signds by repeated coincidences, and can theefore assodate
representations of objects tha occur at the same time. Haikonen's modd depends upon repeition for learning. Assodations or
sequences can be learned provided that they are repeated. Haikonen comments that Onstant learning is susceptible to noise. Random
coinddences of signds a themoment of assodation will lead to false assod ationgO[Haikonen 2007, @ge 39], and hs modd does not
offer away to supportlearning of extensvely assodated information from a single event, as required, for example, to supportrobug
autobiogragphic memory of the type observed in human bengs.

In therecommendaion achitecture modd, assodationsof different strengths are created between individud column modules that
are active a the same time, rather than beween signd vectors present a the same time as in the Halkonen modd. Such associations
between colunn modules can be regarded as recommendaion strengths in favour of activation of one modulk if the other is active.
Learning of one to one assodationsis less complex than learning assod ations between complex combinations of modules, and the



predonminant recommendaion strengths of the activated modules in one signd vector will tend to indirectly activate an assodated
signd vector. Semantic type memory baed on learning by repeated coincidences is therefore also suppored, in a manner that will be
moreresoure effective as thenunmber of required assodationsbeween Sgnd vectors becomes very large.

However, in the recommendaion architecture modd, column modules (unlike percept modules) are condantly evolving by
gradud expansion of their similarity circumstances. In anovd experience, there will be such expansonsin awide range of modules.
These expansions are ingtant learning. As discussed earlier, indirect activation of a Gigna vectorOon the basis of past simultaneous
expansons provides the means to generate episodic (autobiographical) memories of unique events, a capability appaently
unauppored in theHaikonen a chitecture.

Global Workspace Approach

In the globd workspace modd as propo®d by Baars [1997], there is a large range of specid purpose proaessors tha detect
sensory features, gena ate menta images, imagined feelings idess etc. These proaessors dl compete, and the content of constiousness
is theresults of the processor aurrently winning the competition. However, if resources are limited, theimplication of he aaguments in
Coward [2001] s tha such processors would berequired to share resources extensively and they would not correspond with resource
modules. It is rdevant to note that in the human brain it gppears tha generating images of specifi ¢ past events uses largdy the same
bran aeas as gengating images of imaginary future events [Addis et d 2007], and when future events are imagined, extensve use is
made of materia from autobiogrgphic memories [Szpuna et d 2007]. Baars does not discuss how an extensive range of special
purpo® proassors could beboostrapped from experience.

In therecommendaion achitecture modd for consciousness, column nmodules are common resources that are activated in support
of deection of sensory features, genaation of memories and imaginary events etc. A column is directly activated by the presence of
its similarity circumstance in current sensory inpus. Each column has recommendation strengths in favour of indirect activation of
other columns on the basis of past tempordly correlated activity and past tempordly corrdated information recording. The evolution
of a group of columns unde the control of its own recommendation strengths could generate an autobiogrgphica memory, but a
slighty different starting group ould generate an image of an imaginary event. The content of consciousess is thegroup ofcurrently
active columns with the strongest congstent set of recommendations for example in favour of a speech behaviour. Colurn modules
are therefore specified in such away that they are resources tha can be shared across a wide range of different cognitive processes.
Theeis aclear strategy by which an extensverangeof colunn modules could beboostrapped from experience.

The difference beween the models is therefore tha the recommendation architecture based modd is congstent with the need to
shae resouraes and to learn from experience with limited a priori knowledge and guidance. Because in the globd workspace modd
theimplication is tha resource modules correspond with externally observed features, it is more andogous with aQuser manud Otype
implementation [Coward and Sun 2007].



TheIDA implementation of the globd workspace modd [Franklin 2003] manages just the assignnment of billets to sailors, and
does not, for example, need to boostrap naurd language undestanding. This implementation thusdemondrates that the architecturd
conaept can work for a limited nunbe of features, but does not address the issue of whethe' large nunbers of festures can be learned
if resouraes are limited.

Virtual Machine Model

In electronic systems, virtual machine architectures allow multiple complex and indgoendent informati on proaesses to proceed
without interf erence in the same hardware system, even though the diff erent processes make use of the same hadware and have
different interf aces to tha hardware. A commonplace example is the simultaneous supportof multiple user proaesses on a pesond
computer, such as word processing, grgphics design, email, web access etc. in which the operating system creates a virtud machine
for eech process tha gopears to have its own memory and proassing resources [Smith and Nair, 1995].

Thevirtud machine approach to constiousess proposed by Sloman and Chrisley [2003] aims to describe the operations of a
congtious entity "by (temporaily) ignorng many of the physca diff erences beween systems and focus[ing] on highe level, more
abdract commondities”. A consious entity is viewed as having a numbe of independent but interacting mental sub-states a each
point in time. These sub-states could be complex processes such as bdieving something, wanting something, trying to solve a
problem, enjoying something, harzing certain concepts etc. Sub-states are pasisting processes tha can be moddl ed &s virtual machines
andogouswith thos used by software engineers. Each sub-state degpends upon sub-mechanisms of the entity such as perception
subgystems, action subsystems, long term memory, short term memory, current store of gods and plans, reasoning subsystems etc.
However, in the concept of Sloman and Chrisley, "fundiondly distinct sub-systems [do noffl necessarily map onto physcdly
separable sub-systems”, so they dso gopear to beeff ectively defined as virtual machines.

In ther virtua machine approah, onevirtud machine may beprocessing airrent visud inputs, whil e other virtua machines may
meta- managing the visual processing virtua machine for example by monitoring intermediate stages in tha visual processing. In tis
modd, qudia are wha humans or future human-like robos refer to when rd erring © these meta- management virtuad machines.

In a gengd sense, the proaesses of the recommendation ar chitecture described in this pgper can beinterpreed as supportng an
interacting set of virtud machines. In this interpretation, a group of columns which evolves unde theinfluence of its own currently
predominant behaviourd recommendaion strengths can be viewed as one virtual machine. If the recommenddions are in favour of
indirect activation on the basis of past tempordly corrdated activity, the machine is supportng a semantic memory process; if the
recommenddions are in favour of indirect activation on the basis of past tempordly corrdated information recording, an episodic
memory proaess is suppored; if the recommendations are in favour of shifting the direction of vision, an atention proass is
suppored; more complex proaesses a e sequances of activationsand 2 on. Multiple virtud machines of this type can be proceeding at



the same time, and the same column could simultaneoudy participate in a nunber of different virtual machines on the basis of
recommendaion drengthsin favour of diferent behaviours

For example, a planning process could be initiated in the recommendation architecture modd by hearing the question How
would you ge from point A to point B20Hearing (point AOand (point BOactivates two sets of audiory columns. These sets of
auditory columnsin turn indirectly activate two sets of visud columns on the basis of frequent past simultaneous activity. These two
pseudovsud sets are thaefore similar to the sets that would be activated if the actual locations were viewed. Next, the set
corresponding with point A indirectly activates another set of columns that recorded information shorty afterwards in the past. This
newn set would be similar to the one tha would be activated by visud input in alocation often visited shorly after point A. Such an
indirect activation chain could be continued unil theresult a some point resembled the set of columns corresponding with point B.
The chain of indirectly activated column sets is €ff ectively a plan to g& from A to B. At each point the visud columns would aso
have recommenddion strengths in favour of motor behaviours often performed to get beween two intermediate points, and
recommenddion strengths in favour of verbdly describing those motor behaviours A verba description of the route plan could
therefore be genaated. Each set of activated columns could be viewed as a virtuad machine in Sloman and ChrisleyOsterms, the
difference bang tha it is clear howthese Qvirtud machinesOar e suppored within aresource eff ective lear ning architecture

At any point in the planning procgess, one set of activated columns could generate two different indirectly activated sets. For
example, this could occur by a bias on recommendéion strengths of the original set in favour of one type of indirect activation
resulting in one indirectly activated set, followed by a bias on the same set of columns in favour of a different type of indirect
activation resulting in a second indirectly activated set. The origind set would have all the relevant recommendation strengths, the
difference would bea bias placed within competition onhow heavily diff erent types of recommendaion strengths would be weighted.
Thefrequency modulation mechanism discussed earlier meansthat both of the diff erent sets could bekept active simultaneoudy in the
same column resources. One set could be the next step in the primary planning process, the othe could be a metamanagement
proass monitoring the current step. For example, the meta-management process could lead to a verbd description of the content of
the current step. A similar accountfor qualia can therefore be offered a in Soman and ShipleyOsnodd.

Thee are two mgor differences between thevirtual machine modd as propod by Sloman and Chiisley and the gpproah in this
pape. Firstly thevirtud machine modd offered by Sloman and Chrisley provides no account for how the system can boostrap its
capabilities from its experience with minimal a priori guidance. Secondly, althoughSloman and Chrisley comment that some virtud
machine architectures are hade to implement than others, they do na address the issue of finding avirtud machine architecture that
is rdatively efficient in resource usage In electronic systems, virtual machine implementations are often relatively indfi cient in use of
resouraes. For example, in gengd two virtua machine gpplications on a pasond computer cannot act freely upon the same
information. Often, dudicate copies of the same information in different formats must bestored in memory (such a diagrams in word



proassing and grgphics processing applications), and the two agpplicatiions cannot simultaneoudy make changes to the same
information. Thegreater the limits placed onresource shaiing between virtud machines, the greater the resouraes required.

A mechine tha has learned o paform a complex combinaion of constious and unonsiousbéhavioursis unlikely to be able to
afford the resouraes required for a true virtud machine implementation, and will require far more interaction between sepaate
proaesses than is dlowed by such an architecture.

In asensg, it is the same user manud-system ar chitecture issue between virtud machine and resource driven achitectures. Virtua
machine architectures break up s/stem functionality into chunkstha can beeasily and independently designed and used, & ahigh cost
in resouraes. The huge growth in memory and processing resouraes has meant that such an gpproach is feasible for the problem
complexity of many current eectronic systems, buts less likely to be feasible for a constious machine with full humen like
capabilities.

A furthe issueis tha there will be types of communication beween different cogniive proaesses tha will be side effects of the
need to share resouraes, but in some cases these communicaion mechanisms will supportvaluable cogniive capabilities. These
capabilities will emerge naturally in the resource driven architecture but for the virtua machine architecture will require additiond
specid purpo® virtual machines. Thusbecause modules in the resource driven gproach are ddined to allow resource shaing across
many diff erent cognitive processes, they can simultaneoudy paticipae in a nunbe of diff erent such processes and support
interaction between those proasses. Thus in the planning example aove, the same column modules could paticipae in both the
primary planning proess and any meta-management processes spun off fromthe primary process.

Simulation Models

A nunmbe of authors have suggested tha consciousess can be moddled as internd simulation of future possibilities [e.g.
Hesslow 2002] and tis proposl has been developed into acognitive architecture based on heglobd workspace concept by Shanahan
[2006].

In Shanghan's architecture, there is an outer loop tha links the environment, sensory proaessing and behaviourd selection. This
outer loopis purdy reactive, and generates motor responses without cognitive processing. There is dso an inng loop tha peforms
simulations which can modulate the outer loop. In addition, the inne loop can peaform multiple simulations in padlel, with the
different simulations competing to beallowed extensve access throughouthe system.

The issue with this architectural proposl is that it is a fundiond architecture tha does not address resource conservation issues.
For example, there are vary likely to be similarities baween the information processes required to peceive the environment and hose
required for imagining the environment. In aresource driven architecture it would therefore be expected tha the outer and inne loops
in Shanahan's functiond architecturewill use many of the same resources to supportther operation. The subsystems in the fundiond
architecture will therefore not correspond with modules in the system architecture It is relevant that in the human brain, direct



perception and cognitive processing appear to use subdantialy overlapping resouraes [e.g. Simmons et a 2007]. A criticd issueis
how the capabilities of the resource modules can be learned and organized so that they can supportthe multiple functions without
interference.

From a "user manud" perspective, simulation is a reasonale way to describe some of the column moduke opeations in the
resourae driven gpproah. For example, wordsdescribing a possible future situation could directly activate auditory columns, and the
auditory columns could indirectly activate visud, propioceptic or polymodd columns on the basis of temporaly corrdated past
activity. The resultant activated column population could then evolve through a series of indirectly activated popuktions each
activated from the preceding population on the basis of temporadly correlated past activity. Such a population sequence would be
expaienced as a pseudoexpeaience (i.e a simulation) of an imagined series of situations with an implicit averaging across past
expeience being utlized to df ectively derive aplausble future pseudoexperience.

Because popuktions of colunmns recommending abehaviour are active shorly beore popubtionsof columns activated by snsory
expeience following the behaviour, groupsof columns recommending a beéhaviour @n activate acolumn popuktion gpproximating to
tha which would be activated if the behaviour were paformed (agan, usng averages across past expeience as the guide). Columns
in this pog behaviour popuation muld recommend aljustments to recommendaion drengths of recently active colurms (i.e implicit
reward feedback). Hence the pseudoexperience can directly effect future behaviourd probadoilities.

The mgor differences between this undestanding of simulation within the resource driven approah and propogd simulaion
modds such as Shanahan's is that the simulation modds may describe the functions of the system but will not give insight into how
the resources of the system are organized to supportthese fundions This insght is fundamentd to designing a system. Note tha
dthough it is possible to improve the resource efficiency of any architecture as for example the Connor and Shanahan [2007]
improvements to thdr globd workspace based ar chitecture, these improvements will not be adequde as resouraes become more and
more condrained.

The Kernel Architecture
In the kernel a chitecture propo®d by Aleksander [2005], there are four primary system functionstha are identifi ed as modules:

perception; memory; emotion; and action. As discussed e lier, effi ciency will require that resources are shared beween, for example,
perception and memory. With sufficiently strong limitations on resources, this need for shaing couplkd with other precticd
conddeaionswill force resource modules into specific forms tha do not correspondwith mgjor system fundions Hence the kernel
architecture may beagood fundiond a chitecture for modelling onscioumess, butimplementation of a system that could learn afull
rangeof cogniive capabilities induding human consiousess using this funaiond architecture as the resouree ar chitecture would
require far moreresources tha aresourae condrained achitecture goproach.



Forward Models

Cleeremans [2005] has propod tha a class of computationd modeds called forward modds may provide a good starting point
for exploring the propeties of mentd representations able to supportconstioumess. In forward modds, there are two interconnected
neworks. One nework receives system objectives and a description of the current state of an environment to be controlled as input
and genagates actions as oufput The second nework (called the forward component) takes the output of the first network and a
description of the current state of the environment as inpus and geneates a prediction of how the environment will change if the
actions were carried out Once agan, this is a fundiond architecture which may be useful for exploring the opeation of
consciousness butdoes nottak e accountof the nesd to share resources across fundions

Conclusions
Prior publcaionshave demondrated tha for a complex learning s/stem, as theratio of learned behaviours to available resources
becomes larger, the system architecture will be more and more congrained within a set of architectural bounds Many different types

of system could be designed to learn a given set of behaviours but resource requirements will tend to become excessive and the
learning process more error-prone for systems designed outside these bounds

The large set of behaviours tha make up human constiousmess can be expected to require extensive information handling
resources. It is therefore probale that in order to design a system which can learn afull range of conscious behaviours it will be
necessary for the system architecture to take account of resource condraints. An a chitectura conagpt within the condraints has been
described, which includes an architecture a demondration that a range of constiousess related processes can be supporied by the
architecture, and a demondration that the key information processes can be implemented. It is dso demondrated that limits on
changes during learning imposed by resource limitations result in indirect activation processes tha can support different types of
memory important to mnciouess.

Alternative design proposls for a conscious machine do not take into account the architectura bounds imposed by strong
resource condraints. Such proposls could implement features equivaent to human consciousess, but such implementations would
be more codly in information handling resouraes and could have difficulties bootstrapping a full range of cognitive capabilities
(induding human-like constiousmess) from experience with limited a priori knowledge and limited ongoing guidance. B ecause the
humen bran has been condrained by resource limitations approahes that do not take account of the effects of such condraints may
beless vduable for undestanding human mniousess.
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