cmr10.360Figure 4: cmbx10.360 A. cmr10.360 highly sc hematic illustration of the notion of receptiv �eld: unit cmti10.360cmr10.360 in area receiv es input from the region mark ed as RF(a) in area 1, and, in turn, pro jects to man units in area 3. cmbx10.360 B. cmr10.360 Computing the function cmmi10.360 cmr10.360 cmmi10.360cmr10.360cmmi10.360 cmsy8.300cmr8.300cmmi8.300cmr6.300cmr8.300cmmi8.300 cmr6.300cmr8.300cmr10.360cos cmmi10.360 cmr10.360with 2D to 1D map of connections, or lo okup table. Note that to �nd the alue of the function at oin for whic there in no en try in the lo okup table one ust resort to in terp olation (in this connection, see oggio and Girosi, 1990). 34 cmr10.360(the Dalmatian from Marr’s ok to pasted here) Figure 3: ast exp erience ma in uence the emergence of ercept where ottom-up organization and grouping alone fails (photograph R. C. James). 33 cmr10.360Figure 2: The app earance of 3D ob ject can dep end strongly on the viewp oin t. The image on the righ is of the same ob ject as the image on the left, rotated in depth 90 cmmi8.300cmr10.360eople �nd it di�cult to recognize suc ob jects from radically unfamiliar viewp oin t, ev en when stereo information (Ro and DiVita, 1987) or oth stereo and motion cues (Edelman and ultho�, 1990) to the 3D shap of the ob ject are ailable. 32 cmr10.360Figure 1: cmbx10.360 A. cmr10.360 Illusory con tours, as ell as some abnormal depth and ligh tness er- cepts, arise in this ersion of Kanizsa’s triangle. cmbx10.360 B. cmr10.360 mo di�ed ersion, in whic the illusory ercepts are uc eak er. 31 cmr10.360[70] N. eisstein and C. S. Harris. Visual detection of line segmen ts: an ob ject- sup eriorit e�ect. cmti10.360 Scienc cmr10.360

186:752{755, 1974. [71] S. Zeki and S. Shipp. The functional logic of cortical connections. cmti10.360 Natur cmr10.360

335:311{317, 1988. 30 cmr10.360[59] J. T. dd and E. Mingolla. erception of surface curv ature and direction of illumination from patterns of shading. cmti10.360 J. Exp. Psychol.: HPP cmr10.360

9:583{595, 1983. [60] A. reisman and G. Gelade. feature in tegration theory of atten tion. cmti10.360 Co gnitive Psycholo gy cmr10.360

12:97{136, 1980. [61] S. Ullman. Filling in the gaps: the shap of sub jectiv con tours and mo del for their generation. cmti10.360 Biolo gic al Cyb ernetics cmr10.360

25:1{6, 1976. [62] S. Ullman. cmti10.360 The interpr etation of visual motion cmr10.360

MIT Press, Cam bridge, MA, 1979. [63] S. Ullman. Aligning pictorial descriptions: an approac to ob ject recognition. cmti10.360Co gnition cmr10.360

32:193{254, 1989. [64] S. Ullman and R. Basri. Recognition linear com binations of mo dels. A.I. Memo No. 1152, Arti�cial In telligence Lab oratory Massac usetts Institute of ec hnology 1990. [65] R. on der Heydt, E. eterhans, and G. Baumgartner. Illusory con tours and cortical neurons’ resp onses. cmti10.360 Scienc cmr10.360

224:1260{1262, 1984. [66] H. on Helmholtz. Unconscious conclusions. In W. N. Dem er, editor, cmti10.360 Visual er eption: the ninete enth entury cmr10.360 pages 163{170. Wiley 1856/1964. [67] R. D. alk. erceptual learning. In E. C. Carterette and M. riedman, editors, cmti10.360 Handb ok of Per eption cmr10.360 olume IX, pages 257{298. Academic Press, New ork, NY, 1978. [68] H. allac and D. N. O’Connell. The kinetic depth e�ect. cmti10.360 J. Exp. Psychol. cmr10.360

45:205{217, 1953. [69] D. einshall. erception of ultiple transparen planes in stereo vision. cmti10.360 Natur cmr10.360

341:737{739, 1989. 29 cmr10.360[48] I. Ro and J. DiVita. case of view er-cen tered ob ject erception. cmti10.360 Co gnitive Psycholo gy cmr10.360

19:280{293, 1987. [49] A. Ro jer and E. L. Sc artz. ultiple-map mo del for pattern classi�cation. cmti10.360Neur al Computation cmr10.360

1:104{115, 1989. [50] E. Rosc h, C. B. Mervis, W. D. Gra D. M. Johnson, and Bo es-Braem. Basic ob jects in natural categories. cmti10.360 Co gnitive Psycholo gy cmr10.360

8:382{439, 1976. [51] A. Rosenfeld. Recognizing unexp ected ob jects: prop osed approac h. cmti10.360 Int. J. of Pattern gnition and rti�cial Intel ligenc cmr10.360

1:71{84, 1987. [52] R. N. Shepard. ard univ ersal la of generalization for psyc hological sci- ence. cmti10.360 Scienc cmr10.360

237:1317{1323, 1987. [53] R. N. Shepard and L. A. Co op er. cmti10.360 Mental images and their tr ansformations cmr10.360

MIT Press, Cam bridge, MA, 1982. [54] A. Sloman. What are the purp oses of vision? CSRP 066, Univ ersit of Sussex, 1987. [55] E. S. Sp elk e. Origins of visual kno wledge. In D. N. Osherson, S. M. Kosslyn, and J. M. Hollerbac h, editors, cmti10.360 Visual gnition and action cmr10.360 olume 2, pages 99{128. MIT Press, Cam bridge, MA, 1990. [56] G. R. Stoner, T. D. Albrigh t, and V. S. Ramac handran. ransparency and coherence in uman motion erception. cmti10.360 Natur cmr10.360

344:153{155, 1990. [57] G. Stratton. Vision without in ersion of the retinal image. In W. N. Dem- er, editor, cmti10.360 Visual er eption: the ninete enth entury cmr10.360 pages 143{154. Wiley 1897/1964. [58] M. arr and S. Pink er. Men tal rotation and orien tation-dep endence in shap recognition. cmti10.360 Co gnitive Psycholo gy cmr10.360

21:233{282, 1989. 28 cmr10.360[36] S. E. almer. The psyc hology of erceptual organization: transformational approac h. In J. Bec k, B. Hop e, and A. Rosenfeld, editors, cmti10.360 Human and machine vision cmr10.360 pages 269{340. Academic Press, New ork, 1983. [37] S. E. almer, E. Rosc h, and Chase. Canonical ersp ectiv and the erception of ob jects. In J. Long and A. Baddeley editors, cmti10.360 ttention and Performanc IX cmr10.360 pages 135{151. Erlbaum, Hillsdale, NJ, 1981. [38] G. F. oggio and T. oggio. The analysis of stereopsis. cmti10.360 nn. ev. Neur osci. cmr10.360

7:379{412, 1984. [39] T. oggio and S. Edelman. net ork that learns to recognize three-dimensional ob jects. cmti10.360 Natur cmr10.360

343:263{266, 1990. [40] T. oggio and F. Girosi. Regularization algorithms for learning that are equiv- alen to ultila er net orks. cmti10.360 Scienc cmr10.360

247:978{982, 1990. [41] T. oggio and W. Reic hardt. Visual con trol of orien tation eha vior in the y (parts and ii). cmti10.360 Quart. ev. Biophys. cmr10.360

3:311{439, 1976. [42] T. oggio, V. orre, and C. Ko h. Computational vision and regularization theory cmti10.360 Natur cmr10.360

317:314{319, 1985. [43] M. otter. Meaning in visual searc h. cmti10.360 Scienc cmr10.360

187:965{966, 1975. [44] Z. Pylysh yn. cmti10.360 Computation and gnition cmr10.360

MIT Press, Cam bridge, MA, 1985. [45] Quinlan. Visual ob ject recognition reconsidered, 1989. submitted for publi- cation. [46] V. S. Ramac handran. erception of shap from shading. cmti10.360 Natur cmr10.360

331:163{166, 1988. [47] I. Ro k. cmti10.360 Per eption cmr10.360

Scien ti�c American Bo oks, New ork, 1984. 27 cmr10.360[24] J. H. Kaas. Wh do es the brain ha so man visual areas? cmti10.360 Journal of Co gnitive Neur oscienc cmr10.360

1:121{135, 1989. [25] E. R. Kandel and J. H. Sc artz. cmti10.360 Principles of neur al scienc cmr10.360

Elsevier, New ork, 1985. [26] S. W. Keele and W. T. Neill. Mec hanisms of atten tion. In E. C. Carterette and M. riedman, editors, cmti10.360 Handb ok of Per eption cmr10.360 olume IX, pages 3{47. Academic Press, New ork, NY, 1978. [27] J. J. Ko enderink. What do es the ccluding con tour tell us ab out solid shap e? cmti10.360Per eption cmr10.360

13:321{330, 1984. [28] W. K� ohler. cmti10.360 Gestalt psycholo gy cmr10.360

Liv erigh t, New ork, 1947. [29] S. W. Ku�er and J. G. Nic holls. cmti10.360 om neur on to br ain cmr10.360

Sinauer, Sunderland, MA, 1976. [30] E. H. Land and J. J. McCann. Ligh tness and retinex theory cmti10.360 Journal of the Optic al So ciety of meric cmr10.360

61:1{11, 1971. [31] R. D. Luce. cmti10.360 esp onse times: their ole in inferring elementary mental or gani- zation cmr10.360

Oxford Univ ersit Press, Oxford, 1986. [32] H. A. Mallot, W. on Seelen, and F. Giannak op oulos. Neural mapping and space-v arian image pro cessing. cmti10.360 Neur al Networks cmr10.360

3:??{??, 1990. [33] D. Marr. cmti10.360 Vision cmr10.360

W. H. reeman, San rancisco, CA, 1982. [34] W. S. McCullo h. cmti10.360 Emb diments of mind cmr10.360

MIT Press, Cam bridge, MA, 1965. [35] G. J. Mitc hison and S. McKee. In terp olation in stereoscopic matc hing. cmti10.360 Na- tur cmr10.360

315:402{404, 1985. 26 cmr10.360[13] S. Edelman and D. einshall. self-organizing ultiple-view represen tation of 3D ob jects. A.I. Memo No. 1146, Arti�cial In telligence Lab oratory Mas- sac usetts Institute of ec hnology August 1989. [14] J. risb cmti10.360 Se eing cmr10.360

Oxford Univ ersit Press, Oxford, 1979. [15] J. J. Gibson. cmti10.360 The er eption of the visual world cmr10.360

Hough ton Mi�in, Boston, MA, 1950. [16] J. J. Gibson. cmti10.360 The olo gic al appr ach to visual er eption cmr10.360

Hough ton Mi�in, Boston, MA, 1979. [17] C. D. Gilb ert. Neuronal and synaptic organization in the cortex. In Rakic and W. Singer, editors, cmti10.360 Neur obiolo gy of Ne ortex cmr10.360 pages 219{240. Wiley New ork, NY, 1988. [18] A. L. Gilc hrist. erceiv ed ligh tness dep ends on erceiv ed spatial arrangemen t. cmti10.360Scienc cmr10.360

195:185{187, 1977. [19] R. L. Gregory Illusions and hallucinations. In E. C. Carterette and M. riedman, editors, cmti10.360 Handb ok of Per eption cmr10.360 olume IX, pages 337{357. Academic Press, New ork, NY, 1978. [20] J. Jastro w. cmti10.360 The time elations of mental phenomena cmr10.360

Ho dges, New ork, 1890. [21] G. Johansson. Visual erception of biological motion and mo del for its anal- ysis. cmti10.360 Per eption and Psychophysics cmr10.360

14:201{211, 1973. [22] B. Julesz. cmti10.360 oundations of Cyclop an er eption cmr10.360

Univ ersit of Chicago Press, Chicago, IL, 1971. [23] B. Julesz. brief outline of the texton theory of uman vision. cmti10.360 ends in Neur oscienc es cmr10.360

7:41{45, 1984. 25 cmr10.360[2] I. Biederman. Human image understanding: Recen researc and theory cmti10.360Computer Vision, Gr aphics, and Image Pr essing cmr10.360

32:29{73, 1985. [3] I. Biederman, J. C. Rabino witz, A. L. Glass, and E. W. Stacy On the informa- tion extracted from glance at scene. cmti10.360 Journal of Exp. Psychol cmr10.360

103:597{600, 1974. [4] A. Blak and H. H. ultho�. Do es the brain kno the ph ysics of sp ecular re ection? cmti10.360 Natur cmr10.360

343:165{168, 1990. [5] K. R. Bo�, L. Kaufman, and J. Thomas, editors. cmti10.360 Handb ok of er eption and human erformanc cmr10.360

Wiley New ork, 1986. [6] R. M. Bo yn ton. Color in con tour and ob ject erception. In E. C. Carterette and M. riedman, editors, cmti10.360 Handb ok of Per eption cmr10.360 olume VI I, pages 173{199. Academic Press, New ork, NY, 1978. [7] H. H. ultho� and H. A. Mallot. In teraction of depth mo dules: stereo and shading. cmti10.360 Journal of the Optic al So ciety of meric cmr10.360

5:1749{1758, 1988. [8] Ca anagh. Reconstructing the third dimension: in teractions et een color, texture, motion, bino cular disparit and shap e. cmti10.360 Computer Vision, Gr aphics, and Image Pr essing cmr10.360

37:171{195, 1987. [9] A. R. Damasio. The brain binds en tities and ev en ts ultiregional activ ation from con ergence zones. cmti10.360 Neur al Computation cmr10.360

1:123{132, 1989. [10] D. Da vidson. cmti10.360 Essays on actions and events cmr10.360

Clarendon Press, Oxford, 1980. [11] F. Dretsk e. Seeing, elieving, and kno wing. In D. N. Osherson, S. M. Kosslyn, and J. M. Hollerbac h, editors, cmti10.360 Visual gnition and action cmr10.360 olume 2, pages 129{148. MIT Press, Cam bridge, MA, 1990. [12] S. Edelman and H. H. ultho�. Canonical views and the represen tation of no el 3D ob jects, 1990. submitted to erception. 24 cmr10.360that as whole this structure is as heterac hical as the large-scale arrangemen of cortical areas men tioned ab (Figure 4a). Figure here The second basic notion in the arc hitecture of vision, cortical mapping, ertains to the relationship among di�eren receptiv �elds in the same visual cortical area. It turns out that man areas are in terconnected lo cally smo oth maps (in fact, man areas are retinotopic, that is, their top ology but not necessarily their metric structure, conforms to that of the retina). Recen theoretical dev elopmen ts indicate that computing with maps or, equiv alen tly connections (Figure 4b) is erful information-pro cessing paradigm (see, e.g., Ballard, 1986, for an in tegrativ discus- sion). It has een suggested (Ro jer and Sc artz, 1989; Mallot et al., 1990; Damasio, 1989) that cortical mapping is the basic mec hanism of the visual function of the brain. It remains to seen whether this concept can extended to encompass erception (and in telligence) in general. cmbx10.518Conclusion cmr10.360The study of visual erception is ound to inspire e, ecause of the recognition of the formidable problems osed vision, and marv el, ecause of the appreciation of solutions dev elop ed the brain to address these problems. Borro wing phrase from arren McCullo h, one can describ this study as disco ering what thing is, that man ma see it, and man, that he ma see things (McCullo h, 1965, p.2). While lo oking for an answ er to this question, it is orth while to remem er that in erception, if not in in telligence, man cmti10.360 is cmr10.360 the measure of all things. cmbx10.518References cmr10.360[1] D. H. Ballard. Cortical connections and parallel pro cessing: structure and func- tion. cmti10.360 Behavior al and Br ain Scienc es cmr10.360

9:67{120, 1986. 23 cmbx10.3605.0.7 Vision is Massiv ely arallel cmr10.360The parallelism of visual information pro cessing ecomes apparen already at the lev- el of the retina, where separation ccurs et een sev eral path ys eac of whic is functionally sp ecialized to supp ort certain asp ects of the input, suc as form, motion and color. Since ev en tually these ha to in tegrated in to coheren ercept, the cortical areas fed the di�eren path ys are in terconnected in an orderly fashion (see recen reviews in Zeki and Shipp, 1988; Kaas, 1989), so that on the whole the ar- hitecture is heterarc in whic lateral connections and shortcuts ab ound, rather than hierarc en visaged early visual scien tists. Remark ably in all the visual areas, as in the en tire neo cortex in general, information is pro cessed the same a- riet of cells, arranged in the same columnar structure (Gilb ert et al., 1988). Th us, an comprehensiv theory of brain function ould ha to sp ecify in information- pro cessing terms, what the basic op eration is that can supp orted the cortical arc hitecture and is at the same time erful enough to address the en tire range of erceptual, cognitiv e, and motor tasks. cmbx10.3605.0.8 Maps and Receptiv Fields cmr10.360Although viable and widely accepted theory of suc scop has et to prop osed, ell-established �ndings in the neurobiology of erception, and in particular of vision, pro vide an inkling as to the basic mo de of information pro cessing in the cortex. The �rst of these is concerned with the notion of the receptiv �eld of neuron. In vision, it is de�ned as that region of the visual �eld whose stim ulation a�ects the activit of the neuron (see, e.g., Ku�er and Nic holls, 1976). Without going in to details of the taxonom and structure of receptiv �elds found in the visual cortex, one ma describ their function sc hematically as the in tegration of information er �nite area of the visual �eld and its concen tration at single oin the axon of the neuron in question, or its output terminal. Note that the axon ma in turn, connect to man (p oten tially tens of thousands) other neurons at higher lev el, so 22 cmr10.360exp erience (Sp elk e, 1990). Signi�can tly the mec hanisms of erceptual organization used infan ts in learning ho to see seem to ersist through adultho d. Th us, the study of the on togen of visual erception ma help clarify the nature of the long-term memory represen tations of ob jects and scenes. similar angle on the problem of represen tation is pro vided studies in whic the sub jects’ erceptual erformance in three-dimensional ob ject recognition is mo d- i�ed merely as result of practice or exp osure to the stim uli, without an feedbac from the exp erimen ter (after all, infan ts acquire vision and language with- out eing instructed). Normally the sub jects’ resp onse time in recognition dep ends monotonically on the misorien tation of the stim ulus with resp ect to some canonical attitude (P almer et al., 1981; cf. the discussion of men tal rotation in the section on Metho ds). erceptual learning under suc circumstances, inferred from the ob- serv ed hanges in the pattern of erformance (sp eci�cally from increasingly uniform resp onse times for di�eren asp ects of the stim ulus), can attributed to shift to- ards more memory-in tensiv and less time-consuming recognition strategy (T arr and Pink er, 1989; Edelman and ultho�, 1990). Indeed, suc strategy app ears to the most suitable one for system in whic memory is heap, but time is exp ensiv e. cmbx10.518The neural substrate cmr10.360The arc hitecture of the uman visual system re ects the ma jor functional constrain imp osed on it, namely the requiremen of eing able to recognize or classify in few undreds of milliseconds an ob ject from oten tially unlimited rep ertoire, while taking in to accoun ariet of visual clues (Biederman et al., 1974; cf. Rosenfeld, 1987). The follo wing section con tains sev eral hin ts as to what the basic functional elemen ts that constitute this arc hitecture ma e. 21 cmr10.360mere recollection of previously encoun tered stim ulus exemplars. Exp erimen ts car- ried out Rosc and her collab orators as part of wider study of the structure of categories (see, e.g., Rosc et al., 1976) sho ed that eople tend to erceiv and describ ob jects at certain lev el of detail. Imp ortan tly this basic category lev el can indep enden tly de�ned in terms of visual erception, language, and general cognitiv dev elopmen t. Figure here less direct, but not less comp elling, demonstration of the top-do wn principle is sho wn in Figure 3. Ro (1984, p.130) remarks that ould unlik ely to see Dalmatian in this �gure, unless past exp erience a�ected our erception of it. Some of the features of the pro cesses in olv ed in erceptual learning and memory are men tioned in the next section. cmbx10.3604.4.6 erceptual Learning cmr10.360erceptual learning, or the adjustmen of erception to the stim ulus asp ects of the en vironmen t, is sometimes distinguished from cognitiv learning, the latter term eing reserv ed for the mo di�cation of problem-solving eha vior (W alk, 1978). In early vision, learning ccurs in pro cesses suc as adaptation, men tioned ab e. The famous exp erimen �rst made Stratton (1897/1964) in whic sub ject earing in erting prisms gradually adapts to this condition, is forceful reminder that the degree of plasticit at lo er lev els of the visual system should not underestimated (see Ro k, 1984, for discussion of the in ersion exp erimen ts). Exactly what is learned and what is innate in vision (and in cognition in general) has een the sub ject of in tense philosophical debate since Plato’s time (see Dretsk e, 1990, for an erview). cen tury of researc in visual psyc hoph ysics and neurobi- ology of vision sho ws that the basic erceptual abilities of the uman visual system (suc as the abilit to erceiv luminance con trast) are largely innate, while others (suc as some arieties of ob ject constancy) are acquired and dep end on the visual 20 cmr10.360(see Figure 1). The �rst of these is con tour completion: the visual system prefers to erceiv nonexisten con tour forming the illusory triangle rather than see the three den ted discs as unrelated to eac other (in whic case the missing ortions of the real triangle ould remain unaccoun ted for). It turns out that the erceiv ed shap of the completed con tour can pro duced pro cess that minimizes measure of its curv ature (Ullman, 1976). The second phenomenon that a�ects the erception of �gures as wholes is that of area �lling-in, whic ma considered o-dimensional analog of con tour completion. In Figure 1, �lling-in is apparen in the increased sub jectiv ligh tness of the illusory triangle. Another manifestation of �lling-in is motion capture: our tendency to erceiv stationary features that happ en to fall within mo ving con tour as drifting along with the con tour. Surface in terp olation (see the section on Stereopsis) is an instance of �lling-in that, analogously to con tour completion, can form ulated as pro cess of optimization (see oggio et al., 1985). cmbx10.3604.4.5 Categorization cmr10.360Sev eral illustrations of our disp osition to see the en vironmen as structured instead of haotic ere giv en in the previous sections, when discussed the phenomena of ob ject constancy and motion erception. The imp osition of this kind of high-lev el structure on the visual orld is an ap otheosis of the pro cesses of erceptual organization, linking vision to general cognition and language. Exp erimen tal evidence suggests that this connection is bilateral, and that the cognitiv lev el can in uence visual erception. The most directly relev an exp erimen ts are those in whic sub jects exhibit ob ject sup eriorit e�ects, for example, the facilitation of the erception of lo w-lev el feature, suc as line segmen t, virtue of its app earance as part of the pro jection of three-dimensional ob ject (W eisstein and Harris, 1974). In man top-do wn e�ects (including ob ject sup eriorit y), the erceptual phe- nomenon is etter haracterized as categorization than recognition. The manner of cognitiv in olv emen in erception is th us more exible and more general than 19 cmr10.360quite exp ensiv e. In these cases, atten tion pro vides an acceptable trade-o� et een resources and time. cmbx10.3604.4.3 erceptual Organization cmr10.360erceptual organization is collectiv term for div erse set of pro cesses that con- tribute to the emergence of order in the visual input. Some of the phenomena ha already men tioned can considered particular instances of erceptual organi- zation. Tw examples whic are, really opp osite sides of the same coin are shap constancy and visual motion: the erception of deforming o-dimensional reti- nal stim ulus pattern as three-dimensional ob ject in motion amoun ts to organizing the visual input so that it can describ ed in simple and stable fashion. The study of erceptual organization has long history in psyc hology almer (1983), follo wing Cassirer, Pitts and McCullo h, Gibson, and others, outlined uniform framew ork for the study of organizational phenomena, based on the mathematical notion of in ariance under transformation groups. The transformational approac allo ws problems of constancy and motion to addressed in the same language as the classical issues of erceptual organization: �gural go dness, grouping and frames of reference. ma jor attempt to understand these issues, motiv ated con vic- tion that suc understanding ould shed ligh on erception in general, led to the formation of the Gestalt sc ho ol in psyc hology (K� ohler, 1947). Man of the la ws of organization prop osed Gestalt theorists, as ell as the concept of erceptual go dness (\Praegnanz") they ha in tro duced to accoun for ariet of erceptual phenomena, ha een incorp orated in more rigorous form ulation in to the curren tly prev ailing paradigm of visual erception (see the discussion in Marr, 1982, p.187). cmbx10.3604.4.4 Completion and Filling-In cmr10.360The group of phenomena that can haracterized tendency to optimize �gural go dness includes that ha een men tioned in the section on Visual erformance 18 cmr10.360rest is supp orted ph ysiological pro cesses that op erate at the photoreceptors and in the higher lev els of the retina. Presumably some of the visual aftere�ects that ma classi�ed as adaptation phenomena happ en at higher lev els of the visual system. ell-kno wn example of this yp is the motion aftere�ect: tend to erceiv the stationary parts of aterfall scene as mo ving up ards after ha ving concen trated for su�cien time on the do wn ard motion of the falling ater. One ossible explanation of the aftere�ects is that the visual system represen ts qualities suc as planarit and immobilit as dynamic balance et een represen tations of opp osites suc as con exit y/conca vit and up ard/do wn ard motion. fatigue-lik reduction in the activit lev el of the represen tation substrate of do wn ard motion, for example, will then cause erception of up ard motion in stim ulus that is, in fact, static. Note that this accoun relies on another common prop ert of erception related to adaptation: the preferen tial resp onse to temp oral hange and spatial con trast, as opp osed to status-quo and uniformit cmbx10.3604.4.2 tten tion and Searc cmr10.360The visual system allo cates di�eren amoun ts of pro cessing resources to di�eren ortions of the visual �eld. Most of this non-uniformit is arc hitectural and is due to the gradual decrease in the photoreceptor densit (whic en tails decrease in acuit y) et een the fo ea and the eriphery The other part is more exible and can manipulated at will. The phenomenon of div erting pro cessing resources to sp eci�ed lo cations in the visual �eld or to sp eci�ed submo dalit is called visual atten tion (e.g., Keele and rammer Neill, 1978). tten tion can shifted to new lo cation ertly executing an appropriate saccadic ey mo emen t, or co ertly mec hanism whose precise nature is not et kno wn. The ene�t of eing able to shift atten tion is in the econom of pro cessing resources required for adequate functioning. or some visual op erations, suc as searc for comp ound stim uli (T reisman and Gelade, 1980), main taining uniform pro cessing capabilit er the en tire �eld ma 17 cmr10.360iden tify and describ its source. In other cases the kno wledge source is not so readily apparen to the observ er. or example, the visual system seems to tak in to accoun the ph ysics of sp ecular re ection in the erception of three-dimensional shap in shaded images (Blak and ultho�, 1990). In another example, motion erception app ears to in olv implicit familiarit with the ph ysics of transparency (Stoner et al., 1990). cmbx10.4324.3 Illusions cmr10.360The unconscious rules of th um that are in part resp onsible for the incredibly fast erformance of the visual system in wide ariet of vital tasks are, necessarily limited in scop e. Certain visual stim uli pro duce illusory or non-v eridical ercepts causing the breakdo wn of those erceptual pro cesses that rely on unconscious rules. Another source of illusions is in the inheren anatomical and ph ysiological prop erties and limitations of the visual system. The illusory con tours of Figure 1a for whic ten tativ ph ysiological mec hanism has een iden ti�ed (v on der Heydt et al., 1984) are an example of this kind (see also Gregory 1978). cmbx10.4324.4 Pro cesses cmr10.360It is remark able that um er of cen tral parts of the pro cess of visual erception can describ ed functionally in manner that is largely indep enden of the particular goals they serv e. What follo ws here is an attempt to brie y haracterize these sub- pro cesses. cmbx10.3604.4.1 Adaptation cmr10.360The most common example of adaptation is the adjustmen in the ligh sensitivit of the ey that follo ws an hange in the am bien illumination. The dynamic range of ligh adaptation is ery wide (at least �v orders of magnitude). Only small part of this range (a factor of sixteen or so) is attributable to the hanges in pupil size; the 16 cmbx10.3604.1.6 Explanations of Constancy cmr10.360The constancies of visual erception constitute an essen tial part of the visual ex- erience as kno it. Imagine what ewildering orld it ould in whic red tomato es turned ello when seen in the kitc hen under incandescen ligh t, coin- lo ok ed elliptical unless view ed from the prop er an tage oin t, and the sligh test mo emen of the head sen the en tire surrounding scene careening ab out. Ho do es the visual system ac hiev erceptual constancy? The stim ulus-relation explanation, fa ored the direct erception sc ho ol, sees the stim ulus itself as the sole cause of constancy According to this accoun t, the con text in whic the stim ulus app ears af- fects the it is erceiv ed. or example, the apparen size of an unfamiliar ob ject ma a�ected the presen tation next to it of another ob ject of kno wn size. In man situations, ho ev er, con text information is una ailable, et size constancy still holds. con tin ue the ab example, the size of luminous ob ject in dark ened ro om ma correctly judged as long as distance information is ailable, e.g., from accomo dation and con ergence. If, ho ev er, the ob ject is seen through narro ap erture that eliminates distance cues, the constancy breaks do wn and the ob ject app ears to of indeterminate size (Ro k, 1984). This phenomenon prompts an alternativ explanation of constancy whic prop oses that view ers tak unconsciously in to accoun indep enden or prior kno wledge relev an to giv en situation. As shall see in the next section, the in olv emen of prior kno wledge can accoun also for other features of vision esides constancy cmbx10.4324.2 Implicit Kno wledge cmr10.360An example of the facilitation of erception through the use of information not ailable in the immediate sensory input is the visual system’s sup erior erformance in recognizing and remem ering ob jects and scenes that mak sense, as opp osed to those that do not (Biederman et al., 1974; otter, 1975). Although the implicit kno wledge in this case is used unconsciously the erceiv er ould normally able to 15 cmr10.360(1984). cmbx10.3604.1.1 Ligh tness Constancy cmr10.360The erception of the shade of surface’s ligh tness aries in general with the true alb edo of the surface rather than with its luminance (the in tensit of the ligh re- ected the surface, whic hanges, for example, ecause of arying illumination and shado ws). cmbx10.3604.1.2 Color Constancy cmr10.360When the sp ectral con ten of the illuminan undergo es radical hange, surface will no longer re ect ligh that corresp onds to its true color (i.e., the color it re ects when illuminated with white ligh t). Nev ertheless, its erceiv ed color will in general app ear close to the true one. cmbx10.3604.1.3 Size Constancy cmr10.360giv en ob ject in the orld app ears to ab out the same size, irresp ectiv of the ariation of the size of its retinal pro jection (due, e.g., to its arying distance from the ey e). cmbx10.3604.1.4 Shap Constancy cmr10.360The erceiv ed shap of an ob ject remains constan despite hanges in the shap of its retinal pro jection caused the mo emen of the ob ject relativ to the observ er. cmbx10.3604.1.5 Space Constancy cmr10.360The visual orld app ears to us as stable and unmo ving despite con tin uing mo emen of the retinal image, caused the mo emen of the ey es, as in visual trac king and saccades (see the section on tten tion elo w), the head and the en tire dy (as in lo comotion). 14 cmr10.360view amoun ts to uc more than theory of ob ject recognition: it dictates the in ter- pretation of pro cesses of early vision in terms of the reconstruction of replica of the visual orld. Recen tly this view has een disputed on philosophical, empirical and computational grounds (see Sloman, 1987, Quinlan, 1989, Edelman and einshall, 1989, Edelman and ultho�, 1990). Three-dimensional ob ject-cen tered mo dels, en visaged Marr, and other 3D structural represen tations (e.g., Biederman, 1985) are but one of um er of com- eting theories in the �eld of recognition. Ma jor alternativ es (see Ullman, 1989, for review) are template matc hing, description in arian features and shap nor- malization. Although it is clear that structural descriptions of the yp suggested Marr, Biederman and others ust in ok ed to explain some erceptual phenome- na, the emergence of recognition mo dels based on in terp olation among protot ypical o-dimensional views (e.g., Ullman and Basri, 1990; oggio and Edelman, 1990) indicates that memory for sp eci�c instances ma more imp ortan for recognition than previously though t. cmbx10.518Cross-mo dal Characteristics and Pro cesses cmr10.360This section lists sev eral haracteristics of erception whose common denominator is generalit and erv asiv eness in vision. These are group ed in to classes. The �rst class includes cmti10.360 phenomena cmr10.360 that are common to more than one of the building blo ks men tioned earlier. The other class comprises dynamic cmti10.360 pr esses cmr10.360 whose scop spans sev eral visual submo dalities. cmbx10.4324.1 Constancy cmr10.360erceptual constancy is our tendency to see prop erties of ob jects as in arian de- spite erp etually hanging retinal stim uli. ollo wing is list of the most prominen constancy phenomena (some of these ha already een men tioned in the preced- ing sections). Concrete examples of eac phenomenon can found, e.g., in Ro k, 13 cmr10.360main asp ects of the in tegration problem are the nature of the output represen tation and the relativ eigh giv en to eac cue. Situations in whic the cues are con icting can esp ecially in teresting. or example, when the con ten ts of Figure 1a are sho wn stereoscopically in suc manner that the ertices of the illusory triangle app ear, in con ict with the (imaginary) in terp osition cue, ehind those of the real one, the illusion ecomes eak er (Gregory 1978). cmbx10.4323.7 Ob ject Recognition cmr10.360

Mec hanisms that supp ort ob ject recognition in uman vision are the sub ject of con- siderable con tro ersy among psyc hologists. Although most ould agree that recog- nition in olv es comparison et een the stim ulus and an in ternal mo del or represen- tation ept in memory no consensus exists as to the nature of that represen tation. Consider the problems encoun tered the visual system that attempts to iden tify an ob ject presen in the �eld of view. Assuming that the candidate ob ject has already een detected and its appro ximate lo cation estimated, the system ust segmen the ob ject from the en vironmen and factor out ariations in its app earance due to hang- ing illumination, hanging viewp oin (see Figure 2) and, ossibly hanging shap of the ob ject (e.g., as in the recognition of mo ving animal; see the section on Motion ab e). Figure here Do es the visual system represen ob jects in straigh tforw ard fashion, e.g., remem ering sets of 2D \snapshots" tak en from di�eren an tage oin ts, or are the ob ject mo dels, geometrically 3D analogs of the ob jects they represen t? Argumen ts based, among other phenomena, on our abilit to erceiv and describ the three- dimensional shap of no el ob jects led man researc hers (notably Marr, 1982) to ostulate the formation of 3D ob ject-cen tered (i.e., viewp oin t-in arian t) represen ta- tions of the en vironmen to the ultimate goal and the �nal pro duct of vision. This 12 cmr10.360abilit to erceiv 3D structure in mo ving 2D patterns, suc as those that app ear on television screen, and ev en in random-dot kinematograms (Ullman, 1979). The con tribution of motion to our erall impression of the orld can appreciated an one who has atc hed �lm tak en from the an tage oin of roller-coaster rider: the somatic illusions ev ok ed suc stim uli are strong enough to erride estibular and somatosensory cues. As Ro (1984) has oin ted out, the presence of retinal displacemen of ob jects is neither su�cien nor necessary for the erception of motion, despite the indisputable fact that suc displacemen is the starting oin of neural motion pro cessing. On the one hand, mo ving ob jects that are �xated and trac ed are e�ectiv ely stationary with resp ect to the retina, but are still erceiv ed as mo ving. On the other hand, erceiv the visual orld as immobile when our ey es mo et een �xations (but not when the ey es are mo ed externally e.g., gen tly pressing on the ey eball from the side). cmbx10.4323.6 Three-dimensional Space and Shap cmr10.360The erception of the three-dimensional la out of visual space and of solid ob jects em edded in it relies on com bined action of all the basic mo dules men tioned ab e, as ell as on ariet of erceptual \rules of th um b" that cannot readily said to elong to one of those mo dules (Ramac handran, 1988). The role of shading, textural cues, retinal disparit and motion information in seeing depth has een outlined ab e. Another class of depth cues is pro vided the culomotor system: depth can estimated from con ergence of the ey es and from the accomo dation status of the lens. Among the pictorial cues are in terp osition (inferred from cclusion of some ob jects others), shado ws, ersp ectiv e, and familiar size information (see Ro k, 1984). The problem of understanding the in tegration pro cess that brings the depth cues together, traditionally neglected in fa or of the study of individual visual mo dules, has recen tly receiv ed increasing atten tion (B ultho� and Mallot, 1988). The 11 cmr10.360stereograms (image pairs consisting of random dots, some of whic are displaced in one image with resp ect to the other to form stim ulus that can erceiv ed only through stereo vision; see Julesz, 1971). In random-dot stereogram, eac dot in one image can matc oten tially an dot in the other image. Although matc hing is usually selectiv enough to disam biguate suc situations, in some cases eople ma erceiv sim ultaneously sev eral surfaces corresp onding to ultiple matc hings et een elemen ts in the images (W einshall, 1989). Moreo er, the relationship et een the outcome of the matc hing and the erceiv ed depth is sometimes not unequiv cal. or example, the erceiv ed depth ma corresp ond to an erage dis- parit rather than to one of the actual disparities deriv ed from ossible matc hing (Mitc hison and McKee, 1985). The second pro cess in olv ed in stereopsis is surface in terp olation, whic �lls-in the gaps et een those lo cations in the image where exact disparities are found through matc hing. Similar to matc hing, the surface in terp olation subsystem ossesses sev eral distinct features that are not ell-understo and are not repro duced mac hine vision algorithms. Tw of these are sim ultaneous erception of ultiple transparen surfaces and the in tegration of di�eren depth cues in surface erception (see the section on In tegration elo w). cmbx10.4323.5 Motion cmr10.360Visual motion con tains man imp ortan cues ab out the outside orld. Mo ving pat- terns of ligh pro jected on to the retina pro vide information that can used to seg- men the surrounding scene in to ob jects according to their motion and to na vigate in the en vironmen while oiding collisions with oth stationary and mo ving obstacles. Visual motion can also in terpreted to yield the three-dimensional structure of ob- jects (W allac and O’Connell, 1953), ev en when the ob jects themselv es are allo ed to deform while mo ving, common phenomenon in the motion of living things (see Johansson, 1973). The autonom of visual motion erception is demonstrated our 10 cmr10.360�eld. The iden ti�cation of suc features pro vides imp ortan clues to the structure of early visual pro cesses. An illustration of this approac ma found in recen ork ahle (1990), who found that ernier o�set stim uli in the yp eracuit range (pairs of abutting line segmen ts displaced an amoun that is smaller than the spacing of the photoreceptors in the retina) can detected in parallel. cmbx10.4323.4 Stereopsis cmr10.360Since the retinal image is pro jection of the three-dimensional orld on to o- dimensional surface, the information on the third dimension, depth, is already lost at the ery �rst stage of vision. The erception of depth, or stereopsis, can, ho ev er, still attained com bining information from the ey es (other mono cular depth cues are men tioned elo in the section on space erception). Stereopsis orks ecause the separation et een the retinal images of ob jects (retinal disparit y) is di�eren in the left and righ ey es, dep ending on the separation of the ob jects in depth. Bino cular stereo resolution is extremely �ne: di�erence in depth of one millimeter can erceiv ed at distance of one meter. The disparit et een the ey es’ views under suc conditions is man times smaller than the size of single retinal photoreceptor. Stereopsis has receiv ed uc atten tion in the study of vision (Julesz, 1971; oggio and oggio, 1984; see also the article on Stereo Vision in this olume). The eha vioral imp ortance of depth erception ecomes apparen if one attempts to thread needle, or catc y with one ey closed. Stereopsis is an acquired abilit y: newb orn babies do not erceiv bino cular depth un til the age of three or four mon ths. Disorders suc as strabism us (the inabilit to �xate the same ob ject sim ultaneously with the ey es) presen during this erio of plasticit can cause ermanen stereoblindness hamp ering the dev elopmen of one of the main pro cesses underlying stere- opsis: matc hing the retinal images to pro duce the disparit �eld. The er of the matc hing pro cess is illustrated our abilit to erceiv depth in random-dot cmbx10.4323.2 Color cmr10.360In the erception of color, as in the erception of ligh tness, the uman visual system exhibits an impressiv disregard for irrelev an ariables. In this case, the in tensit and the sp ectral con ten of the illuminan ust factored out if reasonable ap- pro ximation to the color of the view ed surface is to inferred (see the review in Bo yn ton, 1978). The mec hanisms resp onsible for this function app ear to similar for ligh tness and for color in that they dep end on lo cal con trast while ignoring slo and gradual hanges in image in tensit and sp ectrum, whic in man cases can safely attributed to the in uence of the illuminan (Land and McCann, 1971). Obser- ations that are not easily accoun ted for an application of suc simple �xed rules ere made Gilc hrist (1977), who found that global (and cognitiv e) factors suc as the kno wledge of the spatial arrangemen of surfaces ma a�ect their erceiv ed ligh tness. cmbx10.4323.3 exture cmr10.360In the natural orld, texture, along with color, is an imp ortan cue to the ph ysical comp osition of visible surfaces and can used to segmen complex scenes in to surface patc hes that ha distinct origins (e.g., elong to di�eren ob jects). Also, texture gradien ts can readily in terpreted in terms of the orien tation of the underlying surfaces and th us con tain cues to the three-dimensional structure of the visual space (Gibson, 1950). exture is mass phenomenon: surface ust ear more than few markings to erceiv ed as textured. The problem of texture erception can form ulated either in statistical terms, or in terms of the detection of the underlying texture elemen ts or textons (see Julesz, 1984). An issue that as originally raised in the con text of texture erception and has since een in tensiv ely studied is that of preatten tiv discrimination (i.e., distinguishing et een di�eren stim uli without the in olv emen of atten tion or scrutin y). Presumably features that com bine in to preatten tiv ely discriminable textures are pro cessed in parallel er the en tire visual cmr10.360ject iden tit et een sim ultaneously sho wn images of three-dimensional ob jects, and the resp onse time as found to dep end linearly on the relativ misorien tation of the ob jects with resp ect to eac other.) cmbx10.518Building blo ks cmr10.360Reductionistic metho ds that in estigate the structure of the erceptual system en- courage the dissection of vision in to submo dalities. Some of these building blo ks of erception ligh tness, ue, texture, stereopsis, visual motion, the erception of space, and ob ject recognition are brie y describ ed elo w. Within the scop of this article, little more than hin can giv en as to the erceptual problems solv ed eac mo dule. cmbx10.4323.1 Ligh tness and Shading cmr10.360Confron ted with gradien of illumination across the view ed surface, the visual system ust separate the e�ect of illumination from the e�ects of surface alb edo, orien tation and shap e. Disen tangling all the factors that con tribute to the in ten- sit of the image at giv en oin on the retina is probably the most complicated computational problem in vision. It is not surprising then that some of the more comp elling illusions, suc as the Mac bands and the Craik-Cornsw eet-O’Brien ef- fect (see, e.g., risb 1979, for an erview), are caused eculiarities of ligh tness erception mec hanisms (one suc eculiarit is illustrated in Figure 1a, where the illusory triangle is erceiv ed to brigh ter than the bac kground). In addressing the ligh tness problem, the uman visual system app ears to ha settled for qualitativ rather than quan titativ solutions (T dd and Mingolla, 1983). Moreo er, these solu- tions often seem to based on high-lev el heuristics (Ramac handran, 1988) and are easily do wnpla ed if the relev an information is ailable from other sources, suc as the shap of the ccluding con tours of the surface (Ko enderink, 1984), or stereopsis (B ultho� and Mallot, 1988). cmr10.360notion of general psyc hological space ma apply to stim uli that themselv es ossess ell-de�ned metric structure, the hances are meager that the more cognitiv er- ceptual pro cesses suc as ob ject recognition ould admit similar univ ersal la w-lik or nomological description. If those philosophers are righ who claim that men tal pro cesses are anomalous instead of nomological (Da vidson, 1980), accoun ts of cog- nition in terms of protot yp es and narro w-scop or lo cal rules should more �tting than in cations of univ ersal la ws. cmbx10.4322.2 Metho ds cmr10.360There are man ys to collect the data necessary for building theory of ercep- tion. One ma distinguish et een psyc hological approac hes, whic concen trate on the erceptual capacities and exp erien tial asp ects of erception, and biological ap- proac hes, whic fo cus on the anatom and ph ysiology of the sensory nerv ous system. discuss here only one approac that of exp erimen tal psyc hology Exp erimen ts whic quan tify and measure the psyc hometric function the re- sp onse of sub ject to con trolled stim ulus ha traditionally een the principal metho of the psyc hological study of erception. This exp erimen tal paradigm, called psyc hoph ysical ecause it relates the magnitude of psyc hological resp onse ariable suc as resp onse time to some ph ysical qualit of the stim ulus, dates bac to the pre- vious cen tury clear form ulation, due to Jastro (1890), states that if the pro cess of erception is indeed structured, then di�eren paths through this structure will yield di�eren resp onse times. If this is true, one ma hop to infer the structure of erception from the patterns of resp onse times obtained under di�eren exp erimen tal conditions. Men tal rotation (see Shepard and Co op er, 1982, for an erview, and Pylysh yn, 1985, for critique) pro vides an outstanding example of phenomenon in whic the dep endency of resp onse time on haracteristic of the stim ulus has triggered undreds of exp erimen ts and as incorp orated in to the foundations of theory of visual represen tation. (In this case, the task called for judgemen of ob- cmbx10.518The Study of erception cmbx10.4322.1 Goals cmr10.360One to egin in estigating the basic questions men tioned ab is to decide up on the form in to whic the answ ers should cast. As in other natural sciences, this calls for the formation of mathematical framew ork that ould encompass the existing dy of data on erceptual erformance and ould admit generalization successfully predicting erformance under no el conditions. In relativ ely primi- tiv organisms the pro cess of erception app ears indeed to amenable to precise mathematical treatmen t. As oggio and Reic hardt (1976) ha sho wn, in the y the transfer function of the mo dule that supplies visual motion information for the purp ose of igh con trol can sp eci�ed simple expression with only few terms. The situation in uman erception is rather more complicated. Among other reasons, this is ecause of the sheer div ersit and complexit of the uman visual system, ecause the output represen tations of visual mo dules are as et unkno wn, and ecause in man cases top-do wn in uences tend to in terfere with \pure" ercep- tion (see the Phenomena section). ypical example of the classical mathematics of erception is Luce (1986), where one can �nd an exhaustiv surv ey of the resp onse time paradigm (see the Metho ds section elo w). The main mathematical to ols of this paradigm are descriptiv statistics and statistical mo dels orro ed from signal detection theory (Green and Sw ets, 1966). Shepard’s prop osal of \univ ersal la of generalization for psyc hological science" (Shepard, 1987) represen ts more am bitious attempt at the mathematization of er- ception. The article, written for the ccasion of the tercen tenary of the publication of Newton’s cmti10.360 Principia Mathematic cmr10.360 suggests that the generalization of resp onse from learned to no el stim ulus dep ends on the distance et een the stim uli in an abstract space that has the same metric structure for wide ariet of tasks, rang- ing from shap e, size and color judgemen ts to auditory signal erception. While the cmr10.360resen tations (Marr, 1982). The notion of erception as unconscious inference is usually traced bac to Helmholtz (1856/1964). In his treatise on ph ysiological optics Helmholtz argued that most often the information presen in the visual orld as pro jected on the ey e’s retina is to incomplete to supp ort the ric hness of erception, whic erforce ust largely rely on previously or indep enden tly ailable data and on unconscious reasoning. According to Marr, an imp ortan source of this additional information is kno wledge of ph ysics of the outside orld and of image formation. Consider again the example of Figure 1. computational accoun of the er- ceiv ed illusory triangle ould ha it that (i) all con tours, including the illusory ones, are explicitly represen ted at some stage of the visual system, and (ii) the transfor- mation et een the stim ulus and the explicit represen tation can computationally sp eci�ed (and implemen ted in the hardw are of the brain). distinct adv an tage of computational theories of erception is that, unlik \direct" accoun ts, they can made to generate concrete predictions, whic in turn can exp erimen tally upheld (or refuted). Computational, psyc hological and ph ysiological in estigations of illuso- ry con tours are rep orted in Ullman (1976) and Ca anagh (1987), and on der Heydt et al. (1984), resp ectiv ely summarize, the in teresting questions that can ask ed ab out visual erception are those of erformance (what conditions a�ect the see?) and of comp etence (what do es it mean to see? ho do see?). The computational/represen tational paradigm pro ed useful in addressing all these questions. presen this approac dominates the psyc hology of vision, consequen tly in the remainder of the article shall emplo its assumptions and terminology without quali�cation. cmr10.360an answ er trying to in uence the ercept of the illusory triangle manipulating the stim ulus (Figure 1b). As y-pro duct, this pro cess of erceptual exp erimen tation frequen tly comes up with notions that are useful for understanding other visual phenomena (in this sp eci�c example, the imp ortan notions are those of completion and �lling-in, to discussed later), including the erception of natural scenes. cmbx10.4321.2 Visual Comp etence cmr10.360di�eren angle on the problem of erception is pro vided the op ening lines of Marr’s ok on computational vision (1982). Marr asks: what do es it mean to see? This question, whic (using Chomsky’s terminology) is ab out comp etence rather than erformance, cannot elab orated up on uc further without making com- mitmen to an imp ortan part of the answ er. One of the main approac hes to this problem is through the notion of direct erception (Gibson, 1979). According to Gibson, erception is direct ecause the organism pic ks up relev an erceptual in ari- an ts, suc as the three-dimensional shap of ob jects, from the visual orld without in terv ening pro cessing or represen tation (for long time, Gibson en so far as to den the existence of retinal images and the relev ance to erception of geometrical optics in olv ed in their formation). In its rejection of in ternal represen tations and pro cesses that can describ ed as unconscious inference, the direct erception stance is related to eha viorism. The answ er of Gibson’s sc ho ol to the question \what do es it mean to see" is: to attuned to certain in arian qualities presen in the optic arra and, oten tially to ecome disp osed to act in certain ys, giv en the appro- priate stim ulation. Under this view, phenomena suc as that illustrated in Figure tend to dismissed as unnatural and \ecologically in alid". The other approac h, called cmti10.360 epr esentational cmr10.360 Marr (1982), ostulates that the goal of an visual system, including biological vision, is to pro duce represen tations of the en vironmen t, and that arious sp eci�c visual tasks, suc as recognition and na vigation, are solv ed through inference, or computation, de�ned er these rep- cmr10.360on erceptual erformance). Computational accoun ts of vision (Marr, 1982), also o�ered elsewhere in the encyclop edia, will oin ted to brie y Finally most of the topics that ha to do with the biological substrate of vision, except some of the most erv asiv notions (suc as receptiv �elds and cortical maps), will left out altogether. or information on the anatom and the ph ysiology of vision the reader is referred to other sources (e.g., Kandel and Sc artz, 1985). cmbx10.4321.1 Visual erformance cmr10.360Gibson (1950) starts his ok on visual erception with question: wh do things lo ok as they do? An ob vious (but not ery informativ e) answ er to this ould e: ecause of the our visual system is built. As matter of fact, the recoun ting of conditions that ust ful�lled efore an one can see, whic comprises the �rst paragraph of Gibson’s ok, egs for more constructiv form ulation of the basic empirical question of visual erception: ho do es the visual system erform under di�eren conditions, or, what are the factors that a�ect the things lo ok? Some of the factors that in uence erceptual erformance, suc as the basic arc hitecture of the visual system, are in ternal to the observ er and elong to the domain of visual neuroscience. Other factors the ph ysical haracteristics of the stim ulus and of the manner of its presen tation can externally manipulated. Exp erimen tal psyc hological study of visual erception is aimed at understanding the outcome of the erceptual pro cess, its building blo ks, and its neural substrate, through con trolled manipulation of the external stim ulus. Figure here Consider as an example Figure 1a. When ask ed to describ its con ten ts, erage observ ers usually state that it sho ws erlapping triangles, of whic one has its ertices at the cen ters of the blac disks and consists predominan tly of illusory con tours. Wh do see this second triangle? One can mak an initial step to ards cmbx10.432Visual erception cmbx10.360Shimon Edelman cmr10.360Cen ter for Biological Information Pro cessing Massac usetts Institute of ec hnology Cam bridge, Massac usetts 02139, USA cmbx10.518Questions cmr10.360The eridicalit of visual erception the corresp ondence et een the ercept of the outside orld and its ph ysical features that can eri�ed, e.g., through the sense of touc is probably the most striking qualit of vision. Despite its umerous shortcomings, catalogued and studied psyc hologists as visual illusions, the visual system virtually nev er fails to pro vide information ab out the outside orld that is of gen uine eha vioral imp ortance. The three-dimensional la out of surfaces in the vicinit of the observ er, their motion, their comp ositions, and their grouping in to ell-de�ned ob jects are represen tativ examples. The resulting impression of the visual orld is complete: the visual exp erience of the surrounding space has no gaps in it, ev en in those ortions of it for whic no input information is ailable (suc as that part of the space pro jected on to the blind sp ot of the ey e). the same time, through �xation, atten tion, and scrutin can erceiv man �ne details of the en vironmen t. Historically re ections of the sort outlined ab ha led to man questions ertaining to the phenomenon of erception. These questions can divided in to distinct classes, according to the asp ects of vision they address. This essa will deal with only few of these asp ects. It will surv ey some common features of the uman erceptual erformance, the pro cesses in olv ed in that erformance, and ho these are studied exp erimen tally (Bo� et al., 1986, is recen comprehensiv handb ok