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ABSTRACT 1t is proposed that subjectivé contours are an artifact of the perception of natural three-
diinensional surfaces. A recent theory of surface interpolation implies that “subjccﬁve surfaces™ are con-
structed in the visual system by interpolation between three-dimensional values arising from interpretation of
a varicty of surface cucs. We show that subjective surfaces can take any formv, inctuding singly ax)d doubly‘
curved surfaces, as well as the commonly discussed fronto-parallel planes. In addition, it is necessary in Lhc
context of computational vision to make e€xplicit the 'discontinuities, both in deptﬁ and in surface orientation,
in the surfaces constructed by interpolation. It is proposed that ‘subjective'contoufs form the boundarics of the
subjective surfaces due to these discontinuitics.' Several novel subjective sur’facc‘s and subjective contours aré
demonstrated. The role played by figure completion and ehhaﬁced brightness contrast in the determination of

subjective surfaces is discussed. All considerations of surface perception apply equally to subjective surfaces.
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1. Introduction

Under most circumstances, a visual contour is perceived when there is a rclauvely abrupt change in thé
irradiance reccived from adjacent areas of the visual field, due, for example, to a dlﬁcrcnce in bl ightness, local
surface orientation, or color [scc for example, the analym. studxcs of mtcnsnty proﬁles in Horn J977 Marr
1976a, Binford 1981]. There are condmons however, in whu.h a rclauvcly abrupt brwhtncss gmdmnt may be_
perceived in arcas of the visual field where the physical stimulation i is yn fac; roughly homogcneous. Schumann
[1904] is usually credited with dié;ovcrinxg such iﬁusory contours, or “subjeétive contptlrs” as they were named
by Osgood [1953]. The study of subjective contours was p0p'uizlrized by Kanisza [1955], who presented many
novel and compelling i]lustrations'. Over the past tWenty-ﬁve yéars ﬂlcy have bgcn the subject of what Rock
and Anson [1979] have termed a “ﬁm‘ry of research”.

In spite of the high lcvel of attention that has been devoted to subjective contours, there is no comprehen-
sive smgle theory of their formanon nor of the pcrceptua] purpose that they serve. Among the more popular ‘
contenders as a theory are (i) Gestalt-like accounts of figural completion [Kanisza 1955, 1974, 1976, Osgood
1953], (ii) various latcral inhibition accounts of enhanced brightness contrast that pay particdlar regard to the
apparent brightness of subjective contours [Brigner aneraHagher 1974, Frisby and Clatworthy 1975, Day
and Jory 1978, 1980, Jory and Day 1979, Keﬁpedy and Léé 1976], (iii) interpretations of sxlbjéctive contours
as stacked plancs [Coren 1972, Coren and 'I‘heqdqr 1975], which in all the agt]iors’ examples are pérallel to

“the frontal plane, with occlusion signalled by interposition , and (iv) a séarch for a 'cognitivc interpretation
[Gregory 1972, Rock and Anson 1979]. Some authors show a commendable spirit of compromise and contend
that there is no single theory, rather the pereeption of subjective contours is inevitably multi-variate [Halpern
1981]. |

With the exception of Coren’s stacked plane interpretation, subjective conturs are‘usually considered
a part of two-dimensional figure perception. They are interpreted as tﬁc two-dimensional bounding contour
of 1 figure, the competing theories implicitly assuming different accounts of figure-ground separation. ‘The

relationship between the perception of subjective contours and the pereeptior: of the three-dimensional



natural wbrld is either not considered or is left unclear. In this article we de}vclop an alternative account of
subjective contours that derives from the developing computzttidnal theory of vision [sce Marr 1982, Grimson
1981a, Ullman 1979, Brady ‘1982 for overviews] and that places subjective contours squarely as a part of
the perception of natural three-dimensional surfaces. In particular, as we discuss in more detail below, we
propose that subjective contours mark discontinuitics in surfaces interpolated from cues in an image [similar to
the proposal made by Marr, 1982]. We do this by placing the computation of subjective contours within the

context of the computation of subjective surfaces by interpolation from scattered cues in images.

The processes of perception evolved to construct threédiménsiona] intel}prctations of the physical world
from two-dimensional images. Although people have developed ﬁnpressive capabilities for interpreting car-
toons, text, and other “unnatural” images, .ﬁgur_e perception ‘draws heavily upon the resources of natural
perception. So far as early visual processing is conccrncd (where by early processing we include such per-
ceptual abilities as edge finding, stereo, shape from texture, shape from shading, and shape from motion),
information in the image is used to compute surface shapes with little or no regard to semantic or other
“higher-level” attributes. That is, the cues derived from the image are assigned three-dimensional attributes
without regard to the semantic structure of the final pcrccptiont Qur ih;crprctation of photographs and line
drawings such as those shown in figure 1 attest to the “misapplicatiori” of the processes of natural perception
to two-dimensional figures. We have to be reminded that the drawings in'ﬁ'gure 1 are in fact two-dimensional,
so strongly biased is our perceptual system toward mrcc-dimcnsionél interpretations. To be sure, there are
figures such as those shown in figure 2 that are not interpreted in teﬁns of mrcc-dim01lsi(>1\al surfaces; but that
in no way implics thatvtherc is an entirely separatc apparatus for figurc pércepti(m, or that we do not sicze
upon three-dimensional interpretations wherever poss'il)lc. Indeed. an alternative statement of the legend to
figure 2 is that it illustrates degenerate cases of surface perception, in which the three-dimensional suilaces
depicted are parallel to the image plane. 'This interpretation is at the heart of Coren’s account of subjective

contours, but for us it is merely a simple case of a more general phenomenon.
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Figure 1. Two-dimensional figures given three-dimensional interpretations. (1) Two intersecting
planes. (b) A cylinder. ‘

To formv a three-dimensional interpretation, it is necessary to deploy information not given explicitly in
the image. For example, although a wide variety of radically differing surfaces could give rise to the line
drawings illustrated in figure 1, the surface shown in figure la is perceived as plémar', while that in figure 1b is
cylindrical. The discovery and utilization of prior assumptions that provide the additional constraint needed
to achieve this perception is a key part of the computational theory of vision. Importantly, such constraints
can be of wide generality. For example, Binford [1981] has cataloged a number of constraints of the form “if
two lines meet in an image at a corner, then the corresponding space curves meet in space.” Other constraints
include constraints on sterco vision [Marr and Poggio, 1979], constraints on the inerpretation of occluding
contours [Marr, 1977], constraints on surface interpolation [Grimson 1981b], cohsiminls on motion interpreta-
tion [Ullman, 19794, c]. constraints on interpretation of surface contours [Slcvcﬁs, 1931c]. and Kanade's []981]

discussion of skew syimetry and paradlelism.




Figure 2. Two-dimensional figures given two-dimensional interpretations.

"The computational theory of vision, pioneered by Marr [l976a,. 1976b, 1978, 1982] is outlined in section
3. It first asks of a module of the visual system what ié its pu?pose, or equivalently, what information it makes
explicit. To date, considerable cffort-has been devoted in the field of computational vision to understanding
sterco [Marr and Poggio 1979, Grimson 198‘1c, Mayhcw and Frisby 19_81, Moravece 1980], motion [Ullman
19794, I._onguct-Higgins and Prazdny; 1981, Horn and Schunck, 1981], shape from shading [Horn ]975; 1977,
1981], shape from texture [K_cudér 1980 Stevens .198lb.] and shape from contour [Stevens 1981c, Witkin 1981].
Allof th;:‘sc modules nlaxkc-cxpljéit information about the layout of visible surfaces. We propose that subjective
coniour& dr{se_ Jfrom lhé processes of natural surface perception, and in particular that subjective contours mark

surface disconiinuities.

We introduce a recent theory of surface interpolation [Grimson 1981b, Brady and Horn 1981] in section
3. In our account of surface interpolation, the first things to be discovered are discontinuitios that eventually

form part of the boandary of w o isible sinfce. Note that the Doundary does o line to be complete: 1




the subscquent comblctioh of the bounding contour :that gives rise to subjecﬁivc co‘n'loiufs. An interpolation
process is then applied to construct a surface that is consistent with values hypothesized fof,cc,rtain boixlté in
the image. In general, many surfaces are consistent with a given set of boundary vz'llheé‘axid so additional
constraint is required. Two constraints are proposed by the theory. First, Grimson [1‘)81b] observes that “no
information is information”; since rapid changes in survface topography usually. give rise to. visible edges and
visible cdges provide boundary values to the interpolation process, the absence olfbouﬁdz.xry' values means that
the underlying surface topography does not change too rapidly between discon;inuitics.v This idea is made

precise in the theory using the calculus of variations to find the surface that is consistent with the given data

" and minimizes an appropriate performance index. Sccond, there is a technical requircment on the application

of the calculus of variations that turns out to have an agrecable perceptual interpretation: the surface is
interpolated using a rotationally symmetric operator that minimizes the quadratic variation of the surface. The
computation by which this is effected can be implemented by a local parallel network of relatively simple

computing clements [Grimson 1981a].

Notice that the interpolation process may not be totally constrained. The computation of surface dis-

continuitics precedes surface interpolation, which in turn precedes the computation of depth. The interpola-

~tion process determines the tilt and slant at all points on visible surfaces. The result may be underdeter-

mined; as in the Mach illusion. The computation of depth follows the interpolation process. It too may
be underconstrained. The Necker reversal is a familiar example of this phen()men(m. The possibility for
underconstraint in both depth and surface orientation finesses the arguménts of Kennedy [1976a, page 110}
and Rock and Anson [1979, page 666}, both of whom assume. that'dcpthl is computed dirgctly and without

ambiguity.

Given that many difference cues can give surface information and that this information is interpolated
to form an explicit three-dimensional surface interpretation, this suggests that it should be possible to
demonstiate subjective surtfaces, with associated subjective contours at the discontinuities, due to cach of the

possible suiface cues. We do this in scction 2. Some prior evidence for this can be found in Coren [1972].
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In section 3 we outline the computat_ioﬁal theory of vision, paying particular regard to surface interpolation,
which underlies the computation of subjcgtive surfaces. In scction 4 we make an initial attempt to construct a
catalog of three-dimensional constraints that érc hypothesized from certain image fragments, namely isolated
points, line endings, and more complex figures. Finally, in section 5 we consider the relationship between edge
detection and subjective contours, since variations on enhanced brightness have been offered as evidence in

support of an carly processing theory of subjective contrurs.

2. The three-dimensionality of subjective contours

The previous section sketched ou,r-ap_pmach to figure perception. If a figure has a three-dimensional
ih;erpretation, our perceptual sysﬁem is strongly biased toward constructing it. We contend that a figure
has a three-dimensional intcrprciation if z;nd' only if there exists a subjective contour with a similar three-
dimensional interpretation. Figure 1 shows a set of line drawings whose preferred interpretation is three-

duncnsumal In each case there is a peuewed internal dlscontmulty in surface orientation, a visible edge.

According to our theory of sulf «ce interpolation, such dlscontmumcs have to be made explicit, albeit in the |

form of additional subjective contours. Ccrtain line drawings are interpreted as curved surfaces even though

they have no internal edges.

We intend to demonstrate fist the variety of shapes that a subjective surface, and therefore a subjective
contour, can take. We will then show how a wide variety of surface cues can drive the construction of a

subjective surface and its associated subjective contours.

Four such line draw'ings"pro‘vidc our first examples of subjective surfaces. Figure 3 shows a subjective
surface ;hal is usually pcr(’:civ‘»cd as a portion of a cylinder. Notice that the subjective contours lie on principal
l_inc"s of curvature. It is in fact \’éry difficult to ‘druw a figure that is intcrprqtcd as a portion of a cylindrical
surfuce in which the lines drawn do not correspond to lines ()f(:\ﬂ*\’ﬂtllﬂ:. Figure 4 is @ subjective version of the

| s;‘sil iflusion. Although _thc ustial iﬁtcrcst in this figure stems f“mnj the fact that it has multiple interpretations,

the interest here i the faet that it has at Tzast one, Figure S shows a subjective donur and extends e example




Figure 3. A portion of a subjective cylindrical surface. Notice that the subjective contours lie on
principal lines of curvature.

s B
)

Figure 5. A subjective donut. As in figure 3, the lines that trigger the three-dimensional
interpretation appear to lie along principal lines of curvature. :

discussed by Kennedy [1976a, figure 14, page 120]. As in figure 3, the lines that triggér the three-dimensional
interpretation appear to lie along principal lines of curvature. Together with figure 6, which shows a subjective »
soap bubble, it demonstrates subjective surfaces that arc doubly curved. Figures 3 to 6 show that subjective
surfaces need be neither planar, parallel to the image plane, n<); singly curved, but in fact can correspond o

VY any type ol complex swiface,




Figure 4. A subjective version of the sail illusion. As with most subjective contours, the effect
can be made more compelling by increasing the contrast and viewing from a distance to narrow

the visual angle.

Figure 7. A subjective hinge formed from two subjective surfaces. Sufficient cues have been given
1o enable the perceplual system to construct the subjective discontinuity in surface oricntation.




Figure 6. A subjective soap film. Together with figure 5 this demonstrates that subjective surfaces
do not need to be planar, parallel to the image plane, or even singly curved.

e
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Figure 10. When the right image is viewed with the right eye and the left image with the left
eye, a planar white triangular surface is seen floating above the background. The triangular surface
is seen as tilted about the median passing throught the bottom right vertex. Reproduced from
Blomfield [1973, figure 2, page 256].

The next two examples require internal lines and illustrate the dictum “no information is information”
discussed above. Figure 7 shows a subjective hinge between two surfaces. The discontinuity in surface orienta-
tion has been marked with enough local cues to produce an additional subjective boundary. Figurc 8 builds

upon figure 7 and the Mach illusion to produce a subjective staircase.

While most examples of subjective éurfaccs in 1hc ]iterature" of subjective contours are planes paralicl to .
the frontal plane, there are some examples of Subjcctive surfaces that are not parallel to the image plane. For
example, Kennedy [1976b, figure 11, page 45] shows a stripe on a subjectﬁc cylinder (see figurc 9). Figure
10 is reproduced from Blomfield [1973, figure 2, page 256] and shows a stereo pair that fuses to yicld a tilted
surface. Figure 11 is the subjective Necker cube due to Bradley and Petry [1977, figure 1, page 254]. From the

standpoint of the theory advanced here, figure 11 is interesting for two reasons.

First, the subjective surfaces that form the vertical sides of the Necker cube are tilted refative to the image
plane, Second. the example illtistrates the point made carlier that the depth and orientation of an interpolated -

Csubjective sl can be underconstiained. yet give tise to the same subjective contours,
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Figure 9. A subjective stripe lying on a cylindrical surface. Reproduced from Kennedy [1976b,
figure 11, page 45]. v : v

In the previous section we noted that according to the computational theory of vision, the purpose of
several modules of the visual system is to make surface layout explicit. Specifically, stereo, motion, texture
discontinuities, and cues for interposition (sec for example Binford [1981]) provide evidence for su-rfzice layout,
and can do so even in figures. In thcvrest of this seéti()ll, we show that each of these cues can be the driving

force behind the construction of a subjective surface.

Figure 12 shows line drawings that are interpreted as the superposition of one figure on top of another.
Figure 12a illustrates what we have been calling the degenerate case, in which the subfigures are paralicl to
thc‘ image plane. Figure 12b illustrates that this is not a necessary condition. Figure 13a is the subjective
version of figure 12a, originally digcovcrcd by Parks [1980a). Figure 13b extends Parks' demonstration and is
the subjective version of figure 12b. Demonstrations of stacked subjective surfaces paraliel to the image plane

are given by Coren [1972] and by figure 14, which is reproduced from Bradley and Dumais [1975. figure 3]
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Figure 11. The subjective Necker cube invented by Bradley and Petry [1977, figure 1, page 254].

Figure 15 is due to Kanisza [1974, figure 33, page 109] and shows a subjective surface that is parallel to the
image plane and is framed by a tilted surface. In the same vein, figure 15b shows a ring surrounding the top of
a planar triangle. More significantly, figure 15¢ is based on an example of Kanisza and shows a tilted subjcctivé

surface that is framed by one that is parallel to the image plane.

Subjective surfaces that result frdm stereo fusion are particularly interesting from the standpoint of the
t.heory_bcing developed here. Stereo has been much studied {for example, Wheétstone 1983, 1952; Helmboltz
1925, 1 ulcéz 1971] énd has received considerable attention in the computational vision literature [for cxémplc, '
Marr zmd Poggio 1979, Grimson 1981c, Moravee 1980, ‘Mnyhcw' and Frisby 1981, ]llakcr and Binford 1981].
Sterco computes the angular dispzﬁ‘ily of matched edge feature points of two images and (up to scaling) @]‘lis
gives the relative depth at matched feature points. To obtain a complete surfécc representation, we can inter-
polate between these known depth points (in. fact, the #\ppfﬂua‘h to surface interpolwion outlined above was

developed in the couteat of the output of sterco). Following the line of tduearch Hionverad by Juless one
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Figure 12. A line drawing mlerprﬂed as, overlappmg subﬁgures (a) The subfigures are palalle]
to the image plane. (b) Neither subfigure is parallel to the image plane. (c) One subfigure is
interpreted as parallel to the image plane, the other is not.

would expect to find pairs of images, neither of which give rise to monocular subjective contours but in which
subjective surfaces and bouhding contours are found when the images are fused stercoscopically. This has
been confirmed on several occasions in a variety of ways, perhaps the most striking of which has been the work
of Gulick and Lawson [1976, see also Lawson and Gulick, 1967, Blomficld 1973, Gregory and Harris 1974,
Julesz and Frisby 1975]. Julesz [l97l] and JuIeS/ and Frisby [1975] present a number of examplcs of subjective

contours that result from stereo fusion usmg random dot stereograms and anaglyphs.

Grcg()ry [1972a, page 52] reports an experiment in which the subfigures of a subjcctive'contmlr example
duc to Kanisza [1955] are prescn[cd separately to cach eye using a tcchmquc developed by Witasck []8‘)9}
Qubjecnve contours are seen following sterco fusing of the images. Grcgmy [1972b] measured apparent dxs-b
parity with a light probe, and Gregory and Harris [1974] showed that measured disparity of a subjective sierco

surface, corresponding to increased stratification, increases if and only if the peree’-ed clarity of the subjective




Figure 13. (a) A subjective surface version of figure 12a, invented by Parks [1980, figure 3, page
240]. (b) A subjective version of figure 12b. -

surface does. As we mentioned earlier, Blomfield [1973] demonstrated a tilted subjective surface when there
is no monocular evidence for tilt. Finally, Stevens [1981a] reports a patient with visual agnosia who could
not see subjective contours when they were presented monocularly, but who could see them when they were

presented stercoscopically.

Th_c familiar cue of shape fro,m -s,ﬁadin_g [Hom 1977, 1981] is difficult to demonstrate for subjective sur-
faces §incc a key attribute of subjective surfaces is the relative paucity of information given ,cxﬁlicilly in the
image to cnable them to be constructed by the perceptual system. [t is necessary to utilize morcvindircct kinds
ol"v information, such as shadow boundarics to generate subjéctivc surfaces. Coren [1972" figure 3, page 361]
presents a sct of subjectively embossed letters that stand out from the page in intense side lighting. Figure
16 shows a shadow on the sail illusion. Most observers find that it makes the subjective sail presenied in
figure 4 more compelling. Figure 17 illustrates a familiar point in the context of subjective surfaces. Fgure

17ais a subjective figure that can be interpreted cither as o two-dimensional pic sector or a three dimensionad




Figure 11. The six-pbinted star configuration discussed by Bradley and Dumais [1975, figure 3,
page 583]. ._ : '

cone. Figure 17b shows that the interpretation is disambiguated by apparent shading that makes the surface
curvature explicit. In this case the apparent shadow line “fortunately” lies along a linc of curvature on the

cone.

Few subjective surfaces that arc produced by motion are reported. Motion is'compu,ted at scveral succes-
sive stages by the visual system (see for example Marr and Ullman [1980}, Uliman [1979a,c]). Smith and Over
[1979] show that motion after-effects can be produced as readily by vexposure to subjcétiyé contours as by con-
tours defined by irradiance discontinuitics. The c_omputation in qugs;iQn seems to be at the level of Ullman's
correspondence of primal sketch tokens. Ramachandran, Rao, and Vidyasugar [1973] also demonstrate ap-
parent motion with subjective contours at the same level of processing. Parks [1980b] presents an example
of motion perception involving subjective contours that seems to be at the level of surface pcn‘ccp(ioxi. When
black disks are moved to and fro, subjects pereeive a continuous picce of “string” occluded by a subjective

(planay) surface.
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Figure 15. (a) A subjective surface. that is parallel to the image plane and is framed by a tilted
plane. Reproduced from Kanisza [1976, figure 33, page 109]. (b) A circular plane surrounding a
subjective surface parallel to the image plane. (¢) A tilted subjective surface that is framed by a
planar surface parallel to the image plane. (Compare Kanisza [1974, figure 32, page 109].)

Textui‘c gradients have also been widely investigated as a cue to surface layout, starting with Gibson
[1950]. Coren {1972, figure 7, page 364] prcseﬁts an example of a subjecti.,ve'cdntour formed by a te;(ture
gradient. Keanedy [1976a, figures 6 ahd_ 7 pages 112] (sce figure 18) gives two examples of subjective inter-
scctions of tilted planar surfaces (figure 18). The tilt of the surfaces depicted in Kcnn'cdy’s figures is not com-
pletely constrained. The figure illustrates the familiar convex-concave reversal. The image of the discontinuity

is constrained however.

In the previous examples we have constructed subjective surfaces with subjective contours as their
boundarics and internal edges from the Mach illusion, the convex-concave reversal shown in figure 18, and the
Necker cube., ‘This suggests that it might be possible to devise subjective correlates of so-called “iinpossible

figures™s pesfoctly possible figans, local fragments of whicl make three-dimensic adbsense, but which do not
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Figure 16. A subjective
“shadow™ information.

Figure 17. (a) A subjective figure that can be interpreted either as a planar pic shape or in three
dimensions as a cone. (b) Apparent shading disambiguates the choice by muking the curvature of
the cone’s surface explicit. : ’




Figure 18. A sujective intersection of two planar surfaces whose perceived tilt derives from
the texture gradient. The intersection is subject lo convex-concave ambiguity. Reproduced from
Kennedy [1976a, figure 6, page 112].

make global thrce-dimensioﬁal sense [Penrose and Penrose 1958, Drapef 1981, Huffiman 1971]. Coren {1972,
figure 4, page 362] is aware of impossible figures, ahd préscnts a figure that appears to be shadow writing,
but which is not globally consistent With regard to the position of thé light source. T h,e‘ subjective contou‘r
that results is reported to be ‘unstab]e. Similarly, Kanisza [1974, figure 34, page 109] presents a figure that
appears to consist of a planar triangle intersecting a planar subjective triangle that is parallel to the image
plane. Although this makes sense locally, it does not globally. Figure 19 is constructed using the technique of

Bradley and Petry [1977, figure 1] and shows the iﬁlp_ossiblc notched cube discussed by Draper [1980].

In summary, it appears that interpreting subjective contours as the boundaries of more or less constrained
subjective surfaces is capable of explaining the vast majority of published demonstrations and the novel

examples, tsiog 4 wide tange of visual cies, presented in this section.




19

>
»

e

&)
@ o

ab%
Y
()

Qe

Figure 19. A subjective contour “>rming an “impossible figure”, the notched cube of Draper
[1980]. o

3. Outline of a computational theory of carly vision.

Having demonstrated a clear relationshib between subjective contoﬁrs and their interpretation as three-
dimensional contours, we now turn to the consideration of a ﬁ'amcwork in which to explain this connection.
The computational theory of vision, pioneered by Marr [1976a, 1976b, 1978, 1982], considers the goal of the
ecarly and intermediate human visual system to be the construction of several rcpresehtati('ms, cach of which
makes different visual information explicit. The primal skeich makcs _cxplicit information about the changes
in image irradiance, obtained by locating the zero-crossings in the convolution of the image with a sét of
V2 filters, where V* is the Laplacian, and G is a Gaussian distribution. The 21-D sketch makes explicit
information about the shapes and reflective properties of surfaces and their distribution relative to the ‘viewer.
A number of different visual modules compute information about the 2.5-1) sketel from the primal sketch, for

example, stereo. motion, texture, and surface contours. As well as local surface sl ipe being made explicit in
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the 24-D sketch, contours of surface discontinuitics, cither in depth or in surface oricntation, are also made
explicit. We have proposed that subjective contours arise from the process of natural surface perception at the
tevel of the 21-D sketch, and in particular, that subjective contours mark these surface discontinuities (similar

to the proposal of Marr [1982]).

Because all of the visual modUICs mentioned above use some form of the primal sketch as input, they
compute explicit surf;ace information only at a subset of the points in an image, corresponding to a subAset
of the zero-croésiﬁgs. "This implies that some form of surface interpolation must take place, to account for
the perception of cbmple’te surfaces. A receht theory of surface interpolation [Grimson, 1981b, Brady and
Horn, 1981} has pr_dposed that the visual system computes a conﬁpleté surfac¢ reprégentation by constructing a
surface which is consistent with sufface values hypothesized for certain points in thc:image, for example, depth

values computed by the stereo system along the Zero-crossing contours.

Since in principle any one of an infinite class of surfaces could fit through the known scattered sterco
data, some additional constraint is needed to determine the correct interpolated surface. Grimson identified
the surface consistency constraint, informally known as no news is good news (or.no information is information),

which states: The absence of zero-crossings constrains the possible surfaces. '

‘'This can be seen informally by the following argument. Supposc one had a closed circular zero-crossing

contour, along which the depth was constant, and that there were no further zero-crossings interior to the

circle. One possible interpolating surface would be a flat disk, a second would be a hemi-sphere. A third

would be thé highly éonvo]utcd surface formed by a radial sine function. Nétc. however, that in the latter case;
, sinc’c‘ the surface orientation is undergoing a rapid periodic vziri‘ation, under most imaging situations the image
- irradiances will also un&ergo a periodic variation. But if this is true, thcnlhcrc should be additional interior
7CTO-CTOSSINgS, énrrcxpunding {0 those variations. Since there afe not; this surface is not acceptable. Hence, the
lack of zero-crossings in a region of »ll']'c image implies that there xs no r?ulical change in the surface shape in

that region as well.




21

More formally, the surface consistency constraint can be rephx;ased using the calcﬁlus of variations to
state that the required surface is one that is consistent with the given data and minimizes an appropriate -ﬁmb-
tidna].‘ Simply requiring that the functional measure surchc_cdnsis&ncy is not sufficient to guafantce a uniq'ue
“best” surface fitting the known déta. Thg addition of S()me minor constraints on the form of the functional,
that it be a semi-inner product over a semi-Hilbert space, is sufficient to guarantee a unique solution surfécé,
up to possibly an element of the null space of the ﬁmctionél. If a final requirement of a rotationally symmetric

operator for minimizing the functional is added, it can be shown that there is an infinite family of possible

functionals. This family forms a vector space [Brady and Horn, 1981], spanned by the quadratic variation:

//f'.i,,,+ 22, + 2, dady

and the square laplacian:

//(f”_}_fyyfd:z:dy.

Finally, by considering the size vand structure of the null space [Grimson, 1981b}, or by considering the

constraints supplied by the calculus of variations [Brady and Horn, 1981}, it can be shown that the optimal
functional is the quadratic variation. In other words, the surface perception problem is solved by finding the
surface that fits through the known data, and minimizes the functional of quadratic variation elsewhere. A
straightforward parallel, local-support algorithm can be devised for computing this surface [Grimson, 1981a].
Thus, the surface consistency constraint can be combined with a number of other simple counstraints to
obtain an algorithm for the interpolated surface which is most consistent with the pri'mal sketch descriptions of
the image [Grimson, 1981a, 1981b]. The main pk)int is that the algorithm finds the “most C()ﬁécx'\':tti\'c”. surface
which fits the known data, introducing inflections or discontinuitics in the sm'facé only when forced to by the
data (c.f. the notion of “fair surfaces™ in car design [Forrest, 1972)). If therc is no explicit evidence for a sharp
change in shape, such as an inflection in the surface, then none is interpolated. On the other hand, the role

of subjective contours in this context new beeomes clear. Subjective contours are placed in the interpolated
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surface representation along contours at which the interpolated surface undergoes a sharp change in shape,

thus interpolating contours of discontinuity between scattered cues in the image.

‘The crucial point of thé surfacé éon_sistency constraint is that an extended and continuous surface is to
be constructed from a small set of cues. There is a potential continuum of choices of finite sets of cucs that
could be made exphcn but not all of them lcad to the perception of the surface. The surface conmtency
constraint and the interpolative view of surface perception of which it is a part, says that we can safely Ieave
vast amounts of information out and still get the surface. We need to make explicit at least portions of certain
discontinuities: of tangent to the bounding contour, of surface slope, indeed anything that could lead to a zero
crossing in the processing of an image of the surface by the visual system. Clearly, the entire discontinuity
need not be made eXplicit,' clse the emire. subjcctive contour would have to be made explicit at this level.
The important factor is that if no portion of a discontinuity is made explicit, the visual system conservatively

assumes “no news is good news” and that nothing is changing,

To be sure, thls set of cues is necessary but not necessarily sufficient. Fd,r a given set of cues, a variety of
surfaces can be interpolated. If there are many such, the subjective surface is at moét faintly peréeived. As the
surface interpolation becomes more constrained, perhaps by adding more constraints, the subjective surface
is seen more persistently and more clearly. The pcrcepnon of surfaces from natural images derives from a
number of different types of cuces, and the mterpolanon process has to be capable accepting such different

SOrts. Critically the cues are interpreted in three dimensions not two.

As an cxample of this process, Wc illustrate in figure 20 a random dot stereogram, and the interpolated
surface that minimizes the fu_nctio‘na.]‘of quadratic variation. The sharp discontinuities in depth, occurring
between the diffcrcnt planes of thc stcfeogrmn arc clearly evident.

Finally, scveral d:iﬁ”crcnt algorithins for finding subjective contours suggest themselves: (1) Interpolate
in two dimensions to complete a line drawing, then interpret the line drawing as the image of a three-
dimensional surface. 'I”ﬁc latter étcp could proceed by first interpreting the lines as three-dimensional space

Ccurves (see Barrow and Tenenbaum [1981]). (2) Interpret the local cuzs dircetly in *hree dimensions to precerd
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Figure 20. A random dot stereogram of a series of layered plunes, and the interpolated surface
which minimizes the quadratic variation of the surface. Reproduced from Grimson [1981a].

(0 the “contour” drawing, then interpolate the surface between the given contours. (3) Proceed from local cues

(o detailed models of familiar objects, and use this knowledge to guide the filling in of the subjective surface.

Our arguments above that subjective contours fill a natural role as discontinuities of three-dimensional
sutfice information would tend to snggest that interpolation of line drawings in two dimensions is not com-

putationally sound. Further, the existence of subjective contours in stereo pereeption, which are not evident
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in the monocular images yet are vividly present in binocular fusion (see for example figure 20 and [Gulick
and Lawson, 1976, Lawson and Gulick, 1967]), argues against completing contours in the image before in-
terpreting them in the surface representation. On the othervha_nd, the ability to construct complete surface
representations, including explicit surface discontinuities, of unkndw_n objects or objects seen for the first time

argues against using local cues to choose detailed models of familiar objects and then using this information

to guide the interpolation process Thus, in the context of our computational arguments, the most likely algo-' .

rithm is one in which local cues are directly mterplcted in three dimensions, providing a “contour” drawing of
surface discontinuities, within which the surface is interpolated. Note that while it may be possible to dcsign
an algorithm for constructing subjective contours that operates on two-dimensional image constructs, such an

algorithm must have as its underlying basis, a three-dimensional theory.

4. Some image cues and their interpretation

In section ]}We argﬁéd thaf if a figure has a three-dimensional in;crprctation, our pcrccptual system is
strongly biased ‘toward consiructing it. In particular, the processes that evolved for natural thrce—dime’nsiona]
carly vision are “misapplied” to two-dimensional figures. By suggesting that the,perception of natural surfaces
~is at the heart of understanding the purpose_(jf subjective surféccs and contours, such as those illustrated in
section 2, we implAiclatc all of the ideas discﬁsscd in section 3, including edge detéction, sterco, structure from
moﬁon shane frdm texture, and so on. Section 3.out]incd zicompﬁtatidhal appmach to early and intermediate
vision and described a thcory of surface pcrccpuon By our account the crcanon of subjective surfaces and
suhjeul‘ contours pmu:eds in thrcc stages: (1) a set of cues are isolated in the primal sketch computed from:
a figure; (2) the cucs are interpreted in ;hrcc space; (3) a surface is ¢()11$tr_lnctcd that is most conservative with

respect to meeting the constraints imposed by step (2).

It uilu WS le the puupuon of subjective surfaces amounts 1o no less than underst: inding the application

to Ly o dim nefonal fignres of the proce <es-of natural perception, at lewst In Hu ](.\(1 of dete mnmw vinihle
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surfaces. In particular, we need to understand the way in which the elements of thé primal sketch é'rc intcr:
preted in three dimensions, and the constraint that they impose on the possibly §ubjcctive surfaces of which
théy arc a part. This is no small task! It includes, for éxamplc,’ the tradition of wo;'k aimed at undcrstanding
line drawings as three dimensional scenes [Clowes 1971, Barrow and Tencbaum: 198 1, Bi‘nford 1981, Draper
.1980, 1981, Huffman 1971, Mackworth 1973, Waltz 1975, Sugihara 1978, ]98.‘1,' Kanade 1981]. An interesting
possibility for future research is the usé of subjective contours as a means of furthering our und. rstanding of

the interpretation of line drawings as three-dimensional surfaccs.

In this section we briefly disc__llsé the entitics that Marr [1976a] proposés are written into the primal sketch,
and are interpreted in the manner outlined by Binford [1981]. The following subsections discuss dots (or small
blobs), zero-crossing contours (for ex‘ar'nple,-thé bounding contours of figures), and line endings. These entities

have been discussed in several papers in the subjective contour literature.

In general, several surfaces can be irférpolated through a given set of coﬁstl‘aints. As further constraint
is added, some candidate surfaces are ruled out. It seems that th‘evmore tightly the surface is constrained, the
greafcr its apparent clarity. Notice that the apparent brightness may uot increase, even if the apparent clarity
docs. We return to this point in the next section. Two further points are in order. First, the interpolation
scheme that underlies our account of surface perception is capable of accepting a varie_ty of cues. This should
be contrasted with the schemes devisc'd by Ullman [1976] and Horn [1981]. Second, the interpolation algo-
rithm does not require the surface to meet the given covnstraints exactly. It inéorpofatcs a "penalty” scheme
that allows some constraints to be met approximately. This allows local deviations from constraints to achieve

the best global surface, Grimson [1981a] gives details.
Dots
A dot or small blob in the primal sketch marks a point in three-dimensional space. Although its position

in the image is determined, the depth from the viewer is not (Gibson [1979] refers to such a constrained point

as an optic ray). In general, a dot may be in, on, or near a subjective contour, cor-csponding to a three-space
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Figure 21. Dots may be in,,o_n, Or near, é‘subjective contour.

point that is on the boundary of, contained in, or outside of, a subjective surface (sec Figure 21). A dot that
is ihtcrprcled as contained in a subjective surface appears as a mark that has different reflectance from its
‘surrounds, like an ink blob (sce below also). Points that are intcrpreted as lying outside a subjective surface are

“not accorded significance.

As we discussed above, if a dot is on or near a subjective contour, the contour is constrained to pass
through it, and the subjective surface is seen more clearly (ﬁguré 22). Vertices and the ends of space curves
also play a significant role in three-space mtcrpremuons of line drawings. Line endmgs are discussed later.
By Grimson’s “no ncws is good news" dlctum our perceptual system expccts such points to be nmde explicit.
Figures 23 and 24 show the offect of adding pomts that mark vertices. Figure 24 is particularly interesting as
the dots disamibiguate the shape of the ‘su-bjéctive' surface, which is shown without the dots in figure 24a and
appears as é circle or a square. 'l“hc circle versus square interpretation is also affected by the visual angle from

~ which the figure is viewed.
" Blobs
Blobs such as that shown in figure 25 appear as closed zero-crossing contouts in the primal sketch, and are

interpreted as surface patches or as object sithouettes [Marr 1977, Brady 1979]. 'I'he chanee in iniensity across

such o blob Tos been characte riced s asstep (see for example Marr [19764], Herskovit, and Binford [I970]). Tu
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Figure 22. Dots can provide €xtra constraint on a subjective surface, leading to increased clarity
of the subjective contour. o :

Figure 23. The addition of dots to mark the vertices of a‘subjeclive figure can greatly enhance
its clarity. o '
natural scenes, such intensity changes typically correspond to bounding contours or to reflectance boundaries.
" 'This suggests that it is possible to generate subjective surfaces in which some blobs ar¢ interpreted as surfaces

occluded by the subjective surface and some are interpreted as reflectance patches. Examples of this sort have

appeared in the literature, for example, Kanisza [1974, figure 34, page 109] (S‘ce figure 26).




Figure 24. The addition of dots to mark the vertices of a subjective figure can rule out other
possible figures by requiring the contour to pass through the dots. ~

Cc

Figure 25. A blob is. interpreted as a surface patch or as the bounding sillouette of an object.
(a) A blob that is not interpreted three-dimensionally. (b) A blob that is interpreted as a tilted

three-dimensional surface. (¢) A blob that is interpreted as the silhouctte of a three-dimensional

ohject. (after ‘Marr {1977)).
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Figure 26. A “pinto” subjective triangle in which some blobs are interpreted as ‘occluded by the
subjective surface and others are interpreted as patches of surface color. '

Recall that dots constrain the position of a subjective surface. Those parts of a blob that are interpreted as
lying along the subjective contour impose addifional constraint on its dircction‘ in‘the image. More precisely,
they constrain the image of the tangent to the space curve that forms the subjective contour. In general, the
foreshortening is not determined. In fact, our dcﬁnition of a dot is a closed zero-crossing contour which is
too small to have an accurate tangent dircction computed for it. The additional constraint afforded by a blob
produces clear subjective contours in cases where there is none when the blobs are 'rep]accd'by dots (scc figure

27).

The intensity change associated with the blob is as important as the geometric shape of the blob. Figure
28 shows that “cmpty” blobs arc not effective for generating subjective surfaces. The intensity change across
the boundary lines of an “cmpty” blob is not step-like [Marr 1976a]. It might be objected that the conceﬁtric
disks used in many demonstrations of subjective con‘murs are not solid blobs, but are “.cmpty; in :;ome sense.

Discussion of this pointis deferred until the next section.

There is, however. more to a blob than a step change in intensity. 'The geometrical shape of the blob

and the descriptions computed by the visual system play a crucial role. The computational theory of vision,
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Figare 27. (a) The four dots are grouped to form a parallelogram, but there is no strong three-
dimensional percept. (b) Replacing the dots by blobs produces a tilted subjective surface. (¢) If
(wo of the blobs are replaced by dots, the subjective surface is not seen clearly.

O,

- Figure 28. Empty blobs are not effective at generating subjective surfaces. -

mdeed the entire subject of pattern recognition, has not yet devised an adeguate account of shape deseription,
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Figure 29. The blob in (b) is typically described as a blob like that shown in (a) with a piece
cut out. '

Consider figure 29. For this article, the crucial point is that figure 29b appears to be “incomplete”, to be a ver-
sion of figure 29a from which a piecc has been cut. Kanisza [1974] has argued that it is precisely descriptions of -
A;his sﬁrt that underlie the perception of subjective contours. An initiél conjecture is Lhatvtangvcnt discontinuities-
that produce concavitics in otherwise smooth contours typically give rise to descriptions that entail missing
parts. The qualifying phrase “otherwise smooth” recognizes that there are shapcs‘su'ch as figure 30 in whicﬁ
tangent discontinuities do not always signal incisions. Figure 31 shows that S};no‘oth blobs (of which the circl'es.b
| favored by Kanisza are mcrely a special case) are more effective for generating subjective surfaces than those
in which there are several tangent discontinuitics. Several authors have pointed out that extremely angular
blobs are ineffective at generating subjective contouré (Coren [1972, figure 8¢, page 365], Kanisza [1 974, figures
5, 6, page 96]. Brigner and Gallagher [1974, figure 2, page 1049], Rock and Anson [1979, ﬁgurc.3, page 667]).

Angularity is neither a necessary nor sufficient condition, however.
Lines
Lines in an image give rise to connected contours of zero-crossings in the primal sketeh. Binford has

isolated the following list: (a) wires, space curves that are not attached to any su ‘ace, (b) bounding surface




Flgure 30. Tangent dlsannumes do not always lead to descriptions that refer to pieces being
cut out. The shape shown here is often described as a rectangle with a piece stuck on its side.

&
Es

Figere 31, Smooth blobs with tangent d1swnt1nu1tles ‘are more effective than angular blobs for
generating subjective surfaces.

cmuour curves that are attached to one flanking surface and sngnal a depth boundary, (c) conncet edges,

curves that are connected 10 the two surfaces that flank the curve, (d) curves that form the buundary of a

surface marking, and (¢) curves that mark the boundary of a shadow. In case (¢). the connect edge may be
' cil,lwl" convey, oF concave with respect (o the viewer.

P ™
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Figure 32. A subjective contour with a protruding wire.

To each thfec-space interpretation of a line there is a subjective contouf having that interpretation. In sec-
tion 2 we prescnted examples of subjective surfaces that included bounding contours (the usual case), shadow
bobndaries (figures 16 and 17), and connect edges whose convexity or concavity was occasiohaily ambiguous’
(ﬁgures 7, 8, 11, and 18). The only_interpretation t]1th was not demonstrated in section 2 was as a wire. That '

deficit is repaired in figure 32.

As was the case with blobs in the previous subsection, the process by which an individual line in the
image is interpreted is not completely understood. The best account to date is the Vtraditio'n of work aimed
at understanding line drawings of polyhedra, together with the more recent work of Barrow and Tenenbaum
[1981], Binford [1981], and Stevens [1981c]. For example, we typically interpret avstraighvt line as a straight' "
space curve, and a curved line as a curved space curve. We prefer to interprc( curves lying in a surface as lines
of curvature (figures 3, 5, and 17) [see, for example, Stevens 1981c]. It is difficult to indicate non-zero torsion
of a space curve by an isolated (curved) line, so strong is our prcfcrcncé for planar interpretations. A closed
contour lying totally within a subjective contour is typically interpreted as a reflectance bmmduvry (sce ﬁgurel

33).
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Figure 33. Closed contours enclosed by a subjective contour are typically mterpreted as reflectance
boundaries. (Reproduced from Kanisza [1974, figure 36, page 109])

Each interpretation of a line imposes constaint on the surface interpolation process. A straight line either

lies in a subjective surface or is normal to the surface. Figure 34a shows a subjective tilted plane with wires

that appear io be normal to it, whereas in figure 34b the wires appeér to be llie in the plane. Kanade [1981]
has considered the conditions under which threc stralght lines in an image can be the images of vectors in
three orthogonal directions in space It turns out that the more nearly two of the image lines are parallel,
the more likely the two vectors are to interpreted as coplanar. This observation underlics Kennedy’s [197621]

“perpendicularity hypothe51s which Parks [1980a] showed to be madequate Interestingly, the counter-
examples presented by Parks mvolw lmcs that are Lolhmar in thc image and are pcrcuvcd asa smglc space
curve occluded by the subjective surface. The nnport_ancc of line orientation is also shown by an example
of Rock and Anson [1979, Aﬁgurc'7b, page 674]. They report that th‘c- ihtroduction.’of the stripes ;‘C()lnplctcly
dlmmated the pmup(mn of an illusory contour”. The striped texture in Rock and Anson’s ﬁgure is nearly
collincar with one of the sides of the subjcctlve triangle. Figure 35 shows that the subjective contour is still

perceived when it is not nearly collinear with the orientation of the texture.

A line ending may be near a subjective contour, in which case the lineiis typically interpreted as occluded

by the subjective surface, tingent to the subjective surfice, ornormal toit A line ~hose orientation is close to
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Figure 34. (a) A tilted subjective planar surface with wires that are perceived as normal to it.
(b) The same subjective surface with wires perceived as lying in it.

* Figure 35. A subjective contour despite strong background texture.

that of a subjective contour constrains the subjective contour to lie along it, and hence constrains its tangent in
much the same way as a blob (sce figure 36).
In summary, although the interpretations are imperfectly understood, we attribute significance o the

£ relationship between the orientation of a line and the underlying subjective surfuce. For example, figure 37 is




Figure 36. The lines - constrain the subjccti\}e' contour to lie along it.

- due to Parks [1980, figure 2, page 362). The subjective surface in figure 37a is clear and the lines are interpreted
as occluded by it. The subjective surface in figure 37b is less clear. There is no compelling interpretation of the

relationship between the lines and the underlying surface.

- 5. The role of apparént hrighthess

It will not have escaped the attention of readers who are familiar with the literature of subjective contours

~ that this article has been conspicuous in that it ignores what is for many researchers the most important,

perhaps the determining, characteristic of subjective contours. We refer to the apparently enhanced brightness

of the region enclosed by many subjcctivc contours rc]ati\}e to ‘the rcgi(m outside the subjective contour.
B'r'ogdly,/thcre have been two explanations of this phenomenon, and they have largely determined the respec-
tive authors” approaches to subjective contours as a whole. Some authors, notably Coren [1972] have argued
that the apparent brightness of the subjective surface is a consequence of the three-dimensional interpretation
of subjcciivc contours as stratified planes parallel to the image plzme. The subjective figure is perceptually
nbz_arcr the viewer, and by some version of constancy scaling therefore appears brighter. Other authors, for

example Frishy and Clatworthy (1975}, Brigner and Gallagher [1975]. Kennedy and Tee [1976], Jory and Day

T
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Figure 37. The clear subjective contour in (a) derives from the peréeived relationship between the
lines and the subjective surface, despite the fact that the lines in (b) are more nearly orthogonal
to the subjective contour. (Reproduced from Parks [1980, figure 2, page 362])

[1979], Day and Jory [1978, 1980] prefer an explanation based on some version of lateral inhibition. Both

‘positions have weak points. Coren and Theodor [1975], for example, point out that there are corners in one of

. their images that ought to give rise to an enhanced brightness effect, according to argume‘nvts based on lateral

inhibition. Parks [1980b] shows how confounded the cffects of brightness and depth'zire.

In the previous scctions we have argued that the processes of natural pcrc_:epfi_on, misapplied to two-
dimcnéioxwa] figures, are at the heart of understanding subjective contours. W_e sketched the computational
theory of visual perception pioncered by Marr, paying particular regard to t\&'o representations, thc primal
sketch and the 2 %-D sketch. We noted that the 2%-1) sketch makes explicit information about visible surfaccs,‘
including surface discontinuitics, that is computed, whenever possible, from stcre(r), motion, perspective, tex-
ture, occlusion, and so on. These processes, in turn, operate on the information made explicit in the primal '

sketch by the carlier operations of edge finding and grouping [Mary 1976a]. To ¢ e, the complete structure
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Figure 38. Examples of the convolution of common triggering elements with 2 V’G ﬁllel at a
variety of scales. The values demonstrate enhanced brightness, assimilation, and dissimilation. (a)
The result of processing one of Kanisza’s figures with a fine filter. (b) The result of processing
the same Kanisza figure with a coarse filter.

| of the pnmal sketch, and complete understanding of the processes of edge finding and grouping are not avail-

, ablc but a solid start has been made, partxcu]arly in the zero- crossmg Lheory of Marr and Hildreth [1980 also
Hildreth, 1980]. The theory proposcs that lateral mhlbmon consists of convolving an image with opcrators that
are the Laplacian of a Gaussian distrlbutlon, operators that closely approximate the difference of Gaussians

suggested by Wilson and Bergen [1979] (sfcc_. also Richter and Ullman [1980].).

‘ By our account, not all edges éuié crczlfcd cqual il‘i‘t‘he real world, and it is the job of carly processing to
d_isbo\-'_er dcscripﬁons of contrast, oricntation, ﬁﬁely separated lines, b]obé, and local textures. These processes
' in‘«:\'it.'ibly discover differences in the two-dimensional triggering condiliuns discussed above and by other
» 4mllm|9 Pigure 1‘» shows the m\ult of conv Ylving a numbct of common UI;’&‘,CIIHL ¢lements at a variety of

v \mic Hw yeanlts are prchmumry and will be the subject of a future report, but they clearly mch( ate some
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of the enhanced brightness effects suggested in the literature, such as Frisby and ClatWorthy’s claim that line
endings yicld larger enhanced brightness cffects than the sides of lines, Jory and Day’s distinction between
~ assimilation and dissimilatiqn effects, and Smith and Over's finding that subjective contours produce tilt and

motion after-cffects.

- We argued above that the figural p01np1etion problem studied by' Kanisza formed 'a:n important part of
 the percep‘tion of subjéctivé surfaces, but that it pertained to a stage of 'précessiné that is earlier than the |
"computation of visible s_urfaces. Similarly, edge detection, with its concomitant bright_ness effects plays ‘ém 3 :
_'i'mportant part in computing the primal sketch. Thi>s is, howéver, also an earlier stagé v'of. processing than'me
determination of visible sﬁrfacés. By our account, both enhanced brightnc'ssﬂeﬁect‘sf that stem from lateral
inhibition and the brightness that results from constanéy séaling have a.p.a.rt. to pléy in the perception of a

subjective surfaces.

7. Conclusion

It was proposed that subjective contours are an artifact of the perception of ﬁat_ural three-dimensional
- surfaces. A recent theory of surface interpolation implies that “subjective surfaces” are constructed in the
visual system by intcrpo]a-tion between three-dimensional values arising from intcrp‘retatio'n of a variety of
~surface cues. We showed that subjective surfaces can take any form, including s'i_ngly and doubly curved
_ surfaces, as well as the commonly discussed fronto-parallel planes. In addition, it is necessary in the conléxi |
of computational vision to makc‘ explicit the discontinuitics, both in depth and in surface oricnmtidn,- in the
surfaces constructed by interpolation. It was proposed V_that_ subjective contours form the boundaries of the
- subjective surfaces duc to these discontinuitics. Several novel subjective surfaces and subjective contours ;averé ’
demonstrated to support this position. The role played by figure completion :md enhanced brightness contrast

in the determination of subjective surfaces was discussed.
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