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1 IntrodutionThis paper addresses the prinipal problem of onsiousness, whih is to reonile ourexperiene of subjetive awareness with the sienti� world view; it is essentially thesame as Chalmer's \Hard Problem" (Chalmers (1995, 1996)). This problem arises be-ause subjetive experiene has a speial epistemologial status, sine it is the personal(and private) substratum of all observation, whereas empirial siene is traditionallybased on ommon (nonpersonal, publi) spei� observations (MaLennan 1995).Although, beause of this speial status, diret redution of subjetive experieneto physial priniples is impossible, we an use another sort of redution, for theessene of redution is an explanation of the more omplex in terms of the simpler.This is a quantitative redution within the domain of phenomenal experiene.It is apparent that in a ertain sense our onsious experiene is extended andtherefore has \parts" or \regions." For example, visual awareness omprises spatiallydistributed omponents or units of visual experiene. Similarly one's sense of touh isexperiened as spatially distributed over the body. In general we may understand ourexperiene as onstituted of smaller, simpler elements of experiene. This approahmay sound like the long-disredited idea of elementary sense data (e.g., \red-here-now"), but it is not. The story is ertainly muh more ompliated than this, butwe an begin to see how subjetive experiene might be deomposed into elementaryunits of experiene.In itself this approah does little to reonile subjetive experiene with the si-enti� worldview (the \prinipal problem of onsiousness"). However, as we beginto identify these elementary units of experiene, we �nd that they orrespond quitelosely to physial proesses at the neural level. Further, we �nd the relations be-tween the elements of experiene, whih integrate them into a phenomenal world,orrespond to the onnetions between the neurons. There is thus a lose orrespon-dene, perhaps even an isomorphism, between the phenomenologial and neurologialanalyses. Yet this is not a redution of the phenomenologial to the neurologial, forthat is fundamentally impossible. Rather, it is a parallel redution of subjetive pro-esses into elementary subjetive proesses, and of neurologial proesses into simplerneurologial proesses. In this way the neurologial and phenomenologial analysesmay eah illuminate the other.The phenomenologial analysis depends on the observation of one's own subjetivestates. Certainly naive introspetionism is treaherous, and psyhology did well toabandon it, but phenomenologial training permits unbiased (or less biased) analysisof the struture of onsiousness. Through phenomenologially trained observers wemay aquire unbiased (publi) data about the struture of onsiousness (MaLennan1995, 1996a). (We use \phenomenology" and related terms in the sense of Husserland Heidegger, that is, to refer to the analysis of the phenomena, the givens (data)of onsious experiene.)
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Figure 1: Representation of a Hypothesized Protophenomenon of Visual Sensation.The real part of a Gabor elementary funtion orresponding to the reeptive �eldpro�le of a ell in primary visual ortex.2 ProtophenomenaThe foregoing onsiderations have led me to postulate protophenomena as the elemen-tary onstituents of phenomena (MaLennan 1995, 1996a). Eah protophenomenonhas the property of elementary (irreduible) subjetivity. A few examples of pro-tophenomena may prove useful before we turn to a more areful desription. Verysimple protophenomena inlude the experiene of a spot of olor at a partiular loa-tion in the visual �eld and the feeling of pressure at a partiular loation on the skin.To take a slightly more realisti example, there is onsiderable evidene (reviewedin Pribram 1991, MaLennan 1991) that ells in primary visual ortex respond opti-mally to \oriented grating pathes" (more preisely, to Gabor elementary funtions)at partiular retinal loations (Fig. 1). Therefore, to a �rst approximation, the pro-tophenomenon assoiated with suh a ell an be taken as the experiene of suh abit of spatial frequeny at a partiular loation in the visual �eld.However, protophenomena are more than simply \sense data," and some of themore omplex and subtle protophenomena inlude elementary omponents of reog-nitions, judgments, expetations, intentions, moods and so forth. Further, protophe-nomena are very \small," in the sense that hanges in the intensity of individualprotophenomena will not typially a�et the marosopi phenomenal state; never-theless the state of onsiousness is no more than the sum total of the states of allthe protophenomena. (The total onsious state of an individual omprises perhaps10 to 100 billion protophenomena.)Protophenomena are postulated to be assoiated with ativity sites in the brain,
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the \intensity" (degree of presene in onsiousness) of a protophenomenon orre-sponding to some physial variable at that site. For example, just as the ativity of aneuron in visual ortex may reet the presene of the pattern in Fig. 1 on the retina,so the intensity of the orresponding protophenomenon reets the degree of preseneof that pattern in onsiousness. There are a number of andidates for the ativitysites, but their identity remains an open question. Some of the possibilities inludesynapses, neural somata, ion hannels and dendriti mirotubules, but their exatidentity is not ruial for the theory of protophenomena. If they are suÆently smallthen the ativity sites would be subjet to the laws of quantum mehanis. (Pro-tophenomena and their ativity sites need not be disrete, but that seems the mostlikely possibility at this time. Protophenomena would be ontinuous if, for example,the entire dendriti membrane ated as a ontinuum of ativity sites.)What is the ontologial status of protophenomena; do they exist? It is best fornow to treat protophenomena as \theoretial entities," analogous to atoms when theywere �rst hypothesized. Theoretial entities are validated by the role they hold inthe theory and by their fruitfulness for sienti� progress. Ultimately, we may �ndthat protophenomena exist individually (in the same way that atoms were found toexist), for example as properties of individual ativity sites. Alternately, we may �ndthat protophenomena exist only in the ontext of large numbers of ativity sites, andthus that they are emergent properties, analogous to emergent physial properties.For example, aording to aoustial theory a sound wave has an objetive pressureat eah point in spae, but it doesn't make muh sense to talk about the pressureof a single moleule or even of a small group of them. For now this is an openquestion. However, it is a question with empirial ontent, sine it is possible, atleast in priniple, for phenomenologially trained observers to report hanges in theironsious experiene resulting from altering physial quantities at potential ativitysites.Causal dependenies among ativity sites suggest how protophenomena are inte-grated into a phenomenal world. In partiular, there is no reason to suppose that aneuron in auditory ortex is di�erent in any essential way from one in visual ortex,therefore it must be the onnetions that ause one to orrespond to the experiene ofsound and the other to the experiene of olor. I expet that protophenomena aquiretheir phenomenal quality in the same way. That is, an isolated protophenomenon hasno qualitative harater, just a subjetive intensity. It is the dependenies betweenprotophenomena that give them their harater, and make one the experiene of asound and the other the experiene of a olor.1 The remainder of this paper will,I hope, make it more plausible that the qualitative aspet of a protophenomenon isexhausted by it dependenies.The role of onnetions in establishing a phenomenal world is illustrated also bythe many topographi maps in the brain. In these maps the arrangement of neu-1This struturalist aount of qualia is not a neessary onsequene of the theory of protophe-nomena, but it seems the simplest aount in the absene of ontraditory evidene.
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receptive fields topographic mapFigure 2: Continuity Through Topographi Maps.rons orresponds to signi�ant (miro-)features of the stimulus (e.g. spatial loation,spatial or auditory frequeny, orientation). Neurons represent spei� mirofeaturesby virtue of their onnetions to other neurons in the same map or in other maps.Figure 2 illustrates how the overlapping reeptive �elds of the neurons in a map ande�ne a ontinuous representational spae.The onnetions between neurons are paralleled by dependenies between pro-tophenomena, whih give them their haraters in a web of protophenomena. There-fore we an begin to understand the dependenies among protophenomena by inves-tigating the parallel dependenies between neurons.The ativity of a neuron typially depends diretly on the ativities of thousandsof other neurons (several hundreds of thousands in many ases), and distributes itsoutput in turn to thousands of destinations. Figure 3 is a simpli�ed diagram of aneuron and its dendriti tree. Signals are transmitted from the other neurons to thedendriti tree and propagate in a omplex way to the ell body. If, for simpliity, wetake the membrane voltage in the ell body to be the ativity site, then the physialparameters of the dendriti tree determine how this ativity depends in the ativitiesof other neurons. Therefore, we must onsider the dendriti tree in more detail.Figure 4 shows an equivalent iruit for the eletrial dependenies in a small partof a neuron's dendriti tree, whih desribes how the ativity in the neuron's soma
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Figure 3: Simpli�ed Diagram of Typial Neuron. The neuron's ell body is in theenter, surrounded by its dendriti tree (whih in reality has many more branhes).In the upper right is another neuron, whih makes ontat in several plaes with the�rst neuron's dendriti tree.

Figure 4: Equivalent Ciruit of Dendriti Tree. In the upper-left an axon forms a(bidiretional) synapse on a dendriti spine. In the lower-right the dendrites onvergeon the soma (ell body), where they are integrated into a potential, whih may triggerimpulses leaving on the right. Triangles represent voltage-ontrolled voltage soures,whih are found at the synapses and axon hillok. For simpliity the diagram omitsthe ondutane of the membrane.
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intensityFigure 5: Struture of a Protophenomenon. For onreteness, protophenomenal inten-sity has been identi�ed with the membrane potential of the soma. The grey retanglesand triangles represent the transfer funtions or impulse responses that haraterizehow intensities are transferred from one protophenomenon to another. The retan-gles (passive impedanes) orrespond to the eletrial behavior of the dendrites, thetriangles (ative ampli�ers) to that of the synapses or axon hilloks. See MaLennan(1996b, Appendix) for more details.depends on the ativities in other neurons. (This iruit orresponds to the passiveeletrial properties of the dendrite, to whih we restrit our attention, for the sake ofsimpliity.) Figure 5 shows the orresponding dependenies in the protophenomenalrealm. Eletrial properties (suh as resistane and apaitane) have been replaedby abstrat mathematial relationships between protophenomenal ativities.Of ourse, the nervous system is not losed; the ativities of sensory neuronsdepend on physial proesses outside of the nervous system. In a parallel way theintensities of the orresponding protophenomena depend on extrinsi variables (i.e.variables whose values do not depend diretly on the intensities of other protophe-nomena). Figure 6 illustrates a rod ell in the retina and some of its onnetionstogether with the orresponding protophenomenal dependenies.The dynamis of protophenomenal ativity an be desribed by di�erential equa-tions, in partiular, by the same di�erential equations that de�ne the eletrohemialbehavior of the dendrites (MaLennan 1996b). In many ases the dependenies (theequations) are approximately linear, and protophenomenal ativity an be desribedin terms of a harateristi funtion (often known as an \impulse response"). Theharateristi funtion represents the spatiotemporal input signal to whih the den-driti tree is optimally tuned. In this sense a protophenomenon an be onsideredto represent a spatiotemporal pattern in the intensities of the other protophenomenaand extrinsi variables on whih it depends.
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light

Figure 6: Sensory Input. The ativity of a rod in the retina depends on light energyas well as on other neurons. The intensity of the orresponding protophenomenondepends on an extrinsi independent variable (blak irle at top) as well as on otherprotophenomena.Protophenomenal dependenies establish onnetions among protophenomena andthereby assemble them into a phenomenal world. One way they do this is by estab-lishing ontinuity through expetations. Another way is by means of onjuntivedependenies and by more omplex temporal dependenies. As a result a phenome-nal world may be desribed by a set of possible trajetories in protophenomenal statespae (MaLennan 1995, 1996a, 1996b).In summary, the fat of phenomenal experiene orresponds to a protopheno-menon's intensity, sine that intensity represents its degree of presene in onsiousexperiene; the quality of onsious experiene orresponds to the protophenomenon'sdependenies, whih relate it to other protophenomena.3 Color and Spetral InversionsAs an example of the protophenomenal approah, we an onsider the well-knownproblem of inverted qualia. We begin with a simple ase, a pith inversion, to show thetehnique, before turning to the more omplex, but more interesting olor spetruminversion. We must distinguish physial sound frequenies, whih may be high or low,from the experiene of high and low pithes, whih we may term phenomenologialhigh pith (�-High) and phenomenologial low pith (�-Low). The question then maybe put: Is is possible that you experiene low frequenies as high pithes (�-High)and vie versa?
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The possibility seems plausible, but areful observation of our experiene of soundreveals that the inversion is impossible beause high and low pithes have a di�erentphenomenologial topology. Suppose you listen to a tone of gradually dereasingfrequeny; as it does so, the tone will gradually beome a rhythm, and the rhythm willeventually beome an amplitude variation. This phenomenology is exatly mirroredin the neurology, for tones are represented spatially (via a tonotopi map) in auditoryortex, but as the frequeny dereases the nerve impulses begin to synhronize withthe sound waves; at still lower frequenies the individual waves are represented bybursts of impulses. Thus we may say that our experiene of low pithes is entangledwith our experiene of rhythm and amplitude, and this distinguishes �-Low from�-High. Indeed, the phenomenology of pithes really an't be muh di�erent than itis. See MaLennan (1995, 1996a) for a fuller disussion of the impossibility of a pithinversion.Now we an onsider the well-known problem of a spetral inversion, whih datesbak to Loke's Essay Conerning Human Understanding (1690) (e.g., Hardin 1988,Nida-R�umelin 1996, Palmer 1999, MaLennan 1999). In brief, the problem is asfollows: Although we agree on the names for various wavelengths, is it possible thatyou experiene red wavelengths the same way I experiene blue wavelengths, and vieversa? Before we an solve this problem we need a more aurate phenomenology ofolor. The plausibility of a spetral inversion derives in part from an oversimpli�edphenomenology of olor, sine we have imagined that olor an be redued to a singledimension (wavelength) but a phenomenologial analysis shows it to be muh moreomplex. For example, the anient Greek word hlôros is often translated \green,"but then we are surprised to �nd in the literature that dew, tears and blood ansometimes be hlôros. Clearly, this ategory refers to more than a set of wavelengths.We an improve our understanding by observing that hlôros often applies to fresh,living or moist things. This is not so di�erent from English, in whih we an refer toa green twig or a green rider without implying that either one is green in olor. Theonlusion to be drawn is that it may be inaurate to assume that an apparent olorterm denotes no more than a range of wavelengths, and that the rest is unessentialonnotation. Phenomenology demands that we take the entire semanti �eld evokedby the word as our data to be analyzed, and not be misled by preoneived ideas aboutsupposedly simple sensory properties. See MaLennan (1998) and the referenes itedtherein for a more detailed disussion.Setting aside many of the higher-level omplexities of olor (e.g. its emotionaland ultural onnotations), yet avoiding the trap of a one-dimensional view, we anobserve that it has long been known that we an identify four pure hues, whih aretermed the \unique hues," an observation that has led to the double-opponent theoryof olor vision. In this theory the three olor reeptors (short, medium and longwavelength, heneforth S, M and L) are ombined in various ways to yield threeorthogonal axes (Figs. 7, 8). The light-dark axis is formed by +S +M + L and itsopposite; the yellow-blue axis is formed by �S +M + L and its opposite; the red-
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Figure 10: Normal Lous of Monohrome Light in Color Plane. Notie that some pur-ples are nonspetral, that is, these experienes annot result from seeing monohro-mati light, although they may result from polyhromati light. The urve is gener-ated from an approximate model of ell responses; the lower end of the urve orre-sponds to short wavelengths, the upper to long.green axis is formed by +S �M + L and its opposite (Fig. 9). 2 The two zeroeson eah of the two hromi axes (yellow-blue and red-green) de�ne the four uniquehues (Fig. 8). It is interesting to note that unique-red is a nonspetral hue, whihmeans that it does not orrespond to any wavelength of monohromati light. This isbeause the red-green urve is bimodal and has two zeroes, whereas the yellow-blueurve is unimodal and has only one. Nevertheless, the sensation of unique-red anbe reated by mixing red light with a ombination of yellow and blue that balanesresponse on the yellow-blue axis. Figure 10 shows the lous of monohromati lightin the olor plane, and we an see that ertain reds and purples (de�ned by ativityin the red-blue quadrant) are not generated by monohromati light.Before proeeding, I must answer a possible objetion to this reonstrution of thetopology of normal olor vision. The reonstrution is based in part, but ritially, onthe overlap of the response urves of the three olor reeptors, but this overlap depends2Here we use a ommon form of the theory; for reent aounts see De Valois & De Valois(1988, 1993) and Kaiser & Boynton (1996).
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on optohemial relationships that are external to the nervous system proper, whihI have presented as the basis for protophenomenal dependenies. Indeed, the inputsfrom the olor reeptors might be onsidered three independent extrinsi variables.However, they are not independent. We know from our understanding of the physi-al proesses (represented by the response urves) that the reeptors have orrelatedativities, and therefore that the orresponding protophenomena will have orrelatedintensities. Furthermore, we know that \Hebbian" (or orrelational) learning in thebrain will strengthen exitatory onnetions between interdependent ativity siteswith orrelated ativity. (And similarly suh adaptation will lead to the strength-ening of inhibitory onnetions in enter-surround strutures.) Therefore, throughlearning, whih takes plae in the phenomenal world in parallel with the brain, ex-ternal orrelations will beome enoded as neural onnetions, whih orrespond toprotophenomenal dependenies. Therefore, the struture of the phenomenal worldbeomes an image mirroring the struture of the external world. In this way on-sious experiene adapts to the struture of the environment. To return to the ase ofolor experiene: overlaps between response urves beome mirrored in protophenom-enal dependenies; among the onsequenes is our subjetive experiene of hromisimilarity.The problem of a spetral inversion an be reast in terms of inversions betweenthe poles on one or more of these axes or in terms of exhanges between two or moreof the axes. However, we will show by phenomenologial analysis that suh spetralinversions are impossible, that is, that abnormal neurologial onnetions would leadto abnormalities in onsious experienes that ould be deteted by the subjet. Herethe arguments will be summarized briey.First, it is fairly obvious that dark and light have phenomenologially distintharaters, and hene are noninterhangeable: in the dark, forms and hues are indis-tinguishable, but not in the light. As Franis Baon said, \All olours will agree inthe dark."Seond, phenomenologial analyses of olor from anient times to our own haveobserved that yellow is intrinsially brighter than blue (and red and green), the so-alled \yellow anomaly"; the neurophysiologial reason is the large overlap between+S+M+L and �S+M+L. Conversely, blue is the intrinsially darkest hue. Hene,blue and yellow are phenomenologially similar to dark and light, and hene noninter-hangeable. Therefore, in a ase of abnormal vision, whatever reeptor ombinationhas the largest overlap with +S +M + L will be experiened as phenomenal-yellow(�-Yellow), and if this does not orrespond to spetral-yellow then the anomaly willbe detetable. Further, we may de�ne �-Yellow as the experiened unique hue mostsimilar to �-Light, and its opposite, �-Blue to be that experiened unique hue mostsimilar to �-Dark.The ase of a red-green inversion is more subtle, but phenomenologial analysisagain exposes a di�erene. For example, Goethe (1840) observed that green is aphenomenologial mixture of yellow and blue, whereas red (Purpur) results from
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Figure 12: Response of Opponent Cells with Abnormal Unimodal Channel. Responseis measured in arbitrary units, wavelength in nanometers.Green is most similar to yellow and blue and is intermediate in its similarity to lightand dark. Red is similar to yellow, but not to blue. These onlusions are objetivein that they result from observations made independently by many phenomenologistsover the enturies.Finally, we will onsider several more examples of abnormal or nonhuman olorpereption. For example, if we have +S +M � L instead of �S +M + L in theunimodal (yellow-blue) hannel, then spetral blues will be experiened as yellows,while spetrally green light will still be experiened as green (Fig. 12); a blue light(e.g. 460 nm) will generate the unique-yellow experiene and a reddish-orange light(e.g. 605 nm) the unique-blue experiene. To understand why, observe that if the+S+M�L (spetral blue) hannel is most similar to the +S+M+L (light) hannel,then +S +M � L will be experiened as �-Yellow, and its opposite �S �M + L(spetral orange-red) as �-Blue. In the bimodal hannel (�S +M � L), the meanbetween �-Yellow and �-Blue, experiened as �-Green, will be spetrally green; itsopposite (+S �M + L), experiened as �-Red, will be nonspetral red-purple. Theresult is the topology shown in Fig. 13; the di�ering orrespondene between thephenomenologial topology and spetral olor would allow the abnormality to bedeteted.
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Figure 14: Response Curves with Bimodal Channel Replaed by Unimodal Channel.The orresponding phenomenal olors are labeled arbitrarily U and V.On the other hand, if we have +S+M �L and �S+M +L (two unimodal han-nels) for the hromi hannels, then olor phenomenology will have several detetableanomalies: there will be two spetral unique hues as opposed to three (Fig. 14), andone whole phenomenal olor quadrant (�U;�V) will be nonspetral, that is, unexpe-rienable with monohromati light (Fig. 15). This is beause the bimodal hannelhas two zeros, whereas the unimodal hannels have only one eah. This leaves openthe question of how a person with suh an abnormality would experiene olor. Thequestion is diÆult beause the two unimodal hannels have approximetely an equaloverlap with the light (+S+M+L) hannel, and therefore an equal laim to be expe-riened as �-Yellow. Indeed, for the sake of argument, we an assume that they haveexatly the same overlap, giving a topology suh as that in Fig. 16. The di�erenebetween the two unimodal hannels might not be pereived as one of olor (sine,in e�et, di�erenes of experiened olor orrespond to di�erential ativity omparedwith L = +S +M + L.Many other neural anomalies an be hypothesized. However, if a sensory system istoo di�erent from our own, we may be neurologially unable to imagine the experiene,although we an desribe its topology. Sine imaginal areas in the brain have parallelstrutures to pereptual areas, we have limited ability to imagine qualia that areradially di�erent from what we an pereive.
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4 ConlusionsThe protophenomenal perspetive has several bene�ts. First, it allows the fat ofonsious experiene to be integrated into sienti� theory without denying or dis-torting the nature of that experiene. Seond, it permits a form of redution of themore omplex to the simpler while aknowledging the omplexity of phenomena andavoiding naive introspetionism. Third, it permits a detailed aount of the strutureof onsious experiene.Of ourse, many open questions remain. For example: What are the ativity sitesand what sorts of physial systems an be ativity sites? (This has impliations fornonbiologial onsiousness.) What distinguishes onsious from nononsious neu-ral ativity? Are protophenomena emergent? (This has impliations for degrees ofonsiousness.) Are protophenomena qualitatively exhausted by their mutual depen-denies (struturalism)? What an we say about the boundaries and unity of on-siousness? Finally, muh areful neurophenomenologial work remains to be donebefore we will understand the detailed struture of onsiousness.ReferenesBerlin, B. & Kay, P. (1969). Basi Color Terms: Their Universality and Evolution,University of California Press.Chalmers, D. J. (1995). Faing up to the problem of onsiousness, Journal of Con-siousness Studies 2: 200{219.Chalmers, D. J. (1996). The Consious Mind, Oxford University Press, Oxford.De Valois, R. L. & De Valois, K. K. (1988). Spatial Vision, Oxford University Press,New York.De Valois, R. L. & De Valois, K. K. (1993). A multi-stage olor model, VisionResearh 33: 1053{1065.Goethe, J. W. v. (1840). Goethe's Theory of Colours, John Murray. Transl. C. L.Eastlake.Hardin, C. L. (1988). Color for Philosophers: Unweaving the Rainbow, Hakett Pub-lishing Company, Indianapolis/Cambridge.Kaiser, P. K. & Boynton, R. M. (1996). Human Color Vision, seond edn, OptialSoiety of Ameria, Washington, DC.Kay, P. & MDaniel, C. K. (1978). The linguisti signi�ane of the meanings of basiolor terms, Language 54: 610{646.
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