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Abstract It is known that visual illusions lead to a distorted perception of the length and orientation of lines, but it is not clear how these illusions affect the appreciation of the shape of closed forms. In this study two experiments were performed to characterize distortions in the visual perception of the shape of quadrilaterals and the extent to which these distortions were similar to the distortions of haptically sensed shapes. In the first experiment human subjects were presented with two quadrilaterals side by side on a computer monitor. One was a reference shape; the other was rotated and distorted relative to the first. The subjects used the computer mouse to adjust the corners of the distorted quadrilateral to match the shape of the target quadrilateral. They made consistent errors on this task: the adjusted quadrilateral was about 2% wider and about 2% shorter than the veridical shape. Furthermore, subjects adjusted the inner angles of the quadrilateral to make them closer to 90°. The first type of error was also present in a second experiment in which, in a two-alternative forced-choice paradigm, subjects viewed a reference shape and were asked to indicate which of two transiently presented quadrilaterals was closest to the target shape. The width/height errors and the inner angle errors were comparable to those described previously when subjects felt the outline of a quadrilateral and then drew its reproduction in the absence of vision, suggesting that the distortion occurs in the process of remembering the shape. Keywords Visual illusions . Humans . Length perception . Angle perception . Quadrilateral shape
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Introduction The properties of various sensory systems and the manner in which sensory information is processed centrally introduce distortions in the perception of our surroundings. Perception is usually the result of multisensory integration and each of the sensory systems generally introduces characteristic and unique distortions. Thus there is the potential for conflicting information from various sensory systems. Nevertheless, we do not perceive such conflict and instead experience a unified event. In some instances such a unified perception comes about because one sensory modality dominates whenever it is present. For example, the perception of body orientation in space is subserved by vestibular, somatosensory, and visual inputs (Nashner and McCollum 1985). It appears that vision, when it is present, dominates vestibular and somatosensory information about spatial orientation and motion in space (Berthoz et al. 1975; Thilo and Gresty 2002; Young et al. 1973). In other instances, visual information may serve to recalibrate or modify input from other sensory modalities. One example is provided by alterations in the auditory map of space (Knudsen 1985; Knudsen and Knudsen 1989). This may be true as well for the kinesthetic perception of hand trajectory. For example, Flanagan and Rao (1995) altered a visual display such that straight hand paths were displayed as curved. Subjects subsequently modified their hand trajectories to produce curved paths that were straight on the visual display (see also Goodbody and Wolpert 1999). In a recent study we characterized the distortions in subjects’ haptic sense of the form of simple geometric objects (Henriques et al. 2004). Specifically, subjects followed along the edges of quadrilaterals without vision of the shape or of the arm and then reproduced the sensed shape by means of an arm movement in free space. Among the consistent distortions that we found, the most marked one was a distortion in the aspect ratio (the ratio of height to width) of the shapes, regardless of the orientation of the shape. Distortions have also been reported in the visual perception of the relative lengths of lines with
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different orientations (Avery and Day 1969; Butler 1983; Taylor 2001). However, it is not clear whether the haptic shape distortions that we found were congruent with the visual line illusions that have been described. To resolve this question we performed two experiments in which we asked subjects to make visual judgements of the similarity of shapes presented in different orientations. In one experiment subjects adjusted the sides of one quadrilateral using a computer mouse in an attempt to match the shape of a reference quadrilateral. In the second experiment we presented subjects with a reference shape and asked them to indicate which of two briefly presented quadrilaterals was closest in shape to the reference.



Methods Subjects A total of 21 human subjects (12 men, 9 women; aged 20– 59 years) with no history of sensory, perceptual, or motor disorders participated in the two experiments. Seven of these subjects participated in experiment I, while 18 performed experiment II; four subjects participated in both. All gave informed consent, and all procedures were approved by the Institutional Review Board of the University of Minnesota.



Figure 1 depicts the 12 target-quadrilaterals (left and middle columns) that were used. Six of the targetquadrilaterals had one line oriented along either the horizontal or vertical axis (left column). For five of these shapes this cardinal-line was also the anchor line (dashed line). The other six quadrilaterals had the same shapes as the first six but were rotated by 120° relative to the first six (middle column). The individual lines of the target quadrilaterals were 1.9–12.1 cm long, and perimeters were always 30 cm. The relative angles between the lines ranged from 38 to 148°. Figure 1 also shows the other five rotated forms of quadrilateral #1 (right column). When first presented, the corners of the adjustable quadrilateral were each shifted between 0 and 2.4 cm (mean=0.5 cm along the x- and yaxes) from the matching corners of the target reference. This display set-up is shown in Fig. 2A. The circles and gray lines show the ranges over which the corners were displaced from the correct locations (x’s), producing an adjustable quadrilateral, rotated 240° from the orientation of the target quadrilateral. The corners of the anchor line (dashed line) were shifted only along its length (gray lines) and could only be moved along this same axis, so that subjects could adjust the length of the anchor line but not its orientation. Both quadrilaterals were continuously



Experiment I: effect of orientation on the visual perception of the shape of quadrilaterals We tested how well subjects assimilate visual shape information by having them modify the contours of one quadrilateral to match those of another. Using a customwritten program (LabVIEW, National Instruments) we presented the outlines of two quadrilaterals simultaneously, side-by-side on a 21-in. flat panel monitor. The centers of the two quadrilaterals were separated by 18 cm (22° visual angle), far enough apart so that both shapes could not be foveated simultaneously. The orientation of the quadrilateral on the right varied relative to the one on the left. Furthermore the shape of the right quadrilateral was presented in a distorted form: its corners were each randomly displaced by an average of 0.7 cm from the undistorted locations of the target shape. Using a computer mouse subjects moved the corners of this right quadrilateral-the adjustable shape-to match the shape of the target quadrilateral on the left. The adjustable quadrilateral was presented in one of six orientations rotated 0°, 60°, 120°, 180°, 240°, or 300° from the orientation of the target quadrilateral. To define the orientation of both shapes, one of the lines of the adjustable quadrilateral, the anchor line, and its corresponding line in the target quadrilateral were drawn in red. The remaining lines were drawn in black on a gray background. A colored dot was placed in each corner and the corresponding dots for the two shapes had the same color.



Fig. 1 Target quadrilaterals used in experiment 1. The left two columns depict the 12 shapes that were presented in undistorted form as “target” quadrilaterals. Shapes 7–12 are identical to shapes 1–6, but have been rotated by 120°. Each target shape had a perimeter of 30 cm. The distorted quadrilaterals were also presented in one of five rotated orientations, as shown in the right-most column for shape #1. The dotted lines were presented on the computer monitor as a solid line of a distinct color to provide unambiguous information about the relative rotation between the target and the distorted quadrilateral
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eral and the adjusted one. We then decomposed the remaining errors into two components: one that depended on the type of shape and one that depended on the orientation of the shape (Henriques et al. 2004). We computed the shape-dependent errors by calculating the average length of each segment and the average internal angle over all six rotations. The orientation-dependent errors were obtained by subtracting the shape dependent error. We conducted additional statistical tests (analyses of variance and t test) to determine whether these systematic errors varied with the orientation, length and inner angle of the target quadrilateral. Experiment II: using transient cues in shape discrimination



Fig. 2 Schematic of the visual display in the two experiments. A In experiment 1 the target and the adjustable quadrilateral were displayed statically side by side. One line (dashed) was presented in a different color to indicate the orientation of each shape. On the adjustable quadrilateral, the length of this line, but not its orientation, could be changed, as indicated by the light gray line. The locations of the other two corners could be changed arbitrarily. The x’s mark the corners of the undistorted shape and the circles (or lines) indicate the range of distortions used in the experiment. B In experiment 2 the target was presented statically, but the two distorted (“contending”) quadrilaterals were presented briefly, first one at a time and then together, one above the other. Subjects selected the shape they felt corresponded most closely to the target shape. On the next trial, the selected shape did not change (arrow), but the distortion of the other shape was decreased. Veridical shapes are shown in light gray



visible so that subjects could make frequent comparisons by shifting their gaze from one to the other. Subjects altered the shape of the adjustable quadrilaterals by clicking on one of the corner dots with the PC mouse and dragging it into the desired location. Once they felt that the quadrilateral they were adjusting matched the shape of the target quadrilateral, they clicked an “accept” button, which ended the trial and began the next. Each of the 12 target quadrilaterals was paired three times with each of the six rotated forms of the adjustable quadrilateral for a total of 216 trials. The experiment took about 2–3 h to complete, and it was divided into several sessions across one or 2 days to prevent fatigue and boredom. We measured the location, length, and orientation of the lines, and the relative angles between the lines of the adjusted quadrilaterals. We then compared the extent to which the orientation, length, and inner angles of these adjusted lines differed from the lines of the target quadrilateral. In analyzing these errors we first computed the extent to which they depended on the amount of initial distortion in that parameter and corrected for that effect. For length errors we also corrected for any small differences between the perimeter of the target quadrilat-



In Experiment I subjects had unlimited time to make the visual comparison and could conceivably make use of all of the available cues (i.e., they could have performed a separate analysis of the length and orientation of each of the lines). It is known that our sense of parameters that contribute to the overall perception of the shape of a quadrilateral, such as the relative length, internal angle, and orientation of each side, may not be internally consistent (Fasse et al. 2000). Thus the results of the first experiment need not have reflected shape perception in a global sense. The second experiment was designed to force subjects to focus on more global aspects of the shape by limiting the viewing time. We used a two-alternative forced choice design in which subjects had to compare briefly flashed shapes with a target shape that was present throughout the trial. Thus subjects were asked to indicate which of two distorted quadrilaterals (the “contending quadrilaterals”), presented briefly, most closely resembled the target quadrilateral. For one block of 30 trials the target quadrilaterals were presented on the left side of the flat screen, while the two contending quadrilaterals were arranged vertically on the right side of the screen (Fig. 2B). In another block of 30 trials the locations of the quadrilaterals were switched, with the target quadrilateral on the right and the contending ones on the left. The order of the blocks was counterbalanced across subjects. The centers of the two halves of the display were separated by 18 cm. While the target quadrilateral was continuously visible, the contending quadrilaterals were first presented one at a time, for 1 s each, and then simultaneously for another 1 s. The subject chose the contending quadrilateral that he/she thought most resembled the target quadrilateral by clicking on the location of the selected shape with the PC mouse. In each block the target quadrilaterals were five of the 12 target quadrilaterals in experiment I, presented in random order. As in experiment I, the orientation of the contending quadrilaterals could differ from that of the target. The contending quadrilaterals were rotated either 0°, 60°, 120°, 180°, 240°, or 300° from the orientation of target shape, and all quadrilaterals had a red anchor line and colored corners for reference.
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For each trial the shapes of the contending quadrilaterals were stretched along the cardinal axes of the screen but in opposite directions. One quadrilateral was contracted along the vertical axis and expanded along the horizontal axis by the same amount, so that it was shorter and wider than the target shape although its area was the same. The other quadrilateral was expanded vertically and contracted horizontally, and therefore it was taller and narrower. The order of presentation (wider on top or bottom) was randomized from trial to trial. The first trial for each set began with one of the contending quadrilaterals stretched 1.3 horizontally and contracted by 1/1.3 vertically (e.g., short-wide). The other one was scaled by a factor of 0.8 horizontally and by 1/0.8 vertically (e.g., narrow-tall) compared to the veridical shape. For the 29 trials that followed the amount by which each quadrilateral was scaled (expanded-contracted, or contracted-expanded) along the horizontal and vertical axes was adjusted using a two-alternative forced-choice (2AFC) adaptive staircase algorithm (Kesten 1958; for a review see Treutwein 1995). In this way the quadrilateral that was not selected (as being similar to the target quadrilateral) was presented in the next trial as less distorted (i.e., the amount by which it was expandedcontracted decreased). The distortion of the selected quadrilateral was left unchanged. This is illustrated in Fig. 2B; the contending quadrilaterals on the first trial are both distorted by equal amounts, with the top one shorter/ wider and the bottom one taller/narrower. If subject chose the top one as most resembling the target quadrilateral, the stretching-contracting dimensions would be presented again in the second trial, but the bottom quadrilateral would be less narrow and tall to better resemble the target shape. For easier comparison the second trial in Fig. 2B features the same quadrilateral as the first trial. However, this was not the case in the actual experiment. In each trial, the target-quadrilateral (one of five) and the amount of rotation of the contending quadrilaterals were chosen at random. Each time the subject altered his/her response from one type of distorted quadrilateral to the other (short-wide to tall-narrow and vice versa), the amount by which we expanded-and-contracted or scaled the quadrilateral was also decreased (see also Henriques and Soechting 2003). Reducing the step size after each reversal ensured that subjects were tested more frequently on scaled shapes closer to their perception of the target quadrilateral. Depending on subjects’ responses, the scaled shape for either quadrilateral might approach a scaling factor of one, becoming identical to each other, or even cross 1.0 (switching its axes for expansion/contraction). If the subject responds consistently, the 2-AFC staircase should converge toward the subject’s shape bias.



Results Experiment I Subjects took a mean of 38.9±20.0 s to move the corners of the adjustable quadrilateral to match the target quadrilateral. They were a bit quicker when the adjustable quadrilateral had the same orientation as the target quadrilateral (34.7 s) than when the shapes were oriented differently (39.7 s). Within this group of five different orientations there were no significant differences in processing time (F(4,1056)=0.82, P=0.51). In experiments in which subjects are asked to make judgements about objects it is known that the reaction time is proportional to the amount by which one object is rotated relative to the other (see Georgopoulos et al. 1989; Shepard and Metzler 1971), an effect that has been attributed to a process of mental rotation. Presumably our subjects also used such a strategy, but it was not reflected in the trial lengths since our task required the subjects to make multiple comparisons between the two quadrilaterals to adjust each of the four corners. Subjects also erred less in replicating the length and the orientation of the lines, and the inner angle between these lines, when both shapes were in the same orientation. Figure 3 shows the mean absolute values for errors in estimating line length (top), inner angles between lines (middle), and line orientation (bottom) for each orientation of the adjustable quadrilateral. The mean error in line length (over all orientations) was 4.0 mm. When the adjustable shapes were rotated with respect to the target shape, the average error was 4.3 mm (or 1.4% of the length, dark bars), significantly more (open stars, P 
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