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1 A high order control basis for volition

It appeas to be astraightforwardimplication of distributed cognition principlesthatthereis no
integated executive control system(e.g. Brooks 1991, Clark 1997). If distributed cognition is
takenasacredble paradgm for cognitive sciencethisin turn presens achallengeto volition
becatse the concept of valition assumesintegratedinformaton processing and action control. For
instancethe process of forming a goal should integrate informaton about the availabe acion
options. If the goal is acied upon these procesesshould control mator behavior. If therewere no
executive systemthenit would seemthat processesof action selecton and performarce couldnOt
be functionally integratedin the right way. The apparently certralizeddecision and action control
procesesof volition would be anillusion arising from the competitive and cooperative
interacton of mary relatively simple cognitive systems Here | will make a cas thatthis
conclusion is not well-founded. Primafacie it is not clear that distributed organizaion can
acheve coherent functional activity whenthere aremany complex interactng systems thereis
high potertial for interference between systems and thereis a needfor focus. Reslving conflict
and providing focus are key rea®ns why execuive systemshave been proposed (Baddeley 1986,
Normanand Shallice 1986, Posner and Raichle 1994). This chapter develops anextended
thearetical argumert basedon thisidea accading to which selective pressuresoperating in the
evolution of cognition favor high order control orgarization with a Ofgheg-orderCcontrol system
that performsexecuive functions. The core elemerts of this architecture are presertedin figure 1.
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Figure 1: High order control architecture. Key properties: (i) Motor and perceptual systems have many degrees of
freedom. (ii) The first level of control isprovided by CPGs, which determine patterns of motor activation. (iii) High
order control systems are differentially specialized for increasingly high order control problemsin ascending order;
lower order control systems provide constrained stereotypical control, higher order systems provide increasingly
flexible high dimensional control. (iv) All control systems can access perceptual information directly and receive
descending influence from higher systems. For simplicity only descending connections are shown, but ascending
connections are assumed. (v) Perception-action loops are possible for each level of control. (vi) Higher level systems
areonly engaged as necessary. (vii) The highest-level system can exert top-down influence either viaintermediate
control systems or viadirect control of level 1 controllers, permitting either coarse or fine-grained influence on motor
control in varying circumstances. Three levels of control are shown, but in actual cases there will typically be more
than this. CPGs: central pattern generators; H-O: high order. Cf. Swanson 20033, figure 6.7 and Fuster 2004, figures 1
and 2.

According to the high order control model control competercy is distributed acress multiple
systemsbut systemsarealso organizedhierarchicaly, such that one or more high order systems
control multiple low order systems which areregponsible for organizing effector output.
Pereptual informaion flows to both low and high order control systems and low order
controllerscanbe camhble of generaing action without higher order input. Crucially, it is
assumedthat the architecture is the product of anevolutionary proces in which higher order
control hasbeenprogressively addedto low order controllers which thus have substartial
preexsting control capacity. Low and high order controllersaredifferertially specialized low
order controllersfor low order control problems, and high order controllersfor high order
problems High order controllersprovide flexible orchestration of low order controllers(in
contrag with the subsumption model), and increagd specificaion & refinemert of low order
competercies For simple or routine activity high order controllersmay be minimally acive. High
order controllersbecane maximally active in novel situations and for problemsrequiring
complexinformaton procesing and action coordination.



The main thearetical proposal of the chapteris anaccount of the factors that drive the evolution
of thisarchtecture. In explaining its evol ution the account also providesan explanation of mary
of the core functional attributesof the architecture. The accaunt of the evolution of high order
control is supported by two sourcesof eviderce. Firstly, it will be shown thatit is consistert with
the gereral structure of the evolution of sensorimator systemsin vertebrates Secandly, itis
consistert with cognitive neuroscience fi ndings that the prefrontal cortex exhibits hierarchical
control orgarization and performshigh level executive functions. This picture providesa
framework for understanding volition. The prefrontal cortex performsintegrated action control
functions, and someof the propertiesof this control corregpond reaonably well to feaures
associated with volition. No developedtheary of volition is providedhere, but the account blocks
the primafacie challenge presertedby distributed cognition and offers a platform for further
invedigation of volition in termsof high order action control.

2 Towards a biologically-based comparative framework for cognitive architecture

If cognition is notable for being distributed, an appropriate quegion to ask is Odstributed
comparedto what?(iscussion of whether cognition is distributed or certralizedneeds to be
placedwithin a conceptual framework that allows for systematc comparison. In fact the frame of
reference hasbeenlargely shaped by the advocacy of rival thearetical paradgms within cognitive
science:the cognitivist symbolic computation paradgm, the connectionist artifi cial neural
network paradgm, the behavior-based robotics paradgm, the dynamical systems paradgm, and
the situated cognition paradgm. Cadllecively, the latter four propose concegions of cognition that
aredistributedin comparison with the cognitivist model. However there are significart problems
with this situation. Since the units of comparison arewhole paradgmsthe frameof referenceis
very coarse; the claim that cognition is distributed thus mears something like @nore distributed
thanavon Neunam architectureGor Omee distributed than cognitivists thought it wag) This
offerslittle bads for addressing structured quegions. For instance, are there degreesof
organizational distribution in functional architecture?ls it possible that differercesin degeeof
organizational distribution arecognitively importart? The cognitive procesesof pencil-and-
paper arithmetic show distributedorganizaton, but are these procesesas highly distributedas
say, the swimming of ajellyfish?

From a conceptual standpoint we needorganizaional conceps that allow us to specify in more
precise ways the regects in which cognitive architecturescanbe certralizedor distributed From
anempirical standpoint claims about the distribution or otherwise of cognition should be placed
in a structured comparaive framework. It is not difficult to find examplesof cognitive processes
that show someform of distributed organizaton, but it is less clearwhat the exact signifi carce of
thisis. Simply calecing examgdesthat support a rather broad hypotheds cangive a misleadng
picture because it canoverlook evidencethat pointsin otherdirectons. Making predctionsin the



context of structured evidence providesa much tougher and more informative ted. In this regect
the relationship betweenthe range of actual archtecturesand cognitive ahilitiesis the appropriate
frame of referencefor comparison. Within this framework quedions such asthe following arise:
Is vertelrate neural architecture more or less certralized thanarthropod neural architecture?Can
differercesin certralizaion betweenthes taxa be asociated with differencesin behavioral
ahlities? A comparatve framework of thiskind is the bedrock on which a rigorous sciertific
aporoachto cognitive architecture should be based

We can specify systematically the kind of evidernce that should be addressed by atheary of
cognitive architecture in the following way. As the highed level theary it should provide
structured answersto the most fundamertal quegions. Thes include: What is cognition? What
determinessignifi cart variations in cognitive ahility? Which evidenceis most relevart follows
from the quedions. In particular, the most fundamental quegions corregpond to the mast
fundamenal patterrsin the empirical evidence. These are of two kinds: (i) the fundamental
featuresof sensorimator architecture, and (ii) the empirical distribution of cognition. The certral
type of evidence that atheary of cognitive architecture should explain, then islarge-scale
patterrs in the evolution of sensorimotor organization and behavior in metazoa. Before more
complicated quedions about humancognitive architecture canbe solvedthe breadand-butter
issuesshould be securely hardled This point is worth insisting on: if it camot explain thiskind
of evidercethereis rea®n to think that the theory doesnOhave avery good grip on the nature of
cognition. If it doeshave agood model of cognition the theary should be adeto sayin a
reamnably precise way whatit isthatis under selecion whencognition evolves

Whenmeasired against these conceptual and emgrical criteria the distributed cognition
paradgm farespoorly. It doesnot provide a clear positive account of what cognition is and offers
little purchase on the problemof specifying the nature of variationsin cognitive ahility.
Consequertly it doesOprovide a structured bads for explaining the emprical distribution of
cognition. To be fair, distributed cognition wasnot framedwith these quegions in mind; asnoted
ahove it hasrather beenfocused on drawing a contrag with the cognitivist paradgm. However it
isledgtimatk asessits strength against these criteria whenit is being used asa bads for inferernces
about cognitive architecture intendedto guide further research With regectto the topic of this
volumethe relevart inferercesare to the effect that cognitive architecure doesmOexhibit
significart hierarcly and thatit doesnOfeature a certral system.Because distributed cognition is
concepually and emgrically much wealer than hasbeen supposedit doesnot provide the
support for thes inferercesthat hasbeencommanly assumed Moreover, asl will show below,
thereis substartial counterevidernce.

By comparison the high order control model preserted above providesa better account of the
core archtectural featuresof cognition. It associatescognition with high order control ahility and
so isabeto provide a structuredexplanation of variations in cognitive ahility, and of the



selection pressuresthatimpacton cognitive ahility. Most importartly, it is consistert with the
kind of evidernce specified above, namely emgrical findings concerring the core featuresof
sensorimotor architecture and large-scale patterrs in the empirical distribution of cognition

3 The evolution of high order control

Almost all evolutionary theariesof the origins of cognition propose thatit arase in regponse to
problemsof complexity (Byrne 2000, Roth and Dicke 2005). It is also common to view
behavioral flexibility asthe main advartage providedby cognition (Roth and Dicke 2005),
although behavioral ecdogists and evolutionary psychologists have claimedthat cognition is
primarily anaggregate of special ahilities(Lockard 1971, Cosmidesand Tooby 1997). The
accaunt | now present also seesthe origins of cognition in problemsof complexity, ard idertifies
the major functional berefit asflexibility. But whereasmost accounts focus on exterral
complexity (environmertal or social), the present account proposesa prominert role for internal
functional complexity, and idertifi esthe evolution of the fundamertal mechansmsof cognition
asbegnning much ealierthan most accounts, and in response to much more general complexity
problems Indeed it proposesthat the evolutionary process that hasgivenrise to advanced
cognition canbe tracedbackto ealy metazaan evolution. Further, it proposesthatthe core trait
under selecion in the evolution of cognition is high order control capecity, rather thanmore
spectffic ahilitiessuch asspatial cognition, tool use or theary of mind. Mary specffi c akilitieshave
playedarolein the evolution of cognition, but the deepeg level of organizaion is shaped by
problemsof control that are common acrcss mary ahlities
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Figure 2: Architectural transformations in the evolution of high order control. Early multicellular animals had
simple homogeneous organization. Articulation pressure drives differentiation and specialization, which creates

integration pressure favoring regulative mechanisms. In vertebrates high order control becomes highly el aborated,



permitting increasingly complex & flexible strategic action control. High intelligence has evolved independently

multiple timesin diverse taxa The figure depicts only onekind of evolutionary trend, so isnot ascalae natura.

Table 1: Major forces & constraints in the evolution of high order control

Articulation pressure Integration pressure
*  Asthe conditions for successful action become * Asprecisegloba state gains functional
more demanding there is selection for capacity importance there is selection for mechanisms
to differentiate & separately control key aspects that promote coordination of collective activity
of action
Functional complexity advantage Functional complexity downside
e Elaboration & specidization of action * Increases degrees of freedom, making global
production mechanisms coordination aharder control problem
I Increased power, specificity, diversity, *  Regulatory infrastructureis required
accuracy * Increased functional interdependence
! Increased cost of error
Behavioral & ecological factors Variance factors
e  Therearehigh value, difficult-to-obtain e Theexisting architecture has a structurally
resources available pathway for increase of control
*  More complex action capacities open up new capacity

adaptive possibilitiesinaccessible to smpler
control systems

The main architectural transitions arepreserntedin figure 2, whilst Table 1 lists the major forces
and constraints operaing in the evolution of high order control. The way in which these forces
drive the architectural trarsitions is desribedin the following model:

* Sekcton for improvedaction targeting creakesaneedfor the differeniation and separate
control of agects of action production; this articulation pressure givesrise to functional
complexificaion

* Complex functional organizaton offers arange of powerful adaptive berefits, including
specffi city, power, accuacy ard diversty of acion, and thes berefits collectvely drive
continuing complexificaion

* Increa®sin complexity presert high order coordination problemsmagnified by increagd
functional interdependercy thatincreasesthe cost of error, reaulting in pressure for
integration

* Integation pressure selects for regulative mechanismswith both local and wider effects,
and for integration betweenregulatory systems

* Thehierachical structuring of regulatory systemsprovidesthe most effecive solution to
the high order coordination problemspresrted by high complexity, and will be
selectively favored ascompetitive pressure for increagd functional capacity continues

* Sekcion regmesfavoring high order control are likely to arise in ecdogical
circumsgtanceswhere there arehigh value, diffi cult-to-obtain resources



Note that whilst figure 2 depctsintegrated strateg c agerncy asthe outcome of selection for high
order control the detailed explanation for this camot be includedin this paper. Summarizing the
argumert, the model of the evolution of high order control servesasa framework for amore
specific model of the evolution of strategc agercy, whichisfocused on the latter stagesdepcted
infigure 2. In esserce, strategc agercy is aform of high order control and evolvesunder the
samegenreral kinds of evolutionary pressures High order control itself is subject to articulation
pressure ard becamesincreasngly elaborated Integration pressure favors the formaton of
integated managemert of whole-systemrelations, including interral state and environmertal
interacton. The specific model will be developedin Christensen(in preparation) and is as
follows:

* Articulation and integration pressuresacting on high order control will favor strategc
acion control

* Strategc action camcity isimprovedthrough the articulation of mechansmsof action-
outcome control to pemit relational acion managemernt

* Relational acion maragemert is subserved by relational informaion processing ard
valuation, ard these capacitiesincrease with integration capecity

* Integation pressure acing on relational action maragemernt capacity drivesthe evolution
of camacitiesfor high order representation of self-informaiton, alstractive concepual
learrning and execuive control, and in combination these constitute the bads of integrated
strategc agency

3.1 Defining functional complexity

The account is basedon the following definitions of orderand complexity:
Order: the scale of the correlationsin apattern; low order corregpondsto local correlation ard
high order corregponds to wider correlation
Complexity: the amount of correlational structure present in a pattern

The definition of order canbe underdood in the following way. Low order orgarization
correonds to correlations that canbe specifiedin temsof few, typically spatially local,
elemerts of the system. High order organization corregponds to correlations that must be
specffiedin termsof mary, typically spatially widegpread, elemerts of the system.The
complexity of apatternis determinedby how much information is requiredto specify the pattern

! Definitions used in the model: Strategic action control: orchestration of actions in relation to goals.
Action-outcome control: control of action production with respect to outcomes. Relational action
management: action control based on the relational properties of actions, entities and goals.



simple patterns canbe easly described, whilst complex patterrs require alot of information.?
Although a high order patternis specified over mary elemens it neednot be complex, asisthe
cas for asimple gradent or regonal difference. On the other hand complex patterns typically
will be of high order, involving relations between mary systemelements. Some of the most
importart factors that contribute to the organizational complexity of asystemare (i) the number
of systemelements, (ii) the number of typesof systemelemerts, (iii) the number ard type of
interactons betweensystem elemerts.

High complexity will tend to show correlational structure at multiple scales and consequertly a
combination of regonal heterogereity and coherert larger scale patterning. If we redrict our
focusto living systemsadagtivity appeas asakey constraint requiring global functional
cohererce. Thisleads to the following definition:
Functional complexity: richly structured organization of functional systemsand proceses
featuring regonal heterogenreity and global coherence

3.2 The advantages of functional complexity

The certral ideaof the model outlined above is that functional complexity offersmajor functional
advartagesbut carrieswith it a core tersion that drivesthe evolution of increagngly complex
hierarchcally structuredregulation. Thistersion stemsfrom the factthat functional complexity
involvesa combination of regonal diverdty coupled with global cohererce. Increagsin
complexity must someltow balance these two competing factors.

But why become mare complex atall? It is now accegedwisdom in biology thatthereis no
essertial adaptive advartage to complexity; virusesand bacteria are OasdaptiveCas for instarce,
large primates The apparert increase in organ smic complexity during the course of evolution
canostersibly be explained by the fact that, starting from a simple base, therewasnowhereelse
to go. Simple diffusion through morphospacecan produce an apparen trend towards increagd
complexity. However, although it istrue that thereis no essertial directlink betweencomplexity
and adaptiveress, they may nevertheless not be wholly indeperdent either. Being adagtively
succesful requiresperforming the right actions® atthe right time. In a competitive ervironmert
the conditions for successful acton targeting tend to become more demanding, and this cancreat
pressure for the differentiation and separate control of key agpects of action production. For

2| am describing here in intuitive terms the definition of complexity provided by Bennett (1985). See
Collier and Hooker (1999) for a more general discussion.

3| am using the term GxctionChere broadly to mean the product of a functional process. This encompasses
all of theinternal functional processes of the system, such as, e.g., protein manufacture.



exampde, in orderto pick up a glass without knocking it overit isvery helpful to be ableto
independertly control the force and direction of arm movemer. The simpleg acion production
systemsin biology lackthiskind of differeniated control: in the cas of a paramecum the
directon of swimming mation is determined randomly and the force of the motor acton isfixed.
Clearly, then articulated action control can confer advantagesby improving acion targeting. |
will refer to the relative advartage of more differertiatedacton production whenthereis
selecion for improvedaction targeting asarticulation pressure. In these circumgancesorganisms
with less articulated action production systemsare out-competed by their more accurate
conspecffics

The effect of sustainedarticulation pressure is complexificaion. Increagd complexity through
differentiation and specialization pemits more complex production procesesthrough interacion
betweendiffereniated componerts. This allows more reourcesof greater variety to be brought to
bearon action production. Thelist of adaptive benefits of complexity includes

Power: the ahility to concertrate energy making an action stronger, faster, more sustained, etc.

Specificity: the akility to produce anacion type mathed to a particular context

Diversity: agreaer range of action typescanbe produced

Accuracy: furtherimprovemerts to the targeting of action canbe gained

Thes berefits arerecursive inasmuch asthey apply to the production mechanismsthemselves
The effect of thisisto facilitate further articulation asenhancedproduction capacity allows the
marufacture of more specffically structured system componerts able to participatein more
precisely structured functional processes These arepowerful adaptive advantages and hence
thereisrea®n to expectselection to leadto increagdfunctional complexity in many
circumgtarnces

3.3 Functional complexity produces integration pressure, which selects for regulation

Although increadgng organizaional complexity canconfer substartial acaptive berefitsit also
brings with it associated problems The advartagesof functional complexity stemfrom
integrating heterogenecus componerts and proceses but diversty and coherencearein tersion
with one another. As the number of heterogenecus system componertsincreags and asthe
complexity of the componerts themslvesincreases the coordination demards for achieving a
globally coherert functional state increa®. This is compounded by the factthat functional
complexity will gain anadaptive advantage by enalding more complex morphologies(in the cas
of developmental mechansms) and more complex ways of interecting with the environmert (in
the ca® of physiological and behavioral mechanisms), which will tend to expose the orgarism to
agreater range of developmertal and ervironmertal conditions. These will recuire different
patterrs of actvity atdifferert times The organsm must consequertly be abe to maintain and
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switch betweenmultiple functional reg mes where each regmeis a particular set of coordinated
functional statesand proceses At the same timethe cost of failing to achieve global cohererce
increags Thisisbecause increagsin functional complexity inherertly tend to increase
functional interdependercy, but increagdinterdependency increasesthe likelihood thata
functional failure somewherein the systemwill propagate to downstream processes realltingin a
cagack of dysfunction. Thus, whilst the advartagesof functional complexity depend on
integration, increagsin complexity make integration harder to achieve, and the caosts of failing to
acheweintegation increa®. | shall refer to the escalating needfor integration ascomplexity
increagsasintegration pressure. Achieving the benefits of increagd functional complexity will
be dependent on mechansmsthat promote functional cohererce ard thereby resolve integration
pressure.

There arethreemain ways in which cohererte canbe produced through structural constraints,
through paralel interactions that produce OmergentOpatterns, and through regulation that directy
controls for a pattern Each hasstrengths and weaknesses The most straightforward way to
ersure functional cohererceis to limit the degreesof freedm of the system elemerts through
structural constraints, for example structuresintroducedin developmert that constrain physiology
and behavior. This hasthe advartage of simplifying functional procesing requiremerts because
the functional redrictions donOneedto be dynamicaly gererated aspart of ongoing functional
procesing. However structural constraints limit diversty, therely inherertly limiting functional
complexity.* More complex action akilitiesdepend on opening up degreesof freedom, ard
acheving coherercein these circumstancesmust occur, atleag in part, via some mears other
thanstructural constraints.

Functional coherence canalso be achievedthrough parallel interactons that gererate Omergent®
outcomes(i.e., thatarenot direcly controlled). In this case the collecive organization in quegion
isthe product of many localinteracions, with no functionally distinct global instruction signal.
This hasthe advartage of imposing minimal infragructure requiremerts and cantake advartage
of spontaneaus pattern-formation proceses But whilst Oslf-orgarizaionQ's celelratedfor its
capacity to gererak global patterrs it hassignificart limitations asa means of resolving the
problemspresentedby integration pressure. The most importart of thes areslow action and poor
targeting capacity. Precisely becaise achieving the global state depends on propagating state
changesthrough mary local interactions the timetakento achieve the final state canbe long, and

* Training wheels on a child@® bike are an example of a structural constraint that allows functional
performance by restricting the range of available states. They also illustrate some of the limitations that can
be associated with this kind of solution: once the child is able to dynamically maintain balance for herself
the training wheels are a hindrance. The regulative ability to maintain balance provides a much more
powerful, flexible solution to the problem of staying upright.
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increagswith the size of the system. Moreover, since thereis no regulation of global state, the
ahility of the systemto find the appropriate callecive patterndepends on the fidelity of these
interactons. Herethereis atersion: if the self-organization proces is robust against variationsin
spectffi c conditions the process will bereliale, but it will be difficult for the systemto gererate
multiple finely differertiated global states Alternatively, if the dynamicsare sersitive to specific
conditionsit will be eay for the systemto gererate multiple finely differertiated global states
but diffi cult to reliaby reacha specific state. Slow acton and poor targeting capacity severely
limit the capecity of self-orgarization to achieve the kind of coherence that functional complexity
requires As describedabove, the adaptive advantagesof functional complexity stemin large part
from precise, variedinteractions that may shift on rapd timesales

Consequenrtly the most effecive means for acheving the type of global coherence requiredfor
functional complexity is through regulation, including feedback mechanismsand instructive
signals operaing at both local and larger scales The key feature that distinguishesregulation
from self-organization is the presence of afunctionally specializedsystemthat differertially
spedfiesone or aredricted set of statesfrom the range of possible statesthe regulated system
might take, based on the sersing of system conditions and the production of control signals that
induce changesin functional state> Regulaion canmitigate the negative effects of orgarizaional
complexity in avariety of ways. Regulatory processescancorrect errors, repair damagg, and
adust process activity to changing circumstances Error correcion and repair make proceses
more reliabe, reducing the likelihood of errors that manifest asfunctional failuresaffecting other
proceses The ahlity to adust acivity to changing circumstancescanallow downstream
compensation if anupstream functional failure doesoccur. It also permits dynamic mutual tuning
of acivity thatcanhelp to ersure that systemsand processesremain within mutually recuired
rangesof activity. In combination these capactiesare able to provide robustness in the context of
close functional linkage. This amelioratesthe increasng cost of errar that accompanesincreasng
functional complexity. A further importart feature of regulation isthatit isanenaber for greater
levels of functional coordination, sincealocal regulative ahility to modify functional activity in
regponse to signals from other systemsfacilitateslarge-scale correlated functional change. Thus,
selecton for functional complexity will tend to give rise to derived selecton for regulative
ahlity.

However it should also be notedthat the adaptivity of an organism will always be the reault of all
threekinds of mechanismsoperaing together. Thatis, it will be the reault of some mixture of
structural constraints, self-organizaton and regulation. | have suggesedthat eachkind of
mechanism hasdifferent adagtive tradedffs, and such tradedffs will play animportart rolein

® |t should be noted that whilst regulation is distinguished from self-organization it can both contribute to
self-organization and take advantage of it, asis explained below.
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defining differentiated adaptive strateges Thus, we can expectto find arange of adaptive
strategesin biology thatemphasze somekinds of coherence-inducing mechansmsrather than
others For instance -selecied orgarisms’ will tend to rely strongly on structural constraints, in
the form of simple, highly constrained morphologieswith limitedregulatory complexity. It isin
specieswhere selection for functional complexity hasbeenmaost prominert, therely reaulting in
the greaked integration pressure, that we should expect to find the most elaborated regulative
systems

3.4 Strong integration pressure selects for high order regulation

The simpled regponse to integration pressure is local regulation of afunctional process, allowing
it to regpond to changing circumstances Extersive selection for requlative ahility is,
consequertly, likely to give rise to a multitude of local regulatory mechanisms, reaulting in high
levels of distributedcontrol. In addition to its local functional effects thisimprovesthe capecity
for globally integrated functional behavior: callectively the system canintegate functional
activity through mary local adustmerts. Indeed by making local systemsmore sersitive to
ambert conditions local regulatory mechanisms canpromote collecive self-organization
processesand help to ersure thatthey reault in functional erd-states However this Oslf-

organi zationOmecharism hasthe limitatons idertified above: slow adion and poor targeting
capacity. Moreover, asthe complexity of global state changesrequiredincreasesit becomes
increasngly inefficient because it requireslocal controllersto be Gto intelligertOi.e, to have
sophisticatedinformation procesing capactiesthat areahe to determine precisely whatthe
global context is and what the appropriate local regponseis. Not only canthisimpose prohibitive
demarnts on localinformaton processing capacities(e.g. of individual cells), it becames
increasngly inefficiert from an evolutionary point of view because, whenthere is heterogenreity
of local control systems it requiresmary coordinated adaptations in local control systemsto
acheve specific changesin globally coordinated behavior.

Consequertly, as integration pressure increasesspecializedregulative systemsthat have wide
effect will be selectively favored By direcly modulating large-scale functional acfvity such
systemscanmore effectively promaote globally coordinated functional activity. A specialized
requlative systemcanfunction asanintegration center, gathering information from wide-ranging
sourcesand subjecing it to procesing to extracthighly specffic control information. Functionally
specializedsystemscanprovide spatially and/or temporally and/or qualitatively precise delivery
of control signals aaoss wide regons. In addition, aregulatory systemcanserve asatarget of
selection for variations that produce globally correlated charges

® Organisms selected for a high rate of reproduction.
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At thispoint it is necesary to examine the definition of order givenabove. According to this
definition the scale of a correlation determinesorder. Appliedto control, this givesthe following
definition:
Control order: the scope of control influence (how much of the system is subjectto the
control signal)

Thus, aregulatory systemwith wide effectis a high order controller. However high order control
is also usedto meanmetacaitrol, a serse that may be more commaon and intuitive:
Metacontrol: the control of another control system

Sincethere will typicaly be widegreadlocal regulation, and since regulatory systemswith wide
effect will interactwith local controllers regulative systemswith wide effectwill gererally be
high order controllersin both the control scope and metacantrol senses Samereacersmay feel
inclinedto redrict the meaning of high order control to metacmtrol. However the definitionin
termsof control scope is more organzatonally fundamental and more importart. It plays avital
rolein characterizing the architecture of high order control, which camot be understood in terms
of metacantrol alone. For instance mary formsof cortical control are of high orderin the sense
that they control for wide-ranging agpecs of the animalOsnterral state and behavior,
independertly of whether this control is direcly medatedby elaborated hierarchical systems

Increa®sin control akility canoccur through a variety of routes including the modification or
refinemert of anexisting control system,the expansion of a control system, the addition of a new
control system,improvemert of the coordination betweencontrol systems and the hierarchical
structuring of control systems Thus, we needto ask whether there are any facbrs that will tend to
promote hierarchical structuring in particular. As just noted, integration pressure will selectfor
requlative systemswith wide effect, and regulative systemswith wide effect will interactdirectly
or indirecty with local control systems. Hieraichical organizaion will tend to arise asa natural
product of this. However thereare in addition specific adaptive berefits provided by hieraichical
organization. It is avery effi cient way to increa® diversity because the same componerts can
producedifferert outputs asareault of differing modulatory input. Further, structuring regulatory
systemshierarchically providesaway of partitioning the control problem that allows increagd
global coordination whilst keepng the overal maragemert problem for any givencontrol system
tractable. Specializedhigher order control systemsreducethe coordination burdenon local
requlation. Conversely, effecive local regulation reducesthe problem facing high order control
systems Differertial specialization betweenlow and high order controllersallows low order
controllersto optimizefor local coordination problemswhilst high order controllersspeciali ze for
high order coordination problems. This freeshigh order controllersfrom the problem of
OmiromaragngQlocal regponses High order control canextend and refine existing
competercies allowing incremental, efficiert improvemert of functional capacity. The net effect
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isto allow limitedcapacity systemsto cooperat on acomplex overall problemwith intimate yet
partitioned structuring of control burden.

Thus, hieraichically structuredregulation canprovide an effecive solution to the problems
presrtedby integration pressure, therely making availal e the adaptive berefits of greaer levels
of functional complexity. However, for high order control to be selectively favoredthese
conditions must actually obtain within the population. Specffically: (i) The existing architecture
hasa structurally availal e pathway for the evolutionary increa® of regulative capecity. (ii) The
control berefits (which caninclude erhancedspecifi city, power, accuacy, diversty and
coordination of action) yield overal higher returns (possibly including reducederror costs),
within the niche.

Giventhatincreasedregulation canpre<en substartial infrastructure costs aswell as potertially,
necative effects of increaged complexity, these conditions will by no mears be universal. If the
adaptive contingernciesof the niche that fall within the range of variation of the population do not
offerincreagdreturn for increased control ahility therewill be no directional selection for control
ahility. Indeed, theremay be selecion against high order control if the costs of increagd
infragtructure, energy demards and complexity aregreater thanthe returns gained With repect
to behavior and ecdogy, then, two kinds of circumstancesare likely to be egecially important
for gererating selection for high order control: (i) There are high value, diffi cult-to-obtain
resources (ii) More complex acton capacitiesopenup new adaptive possibilitiesinaccesibleto
simpler control systems

In addition we canexpectcontingercy to play a major role in the evolution of high order control.
The structural pathways that are evolutionarily availake will be highly constrained by the nature
of the existing regqulatory systems Someregulatory systemsmay reault in evolutionary dead
ends, whilst major adaptations maydepend on aprior sequence of adaptations to occur.
Conversly, however, the advert of a novel regulatory systemis likely to have major evolutionary
effects by significartly changing the adaptive possibilitiesthat areavailale.

The evolution of high order control systemsis also likely to exhibit ratcheting effects. Assuming
that high order control will oftenbe selectedfor whentherearehigh value berefits thatare
difficult to obtain, and since eachadditional requlatory adaptation will presen costs, aregulatory
adaptation increagsthe adaptive needto obtain high value returns, increadng the selective
pressure favoring further improvemerts to high order control ahility. The effect of such feedhack
canbe to sustain extended directonal selection, with severalimportart evolutionary
consequences Firstly, it could actto promote epsodesof rapid evolution. Secandly, however, the
evolution of amajor regulatory systemwill involve an extendedsuite of adaptations. Feedback
that sustains directional selecton canmaintain selecton over the extended periods of
evolutionary timeit takesfor such acaptations to occur.
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Taking these factors into considerafon it should be clea that the accaint doesnot presumea
scalae natura, orthogeneds or teledogical evolution. Giventhe complexity of the tradedffs
involved high order control isonly one of avariety of adagive strategesfor behavior control. As
noted, in mary casesincreagd high order control will not be advantageaus. The selecion
pressurescannevertheless be seento play arole acrass the full stretch of metazaanhistory. This
is not unique cas. Oriented evolution, involving consistert direcional changesalong one or a
few dimensions, such asincrea® in sizeor speed is a ubiquitous biological phenomeron
(Simpson 1949). Intelligenceisjust anexamge of this pattern with humanintelligence
constituting anextreme elaboration of a widegoreadadaptive strategy. Indeed precisely because
the adaptive pressuresare widegpreadthe accaunt predcts that thereshould be independert
evolutionary pathways in which selection for high order control hasplayeda prominert role. This
conformsto the evidence, which indicatesthat evolutionary increasesin intelligence have
occuredindependertly in avariety of differert taxa, including birds and mammals, and cetacears
and primates(Roth and Dicke 2005, p.250).

4 Supportive evidence from neural evolution

Having presertedthe account of the evolution of high order control abstracty | now outline
evidence concerring the evolution of nervous systemsthat supports the account. The effects of
ariculation ard integration pressuresare discernable in the earlied stagesof neural evolution, in
the differertiation of specializedcell types the formaion of specialized control certersand the
trend towards certralizedneural organzation. Extended hierarchical structuring is apparert in the
vertebrate auonomic and somatic motor systems

4.1 Centralization is a prominent feature of early neural evolution’

The first multicellular animals were sponge-like creatureswith little in the way of differertiated
tissue structure, and behavioral ahilitieslimitedto the control of water flow through poresby
adusting the contraction of muscle cells. Thes cells, calledmyocytes perform both the sensory
and the mator functions of the organism. Nervous systemsfirst appeaedin Cnidaria, carnivorous
radally or biradally symmetic animals with a sac-like body and a single body opening (the
mouth) surrounded by tentacles The evolution of neurons from ecioderm constituted a major
advarcein regulatory capacity by pemitting the specializaion of sensory function (through
sensory neurons), and by pemitting the rapd and precise trarsmission of signalsto muscle cells

" The discussion in this section follows Swanson 2003a,b.
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(through motor neurons). Sersory discrimination could becane more sensitive, precise, and
functionally differertiated (e g. into differert modalities. The addition of anintermedate layer of
specializedcommunication betweensensory function and motor output allows point-to-point,
longer range information transmission, and creaesthe potertial for divergence and convergence
of information flow. Divergent signal paths allow a sensory neuron or sensory areato broadcag
to mary distart parts of the animal, permitting a rapd, coordinated whole-organism regponse to a
sensory stimulus. Convergert signal pathways allow a givenmuscle cel to be sersitive to mary
differen sensory neurons, and to the activity of other muscle cells. Thus, early neural evolution
mack possible much greaker behavioral complexity and integration.

Cnidariannervous systemsarediffusely organizednerve nets. Flatwormsrepresen the next grade
of complexity of neural organization. They have bilateral symmety, a dorsal-vertral (top-bottom)
axis and arostral-caudal (front-rear) axis. They move by swimming or crawling, and have a
concertration of sensory neurons atthe headend. The cell bodiesof neurons areclusteredin
gangliaconnected by bundlesof axons callednerve cords. The clustering of neurons, in contrag
with the diffuse organizaton of Cnidaria, is a phylogeretic trend referredto as centralization. The
concertration of ganglia atthe headerd of flatwormsis the simpled form of brain, and is referred
to ascephalization. Certralization and cephalizaion are more pronouncedin amelid wormsand
arthropods, and arehighly elaboratedin vertebrates

Thes examplesillustrate the principlesgoverning the evolution of high order control described
abovein the following way. Concepually, the most parallel form of organizaton possibleisa
homogeneous matix. Spongesrepresert the closest biological approximaion to this type of
organization, and within most of the major metzoantaxathereare trends towards more complex
functional forms.® The separation of sensory and effecir functions into separate cell types seen
in the evolution of neurons, is plausibly viewedasaresponse to articulation pressure. This
ariculated control arrangemert allows the activity of effector cellsto be requlatedin much more
complexways. In particular, it allows the activity of effector cellsto berapdly coordinatedso as
to achieve specffic global goals. Thisregulative capacity fundamentally expands the functional
capacitiespossible with a multicellular body, and is thus a keystone evert in animal evolution. As
suchit exemplifiesthe kind of evolutionary impact that regulatory innovations canhave.

The predacious lifesyle of Cnidariais consistert with the hypothess that selecion for high order
control isbasedon the capacity to obtain high value, diffi cult-to-obtain resources Preycapure

8 Whether this represents widespread selection for the adaptive benefits of functional complexity, or
whether it simply represents diffusion through morphospace, can only be resolved through detailed
phylogenetic analysis. The present account predicts that the former constitutes a substantial component of
the phylogenetic pattern.
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will typically deliver high value returns, but prey will also tend to be sporadcally distributedand
camhbe of defensive measires The certralization of neuronsinto ganglia, and their rostral
concertration in cephalizaion, observedin flatworms, amelids, arthropods and vertebrates
concertratescontrol and providesthe bass for the formation of specializedhigh order requlatory
systems Certralizaion and cephalizaion areconsistent with the hypothess thatthe increasngly
complex functional formsfound in metazoan evolution have gererated associatedintegration
pressure.

4.2 The vertebrate autonomic system is a high order control system’

The auonomic systemis gereraly thought of asanauomatc, low order, non-cognitive system.
Indeed to casual observation the continuous unconscious bodily adustmerts of the autonomic
systemmight seemlike a marvelous examge of distributed organization. In some regects they
are.But aproper appreciation of the functional organization of the autonomic systemdepends on
the right comparatve framework. Whenassessedin termmsof amatomy and function, ratherthanin
comparison with conscious control, the auonomic systemis a certrally organized high order
control system. Invertelrateslack such a specializedregulative systemand have much more
limited capacity for coordinated body-wide physiological changes Thus, the auonomic system
canbe seenasaregulatory adaptation to the integration pressure posed by the complexity of
vertebrate bodiesand lifestyles

The following description indicatessome of the reactons likely to occur in regonse to hearing
suddenloud noise behind you in adark alley.

In literaly the time of a hearbeat or two, your physiology movesinto high gear. Your heart
races your blood pressure rises Blood vessels in musclesdilate,increasng the fl ow of
oxygenand energy. At the sametime, blood vesselsin the gagrointeginal tractand skin
constrict, reducing blood flow through these organs and making more blood availabe to be
shunted to skeletal muscle. Pupils dilate,improving vision. Digedion in the gagrointeginal
tractisinhibited relea® of glucose fromthe liverisfadlitated You bedn to sweat, a
regponse serving severalfunctions, including reducing fri ction betweenlimbs and trunk,
improving traction, and perhaps promoting additional dissipation of heatso musclescanwork
efficiertly if neededfor deferse or running. Multiple other smooth and cardac muscle
adustmerts occu auomatically to increase your readness to fight or to flee,and almost all of
themare effected by the sympathetic division of the ANS [autonomic system).

(Powley 2003, pp. 913-4)

® This section is based on Swanson 2003a, Card et al. 2003, and Powley 2003.
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In broad outline the integrative action of the auonomic systemis well known, but remarkabe
nevertheless. In light of the model of the evolution of high order control outlined above several
points stand out. The level of coordination of autonomic action providesaguide to just how
deepy integatedvertebrate physiology is. Thisis evidencefor strong integration pressure.
Modularity hasbeengreaty emphaszedin recert biological and psychological thinking, but
although the organ systemscertainly perform modularizedfunctions such asdigegion and fluid
transport they also interact continuously in the production of behavior. Consequertly the state of
high acion readness exemplifiedin the Gight or flight&regponse recuirescoordinated changesof
activity acrass almost all of the physiological systemsof the body. Thisis agood illustration of
functional complexity, in which highly diverse systemsarecoordinatedto achieve globally
coherert patterns of activity. The high level of global cohererce erhancesthe effectiveness of the
adaptive regponse. The auonomic systemalso providesa clearexample of the role of specialized
regulatory systemsin achieving high levels of global cohererce. Complex, system-wide changes
in activity must occur on very rapid timesalesin regponse to specffic conditions. The auonomic
system providesthe specializedinformation procesing ard signal delivery requiredto achieve
this.

It also illustratesthe role of hierarchical organization in enaling tractab e global coordination.
The most localizedcontrol providedby the auonomic systemis medated by what areknown as
axon reflexes: stimulation of visceral afferert neurons reaults in the certral propagation of an
action potertial but it canalso produce local relea® of newotrarsmitter directy from the site of
stimulation and local callaterals. Thes axon reflexesproduce a range of inflammatory and
vasularregponses The next most localizedform of control is medatedby reflex arcs passing
through the spinal cord. Visceral afferernts projectto laminael and V of the spinal dorsal horn,
sending sensory information about visceralvolume, pressure, conterts or nocicepive stimuli to
spinal circuits thatinterpret the information and generak patterned regponsesvia efferert
connections backto the viscera, for example increasng heartrate and vasoconstriction. The
acivity of reflex arcsis integrated and coordinated by a suprapinal systemknown asOhe certral
auonomic networkQ consisting of a hierarctically organizednetwork of sitesin the
mesncephalon, hypothalamus, amygdala, bed nucleus of the striaterminalis, septal regon,
hippocampus, cingulate cortex, orbital frontal cortex, and insular and rhinal cortices Many of
these certers are part of the limbic system. The integrative functions performedby this system
canbe dividedinto threetypes(Powley 2003, p. 928): (1) Coordination and sequercing of local
reflexes such asthe auonomic regonsesof the mouth, stomach integines and pancreasduring
and after ameal (2) Integration betweenauonomic and somatic motor acivity. For example
adusting blood flow through the body in regponse to postural changesto preserve blood supply to
the brain. (3) Organizing auonomic activity in articipation of key everts, such asmaijor
homedstatic imbalances Thes are good examplesof high order control functions.
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4.3 The vertebrate somatic motor system exhibits extensive hierarchical structuring'’

If we assume afunctional distinction betweensensors, effectors and interneurons, then
concepgually the most paralel form of organization approximatesthat of the Cnidarian nerve net
evendistribution of sensory and effecor cells, and diffuse spreadof informaton by interneuons.
Vertelrate sersorimotor organizaion is clearly nothing like this. Direct muscle-to-muscle neural
connections, commaon in arthropods, are absert in vertebrates. Control of muscle activity is
ertirely locatedwithin the spinal cord ard higher sitesof the certral nervous system. Whilst we
have anintuitive serse when performing skilledactvity that our body Okows what to doObthe
pheromerology thatinformsthe lay concept of Omecle memay®Pin fact the informaton
guiding skilledaction is not storedin the musclesbut in the brain stem, ceretellum, basal ganglia
and cortex. In other words, skill memay is storedin high order control systemsratherthan
distributedthrough the muscle system

Vertekrate motor control shows a similar, though more elaborated, hierarchical structuring to that
of the auonomic system. The nature of this hierarcly wasfirst demonstratedin the early 20"
certury by experiments involving sectioning the certral nervous systemsof cats (Brown 1911,
Sherrington 1947). Whenthe brain stemand spinal cord isisolated from the forekrain a catis still
ahbleto breath, swallow, stand, walk and run. However the movements areproducedin a highly
steredyped, robotic fashion. The animalis not goal-directed, nor doesit regond to the
ernvironmert. Thus, the brain stem and spinal cord are regponsible for producing basc movement
coordination, but not higher-level environmertal sersitivity or goal-direcedhess. A catwith
intactbasal ganglia and hypothalamus, but disconnected cortex, will move around spontanecusly
and avoid obstacles It will eatand drink and display emations such asrage. This level of motor
control isthus regonsible for the core elemerts of mativated behavior. The hypothalamus plays
anegecially prominert role in integrating the acivity of the auonomic and somaitc motor
systems

The cortex isrequiredfor the most complex formsof action control. The somattopic
organization of the primary motor cortexis well known. The proportionately much greater area
dewvotedto the hands, faceand tongue, compared with other body areas is ananatomical correlate
of the factthat the cortex plays animportart role in the control of complex skilledmovemerts.
Body areasrequiring fine control are represertedin more detail. The cortexis connectedto the
spinal cord via descerding pathways of several kinds. Corticospinal pathways projectdirecty to
the spinal cord, whilst rubrospinal and reticul ospinal pathways project to motor certersin the
brain stemthatin turn project to the spinal cord. The cortico- ard rubrospinal connecions

19 This section is based on Gazzaniga et al. 1998, Swanson 2003a, Grillner 2003, Floeter 2003, Scheiber
and Baker 2003.
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tramsmit commands for skilled movemerts and correcions of motor patterns generated by the
spinal cord. The reticulospinal connections acivate spinal motor programsfor steredypic
movemens such asstepping, and areinvolvedin the control of posture. Thisdistinction is
refleciedin the two kinds of descending pathways depctedin figure 1. Functionally this allows
high order control influence to be medated either through existing motor programs (e g. hahits
and reflexeg or to act more direcly on the patterning of muscle action. This pemits fi ne-grained,
contextually sersitive control whennecessary, ard is a major sourceof flexibility.

Thus, the hierarchical structuring of the motor system canbe understood in temrms of the layering
of control systemsregponsible for succesively more complex formsof control. The relationship
betweenthe control of basc walking movemert in the spinal cord and contextual and posture
control in the brain stem exemplifiesthis. The core elemerts of walking mation are producedby a
repeatd patternof muscle firing, and asimple circuit in the spinal cord (a Oertral pattern
gererabrQor CPG) canproduce this basc cycle of activity. However walking must also be
adaptedto context and goals. Refinement of movemert and posture control is provided by higher
centersthatintegrate a wider range of sersory information and perform more complex
informaion processing. This higher-level control acts by modulating spinal circuits, adusting the
basgc walking patternto the circumstances But because spinal CPGs contribute a substartial
componert of the movemert pattern higher control isrelieved of this computational burden
Control regonsihility isthus efficiertly distributed

Skilledard goal-directed actions present the mast challenging control problems In the case of
skilledacton, performance may needto be precisely adaptedto the context, and require extended
sequencesof motor activity. Whilst much of the sequencing may be routinizalde, succes may
still require continuous monitoring and adustmert of performarce because the context for the
skill may be complex and variable. Acquiring skilledaction is egecially challenging becatse it
requiresassembling component motor acionsinto larger structuresthat may be partly or wholly
novel. Successfully achieving thiswill be strongly dependert on the capacity to monitor the
relations betweenmultiple actions, context and goals. Goal directed acion more gererally
preserts formidabe control problemsbecatse it requires the akility to opportunistically idertify
action possihilities which may shift dramatically ascontext varies form instrumertal goals that
effectively satisfy thatanimalOsequiremerts giventhe contextual opportunities and to flexibly
coordinate actions in relation to those goals. Thus, effective goal-directed action maydepend on
complex valuation processes high lewvels of bodily awareness, rich long-term memory for
context, and intersive procesing of episodic informaton.

Complex, skilledmator acions are associated with volition in motor control resaich. Such
actons arereferredto asvoluntary because they are performed OawillO However the concept is
notedto be ambiguous, inasmuch asalmost all typesof motor behavior, including basc reflexes
canbe influencedby will (Grillner 2003, p. 762). For examgde if one touchesan objectthat
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unexpectedy turns out to be hot a withdrawal reflex will be triggered However if the object is
known to be hot the withdrawal reflex canbe overridden if graging it isimportart. We will
return to these issuesbelow. For now it isimportart to note that the concept of voluntary acton
plays animportart role in motor reseach ard is associated with anatomically distinct systems
involvedin the most complex forms of acion control. This providesa primafacie case that
volition hasa grounding in motor control. Moreover it suggeds thatvolition is a product of the
evolutionary pressuresfor high order control that | have beencharacrizing.

5 Cognitive control and the central system

The eviderce outlined so far indicatesthat the main feauresof the human sensorimotor system
conform to the high order control model depctedin figure 1. Thisis not very surprising sincethe
model wasin part alstracted from this evidernce. The more substartial proposal is the thearetical
accaunt of the propertiesand evolution of the architecture presertedin section 3. Basd on this
accaint we canmake a further predction. High-level cognition should be anextension of the
gereralpatternexemgifiedin basc sensorimotor architecture, being the product of the same
ariculation ard integration pressures The highed level of control should integate the greaeg
amaunt of information, have the wideg control scope and be regponsible for the most complex
action control problems In other words, the high order control model predcts that there should
be acertral system™*

Support for this predction is providedby cognitive neuroscience researchon Ocgnitive control O
Cognitive control researchis concerned with the mechanismsof fl exible, goal-directed behavior,
and distinguishesthese from OatomaticCforms of acton production, including reflexesand
hahits. Cognitive control is closely associated with the prefrontal cortex, which hasa pattern of
broad connections with the reg of the brain thatallows it to syntheszeinformation from many
sourcesand exert wide control influence (Miller 2000). A variety of linesof resaich have shown
thatit hasthe propertiesof ahigh order control system.lt is, in fact, the highed order systemin
the brain.

1 Although it is not directly implied by the account of the evolution of high order control that has been
developed in this chapter, the model of the evolution of strategic agency briefly described at the start of
section 3 serves as the basis for an associated hypothesis that subjective awareness is the product of
mechanisms for assembling and processing high order control information. Integrated self-representation
enhances strategic action capacity. We should then expect consciousness to be associated with the highest
order control processes. For related proposals see BaarsO@lobal workspaceOmodel of consciousness (Baars
1989), Metzinger® Gelf modelGtheory of consciousness (Metzinger 2003, this volume) and Legrand®
Qction monitoringQepproach (Legrand, to appear).
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5.1 The architecture of top-down control

Koechlin etal. (2003) experimertally demonstrated a model of the architecture of cognitive
control consisting of anegedthreelevel control hierarchy (figure 3).

Episode | Rostral Episodic
LPFC control
y
Contextual | Caudal Contextual
signals LPFC control
A 4
Stimulus Premotor Sensory
> cortex control
v -
Past event Stimulus Motor Time
& Context response

Figure 3: Model of the architecture of cognitive control proposed by Koechlin et al. (2003, fig. 1). Reproduced
with permission. LPFC: lateral prefrontal cortex.

In thefirst level of control (sensory control) motor acions areselectedin regonse to perceptual
stimuli. This badc level of control is associated with the lateral premotor regons. In the second
level of control (contextual control) premdor acfvation is regulated by information about the
context. Anatomically it is associated with the cawdal lateral PFC. The higheg level of control
(episodic control) regulatesthe contextual control system accarding to the temporal epsode ard
goals. It is subserved by the rostral lateral PFC. The architecture hasa cascade structure, with
epsodic control influencing sensory control viathe contextual control level. The model was
tegedby presenting subject with taks in which stimulus, context, and epsodic factors are
systematcally manipulated making it possible to determine which areasof brain activation
correlate with each type of facor. fMRI reaults showedthat actvation in lateral premotor, cawdal
lateral PFC, and rostral lateral PFC correlated with stimulus, context, and episode faciors
regectively, aspredcted by the model.

A notalle feaure of this hierachy isthat higherlevels perform more complex forms of
integraion.* Sersory control requiresthe leas information, acivating a stored mator programin
regponse to aninnate or learred stimulus. Contextual control is more demanding: informaton
providedby the nature of the stimulus is not sufficiert to determine what regonse is appropriate.
It isnecesary to draw on memory of the context in which the stimulus occurs. Episodic control is
more complex again, requiring information both about context and currert circumstancesin order

12 See Fuster 1997, 2004, Fuster et al. 2000.
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to determine the appropriate regponse. Here we seethat the same patternfound in subcortical
mator organization is repeatedin the cortex, consistert with the high order control model. Thisis
counter-evidence to the distributed cognition predction that brain orgarnization should feature
multiple control certerswith no significart hierarchical organizaion.

5.2 Attentional control and fluid intelligence

One of the more significart achievemerts of cognitive control reseachisto begn to reslve the
neural and cognitive mechanisms underlying fluid intelligence®. As recertly as1997 Dearyard
Caryl wereable to writein areview that there was@ dearh of explanatory accaunts to link
cognitive performarce differerceswith variancein brain mechansms(1997, p. 365).
Hypothesesunder consideration includedfaster neural conduction, reliakility of neural
conduction, Oeural adaptahilityO and greater metabolic efficiency. Duncanetal. (2000)
substartially narrowed the field of possibilitiesby showing thattasks thatimpose high demands
on fluid intelligence producedfocal acivation in the lateralfrontal cortices Giventhe gereral
association betweenthe lateral PFC and cognitive control thisimplicatedcognitive control in
intelligence.Providing a more specific cognitive association, Gray etal. (2003) usedan
individual differercesapproachto show arelationship betweenfluid intelligence and attertional
control.

This evidenceisin mary regpects remarkale. Thata phenomeron ascomplex asintelligerce
should be closely associated with a cognitive function as apparertly straightforward asattertional
control issurprising. Yet attertional control is necesary for avariety of functions thatare
requiredfor complex cognitive proceses For examge, in order to learndiffi cult concepts and
form complex plarsit is necesary to notice relationships betweendisparate locations, ertities
and everts across extended periods of time. This requiresclose attertion to specffic feaures
based on background knowledge and expecations.

Once again, this evidence supports the high order control model. The high order control model
explains major differencesin intelligence between spedesin termsof differencesin the
elaboration of high order control. Evidence that| am unabe to discuss atlength in this chapter
indicatesthatthe arterior cingulate cortex hasbeenunder selection in the evolution of greatapes
(Allmanetal. 2001), and is associated with gereralizedhigh order control functions, in particular
conflict monitoring (Botvinick et al. 2004). This supports the hypothes s that the evolution of
intelligencein greatapeshasbeenassociated with seledion for high order control functions. The
findings of Gray etal. (2003) indicat that high order control capacity is also able to accaunt for

13 Defined in terms of reasoning and flexible problem solving ability (Cattell 1971).
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individual differercesin intelligencein humars. Thus, the high order control model providesan
emgrically supported explanation of variationsin cognitive ahility.

5.3 Abstractive task learning

Many studieshave shown that the PFC functions to assemHe tak-relevart information. Miller
(2000) suggededthe PFC extracts the featuresof experiencerelevart for achieving goals,
deteciing the relationships importart for performing the task (the Gask contingercie)) and
forming abstractrules such asOd not pick up the telephone in someme elseOsouseOThe
Oadptive codingOmodel of Duncan (2001) providessomeinformation concerring the neural
bass of tak-orierted procesing in the PFC. According to the adaptive coding model the
response propertiesof single neuwrons are highly adaptable throughout much of the PFC, ard
becanetunedto informaton relevar to the tak. Duncannotesthat the model hasconnectionsto
the ideathat the PFC acts asakind of O¢pbal workspace({Baars1989; Dehaere et al. 1998).

5.4 In sum

Takentogether thes linesof reseaich support the view thatthe PFC is ahighed order executive
control systemwith the kinds of propertiesthat would be expected on the bads of the model of
the evolution of high order control describedin section 3. To reiterag, the higheg level of control
should integrate the greatest amount of information, have the wideg control scope and be
regonsible for the most complex action control problems. This conclusion is at odds with currert
distributed cognition principles In light of the thearetical considerafons outlinedin secion 3,
and the empirical evidence presertedin secions 4 and 5, thereis a bads for suggeding thatthese
principlesshould be reexamined. A reasonale conclusion to draw from the evidenceisthatthe
major claims of no significart hierarchcal structure and no certral systemarefalsified Thereis
cerainly no certral systemof the kind envisionedby classical cognitive science, but acertral
systemnevertheless. Yet in other regpects the account developed here canbe seenassupporting
and extending the basc distributed cognition approach

6 Volition

This chapter hasexploredterran not oftenconsideredin discussions of volition. But volition
concerns acion control, and hence a proper understanding of it depends on placing it within the
context of the evolution of action control mechanisms The account presrnted above providesan
evolutionary and cognitive framework within which volition canbe undergood asa natural
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phernomeron. We candivide this projectinto two agoects: underganding the nature and status of
the folk concept, and developing thearetical accounts of volition.

Developing anadequate understanding of structure of the folk concept of volition will depend on
emgrical concep resarch but in advance of such ressarchwe canidentify broad characteristics
of the concep that such researchwill plausibly support. Featurescommonly associated with
volition include intertion, dedre, choice, evaluation, command, resolution, effort, strategc
flexibility, conscious awareress, and regponsibility. Furthermae these featuresare schematicaly
organized, such that paradgm cassof volitional acion control exhibit the propertiesof volition
in anintegated fashion. For instance the agent mayform a goal thatis supposedto bring about
some condition thatis valuab e to the agert. The agent will evaluate the goal for efficacyand
monitor the process of performing the action. In difficult conditions the agert may show reslve
by increasng focus ard strengthening goal-oriertedaction control proceses The agert might
show strategc flexibility by switching to analternate approachto achieving the goal. And so on.
Aswell asschematic structure the concept islikely to have prototype structure: some examples
will be better thanothers and there will be marginal casesthat are diffi cult to decide. The
importart point hereisthatto afirst approximaton these propertiescorrepond reaonaly well
to propertiesof acton control procesesmedated by the prefrontal cortex. This suggeds that
scientific researchislikely to reault in a conservative naturalizaion of volition.** Attertion ard
memory provide relevant comparisons here: these arefolk concepts that have gainedasecue
scientifi c footing asmajor sciertific resarchfields. Thisresach hasreveakdagreatdeal of
structure not presert in the folk conceps but it hasnot shown them to be badcally wrong:
attertion realy doesinvolve selective focus, and memay really doesinvolve retrieving
informaion about the pag. Plausibly, volition realy doesinvolve forming goals and controlling
acion in relation to intertions.

With regectto developing athearetical underdanding of volition, the high order control account
canhelp cag light on some of its more puzzling apecs. One of these is the so-called OfrecomO
of the will. Thisissueisusually posedin termsof freedom with regpectto the fundamertal laws
of nature, but if we setthatadde we canidentify amore adagtively relevart form of freedom:
flexibility of acion control. Reall thatthe concept of voluntary mator action usedin motor
control reseachis defined asaction that canbe performed OawillOThe high order control
architecture is organizedto openup action control flexibility, and thisis exemgdifiedin the

41t isimportant to differentiate the folk concept from the complex, theory-laden associations that volition
has in philosophy. Philosophical theorizing is likely to generate much stronger and more structured
commitments (e.g. to metaphysical claims) than folk concepts. Given that philosophical theorizing about
volition has occurred prior to any significant scientific information about the subject, it is asensible
naturalist stance to treat it with suspicion pending a systematic reevaluation.
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somatc motor hierachy. Low levels provide stereaypic formsof maotor activation such asbasc
walking movemert, whilst higherlevels adust the acion to the circumstances(eg. brain stem
postural control) and set goals such asdirection and speed (determined by the cortex). The model
of KoecHin etal. (2003) shows thatthis hierarchical organizaton is extendedin the frontal
cortex, with increasngly complex, flexible formsof control being performedby successively
arterior lateral regons moving forward from the primary motor cortex. The rostral lateral PFC
performs @pisodic controlO adusting goal-direcied action in relation to local contingercies
Regach such asthat of Duncan(2001) shows that this control is based on rich represertations of
tak-relatedinformaton. From anadaptive pergective the highes level of action control should
be extremely fl exible because task contingenciescanbe very complex and canchange
dramatcally. The higheg-level system should be ale to form and reform goals for acion based
on shiftsin arny of alarge range of agert-based and environmert-basedfactors. The formaton of
OwlitionsOthen, should be based on the agert()@oals, valuesand the environmental context but
shouldnObe consistertly determined by any particular factor or type of facior. Thus, acton
performedOawillO's determined episodically in relation to a constellation of factors, and so can
exhibit high levels of spontaneity and variahility.

However the high order control accaunt preserted here doesnot by itself furnish atheary of
volition. Such atheary must address mary further issues including the subjecive percegion of
volition (Metzinger, this volume; Wegner, this volume), social and psychological processesof
self formation (Ross, this volume), and the ahility to pursue longer-term objectivesthatrequire
regsting short-termtemptations (Ainslie, this volume). Giventhe diversty of pergpeciveson
volition found in this volumethereis clearly along way to go before athearetical synthessis
likely to emege. The high order control proposal doesOgrapple with some of the more complex
phenomenra associated with volition, but | sugged thatit isanimportart elemert in the mix and
canprovide abags for integrating arange of agercy-related pheromerawithin anadaptive,
control-based framework.
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