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Senines i ihe book Alr.l.f}'.l'i:ul' .I"hr.rump.[.r}' referred
to as “the special introspectible character of the
experiences [of percepion]™ (p. 230). This strat-
egy relies on the appeal 10 the subjective, con-
wious “feel”™ of expericnces—how the characrer
of the expericnce of a smell is fele differently from
that of the cxpenience of seeing. for example, As
Melson Goodman and Avsten Clark desenib, one
can look 1o the perceprual science of psychophys-
s 1o create “quality spaces”™ corrcsponding to
the vanous sensory modalimes, Paychophysiciars
do this h} prescoting subgects with prh:l:ptml
stimuli and asking them 1o identily fust moricealils
differances i whac they percave. Thas, in turn,
allows them to create matching spars of stimuli in
which each snmulus marches is immediate neigh-
bors, e the ends of the spans are casily discrim-
inable. Thequality spaces created by pavchophysics
have discomtinuitics thar rellect the Jdifferent
modalities: all the colors of the spectrum can be
connected together in the same marching span, as
can all the pirches in a scale in another marching
span; but these two spans are not themselves con-
nevted. This discontmumey kends empirical sup-
port o the philosophical infinon thar the
expericnce of colors s distinct from the expen-
ence of pitches, and thar vision and audinen are
separate modalities.

Other accoonts eschew  the gualia-based
approach in favor of a strategy of attempting to
use the techniques of neurobiology o wdenrify
sensory organs. Instead of beginning with human
phenomenalogy, this approach amtemprs 10 dis-
cover organs thar rransmit informanon 1o the
NErYoals i!’ﬂ'l.'lll.. I"I.'j'....'ll"l.nﬂi ﬂ' ..'II'I!' I.'IMNEIHI'I.I:\ (8] i
relare 1o that organ's acovity. This allows us
speak of sensory modalinies i nonhuman animals,
for example, withour first amswenng the question
of whether those animals have consciously per-
veived quality spaces. It also allows for the possi-
bility of discovering putanve human scnsory
madalines thar are not conscious, a resulr that can
be raken in two ways: For those thar chink thar che
goal of any explananon of sensory modalines s
the explananon of our commonsense cafegones,
any account of the serses thar allows sreosrscions
senses is clearly a nonstarter. For those thar belweve
thar the sciences can potentially lead o the
revision=—gven radical revivon=—of commonsense

pyyehologscal categones, such neurolwologically
mspired concepions of the senses represent a
potentially fruitful endcavor.
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MobuLAariTY

Modudariey implies self-contamned. somctimes
repeating, units. Modules can be large complex
units [such as modules for homes contaming large
subpurts) or small, more uniform units (such as
the bricks in the wall of thar home). In nawre,
madular pamerns are visible everywhere, from the
segmented bodies of colorful carerpillars 1o the
mdividual toe pads of a dog's foor. Our distant
fossil ancestors clearly were modular segmented
creaturcs. We come from a long cvolutionary his-
tory of animals thar have modular body plans.
Most of us can agree that the body has different
organs, such as the kidney, stomach, heart and
lungs, and thar cach of these organs can be sub-
divided into modules, such as the four chambers
of the heart, bur it has been more difficule ro parse
the brain imto modules, parncularly thar parm of
the brain thar may be most cruaal to percopnon,
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This entry explores whether the concepr of a
module 15 uscful when considening the organiza-
pon of the mind and bran. One of the imrial
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pmnl.l-h:nu we lpce concerns the defintnon of a
module, In engmeering, a “modular design™
implies a system that can be subdivided nto
"|III.|"1:I' |'r.1rli th!t LN I'H: I.'I.'I.'J'l'l'.l .'IIII.I l'lpfl']tﬂl
mdependently. In psychology, this term has been
variously used to soggest that the mind s made
up of specialized mechanisms that evolved o deal
with different scnses or particular cognitive prab-
lemis an organism might face. The idea of modu-
lar processing also has been used o describe
components of basic aspects of perception, such
as color and form vision, as well as higher order
processes, such as shore and long-term memory.
Ar the level of bramn organizanion, *modular™ has
been applicd 10 everything from major anatomi-
cal subparts, such as the olfaciory bulbs con-
cerned with the sense of smell, 1o speaalized
cortical arcas thar deal with complex object pee-
ceprion, 1o detailed anatomically or functionally
defined fearures, such as cell lavers or repeating
l.ZEItI.IITII'IE- Dr \..T[I.'i- '|I'Il.t -.l_p:'lt.':lr [ £i] !'rl'l-.]".' LOTTRIERET
FESPONSE Properies.

Mapping the Mind: A Linle History

The issue of whether one can link mental Faouloes
to partcular brain modules or locales has a long,
detailed, and colortul history. It is bevond the pur-
view of this entry 1o review this history, but several
points are worth highlighung that relate to modern
controversies concerning modular localizarion of
function in the brain.

Historically, Francis Gall s closely associared
with localizanon of funcnon m the bran. Gall,
born at the end of the 17005, promoted the idea
that the mund 15 located i the bramn and thar the
mind is modular. He is best known for establishing
a system known as phrenology. Phrenologses
beheved that speaific bram modules reflected s
cilic mental trairs and thar their relative develop-
ment in the brain deformed the overlying bong,
allowing physicians 1o evaluare the prominence of
different faculrics by measuring the bumps on the
head, This system remained quite popalar through
the 19th conmiry, When Gall onggnally argued for
bram/mind modules, he was roundly coincized for
his herenical views thar ran counrer o both reli-
giows doctrine and scicnnhic proposals about the
functiion of the mind and brain, Although sciennses

oy fiesd liende support for Gall’s pru{m--,;cd midu-
lar subdivisions of mind, most scientists agree that
regrons of the brain are specialized for differene
tsk<. Yet, in spite of a Lirge number of studies try-
ing to define the limits of bran and mind modules,
there is still no general agreement on their nember
or exact boundanics.

One can also cite many historical examples of
the opposite view, namely, that minddrain mod-
ules do not exist. The work of Karl Lashley repre-
senits the clearest historical example arguing againse
the existence of mind/brain modules. Lashley, born
a century after Gall in the late 18005, used conical
lesions and measured behavior in rars o examine
for the locus of memory in the brain, Although
Lashley did believe thar there were specialized
regions of the brain concerned with primary sensa-
o, his conclission was that the cercbral cortex
was cquipotential for complex funcrions, such as
memaory and learning. In his view, the rats’ mem-
ory deficits following cortical lesions simply goe
worse when lesions were larger, regardbess of
where the lesions were placed. Lashley's conclu-
sion was that po brain modules for learning or
memory existed and that these funcoons were
based on widely distnibuted corncal networks.
Modern neuroscionee recognizes that the brain
retanns some amount of platcey well inte aduale-
hood and thar some functions, such as perceptual
learming, can occor m a distnbured manner
throughowr sensory areas,

.Mu-du!;]rily in Du\t,'lnpm:nt and Evolution

Although debare persists about functional mod-
ules in mindfbrain, current evolutionary and
developmental studies strongly support the idea
thar there are anatomical and physiological mad-
ules v the braim. A few examples will suffice o
miake the poine. As previously descnibed, modilar-
1ty of the body plan appears obvious. Fellowing on
the lead of early work in insecrs, numerous studics
in verrebrares have provided evidence thar speaific
seiuences of genes control the development of dif-
ferent brain pares. For example, in the verrebrare
hindbrain, a set of genes known as the Hox genes
are expressed in a sequential fashion duning devel-
opment and their expression matches the develop-
ment of boundanes of himdbrain compartmenrs
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(modules). Hox genes are part of an important
family of developmental regulator genes thar
exist in all studicd animal phyla and are arranged
in clusters i the genome. The forchrain (part of
which develops anto the cercbral cortex), how-
ever, is structurally more coyptic than the hind-
bramm. MNevertheless, developawental and genctic
studies have revealed subdivisions that appear to
mark whar will later become major arcas of the
forebram. The problem with these studics is that
they only define large areas of the forchrain and
do oot ncatly subdwvide the ¢ereleal cortex nto
modules thar match bovmdaries of accepted fune-
nonal areas. Morcover, during development,
migrating cells and growing axons (nerve cell
processes) freely cross these proposed forebrain
devdlopmental boundarics, making it Jifficule 1o
determine if a rue compartmontal or modular
boundary exists in this part of the brain. Therclore,
although most scientists agree that genes regulate
the subdivisions of major brain parts, genctically
subdividing the cerebral cortex (where complex
perceptual and cognitive tasks are accomplished)
s problemanic,

Current Controversies

As in the case of geneties previousdy described,
most investigators currently ageoe on many Lirger
brain subdivisions. For ¢xample, investugators
have known for many years that the cortex con-
tamns maps of sensory surfaces. Using microclec:
trodes, anatomical tools, and ledons, investiganons
have defined the boundaries of primary corncal
ANTAE I'I'IJI I'I!...Irl l']'ll.' I'I'L'Ill,lr\' '_rl.."]l.'r il'l r}l'l.' SOMEO=Cn-
sory corfex in the parictal lobe, the visual world in
the pnmary visual cortex in the ocapital lobe, and
the frequency of tones in the pamary anditory
cortex in the temporal lobe. These primary sen-
sory corfical arcas exist m all studicd mammals,
For the oltactory sense, speaific arcas of the fore-
brain contamn odor maps. Thas, there is general
agreemont thar the correx can be divided wp into
large seosory maps or mosdules. In pramages, the
importance of theie maps (o percopiion i< particu-
larly obwvious for the primary viasal cortex, where
a localized besion causes a Blind arca (2 sootomal
in the comrasponding part of the vismal world.
General comsensos also exints thar mammals have

an ordeily corcal map (motor map) devored
to the controd of discrete sets of muscles 1n the
frontal lobe.

However, controversy contmues ¢oncerning
boundares of other cortical arcas or modules.
The prollem is thar the cellular architecture of the
COrteX in surproangly simalar over ifs entire exiont,
The cortex consists of =2 o 4 millimeter (mm)
thick layered sheets of cells. Some investigators
have argued that the subdivisions or modules ol
the cortex inherit their regional differences from
anotber arca of the brain called the thalamus. The
argument here is that corncal modules are defined
developmentally by thalamic modules or nucka.
The thalamus has many groups of cells (nucla)
whase architecrural boundaries are easy o 1den:
tify in microncopic tissue sections. Those thalamic
cell groups communicate with discrete regons of
the cortex via long proceses called axons.
Redirecnng developing axons carrving  visual
mformanon inte the part of the cortex that
normally devored 1o hearng has allowed animals
1o *sce” without the visual cortex, seggestng that
thalamic modules specily cortival arcas. Howewer,
rescarch also shows that differential gene expres:
sion patteens persist in the corex in genctically
mampulated mice thar never develop rhalamic
connections to the cortex, indicating thar some
architectural madularity i< intrinsic (o the cortex.
How these devdopmentally defined genctic coru-
cal gradients relate o adult corrical modules 15
unclear. The other problem is thar outade of the
primary semsory cornical areas (and a few other
regions) there is no gencral comsonsus concerning
modular boundarics in the adule cortex. Although
Korbinian Brodmann, more than a century ago,
proposed a map of 32 cornical arcas based on «ll
staining differences, there 15 sl herde agreement
on the majority of these arcas despite massive
numbers of anatomical, physiological, and clim-
cal studies.

In addition to controversy over larger regions or
ar¢as of the cortex, there is also debare abour mod-
ules delined on a smaller scale, One could argue
thar lavers defne modules becanse they show dis
onct ccllular connections, There alwo appear to be
anatomically definable modules within layers, For
cxample, in the somatosensory cortex of rodents,
the whrskers on the Face are represented by discrete
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clusters of cells called barrals, so named becavse of
their shape n cell-stained sections. In the visual
cortex of some primartes, meluding humans, axons
coming from the thalamus define radial columns
of cells that respond preferennally to mput from
cither the left or right eve {ocular dominance col-
ummis . Whether thew anatomical markers contrib-
ute to function remains a controversial issue,

Stamming the primary visual correx for the rela-
tive levels of the mitochondnal enzvime evtochrome
oxidase shows a distinet pattern of dark dors in the
primary visual cortex and dark and highe stripes in
TI“:' 'ﬁl.'fi!lll]ﬂl'!' 'I.'ii-l.'l.'ll COrmex "'I I'I'H'lllli.ll."fh'. tl'll'.."i.l.' ﬂll'lt'h
and sIripes have been er;un:-.l by some investigators
to represent funcrional modules within the primary
and secondary vismal cortex. Speaheally, i has
beem arpucd thar cells marked by dark and hight
stainmg for avrochrome oxidase in the pamary
visual cortex are specialized for the processing of
color and edges, respecrively, and thar cells thar
live in these modules, in tiirn, send their informa-
tion o cells locared in cytochrome oxidase dark
and light stripes in the second visual arca. The cells
within these madules in the second visual area, in
mum, put together informanon about color and
form in more complex wavs, This information =
then cransmitted o higher visual arcas thar contain
modules for snll more multifacered processing of
object features, Finally, the signals are sent 1o the
inferotemporal corex where, some have argued,
modules exist for particular types of objecrs, such
as faces, houses, or body parts. It also has been
proposed ihat a secomd hi:r;m;hy of visyal areas
exisrs concerned with visnal space or active vision
involving visual moton. Active vision can be con-
sidered vision thar allows vs 1o guide our body in
space of form our hands into the nght shape 1o
pick up a cup on the rable n frone of us. As with
the obyect vision hierarchy (the “what is it™ path-
wayl, it has been argued that visual arcas relaned
to space (the “where is 1™ pathway) contain mod-
ules thar analyvze different aspects of maotion and
space art cach hicrarchical level. To sum, the broad
proposal here is thar the two different hicrarchies,
the ditferent arcas within each hicrarchy, and the
different modules within arcas are all specialized
o process different pieces of informanon neces-
sy for the final, goal-directed behavior.

Similar pathways and hicrarchies of arcas devored
to “what™ and *where” processing have also been

proposed for the auditory and somatoscnsory
systenrs as well, Modular hierarchies bave even
been proposed for frontal cortical areas concerned
with decsions about objects and locations,

Thew proposals remam the subjocr ol acnve
rescarch, One problem with many of these propos-
als hies in defining anatomical boundarnics for the
midules and arcas within the hicrarchics. For most
of the cortex, no structural markers thae consstently
define such areas or modules within areas exast.

Linking Functional and Structural Modules

1 we accepr, for the moment, the existence of struc-
varal beain modules, even if they are hard 1o define,
then we are faced with the larger ssue of linking
brrain modules to mind modules. Although many
more experimental rools are available now for link-
ing brain to mind than at the ume of Gall, no clear
model of this link exists. Some of the more success-
ful cfforts to link mind and bran modules have
ivolved electrophysiological recordings in animals
trained to perform certain behavioral rasks that
specifically engage certam brain areas, For exam-
ple, ir s possible to study the activines of individual
cells in the inferotemporal cortex while the animal
performs face idennificanon or face discnminanon.
By relating the actvities of individual cells 1w the
decisions made by the animal, it s possible w infer
associations berween speafic brain arcas and spe-
vific behaviors or cognitive funcrions,

Une hinitanion of this approach is that so far it
has tml'_r been pm-\iHu: 1o sty one simple fuinic=
non ar a nme by recording the acoivines of cells in
one of two different brain arcas simultaneously,
Theretore, our nnderstanding of how these special-
ized brain arcas and modules work together o
facilitare complex percepnons remains sketchy.
For example, the visual, auditory, somatosensory,
and olfactory signals that arrive at the cortex Jdur-
ing a fine dining event result in a holiste culinary
experience, vel, very little is known about how
informanon from the different senses come together
in the brain to give rise to this coherent expenence,
Some argue thar in order o understand this pro-
vess, we must solve the so-called binding problem
(e, figure our how the different modules exchanpe
and inicEraic the resulis of the mformanon pro-
cessed within cach). However, whether informa-
tion from the different modules needs 1o be acovely
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integrated wogether in one brain region or through
one bean process itself remaims an important and
outstanding question. The gap in our knowledge
about how the different brain modules work
together can be atmbated in part 1o the “modular-
franion”™ of neuroscience itsell and 10 how we con-
ceptualize mental proceses.

Even if we can agree on definitions of mind
modules and have some idea how rthey become
linked, we sull have no dear idea how such mind
modules relate 1o the genetic underpinnings thar
determine the form of the brain itself. What role,
for example, docs experience play in determining
modules of the mind? It is abvious that the beain
s plastic and we leam w attach meaning o per-
ceprual experiences. A person who learns to speak
Chinese and not English has limiced alshiny to dis-
criminate between certain English phonemes, a
limitation brought about by expenence and not
genencs, Some imvestigators have even argued thar
modules proposed for facal recogninon are actu-
ally modules designed for discriminanng between
complex objects that are most commonly encoun-
tered in the animal’s ecosystem. To wit, an cri-
thologist may have more cells in this region
devoted 1o discrimimating berween bird specics,
while an aute mechanic may have a profusion of
cells thar code for different models and makes of
cars, Clearly, such mind modules must be ar lease
modificd, if not defined, by expericnce. Yet, it is
equally clear thar mammahian brains are quite
similar, and that many mammals can perform very
complex percepiual judgments wirthin hours of
birth. Wild horses must recognize thar mothers
and move with the herd within howrs of birth. This
requires they make enormously complex jodg-
ments about forms and motion so they stay with
their mother and distninguish her from orher mov-
g obycors, avord bumping o others while m
monon, of falling over rocks, Clearly, basic modu-
lar architecture for complex perception can develop
without experience vet must remain flexible enough
to allow new information to be stored continu-
“II’\I}" Hlld IIIIE'I" T‘H.'-!"l'd,

Futore Directions

Suppert exasts for both bran and mind modules,
Pirann arcas, including, the cortex, are not uniform
structurally or functionally, Subdivisions can be

recognized using a varicty of wols, from genetics
to functional imaging. Primary sensory and motor
arcas are the clearcst, best studied, and best
acceptod examples of such modular regional spe-
cralizanon. However, even these subdivisions
camror be considered modules in rigid engineer-
ing terms, wheee modular parts have ngid bound-
arics and <an operate independently, Delfmitions
of bram modules or areas devoted to the repre-
sentation of more complex cogmnve/perceptual
l'l'l'll.'lrll;'f"l.'h congmmue 1O !'EIII;]II:I‘I Coann H]l'i'l!‘f'ilﬂl-
Muoch of this conroversy stems from our sull
primitive understanding of the language of the
brain. How complex properries are coded by
individual or groups of nerve cells sull has not
been resolved. Appropriately linking mind mod-
ules to bram modules will require a better under-
standing of the neural language. The abilicy to
record from many neurons at once combined
with increasing computer power should ad in
this endeavor. Addinonally, increasing our knowl-
edge of the architecrural boundaries defined by
gencs, profein expression, and connections in a
variety of species can guide us as to where to look
for functional brain modoles. Fin.lll}', iuphi!ti-
cated neural models can be used 1o test the ade-
quacies of hypothessized mind/brain modules.

Knowledge of the funcrional and structural
modulanity of the braim has allowed neuroscien-
tists to study cach part of the brain in great detail
without worrving foo much about the complex
relanonship thar one part may bear 1o other parts
of the brain. Analogous relanionship berween mod-
ules also reduces the overall complexity of the
problem becanse results olwained for one module
can be exmrapolited ro others wirth reasonable
integnty. This reductionist approach has vielded
valuable detuls abour brain funcnon, bur ar the
same tume it has overly “modularzed™ neoro-
science wsell, Evenmally, conceprual models may
need o be developed to explain how the modules
functionallv cohere into a whole.,
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