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In five experiments, we investigated the detection of symmetry (i.e., translation
plus reflection) or repetition (i.e., translation alone) between two vertical jagged
contours. The complexity of the two contours was manipulated, as was their
figure-ground assignment; the two contours either belonged to a common object
“inside” them, to two separate objects “outside” them, or to two separate objects
each to the right of one contour. Replicating Baylis and Driver (1994), symmetry
judgements were unaffected by contour complexity when made within a single
shape, implying a parallel process operating efficiently across contour disconti-
nuities. However, all the other conditions yielded substantially slower judge-
ments as complexity increased, suggesting either effortful point-by-poin t
comparisons, or a highly inefficient parallel process. In agreement with Baylis
and Driver (1995a), symmetry perception was harder when figure-ground
assignment turned convexities along one contour into concavities along the other
contour; and likewise for repetition detection. However, even when convex parts
matched between the two contours, judgements were still affected by complexity
unless they belonged to a common object. This supports Baylis and Driver’s
(1993) proposal that effortless comparisons for the layout of multiple convex
parts can only be made within single perceptual objects.

From a very young age, people are extremely good at detecting visual symme-
try, especially about a vertical axis (e.g., Baylis, 1998; Bornstein & Krinsky,
1985). Symmetry judgements often occur swiftly and without apparent effort.
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As Pascal (1888/1950) noted, “symmetry is what we see at a glance”, and many
subsequent authors have similarly commented on the high efficiency of sym-
metry perception (e.g., Barlow & Reeves, 1979; Baylis & Driver, 1994; Bruce
& Morgan, 1975; Corballis & Roldan, 1974; Julesz, 1971; Koffka, 1935; Mach,
1885/1959). This has led to substantial interest in the possible underlying per-
ceptual mechanisms (see Tyler, 1996, and Wagemans, 1995, for reviews).

A primary task for the visual system is to recognize visual objects across
considerable variation in the retinal input, and despite distortions introduced by
factors such as non-linearities in the visual system itself. Many workers (e.g.,
Biederman, 1987; Lowe, 1987; Marr, 1982) have pointed out that the visual
system might usefully exploit so-called “non-accidental” image properties in
accomplishing this difficult task. Non-accidental properties are aspects of the
image which are unlikely to have resulted from coincidences in the current pro-
jection of the visual scene onto the retina, or from distortions introduced by the
visual system itself. In other words, they are image properties that are particu-
larly likely to reflect aspects of the distal image source, and hence are of prime
importance in visual perception.

Bilateral mirror symmetry seems to be a paradigm case of a non-accidental
property, since it is extremely unlikely that such regularity could occur in the
retinal image in the absence of any corresponding regularity in the image
source. However, mirror symmetry is only one of a number of possible regular-
ities that are equivalent in terms of the degree of redundancy they introduce to
the image, or their formal information content. Formally, amounts of informa-
tion are mathematically defined in terms of the uncertainty reduced by an event,
with less probable events thus yielding more information (Shannon & Weaver,
1949). Because non-accidental properties are precisely those that are unlikely
to arise by chance in an image, they tend to be properties that are high in terms
of the formal information they can convey. However, regularities that are
equivalent in terms of their mathematical information content may not be
equivalent psychologically, and this seems particularly so for visual symmetry.
For instance, compare the experience of looking at Figure 1(a) versus Figure
1(b).

As Mach (1885/1959) originally pointed out, the symmetry in Figure 1(a) is
striking, yet the regularity in Figure 1(b) is far less so. This difference between
the ease of detecting mirror symmetry (i.e., translation plus reflection of a con-
tour, as in Figure 1a), versus the difficulty of detecting mere translation without
reflection (as in Figure 1b; for convenience we shall refer to this form of regu-
larity as “repetition”) has now been experimentally confirmed by many
researchers (e.g., Baylis & Driver, 1995a, b; Bruce & Morgan, 1975; Corballis
& Roldan, 1974). We shall term this finding the “Mach effect”, to acknowledge
its original discoverer. The issue raised by this Mach effect is as follows. When
considering a human visual system that is thought to have evolved particular
sensitivity to non-accidental properties, one might wonder why regularity such
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as literal repetition (Figure 1b) is not as salient as mirror symmetry (Figure 1a).
Surely repetition of a contour is just as unlikely to have occurred by chance, and
thus should be equally “non-accidental”, and equally informative?

In fact, a substantial proportion of real-world objects are themselves mirror
symmetrical, and hence are able to project an image that is mirror symmetrical
(or nearly so). As a result, detection of mirror symmetry may provide one useful
way of segmenting objects from their background (see Bahnsen, 1928; Driver,
Baylis, & Rafal, 1992; Rock, 1983). By contrast, we are unable to think of many
real-world examples of objects with contours that are repeated on either side, in
the present sense of the contours undergoing mere translation. A degree of such
repetition may sometimes arise between the occluding contours of objects and
their corresponding shadow, but note that the regularity in the image here
would be an “accident” of the current lighting conditions that cast the shadows,
unlike the regularity between the two sides of a symmetrical object.

Thus, one can generate possible suggestions for why the perception of mir-
ror symmetry might be of greater functional use than the perception of repeti-
tion between contours. However, this alone does not reveal the computational
basis of the difference between the perceptual ease of detecting symmetry ver-
sus repetition. Baylis and Driver (1994) examined whether the mechanisms
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Figure 1. Example shapes from Driver and Baylis (1994). (a) and (c) show symmetrical stimuli that
have 16 and 4 “steps” (i.e., discontinuities along their border) respectively; whereas (b) and (d) show
repeated stimuli (i.e., with translated edges) having a comparable number of steps.



underlying symmetry perception may be qualitatively different from those
underlying repetition detection, in addition to the obvious difference in subjec-
tive difficulty. In particular, they examined whether symmetry perception may
reflect a parallel or co-operative process, which can apply efficiently to all the
various parts of an object at the same time, whereas repetition detection may
force observers to resort to an inefficient or effortful (and perhaps serial, point-
by-point) comparison.

In Baylis and Driver’s (1994) first experiment, observers judged whether the
two sides of a vertically elongated 2D object were symmetrical or asymmetri-
cal, while the “complexity” of the object’s shape was manipulated, in terms of
the number of discontinuities along each side (there were either four, eight, or
sixteen discrete “steps” along each side; e.g., compare the different number of
discontinuities in Figure 1a versus 1c). The two sides were either perfectly
mirror-symmetrical, or else 25 per cent of the “steps” along one side were ran-
domly unrelated to the other side. Baylis and Driver (1994) proposed that any
serial comparison between discontinuities along the two sides should lead to
slower judgements for shapes with additional discontinuities. In contrast, an
efficiently parallel process of symmetry detection (or one which can apply co-
operatively across many features at the same time), should not show this slow-
ing. In fact, judgements were only very slightly affected by shape complexity
(being slowed by only 3 ms per additional discontinuity that had to be
considered).

The outcome was very different when perfect repetition rather than symme-
try had to be detected between the two sides (Figure 1b or 1d). Now every
additional discontinuity in the shape substantially delayed detection of the reg-
ularity, suggesting (by analogy with the visual search literature; e.g., Treisman
& Gelade, 1980) that an effortful point-by-point comparison of each disconti-
nuity along the two sides (or a very inefficient “noisy” parallel process) may be
required for repetition detection. This result provides some initial evidence for
qualitative differences in the mechanisms that underlie symmetry perception
versus repetition detection. However, it does not offer any direct explanation
for why effortful comparisons seems to be required across multiple discontinu-
ities in a shape for repetition detection, yet not for symmetry perception; the
result merely documents this fact.

Baylis and Driver (1995a, b) suggested that the difference may originate in
the representational nature of the shape-descriptions that are routinely derived
for visual objects. A number of workers (e.g., Biederman, 1987; Hoffman &
Richards, 1984) have suggested on computational grounds that the shape of an
object’s occluding contour may be represented in terms of the layout of convex
parts, with adjacent parts being separated by points of concavity, or more for-
mally by negative minima of curvature along the occluding contour. Driver and
Baylis (1995) review evidence for the psychological reality of this computa-
tional scheme in the human perception of visual shapes.
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Once shape is considered in terms of such convex parts, an important differ-
ence between mirror symmetry and repetition becomes apparent. Consider the
visual objects in Figure 2. In the case of the symmetrical object in Figure 2(a),
the parts (i.e., convexities) on the two sides of the object are equivalent. In con-
trast, the shape descriptions in terms of convex parts for the two repeated sides
of the object in Figure 2(b) do not match; convex parts on one side now corre-
spond to concavities (that is, to boundaries between parts) on the other side.
Baylis and Driver (1995a) suggested that this may explain the usual Mach
effect, whereby mirror symmetry is more salient than repetition between the
two sides of a shape. In the case of a symmetric object, the regularity between
the two sides may be apparent simply on the basis of the proposed routine
shape-description, which represents the layout of convex parts. By contrast,
such a shape-description would only serve to obscure the correspondence
between the two sides for the case of an object with repeated contours, as con-
vex parts do not correspond for the two repeated sides. On this account, symme-
try perception might seem so effortless because it can be subserved by routine
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Figure 2. Four examples of the displays from Baylis and Driver (1995a, Exps. 1 and 4: (a) symmetri-
cal shape (note that each convexity on one side is matched by a corresponding convexity on the other
side); (b) shape with repeated contours (note that a convex region along one side becomes concave along
the other side, and vice-versa, yielding non-correspondin g convex parts for the two sides); (c) The
curved contours of these two shapes have a symmetrical relation, but convex regions along one contour
are now concave along the other, yielding non-correspondin g convex parts due to the figure-ground re-
versal for the left-most of the two contours, as compared with (a); (d) The curved contours in these two
shapes are repeated, and now have matching convex parts. Baylis and Driver (1995) found that symme-
try judgements were easier than repetition judgements with the format exemplified by (a) and (c). The
reverse was found for the format shown in (b) and (d).



shape-descriptions in terms of convex parts, such as those proposed by
Biederman (1987), Driver and Baylis (1995), and Hoffman and Richards
(1984). By contrast, only repetition detection would require deliberate and
effortful comparisons, since the regularity in this case would not be apparent
from the standard shape-description.

Baylis and Driver (1995a) tested this account by changing the format of the
displays so as to reverse figure-ground assignment (and hence reverse which
regions should be coded as concave versus convex) for just one of the two con-
tours that had to be judged as symmetrical versus unrelated, or as repeated ver-
sus unrelated. In addition to the formats shown in Figures 2(a) and 2(b), their
participants also judged displays like those in Figure 2(c), where the shape-
descriptions in terms of convex parts no longer match for two symmetric con-
tours, because of the figure-ground reversal for one contour. A similar figure-
ground manipulation produced displays like Figure 2(d), where repetition
detection can now be based on the match in convex part-descriptions for the
two repeated contours. With the formats shown in Figure 2(c) and 2(d), symme-
try judgements actually became harder than repetition judgements, reversing
the usual Mach effect. This implies that the Mach effect does not depend solely
on the presence versus absence of mirror symmetry between contours, as previ-
ously thought, but rather on whether the convex parts yielded after figure-
ground assignment match or mismatch for the two contours that must be
compared.

Thus, the emerging account is as follows: the perception of symmetry within
a shape seems so effortless because the correspondence between the two sides
is apparent in the standard shape-description in terms of convex parts, which
yields matching convexities along each side. From this perspective, Baylis and
Driver’s (1994) finding that symmetry perception within a shape is scarcely
affected by the number of convex parts implies that the relative position of all
the component parts of a single shape are accessible simultaneously, in an effi-
ciently parallel manner. Baylis and Driver (1993; see also Baylis, 1994) had
previously argued that this is effectively a logical requirement for useful shape
perception, since shapes are defined precisely by the relative layout of all their
parts, and thus a true appreciation of shape implies a simultaneous appreciation
of the spatial disposition of all of the component parts which make up that
shape.

Repetition detection within a shape is by contrast harder and more effortful
than symmetry perception, because the regular relationship between the two
sides is not apparent in the standard shape-description in terms of convex parts,
as this yields a mismatching decomposition into convex parts for two repeated
sides. Hence, an effortful point-by-point comparison (or some highly ineffi-
cient parallel process) is required to reveal repetition within a shape. However,
repetition detection can be made easier by reversing figure-ground assignment
for one of the two contours, so that convex parts now match between repeated
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contours (Figure 2d). Conversely, symmetry perception can be rendered harder
by the same figure-ground manipulation (Figure 2c), which produces convex
parts that no longer match for symmetric cases. In the latter case, even symme-
try perception may come to depend on the effortful point-by-point comparison
(or highly inefficient parallel process) that Baylis and Driver (1994) observed
for repetition detection, when they varied the number of discontinuities along
the contours of a single shape (see Figure 1b versus 1d).

This leads to the hitherto untested prediction that symmetry perception
should likewise become dependent on the “complexity” of the contours to be
compared for formats such as Figure 2c, where convex parts no longer match.
Recall that Baylis and Driver (1994) found that additional discontinuities along
each contour scarcely affect symmetry perception within one object, a case
where two related contours will have matching convex parts. This was taken to
imply that symmetry judgements can be based on efficient parallel processing
of all the parts of an object simultaneously. Our first experiment tested the new
prediction that such processing should become ineffective when convex parts
no longer matched between the symmetrical contours, forcing observers to rely
on an effortful point-by-point comparison instead (or some highly inefficient
parallel process) in order to detect the regularity.

EXPERIMENT 1

As in Baylis and Driver (1994), this study examined how the number of discon-
tinuities along two contours affects the ease of judging whether or not they are
symmetrical. Our earlier study on this issue had found that symmetry judge-
ments can apparently be based on a highly efficient parallel match of all the
parts within a shape, with little effect of the number of discontinuities along
each side. Following Baylis and Driver (1993; 1995a), we now hypothesized
that this may only be possible when the symmetry judgement can rely on the
standard shape-description of an object in terms of its convex parts. When con-
vex parts are made to mismatch for symmetrical contours, as with the format in
Figure 2c, a more effortful comparison of the two contours should now be
required instead, leading to slower judgements with additional discontinuities.

Method

Participants. The 16 participants, 10 female and 6 male, were psychology
undergraduates with normal or corrected acuity by self-report. Participants
received course-credit for their participation.

Apparatus and materials. The experiment was conducted on an Optimal
286 microcomputer with colour VGA graphics. Display onsets and offsets
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were provided by altering the colour lookup table to ensure that they occurred
within a single frame.

Four example displays are shown in Figure 3. They were presented in bright
red on a black background. Viewing distance was 70 cm. The shapes were ver-
tically elongated and approximately rectangular, with completely straight hori-
zontal edges along their short ends, but with some markedly jagged “stepped”
edges along their vertical axis, just as in Baylis and Driver (1994). These jagged
contours were 5.5° in height, and were on average equally spaced around the
left and right of the vertical midline of the screen, being separated by a mean
3.1° horizontally (each step along the jagged edges varied randomly between
0.5° and 2.6° from the vertical midline of the screen, in 0.03° units). The num-
ber of jagged steps along each of these contours was varied as in Baylis and
Driver (1994), to provide the manipulation of visual complexity. There were
either 4, 8, or 16 discontinuous steps along each side, always at equal intervals
(e.g., there are 16 steps in Figures 3a and 3c, but only 4 steps in Figures 3b and
3d).

Once generated, these jagged contours were blocked out with colour to
produce two different types of display which were analogous to the single-
object format (Figures 3a and 3b) and the non-corresponding two-object format
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Figure 3. Four examples of stimuli from Experiment 1. These were shown in red on a black back-
ground. Top: Examples of displays for the single-object condition: a symmetric display (a) and an asym-
metric display (b) with 16 steps or 4 steps respectively along each elongated side. Bottom: Examples of
displays for the non-correspondin g condition: a symmetric display (c) and an asymmetric display (d),
with 16 or 4 steps on each elongated side.



(Figures 3c and 3d) previously used by Baylis and Driver (1995a; see Figures
2a and 2c). In the non-corresponding format, two separate figures were formed,
one comprising just the left half from the single-object condition, and the other
figure, which was on average equally wide, appearing to the right of the right-
most jagged contour (see Figures 3c and 3d). The asymmetrical contours (e.g.,
Figures 3b and 3d) were constructed exactly like the symmetrical contours,
except that 25 per cent of the jagged steps on one edge were altered to a new
random value that was at least 0.5° different (in horizontal distance from the
screen centre) from the value on the other side.

The participants’ task was to respond by pressing one of two buttons (the
“Z” key or the “/” key on the standard extended keyboard) with one or other
index finger as rapidly as possible, depending on whether the jagged contours
in the display were perfectly symmetrical or 25 per cent asymmetrical. The
mapping of particular hands to symmetrical and asymmetrical responses was
counterbalanced across participants.

Design. The design was within-subject with three independent variables.
The first was whether the jagged edges were blocked out with colour to yield
the single-object format or the non-corresponding format (henceforth, the dis-
play format factor). The second factor was whether displays were perfectly
symmetrical or partly asymmetrical (e.g., Figures 3a and 3c, versus 3b and 3d).
The third factor was the number of pseudorandom steps along the elongated
sides of each shapes (either 4, 8, or 16 on each side, exactly as in the previous
study by Baylis & Driver, 1994; there are 4 steps in Figures 3b and 3d, but 16 in
Figures 3a and 3c). These three factors were crossed to yield 12 equiprobable
and randomly intermingled conditions.

Procedure. Participants were shown a diagram of typical displays, similar
to Figure 3, and told that they must judge whether each presented shape was
perfectly symmetrical or not, responding as quickly and accurately as possible
by pressing the appropriate key. The sequence of events on any one trial was
then explained to them. A fixation cross was presented for 500 ms, followed by
a display centred at fixation until the participant responded, whereupon the
screen became blank. An incorrect response produced a loud beep, whereas no
feedback was given on correct trials. Following an intertrial period of 800 ms,
this sequence was repeated to produce the next trial. Reaction times (RTs) were
recorded in ms.

Participants were given 8 blocks of 150 trials. Within each block the condi-
tions were interleaved in a different pseudorandom sequence for each partici-
pant. At the end of each block, the participant’s mean RT for correct responses
was displayed on the monitor, together with their mean error rate, and a mes-
sage that requested that they be more accurate in the next block if their error rate
had exceeded 15 per cent, or that they respond more quickly if their error rate
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had been below 5 per cent. Participants rested for as long as they wished
between blocks, pressing the space-bar to continue.

Treatment of results. The first block of 150 trials was discarded as prac-
tice, as were the first 2 trials of each block. Thus 1036 trials were available for
each participant. All these trials contributed to the accuracy analyses. However,
the data were trimmed for RT analysis by removing incorrect responses, plus
trials immediately following an error because of the variability they typically
introduce (Rabbitt, 1966). Upper and lower RT cut-offs for acceptable trials
were also calculated for each participant using the method of Driver and Baylis
(1991), which excludes responses with very long or short latencies beyond
which performance is at chance. This procedure derives the lowest upper bound
beyond which responses are no more likely to be correct than incorrect (as
tested by chi-square at the .05 level), and derives the highest lower bound in a
similar manner. The combination of these upper and lower RT criteria excluded
2.0 per cent of the recorded data (2.1 per cent for Experiment 2, 1.9 per cent for
Experiment 3, 2.3 per cent for Experiment 4, and 4.2 per cent for Experiment 5).
For all experiments in this paper, all further analyses were carried out using
SYSTAT (Wilkinson, 1990).

Results

The mean results are shown in Figure 4, with the means of participants’ median
RTs appearing in the upper graph, and the error rates in the lower graph, plotted
against the number of discontinuous steps along the jagged vertical contours
(i.e., complexity). Separate functions are shown for the single-object format,
and for the non-corresponding format, and likewise the data are separated for
symmetrical versus asymmetrical responses. It is immediately apparent that the
number of steps had a substantially larger effect for the non-corresponding for-
mat than the single-object condition.

A three-way within-subjects analysis of variance (ANOVA) on the RT data
showed significant effects of: display format, F(1, 15) = 74.24, p < .001, with
slower responses for non-corresponding displays; symmetry, (F(1, 15) = 4.8, p
< .05, with faster responses overall for symmetrical contours; and the number
of steps, F(2, 30) = 41.2, p < .001, with slower responses when there were more
steps. The interaction between display type and the number of steps was also
highly significant, F(2, 30) = 9.6, p < .001, with a much greater effect of steps
for the non-corresponding displays. Finally, the three-way interaction also
reached significance F(2, 30) = 5.4, p < .01, because the steepest function
against number of steps was for symmetrical responses only in the non-corre-
sponding condition. Neither of the other two-way interactions approached
significance.
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An analogous three-way ANOVA on the error data showed a largely similar
pattern of results. There were significant effects of display format, F(1,15) =
78.0, p < .001, with less accurate responses for non-corresponding displays,
and of symmetry, F(1, 15) = 15.8, p < .001, with more accurate responses over-
all for symmetrical contours; and a robust effect of the number of steps, F(2, 30)
= 38.7, p < .001, with less accurate responses when there were more steps. The
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Figure 4. Means of participants’ median RTs (top) and error rates (bottom) for the different display
types in Experiment 1. The extensive scale is to allow a direct comparison with the results of Experi-
ments 2–5, which are plotted against similar scales in Figures 6, 7, 9, and 10.



interaction between display type and symmetry was significant, F(1, 15) =
13.4, p < .001, indicating a larger difference between symmetrical and asym-
metrical responses for non-corresponding displays, as was the interaction of
display type with the number of steps, F(2, 30) = 26.3, p < .001, with a greater
effect of steps for the non-corresponding displays, as in the RT data, plus the
interaction of symmetry with number of steps, F(2, 30) = 5.6, p < .01, with more
effect of the number of steps in the asymmetrical displays. The three-way inter-
action was again significant, F(2, 30) = 5.4, p < .01.

The most important result from this study was the dramatic increase in the
impact of the number of steps for the non-corresponding format as compared
with the single-object format. This outcome was robust in both the RT data and
in the error data, with both measures increasing substantially as the number of
steps increased only in the non-corresponding format.

Discussion

The results from the single-object format support previous evidence (Baylis &
Driver, 1994) for efficiently “parallel” processing of the discontinuities along
the contours of a single visual shape which determine whether or not that shape
is symmetrical. There was admittedly a slight increase in RT with additional
steps even in the single-object format, but this influence was very small.
Indeed, linear regression of RT against the number of steps for the single-object
condition gave slopes of only 4.6 ms/step for symmetrical responses and 3.7
ms/step for asymmetrical responses (with R2 of 1.0 and 0.98 respectively). This
is in close agreement with the previously reported values of 3.2 and 2.5 ms/step
respectively for this condition in Baylis and Driver (1994). Such slope values
are within the range normally taken to indicate efficient parallel processing of
items in the visual search literature (e.g., Treisman & Gelade, 1980). In the
present case, the suggested parallel processing would apply to all the disconti-
nuities along a single shape’s borders.

When the jagged contours were blocked out in such a way as to reverse fig-
ure-ground assignment for one of them, so that symmetrical contours should no
longer receive matching descriptions in terms of convex parts (see Figures 3c
and 3d), performance became much poorer overall. This confirms Baylis and
Driver’s (1995a) initial report of the difficulty of this format for symmetry
judgements, presumably due to the mismatch in convex parts. The novel find-
ing was that with these non-corresponding displays, increasing the complexity
of the visual shapes now led to a marked increase in reaction time, and also in
the number of errors. These increases are suggestive of an effortful point-by-
point comparison rather than an efficient parallel process, or at least of a very
inefficient parallel process that becomes increasingly degraded as extra discon-
tinuities must be considered.
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At the suggestion of a referee, we also analysed variation in reaction times
for the different conditions in this experiment. There was a general trend for
standard errors of the means (SEMs) to increase along with overall RT. To test
for an deviation from such a pattern, we ran an ANOVA (with the same design
as those earlier) on proportional variation in RT (i.e., each SEM divided by
the corresponding mean RT). This showed that no factors or interactions
approached significance. Those conditions with longer mean RTs (see Figure
4) were associated with larger SEMs; for instance, those conditions with a
larger number of steps for the non-corresponding displays. This could be recon-
ciled either with a serial process underlying symmetry judgements for such dis-
plays, or with an inefficient parallel process that operates less well when there
are more steps.

Regardless of whether or not a strictly serial process was used to judge the
non-corresponding displays, it remains clear that a much less efficient process
was used than for the single-object displays. This outcome fits our previous
proposals that judgements of symmetry between contours are only efficient
when they can be based on the suggested “standard” shape description of a sin-
gle object in terms of its convex parts, which should make the regularity in sym-
metrical objects explicit (in the sense of Marr, 1982) due to the matching
convexities. When the format is changed such that the convexities do not match
(as in the non-corresponding displays), the usual shape description is no longer
sufficient to specify the regularity between symmetric contours, and so perfor-
mance becomes less efficient even for the very same two contours, and perfor-
mance is now increasingly degraded as the number of discontinuities to be
considered rises.

Recall that Baylis and Driver (1994) had previously found that repetition
detection between the two contours on either side of a shape also declined sub-
stantially as the number of discontinuities along each contour was increased
(see Figure 5b versus 5a), just as found here for the non-corresponding sym-
metrical format. Presumably, this previous result for repetition detection may
also have been due to non-correspondence between the convex parts of the con-
tours that had to be compared, by the same argument given earlier for non-cor-
responding symmetry displays. If so, then reversing figure-ground assignment
such that the part-descriptions of repeated contours now correspond (as in Fig-
ure 5c) might reveal efficiently parallel judgements of repetition for the very
first time.

On the other hand, as mentioned earlier, Baylis and Driver (1993) have pro-
posed that the relative layout of all component parts may only be available in
parallel within individual objects, by means of a shape-description that simul-
taneously represents all the convex parts whose relative position constitutes the
shape (see also Donnelly, Humphreys, & Riddoch, 1991). If only these within-
object shape-descriptions allow for parallel comparisons among multiple parts,
then judging the layout of component parts from separate shapes (as in Figure
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5c) might always lead to inefficient comparisons, regardless of whether con-
vexities correspond across the shapes. Effortful comparison would be required
because the routine shape descriptions that we have proposed, in terms of the
layout of convex parts within an object, would not directly specify the relative
layout of parts from distinct objects, as such arrangements do not constitute the
shape of any individual object. If this account is correct, then repetition judge-
ments might still show substantial effects of part complexity (i.e., of the num-
ber of steps to be compared) even in a two-object format where convex parts
now correspond (e.g., Figure 5c), because of the requirement to compare parts
across separate objects. The next study tested these two opposing predictions.

EXPERIMENT 2

This experiment examined whether judgements of contour repetition always
produce an inefficient comparison of the contours (which degrades when an
increasing number of discontinuities must be considered), or whether
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Figure 5. Four examples of stimuli from Experiments 2 and 3. These were shown in red on a black
background . Top: Examples of displays for the single-object condition: (a) a repeated shape (i.e., with
translated jagged contours), and (b) an unrelated shape, with 8 or 16 steps respectively along each
elongated side. Bottom: Examples of displays for the corresponding condition: a repeated shape (c) and
an unrelated shape (d) with 8 or 16 steps respectively along each elongated side. All these types of dis-
play were used in Experiment 2, but only the corresponding displays (c and d) were employed in Experi-
ment 3.



judgements can proceed efficiently and in parallel, with little effect from the
number of discontinuities along each contour, provided convex parts are made
to correspond for the repeated contours (as in Figure 5c).

If the only factor determining whether discontinuities along two contours
can be compared in an efficiently parallel manner is whether or not their convex
parts correspond, then such efficient parallel performance should be found
even for repetition detection, when the format yields matching convexities
(Figure 5c). However, if performance of this judgement across two objects is
inefficient and affected by the number of discontinuities that need to be consid-
ered whenever two separate objects must be compared, then a substantial effect
from the number of steps should still be apparent even in this format.

Method

Unless otherwise stated, the method followed that of Experiment 1. Partici-
pants now judged whether the two elongated, jagged contours were exact repe-
titions of each other or not.

Participants . The 16 new participants, 9 female and 7 male, were again
undergraduates with normal or corrected acuity by self-report. They were
rewarded for participation as before.

Apparatus and materials. Example displays are shown in Figure 5. The
task was to respond by pressing one of two buttons (the “Z” key or the “/” key
on the standard extended keyboard, as before) with one or other index finger as
rapidly as possible, depending on whether the jagged contours in the display
were perfect repetitions of each other (e.g., Figures 5a and 5c) or not (e.g., Fig-
ures 5b and 5d). Repeated contours were generated just as for symmetrical con-
tours in the previous experiment, except that the two jagged contours were now
merely translated, rather than being translated and reflected as before.
Unrepeated contours (as in Figures 5b and 5d) were generated analogously
to the asymmetrical contours from Experiment 1 (i.e., 25 per cent of the steps
mismatched randomly while the remainder were repetitions of each other, as
defined earlier).

Half the displays had the jagged contours blocked out with colour in the
intervening region to yield the single-object format (Figures 5a and 5b), with
non-corresponding convex parts on the two repeated sides. The other half were
blocked out to yield corresponding two-object displays (see Figures 5c and 5d),
for which the convex parts of the two contours now match exactly when they
are repeated, yielding two separate but identical objects. Within these formats,
half the displays had perfectly repeated jagged edges, half unrepeated. The
mapping of particular hands to repeated and unrepeated responses was counter-
balanced across participants. The procedure was as before except for the
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change in task from symmetry detection to repetition detection, and appropriate
changes in the instructions to accommodate this.

Results

The means of participants’ median RTs, together with their associated mean
error rates, are shown in Figure 6, with RT data shown in the upper graph, and
error data in the lower graph. The striking result in these graphs is that both
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formats now showed substantial increases in RT as the number of steps was
increased. The effect of increasing the complexity (i.e., the number of steps in
the figures) was similar for the different formats. For the single-object displays,
the slope was 23.4 ms/step for unrelated, and 30.6 ms per step for repeated dis-
plays. For corresponding displays the slopes were 23.5 and 29.1 ms per step
respectively.

A three-way within-subjects ANOVA on the RT data showed significant
effects of display type, F(1, 15) = 46.9, p < .001, with faster responses for the
corresponding two-object displays, of repetition, F(1, 15) = 6.0, p < .05, with
faster overall responses for unrepeated shapes, and of the number of steps, F(2,
30) = 119.6, p < .001, with much slower responses when there were more steps.
None of the interactions approached significance.

An analogous three-way ANOVA on the error data showed a similar pattern
of results. There was a significant effect of display format, F(1, 15) = 38.2, p <
.001, with more accurate responses for corresponding displays overall, of repe-
tition, F(1, 15) = 6.0, p < .05, with more accurate responses for repeated shapes,
suggesting a possible speed/error trade-off along this factor since unrepeated
shapes yielded faster RTs, and a main effect of the number of steps, F(2, 30) =
25.4, p < .001, with more errors as the number of steps increased, in accordance
with the RT increase against steps. The interaction of repetition and number of
steps was significant, F(2, 30) = 7.3, p < .01, with a greater influence of the
number of steps for unrepeated displays. None of the other interactions
approached significance.

As in Experiment 1, we also tested whether variation in RTs differed
between conditions. As in that experiment, the SEMs increased only in propor-
tion to the overall RTs; an ANOVA on the ratios (SEM divided by the corre-
sponding mean RT) showed no factors or interactions that approached
significance.

Discussion

In this experiment, judgements of contour repetition showed a marked increase
in RT and error rates as the number of discontinuities to be compared was
increased. The results for the single-object format are in agreement with the
previous findings of Baylis and Driver (1994), who similarly observed that rep-
etition detection for the contours on either side of a single object requires either
a serial point-by-point comparison, or at best a highly inefficient and noisy
parallel process, which degrades substantially as additional discontinuities
along each contour must be considered. They proposed that this arises because,
in the single-object format, the regularity between contours in repeated dis-
plays is not apparent from the routine shape-description of the object in terms of
convex parts, since convexities do not match between the two sides.
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In agreement with the previous findings of Baylis and Driver (1995), the
present corresponding format led to better performance than the single-object
condition overall. This fits with the suggested importance of convex parts, as
these match for repeated contours in the corresponding condition but not in the
single-object condition.

However, the novel and in some respects surprising finding from this experi-
ment was that judgements of contour repetition still became substantially
impaired as the number of discontinuities increased, even in the corresponding
condition, where figure-ground factors were manipulated to create matching
convex parts for two repeated contours. Indeed, the detrimental effect of the
number of steps was just as great for the corresponding condition, with match-
ing convex parts, as for the single-object condition, with mismatching parts
(see Figure 5). This suggests that correspondence between matching convexi-
ties along two contours can only be efficiently accessed in an efficiently paral-
lel manner when that correspondence arises within a single shape (as for the
single-object symmetrical displays of Experiment 1, but not for the two-object
corresponding displays in Experiment 2). This interpretation would fit with
Baylis and Driver’s (1993) previous proposals that routine shape description in
terms of the relative layout of convex parts only operates within objects, and
does not directly specify the relative layout of parts from separate objects.

However, it might be that, despite the requirement for a speeded response,
some strategy of making effortful (possibly point-by-point) comparisons for
the single-object repeated displays could somehow have carried over to the cor-
responding two-object displays, since these two formats were randomly inter-
mingled within each block of trials. This possibility seems somewhat unlikely,
especially given that Experiment 1 had found entirely different effects from the
number of steps upon judgements for two formats that were randomly inter-
mingled (i.e., the number of steps affected the two-object format much more
than the single-object format in that symmetry experiment). Nevertheless, we
considered such strategic possibilities for the present repetition experiment to
merit further investigation, especially since the substantial effect from the num-
ber of steps upon even the corresponding repetition condition seems of consid-
erable theoretical importance. If this result could be confirmed, it would imply
that observers cannot efficiently compare all the convex parts of two separate
objects in parallel, even when the parts correspond, despite the fact that they
can make such comparisons in parallel for corresponding parts within a single
object.

In the next experiment, participants again judged whether contours were
repeated or not. In contrast to Experiment 2, only the corresponding two-object
format was now used throughout. This was done to maximize the salience for
observers of the fact that the convex parts of the two contours matched exactly
whenever they were repeated; and also to remove any necessity of switching
between the different perceptual strategies that may have been appropriate for
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the single-object displays versus the corresponding displays in Experiment 2.
Our question was whether observers would now be able to judge repetition effi-
ciently between two objects, regardless of the number of discontinuities to be
considered along each contour (thus producing an efficiently “parallel” result
like that found for symmetry within one object in Experiment 1). This was
encouraged by making it clear to observers that the convex parts of the contours
would always match exactly whenever they were repeated. In this way, we
hoped to optimize the observers’ comparison of the two separate objects pre-
sented in the corresponding condition.

If Baylis and Driver (1993) were correct in proposing that the relative layout
of convex parts is only routinely coded in parallel within individual shapes,
then performance should still be substantially affected by the number of dis-
continuities to be compared, since a between-object comparison is required in
the present task. On the other hand, if all that matters is whether convex parts
consistently match when the two contours are repeated, then we might now find
little if any effect of contour complexity, as for the within-object symmetry
judgements in Experiment 1.

Method

Unless otherwise stated, the method followed that of Experiment 2.

Participants. The 10 new participants, 6 female and 4 male, were recruited
as before.

Apparatus and materials. The only difference in the task materials from
Experiment 2 was that only the corresponding format (e.g., Figures 5c and 5d)
was now used throughout; the previous single-object format was dropped.
There were now 5 blocks of 130 trials, with the first block discarded as practice.
Thus, 512 trials were available for analysis.

Results and discussion

The averaged results are shown in Figure 7, with the means of participants’
median RTs in the upper graph, and the error rates below. It is immediately
apparent that, as in Experiment 2, repetition judgements became dramatically
slower as the number of discontinuities along the contours to be compared was
increased, even though the convex parts of the jagged contours now always
matched whenever they were repeated.

A two-way within-subjects ANOVA on the RT data showed no overall
effect of repetition, F(1, 9) = 3.2, n.s.), but a highly significant effect of the
number of steps, F(2, 18) = 28.0, p < .001, with much slower responses when
there were more steps; plus a significant interaction of the two factors, F(2, 18)
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= 5.7, p < .05, because the effect of steps was somewhat more pronounced for
repeated responses. The effect of increasing the number of steps was similar to
that seen in Experiment 2. The slope was 17.2 ms/step (compared to 23.5 in
Experiment 2) for unrelated contours, and 31.5 ms/step (compared to 29.1 in
Experiment 2) for repeated contours.

An analogous two-way ANOVA on the error data showed the following pat-
tern of results. There was a significant effect of relatedness, F(1, 9) = 31.8, p <
.001, with more accurate responses for repeated shapes overall, and of the
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number of steps, F(2, 18) = 20.9, p < .001, with more errors when there were
more steps. The interaction was also significant, F(2, 18) = 9.0, p < .01, with the
effect of steps now being more pronounced for unrepeated responses, whereas
the opposite had applied in the RT data. This minor discrepancy between the
RT and error data suggests caution in interpreting the two-way interactions,
which may be partly due to speed–accuracy trade-offs. However, such possible
trade-offs do not undermine the main finding of this study, namely the robust
detrimental effect of increasing the number of steps. This effect of steps
appears to be as large as that found for the same corresponding condition in
Experiment 2. However, comparison of Figures 6 and 7 suggests that overall
RTs may be somewhat lower in the present study, perhaps because only one
format was now presented, whereas the corresponding format and single-
object format had been randomly intermingled in Experiment 2. In order to test
this, a further between-experiment analysis were carried out on the RT and
accuracy data.

Three-way mixed design ANOVAs (Experiment × Repetition × Number of
steps) were used to compare the data from Experiment 3 with the data from the
corresponding-format condition in Experiment 2. The ANOVA on the RT data
showed a significant main effect of experiment, F(1, 24) = 8.5, p < .01, with
faster responses overall in Experiment 3, but no interaction involving this
factor approached significance. A similar ANOVA for the error data showed no
effect of experiment, and no interactions involving this factor (F < 1 in all
cases). Thus, we may conclude that the critical influence of the number of steps
was equivalent in Experiment 2 and 3.

The results of this experiment thus confirm that judgements of repetition
between two contours cannot be made in the highly efficient parallel fashion
found for symmetry within one shape (cf., Experiment 1), even when the con-
vex parts of two repeated contours (on two separate shapes) correspond. More-
over, the substantial decline in performance as the number of discontinuities
along the contours increased was still found even though the corresponding for-
mat, with its matching convex parts for repeated contours, could now be antici-
pated on every single trial.

Note that the present decline in performance when an increased number of
discontinuities has to be considered cannot be attributed to mere acuity limits
becoming more critical as the number of steps increases, nor to any changes in
the spatial frequency composition of the steps themselves. All such factors
were shared with the equivalent manipulation of steps in Experiment 1, where
symmetry judgements within objects were scarcely affected by varying the
number of steps along the contours. Thus, the difficulty with increased contour
complexity in the present experiment is psychologically meaningful, rather
than being trivially due to low-level visual factors, as shown by the contrasting
result found for within-object symmetry judgements in Experiment 1 (compare
the pair of RT lines in Figure 7, to the lower pair of RT lines in Figure 4).
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However, this difference in outcome might be attributed to either of two fac-
tors which distinguished the efficient conditions of Experiment 1 from the pres-
ent highly inefficient conditions. First, Experiment 1 involved symmetry
judgements, whereas the present task involved repetition detection. Perhaps
performance can be efficient only when convex parts correspond and symme-
try rather than repetition is judged? A second potentially important difference
is that the present corresponding repetition condition always involved a com-
parison of contours from two separate objects, whereas the efficient parallel
conditions in Experiment 1 involved symmetry judgements within just a single
object.

On our own account, it should be the latter factor that is critical in determin-
ing whether a substantial effect from the number of steps is found. According to
Baylis and Driver (1995), the fundamental difference between symmetry
versus repetition judgements for contours lies in whether or not convex parts
match; and convex parts matched for both the conditions we are currently con-
sidering (i.e., the single-object symmetry condition from Experiment 1, see
Figure 3a; versus the corresponding repetition condition from Experiments 2
and 3, see Figure 5c). Thus, the dramatic difference between these two condi-
tions, in terms of the effect produced by the number of steps, cannot be attrib-
uted to whether or not convex parts match. Instead, we believe it is due to
whether or not convex parts can be related within a single shape-description for
a common object (as in Figure 3a), or must be compared across distinct objects
which each have their own separate shape description in terms of convex parts
(as in Figure 5c).

If our account is correct, then even symmetry judgements for contours in two
separate objects should depend substantially on the number of steps, even when
the convex parts on the two objects match. This prediction was tested in our
next experiment.

EXPERIMENT 4

This experiment examined whether judgements of symmetry always proceed
in an efficiently parallel manner across the display as a whole, provided convex
parts correspond for the contours that must be compared; or whether such a
match based on the corresponding convex parts of mirror-symmetric contours
can only occur efficiently within single objects.

We returned to the 100 per cent symmetrical versus 25 per cent asymmetri-
cal contours used in Experiment 1. As in that experiment, one of the possible
display types was the non-corresponding two-object format (see Figures 8a and
8b), which obscures symmetry by using figure-ground segmentation to turn
convexities along one contour into concavities along the other, and vice-versa.
Recall that in Experiment 1, we had found that symmetry judgements for these
displays are inefficient and substantially affected by the number of steps. The
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other display type was a new format; outer two-object displays were formed by
blocking with colour the regions that lay immediately outside each jagged con-
tour (see Figures 8c and 8d). The important point about such displays is that the
convex parts for symmetric contours still correspond, as in the original single-
object symmetric condition from Experiment 1 (cf. Figure 3a). However, these
convex parts now get assigned by bottom-up figure-ground segmentation to
two separate objects in the outer format.

If convex parts can be efficiently compared in parallel whenever symmetry
must be judged for matching convexities (as in the efficient single-object con-
dition in Experiment 1), then performance in the new outer format should be
scarcely affected by the number of steps. However, if Baylis and Driver (1993)
were correct in proposing that the relative layout of convex parts can only be
efficiently judged within a single object, then the new outer format should lead
to inefficient performance, declining as the number of discontinuities to be con-
sidered increases, since parts from two separate objects have to be compared
for the outer format.

Note that the latter prediction of inefficient performance for the outer format
is, in many respects, counterintuitive from any perspective other than the
notion of within-object shape descriptions that we have been advocating. For
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instance, there is, if anything, even more reflective symmetry and greater
redundancy within the image for the present outer format (Figure 8c) than for
the single-object symmetric format from Experiment 1 (Figure 3c), due to the
added symmetry between the additional outer contours (i.e., the two straight
vertical lines) in the outer format. Thus, if the ease of the single-object condi-
tion from Experiment 1 were merely due to some combination of matching con-
vex parts plus the special perceptual redundancy that may be inherent in mirror
symmetry, then the present outer format should be at least as easy, and perhaps
even more efficient due to the added redundancy. However, we predicted that
the outer format should be inefficient, with performance declining sharply
against the number of steps. This counterintuitive prediction follows directly
from Baylis and Driver’s (1993) proposal that the relative layout of convex
parts is only available in an efficiently parallel manner within individual
objects, by virtue of the standard shape description that we propose to be
derived for each object.

Note also that since the present experiment randomly intermingled the new
outer format with the non-corresponding format, the conditions of presentation
for the outer format were identical to those previously used for the single-object
format in Experiment 1. This allowed us to make a meaningful between-experi-
ment comparison of performance for the single-object symmetric format of
Experiment 1 against the new outer format.

Method

Unless otherwise stated, the method followed that of Experiment 1.

Participants. The 15 new participants, 9 female and 6 male, were again
undergraduates with normal or corrected acuity by self-report.

Apparatus and materials. Example displays are shown in Figure 8. The
task was as in Experiment 1, namely to respond by pressing one of two buttons
with one or other index finger as rapidly as possible, depending on whether the
jagged contours in the display were perfectly symmetrical (e.g., Figures 8a and
8c) or not (e.g., Figures 8b and 8d). Half the displays were blocked out with col-
our like those in Figures 8a and 8b, to yield the non-corresponding format, in
which convex parts for symmetric contours do not correspond. The other half
were blocked out to yield the new outer format (see Figures 8c and 8d) for
which convex parts correspond between symmetric contours on separate
objects. The lateral position of the two jagged contours was the same (on aver-
age) across these two formats, as was the width of each individual red shape.

Within the two formats, a random half of the displays had perfectly symmet-
rical jagged edges, while half were 25 per cent asymmetric.
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Results and discussion

The average results are shown in Figure 9, with the means of participants’
median RTs in the upper graph, and the error rates plotted below. It can be seen
that performance declined substantially as the number of steps was increased
for the non-corresponding format (as found in Experiment 1); and that this also
applied for the new outer format, in accordance with our prediction. The effect
of increasing the complexity in the non-corresponding format was similar to

SHAPE JUDGEMENT WITHIN AND ACROSS OBJECTS 187

Figure 9. Means of participants’ median RTs (top) and error rates (bottom) for the different display
types in Experiment 4.



that seen for judgements of repetition in Experiment 2. The slope was 30.0 ms/
step for asymmetric displays, and 32.1 ms/step for symmetric displays. The
slopes for the outer conditions, while somewhat lower, still did not approach
the shallow slopes seen for single object symmetry judgements in Experiment
1. For asymmetric displays the slope was 20.0 ms/step, whereas for symmetric
displays the slope was 16.1 ms/step.

A three-way within-subjects ANOVA on the RT data showed a significant
effect of display type, F(1, 14) = 15.9, p < .001, with faster responses for outer
displays overall, no effect of symmetry, F(1, 15) = 2.1, n.s., but a highly signifi-
cant effect of the number of steps, F(2, 28) = 31.1, p < .001, with much slower
responses when there were more steps. There was a significant interaction of
display type with symmetry, F(1, 14) = 18.1, p < .001, with faster response to
symmetric outer, but to asymmetric non-corresponding displays. No other
interactions approached significance.1

An analogous three-way ANOVA on the error data showed a similar pattern
of results. There was significant effects of display type, F(1, 14) = 34.0, p <
.001, with more accurate responses for outer displays, of relatedness, F(1, 14) =
9.6, p < .01, with more accurate responses for symmetrical shapes, and of the
number of steps, F(2, 30) = 14.7, p < .001, with more errors when there were
more steps). The interaction of symmetry with number of steps was also signifi-
cant, F(2, 28) = 7.0, p < .01, with a sharper increase in errors for asymmetric
responses. None of the other interactions were significant.

Thus, increasing the number of discontinuities along the contours that had to
be compared always impaired performance substantially, even for the outer
format, where convex parts matched for symmetric contours. Clearly, the pres-
ence of mirror symmetry between matching convex parts is insufficient, on its
own, to allow efficient parallel consideration of all the discontinuities in the
contours. It is evidently also vital that the symmetrical convex parts should
belong to a common object (as for the single-object condition in Experiment 1;
see Figure 3c) so that their relative layout may be assessed by means of the rou-
tine shape description we propose.

To confirm the difference in outcome for the present outer format, versus the
single-object condition from Experiment 1, we ran a between-experiment anal-
ysis to compare the effect from the number of steps for these two formats
directly. As noted earlier, this is a legitimate comparison, since the outer format
and the single-object format had both been presented in an identical context
(i.e., with randomly intermingled non-corresponding-format trials). A mixed
ANOVA on the RT data had the between-subject factor of experiment (i.e.,
single-object data from Experiment 1, versus outer condition data from Experi-
ment 4), and the within subject factors of the number of steps, and of symmetri-
cal versus asymmetrical displays. There was a main effect of experiment, F(1,
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26) = 5.8, p < .04, with slower RTs for the outer condition of Experiment 4, a
main effect of the number of steps, F(2, 52) = 25.1, p < .001, with slower RTs
when there were additional steps, and an interaction of experiment and symme-
try, F(1, 26) = 25.7, p < .001, with symmetrical responses being very much
faster than asymmetric in the outer condition of Experiment 4. Critically, there
was also a significant interaction between experiment and the number of steps,
F(2, 52) = 9.4, p < .001), confirming the important finding that RT increased
substantially more with additional steps in the outer condition of Experiment 4
than in the single-object condition of Experiment 1 (compare the slope of the
RT function depicted by square symbols in Figure 9 with that for the square
symbols in Figure 4).

This analysis confirms that the outer format of Experiment 4 led to signifi-
cantly less efficient judgements of symmetry than the single-object format
from Experiment 1, with a significantly larger effect from the number of dis-
continuities that must be considered along each contour. In both formats, con-
vex parts matched for symmetric contours, so this alone is clearly insufficient
to ensure efficiently parallel performance. The observed difficulty with the
outer format offers specific support for our hypothesis that the layout of multi-
ple convex parts can only be efficiently accessed in parallel by means of a shape
description that represents all parts within a single object.

A further mixed ANOVA compared the data from the non-corresponding
conditions of the two experiments. No term approached significance, confirm-
ing that the results for the non-corresponding condition were unaffected by
whether the outer format or the single object format had been randomly inter-
mingled with it.

The difficulty in judging symmetry in the outer condition may seem surpris-
ing. After all, if a display like Figure 8c is inspected, it seems possible to
effortfully reverse figure and ground, such that a single central white object
may be seen. If such a single “virtual” central object could ever be perceived,
then one might expect that symmetry detection would then proceed in a more
efficiently parallel manner, as for the single-object condition in Experiment 1.
The possibility of such occasional figure-ground reversals may have contrib-
uted to the faster judgements for outer displays than non-corresponding dis-
plays. This possibility might particularly apply for the symmetrical outer
displays, as a central symmetrical region should be easier to assign as figural
than an asymmetrical region, even when other factors (here, the contrast polar-
ity of the shapes and their surround) are biased against this (Bahnsen, 1928;
Driver et al., 1992). Indeed the symmetrical outer displays were judged very
much faster than the asymmetric outer displays (see Figure 10), suggesting a
possible contribution from such reversals of the experimentally intended fig-
ure-ground assignment, on at least some trials.

In order to further explore this possibility, in the next experiment we intro-
duce a preview display that should specifically encourage such figure-ground
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reversal for the outer displays, on a larger proportion of trials. By preceding
outer displays with a homogeneous, filled-in red rectangle, the curved contours
were then generated by making the central region offset (i.e., reverting this to
the black of the computer screen) to produce the outer display. This central
transient should somewhat increase the ease with which the central region may
be seen as a single (virtual) object, on at least some trials. In such cases, we
would predict that judgements of symmetry should become faster and less
affected by the complexity of the contours to be judged (i.e., the number of
steps), since on our account a more efficient symmetry detection can proceed
within single objects.

EXPERIMENT 5

Method

Unless otherwise stated, the method followed that of Experiment 4.

Participants. The 9 new participants, 6 female and 3 male, were again
undergraduates with normal or corrected acuity by self-report.

Apparatus and materials. The only difference in terms of materials from
experiment 4 was that each experimental display was now immediately pre-
ceded by a homogenous red rectangle, presented for 500 s, and covering the full
extent of the pair of shapes which were subsequently shown (e.g., see Figures
8c and 8d), including the central region which was subsequently offset to define
and separate those shapes on the black computer screen. This had the effect of
making the central black region appear more like a single illusory object.

Design. The only other difference from Experiment 4 was that only dis-
plays in the outer format were shown. There were now 5 blocks of 130 trials
with the first block discarded as practice. Thus, 512 trials were available for
analysis.

Results and discussion

The average results are shown in Figure 10, with the means of participants’
median RTs in the upper graph, and the error rates plotted below. A two-way
within-subjects ANOVA on the RT data showed a significant effect of symme-
try, F(1, 15) = 6.0, p < .05, with faster responses for symmetric contours, plus
an effect from the number of steps, F(2, 30) = 119.6, p < .001, with slower
responses when there were more steps. The interaction did not approach signif-
icance. An analogous two-way ANOVA on the error data showed a similar
pattern of results. There was a significant effect of symmetry, F(1, 15) = 6.0, p <
.05, with faster responses for symmetric contours, plus a significant effect from

190 BAYLIS AND DRIVER



the number of steps, F(2, 30) = 119.6, p < .001, with more errors when there
were more steps. The interaction did not approach significance.

We compared the effect from the number of steps in this study, with that in
Experiment 4, by a three-way mixed design ANOVA, considering the data
from this experiment, and those for the analogous outer conditions of Experi-
ment 4. There was no effect of experiment, F(1, 22) = 1.4, p < .1, but a signifi-
cant interaction of experiment with symmetry, F(1, 22) = 16.0, p < .001, as
judgements of asymmetric displays improved more in the present experiment
(relative to Experiment 4) than judgements of symmetrical displays (perhaps
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because only the symmetrical displays could ever be figure-ground reversed in
Experiment 4, as discussed earlier). Critically, there was a significant interac-
tion of number of steps with experiment, F(2, 44) = 3.1, p < .05, because judge-
ments of symmetry were less affected by increasing steps in Experiment 5
(slopes of 8.9 ms/step for asymmetric displays, 9.2 ms/step for symmetric dis-
plays in Experiment 5, compared with 20.0 and 16.1 respectively). The three-
way interaction was non-significant, F(2, 44) < 1. A similar three-way
ANOVA on the error data showed the same pattern, with no effect of experi-
ment, F(1, 22) = 2.1, p < .1, an interaction of experiment with symmetry, F(1,
22) = 10.1, p < .001, and of steps with experiment, F(2, 44) = 2.9, p < .06, but no
three-way interaction, F(2, 44) < 1.

These results suggest that making the central region offset (so that this
changed region then appeared somewhat more figural) reduced the effect of
increasing number of steps for outer displays, so that it now became more like
Experiment 1, in the condition where judgements of single central objects had
been made. Indeed the slopes approached those seen for such single-object
judgements in Experiment 1. For asymmetric displays the slope was 8.9 ms/
step (compared to 3.7 in Experiment 1), whereas for symmetric displays the
slope was 9.2 ms/step (compared to 4.6).

Encouraging the percept of a single central object, by means of a preview
rectangle, thus led to more efficient detection of symmetry than when judge-
ments had to be made for obviously separate objects, as presented in Experi-
ment 4. However, the efficiency of symmetry judgement was still not quite as
high as in Experiment 1, where explicit single objects were judged, presumably
as the percept of a single central object was less compelling in the “offset” con-
ditions of Experiment 5. These results support the notion that as the tendency to
assign the critical curved edges to a single central figure increases, then judge-
ments can be made in an increasingly efficient parallel manner, which encom-
passes that figure as a whole.

GENERAL DISCUSSION

This series of experiments replicates and extends our previous work (Baylis &
Driver, 1994, 1995a) on symmetry and repetition perception for visual shapes,
and provides several new insights into the underlying mechanisms. These
involve the nature of the decomposition into component parts which takes
place for visual shapes, and the conditions under which the described compo-
nent parts can all be available to the observer simultaneously, in an efficiently
parallel manner.

Experiment 1 examined symmetry perception as a function of the number of
discontinuities along the border of outline 2D shapes, and of whether figure-
ground segmentation yielded matching convex parts for the symmetric con-
tours (whereby a convexity on one contour corresponded to a convexity on the
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other contour) or instead yielded mismatching convex parts (whereby, for the
same two symmetric contours, a convexity on one contour now became a con-
cave region along the other contour). In agreement with Baylis and Driver
(1995a), symmetry detection was much more efficient when convex parts
matched between related contours, providing further evidence for the psycho-
logical reality of the convex-part scheme for shape perception that was origi-
nally proposed by Hoffman and Richards (1984; see also Biederman, 1987;
Driver & Baylis, 1995). These results also provide further support for Baylis
and Driver’s proposals (1995a, b; Driver & Baylis, 1995, 1996) that edge com-
parisons tend to be based upon perceived shapes following figure-ground
assignment, rather than upon any more literal representation of edges prior to
their figural assignment.

In agreement with Baylis and Driver (1994), Experiment 1 also found that
symmetry judgements within a single object were scarcely affected by the
number of discontinuities along the contours that had to be compared, suggest-
ing availability of all the convex parts of a single shape simultaneously. By con-
trast, when figure-ground segmentation assigned the symmetric contours to
separate objects with mismatching parts the very same manipulation in the
number of discontinuities led to a substantial decline in performance as more
convex parts were added. This breakdown in efficient parallel processing might
be attributed to the mismatch in convex parts, to the requirement of comparing
two separate objects, or to a combination of these factors. Our subsequent
experiments sought to disentangle these.

Experiment 2 used analogous displays to Experiment 1, except that any
related contours were now repeated rather than symmetric. In replication of
Baylis and Driver (1994), it was found that judgements of repetition between
the two sides of a single object declined substantially as the number of disconti-
nuities along the sides was increased (even though the acuity requirements and
so on were exactly the same as for the case that had produced efficient parallel
detection of symmetry in Experiment 1). In agreement with Baylis and Driver
(1995a), repetition judgements became easier overall when figure-ground seg-
mentation assigned the repeated contours to separate objects with matching
convex parts, rather than to a single object with mismatching parts. However,
the novel finding was that even in the two-object case with matching parts, per-
formance still declined as the number of parts to be considered was increased.
This result for repetition detection was replicated in Experiment 3, when the
format of two separate objects with matching parts could be anticipated on
every trial. These findings suggest that the critical factor determining whether
an increased numbers of parts will impair performance is not simply whether
convex parts match or not, but either: (1) whether convex parts match to pro-
duce mirror symmetry in particular, or (2) whether convex parts match within a
single perceptual object. The final experiments sought to distinguish these two
possibilities.
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In Experiment 4, observers judged symmetry in displays where the convex
parts always belonged to two separate objects, but either matched or mis-
matched for symmetrical contours in terms of convex parts. Overall perfor-
mance was better with matching parts, as in the previous experiments, but
performance still declined substantially when an increased number of compo-
nent parts had to be considered. This implies that even a combination of match-
ing convex parts, plus mirror symmetry, is insufficient to yield efficiently
parallel performance across the number of parts. It is evidently critical that
those parts must belong to a single common object, as for the symmetrical
shapes in Experiment 1 which had yielded the most efficient parallel
performance.

Experiment 5 provided further evidence that the difficulty faced by observ-
ers in Experiment 4 was due to the fact that the parts were segmented as belong-
ing to separate objects in the displays. Here the displays to be judged were the
same as in Experiment 4, but were now preceded with a preview display that
should somewhat increase the tendency to perceive a single central figure. This
led to a reduction in reaction time, and also a significant reduction in the
dependence of reaction time on the number of steps. This suggests that the very
same visual information can be processed in a more efficiently parallel manner
when it is easier to parse as a single central figure than when parsed as two
flanking figures instead (see also Baylis & Driver, 1993).

These results support the importance of figure-ground assignment and con-
vex-part decomposition in determining the ease of edge comparisons, as we
have argued for elsewhere (see Baylis & Driver, 1994, 1995a, b; Driver &
Baylis, 1995, 1996). However, the present findings also illustrate the impor-
tance of whether or not the convex parts in question all belong to a common
object, a factor which we had previously emphasized on the basis of an entirely
different set of phenomena, involving relative-location judgements for the
parts of non-symmetric and non-repeated shapes (see Baylis, 1994; Baylis &
Driver, 1993). The present results suggest that a comparison of the layout of
component parts can proceed in an efficiently parallel manner only within
single objects. As argued by Baylis and Driver (1993), this may arise because
the relative layout of component parts within an object is made explicit in the
routine shape description that is normally derived for each object; but these rou-
tine shape descriptions do not specify the relative layout of parts from separate
objects, and so additional (evidently time-consuming) operations are necessary
to recover the latter between-object relations.

Individual shapes are essentially constituted by the relative layout of their
component parts, and so one can advance the argument that any full apprecia-
tion of a shape must require parallel access to the relative location of all its com-
ponent parts simultaneously. Our results suggest that the human visual system
is indeed capable of this for individual objects; but not for separate objects.
Relating the parts of separate objects to each other evidently requires effortful
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or inefficient comparisons, even for the very same set of convex parts that can
be effortlessly related within one object.
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