cmr10.329[19] T. oggio. theory of ho the brain migh ork. cmti10.329 Cold Spring Harb or Symp osia on Quantitative Biolo gy cmr10.329V:899{910, 1990. [20] T. oggio, S. Edelman, and M. ahle. Learning of visual mo dules from examples: framew ork for understanding adaptiv visual erformance. cmti10.329 Computer Vision, Gr aphics, and Image Pr essing: Image Understanding cmr10.32956:22{30, 1992. [21] H. Putnam. cmti10.329 epr esentation and ality cmr10.329MIT Press, Cam bridge, MA, 1988. [22] Z. Pylysh yn. What the mind’s ey tells the mind’s brain: critique of men tal imagery cmti10.329Psycholo gic al Bul letin cmr10.32980:1{24, 1973. [23] E. T. Rolls. Neural organization of higher visual functions. cmti10.329 Curr ent Opinion in Neur obi- olo gy cmr10.329

1:274{278, 1991. [24] C. D. Salzman, K. H. Britten, and W. T. Newsome. Cortical microstim ulation in uences erceptual judgemen ts of motion direction. cmti10.329 Natur cmr10.329

346:174{177, 1990. [25] H. Snipp and J. J. Ko enderink. Discrimination thresholds for hannel-co ded systems. cmti10.329Biolo gic al Cyb ernetics cmr10.329

66:543{551, 1992. [26] G. R. Stoner, T. D. Albrigh t, and V. S. Ramac handran. ransparency and coherence in uman motion erception. cmti10.329 Natur cmr10.329

344:153{155, 1990. [27] K. anak a. Inferotemp oral cortex and higher visual functions. cmti10.329 Curr ent Opinion in Neu- obiolo gy cmr10.329

2:502{505, 1992. [28] S. reue and R. A. Andersen. 3-D structure from motion: rigidit and surface in terp ola- tion. cmti10.329 Invest. Ophthalm. Vis. Sci. cmr10.329

31 (4):172, 1992. [29] E. K. arrington and A. M. ylor. The con tribution of the righ parietal lob to ob ject recognition. cmti10.329 Cortex cmr10.329

9:152{164, 1973. [30] G. estheimer. Visual yp eracuit cmti10.329 Pr g. Sensory Physiol. cmr10.329

1:1{37, 1981. [31] M. oung and S. amane. Sparse opulation co ding of faces in the inferotemp oral cortex. cmti10.329 Scienc cmr10.329

256:1327{1331, 1992. [32] A. L. uille and N. M. Grzyw acz. computational theory for the erception of coheren visual motion. cmti10.329 Natur cmr10.329

333:71{74, 1988. cmr10.329[4] H. H. ultho� and S. Edelman. Psyc hoph ysical supp ort for 2-D view in terp olation theory of ob ject recognition. cmti10.329 Pr dings of the National ademy of Scienc cmr10.329

89:60{64, 1992. [5] F. H. C. Cric k, D. C. Marr, and T. oggio. An information-pro cessing approac to under- standing the visual cortex. In F. Sc hmitt, editor, cmti10.329 The or ganization of the er ebr al ortex cmr10.329

MIT Press, Cam bridge, MA, 1981. [6] R. Cummins. cmti10.329 Me aning and mental epr esentation cmr10.329

MIT Press, Cam bridge, MA, 1989. [7] D. C. Dennett. cmti10.329 Consciousness explaine cmr10.329

Little, Bro wn Compan Boston, MA, 1991. [8] S. Edelman. Class similarit and viewp oin in ariance in the recognition of 3D ob jects. CS-TR 92-17, eizmann Institute of Science, 1992. [9] S. Edelman and H. H. ultho�. Orien tation dep endence in the recognition of familiar and no el views of 3D ob jects. cmti10.329 Vision ese ar ch cmr10.329

1992. in press. [10] S. Edelman, D. Reisfeld, and Y. esh urun. Learning to recognize faces from examples. In G. Sandini, editor, cmti10.329 Pr c. 2nd Eur op an Conf. on Computer Vision, ctur Notes in Computer Scienc cmr10.329 olume 588, pages 787{791. Springer erlag, 1992. [11] J. J. Gibson. cmti10.329 The olo gic al appr ach to visual er eption cmr10.329

Hough ton Mi�in, Boston, MA, 1979. [12] Z. J. He and K. Nak ama. Surfaces ersus features in visual searc h. cmti10.329 Natur cmr10.329

359:231{233, 1992. [13] N. In trator, D. Reisfeld, and Y. esh urun. Exploratory pro jection pursuit feature extrac- tion for face recognition. 1992. in preparation. [14] J. Y. Lettvin, H. R. Maturana, W. S. McCullo h, and W. H. Pitts. What the frog’s ey tells the frog’s brain. cmti10.329 Pr c. IRE cmr10.329

47:1940{1959, 1959. [15] D. Marr. cmti10.329 Vision cmr10.329

W. H. reeman, San rancisco, CA, 1982. [16] G. J. Mitc hison and S. McKee. In terp olation in stereoscopic matc hing. cmti10.329 Natur cmr10.329

315:402{ 404, 1985. [17] W. T. Newsome and E. B. ar e. selectiv impairmen of motion erception follo wing lesions of the middle temp oral visual area (MT). cmti10.329 J. Neur osci. cmr10.329

8:2201{2211, 1988. [18] D. I. errett, A. J. Mistlin, and A. J. Chitt Visual neurones resp onsiv to faces. cmti10.329 ends in Neur oscienc es cmr10.329

10:358{364, 1989. cmr10.329yp othesis that faces are represen ted in the inferotemp oral cortex (IT) of the primate brain ensem ble activities of \face detectors" has een put forw ard rep eatedly in the past ears (for reviews, see 18 23 ]; see also 31 ]). More recen studies rev eal in the IT cortex of the monk ey an orderly columnar organization of receptiv �elds selectiv ely resp onding to arious complex asp ects of the stim ulus 27 ]. newly dev elop ed computational framew ork based on ultiv ariate function appro ximation 19 ma help understand ho com bination of the activities of suc receptiv �elds can supp ort recognition and other high-lev el functions, ypassing the need for reconstructing the orld in the brain. Evidence from recen series of psyc hoph ysical exp erimen ts on ob ject recognition in umans is compatible with this framew ork ]. cmr8.300cmbx10.432Conclusion cmr10.329According to the paradigmatic reconstructionist approac to vision, visual system ust �rst reconstruct the orld in ternally then extract from the resulting represen tation whatev er fea- tures are necessary for the task at hand. Recen dev elopmen ts in computational vision and visual neuroscience sho that man of the features needed for tasks ranging from spatial dis- crimination to ob ject recognition can extracted from the image directly uc as in Gibson’s yp othesis of direct erception 11 ]. In the emerging syn thesis et een Gibson’s osition and that of Marr, represen tation, and not necessarily reconstruction, pla ys cen tral role. This new syn thesis seems to constitute reasonable compromise et een the extreme ersion of the purp osiv vision credo, whic h, paraphrasing Bro oks ], is vision without represen tation, and the reigning paradigm of reconstruction without purp ose. cmbx10.432References cmr10.329[1] T. D. Albrigh t. Motion erception and the mind-b dy problem. cmti10.329 Curr ent Biolo gy cmr10.329

1:391{ 393, 1991. [2] H. B. Barlo w. Reconstructing the visual image in space and time. cmti10.329 Natur cmr10.329

279:189{190, 1979. [3] R. Bro oks. In telligence without represen tation. cmti10.329 rti�cial Intel ligenc cmr10.329

47:139{160, 1991. cmr6.300cmr9.300Certain �ndings in the psyc hoph ysics of stereopsis 16 ], motion erception 28 ], and visual searc 12 ha een in terpreted as indicating that the uman visual system ma represen explicitly surfaces in terp olated from sparse depth data. Similarly evidence from recognition exp erimen ts suggests that depth (enco ded in viewp oin t- dep enden form) ma in olv ed in ob ject represen tation ]. or the lac of space, merely oin out here that the same computational mac hinery for feature extraction men tioned ab can supp ort depth in terp olation; for discussion of some alternativ accoun ts, and view that, after all, do es not in olv reconstruction, see ], p.351�. cmr10.329cmr10.329Early computational accoun ts of the yp eracuit phenomenon ostulated that the visual input is reconstructed, with \subpixel" precision, at certain stage of cortical pro cessing, making it then ossible to determine the sense of an o�set smaller than the \pixel" size ]. The prop onen ts of the reconstructionist program did not seem to eliev in the ossibilit of implemen ting an visual function of in terest using feature detectors as building blo ks (see 15 ], h.7). The main ob jection lev eled Marr op. cmti10.329 cit. cmr10.329 p.341) as that \the orld is just to complex to yield to the yp es of analysis suggested the feature detector idea." This statemen is more lik ely to hallenged no than ten ears ago. Regarding yp eracuit in particular, it is no kno wn that the activit pattern of set of erlapping receptiv �elds that co er ernier stim ulus represen ts all the information necessary for determining the direction of its o�set 20 25 ], without, ho ev er, allo wing its reconstruction. As the next example, consider the erception of coheren motion, visual task in tensiv ely studied on all lev els, including that of neurobiological implemen tation (e.g., 32 26 17 ]). In the middle temp oral (MT) cortical area in the monk ey one can �nd cells with receptiv �elds tuned to coheren motion in particular direction 17 ]. The ensem ble of activities of these cells ma regarded as represen ting the motion of the visual �eld seen the animal, in the distributed non-reconstructionist sense de�ned ab e. The abilit of exp erimen ters to bias the erceptual decision of the monk ey electrical stim ulation of single MT cells 24 indicates that, as far as the monk ey is concerned, the activit of an MT cell indeed constitutes represen tation of the stim ulus motion (for philosophical ersp ectiv on this issue, see ]). No w, ecause the activit of giv en MT cell co-o ccurs with certain ell-de�ned motion in the visual �eld, and ecause arti�cial stim ulation of the cell causes eha vioral resp onse similar to the one precipitated real mo ving stim ulus, the cell’s �ring for all practical purp oses represen ts the motion ev en as far as the monk ey is concerned. The visual motion, ho ev er, can hardly considered as reconstructed in the activit of an MT cell. Moreo er, it is not clear whether the pattern of activit of an ensem ble of MT cells (or of cells in areas that precede MT in the path y) can or need carry out suc reconstruction. the higher stages of visual pro cessing, e.g., in ob ject recognition, the computational need for reconstruction app ears to equally questionable, and the evidence for the in olv emen of reconstructed represen tations equally con tro ersial, as in spatial discrimination and motion tasks. In face recognition, for example, error rate under 4% (on database of sev eral undreds of images of sixteen eople, tak en under arying illumination and viewing conditions) as recen tly ac hiev ed system that used collections of randomly situated receptiv �eld activities as features for represen ting individual faces 10 ]. An ev en etter error rate (less than 1% on the ab data set) as demonstrated system in whic the feature extraction as done sophisticated statistical dimensionalit reduction metho 13 ]. In neurobiology the cmr10.329of all ossible approac hes to scene in terpretation, the one that starts with reconstruction is the most roundab out, ecause reconstruction er se con tributes nothing to ards in terpretation. Third, psyc hoph ysical evidence indicates that the uman erformance in recognition is in man cases inconsisten with the reconstructionist yp othesis. The ro ots of an alternativ approac to represen tation that shall attempt to outline elo can traced bac to Lo e’s cmti10.329 Essay onc erning human understanding cmr10.329

In the part that addressed the problem of seman tics of men tal represen tations, Lo suggested that an idea represen ts thing in the orld if it is naturally and predictably ev ok ed that thing, and not necessarily as the Aristotelians ould ha it, if the idea resem bles the thing in an sense. cmr8.300cmr10.329According to this view, and using standard terminology of vision researc h, the activit of su�cien tly reliable feature detector constitutes represen tation of the presence of an appropriate feature out there in the visual orld. cmr8.300cmr10.329Represen tations of en tire ob jects and scenes can then built out of the ailable primitiv es, if the rep ertoire of features is su�cien tly ric h. Recen dev elopmen ts in computer vision and in computational neuroscience indicate that mo di�ed ersion of the old yp othesis of represen tation feature hierarc ma viable alternativ to the reconstructionist do ctrine. cmbx10.432Computing with receptiv �elds, or the feature detector redux cmr10.329The notion of feature detection as it no �gures in theories of natural computation is quite di�eren from the original concept that dev elop ed under the in uence of the disco ery of \bug detectors" in the frog retina 14 ]. The most imp ortan di�erence lies in the realization that the represen tational er of an ensem ble of feature detectors ma far exceed that of an of its constituen ts alone. Consider as an example the problem of sp ecifying represen tation for spatial discrimination tasks suc as ernier acuit In ypical instance of this task, uman sub jects routinely discriminate et een left and righ o�sets of abutting ertical line segmen ts, ev en when the size of the o�set is uc smaller than the spacing of the photoreceptors in the fo ea cen tralis 30 ]. cmr9.300arrington 29 whic sw ed him in fa or of the reconstructiv approac h. cmr6.300cmr9.300Although this notion of represen tation co ariance ma fall short of supplying formal basis for the seman tics of men tal represen tations, it seems to do so only insofar as the seman ticists striv for the unreac hable, suc as de�nition of the necessary and su�cien conditions under whic men tal state represen ts thing (for discussion, and an opp osite conclusion, see ]). or presen purp ose, it is more imp ortan that the Lo ean concept of co ariance lead to an in tuition regarding ossible alternativ to the reconstructionist approac to represen tation. cmr6.300cmr9.300Cf. Putnam’s dictum on the meaning of represen tation eing in the orld, not in the head 21 ]. cmr10.329cmr17.300Represen tation without Reconstruction cmsy10.360cmr12.300Shimon Edelman Dept. of Applied Mathematics and Computer Science The eizmann Institute of Science Reho ot 76100, Israel cmbx10.432In tro duction cmr10.329Despite the promise of its title, the pap er arr and Blac is not ab out represen tation: it is ab out reconstruction. In the ery �rst sen tence of the abstract, cmr8.300cmr10.329arr and Blac e�ectiv ely substitute the concept of reconstruction for the admittedly related, but rather more general, concept of represen tation. This meton ymic slip of the tongue haracterizes ell the approac tak en the mainstream of computer vision researc in the past �fteen ears. On one hand, the imp ortance of ho osing the righ represen tation for giv en computational problem is widely ac kno wledged, and has een most forcefully argued for Marr 15 ]. On the other hand, generation of vision researc hers, starting with Marr himself, abandoned the freedom gained through the realization that represen tations ma tailored to the task, essen tially ignoring the ossibilit that the est represen tation of the visual orld ma not the same as the visual orld reconstructed in full three-dimensional detail. In the philosoph of mind, the equation of represen tation with reconstruction is in the spirit of tradition dating bac to Aristotle, Hume, and Berk eley (see ]). Computationally represen tation that is, in sense, geometrical replica of the thing eing represen ted ust considered adequate for an visual task. rom pragmatic ersp ectiv e, ho ev er, represen tation reconstruction app ears to or hoice, for sev eral reasons. First, exp erience in computer vision sho ws that suc represen tation is notoriously di�cult to reco er from real unconstrained data. Second, ev en though all the information necessary for solving giv en visual task is presen in the geometrically reconstructed scene, it is not necessarily enco ded there in the optimal form. cmr8.300cmr10.329Moreo er, reconstructed scene ould require hom unculus to mak sense of it 22 ]: cmsy6.300cmr9.300commen on \A Computational and Ev olutionary ersp ectiv on the Role of Represen tation in Vision" M. arr and M. Blac cmr6.300cmr9.300The exact quotation is, \Recen tly the assumed goal of computer vision, to reconstruct represen tation of the scene, has een criticized as unpro ductiv and impractical." cmr6.300cmr9.300Marr, in his ok, mak es ery similar argumen mere fourteen pages efore he discusses the ork of cmr10.329