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Biological Movements Look Uniform: Evidence of Motor-Perceptual Interactions Paolo Viviani and Natale Stucchi Department of Psychobiology Universite de Geneve, Geneva, Switzerland Six experiments demonstrate a visual dynamic illusion. Previous work has shown that in 2dimensional (2D) drawing movements, tangential velocity and radius of curvature covary in a constrained manner. The velocity of point stimuli is perceived as uniform if and only if this biological constraint is satisfied. The illusion is conspicuous: The variations of velocity in the stimuli exceed 200%. Yet movements are perceived as uniform. Conversely, 2D stimuli moving at constant velocity are perceived as strongly nonuniform. The illusion is robust: Exposure to true constant velocity fails to suppress it. Results cannot be explained entirely by the kinetic depth effect. The illusion is evidence of a coupling between motor and perceptual processes: Even in the absence of any intention to perform a movement, certain properties of the motor system implicitly influence perceptual interpretation of the visual stimulus. this and other similar situations can be predicted on the basis of consistent rules concerning the velocity vectors of the stimuli. More recently, Restle (1979) presented further evidence that that phenomenal appearance of certain movingdot patterns is dictated by a principled set of decomposition and selection rules originating within the perceptual system itself. Other results suggest an implicit knowledge about the dynamics of real bodies and consequently an influence of such knowledge on the genesis of visual percepts. For instance, consider the case of a spot moving back and forth along a rectilinear trajectory with constant velocity. As shown by Runeson (1974, 1975), most viewers have the impression that the velocity of the dot is distinctly nonuniform in the proximity of the points at which the direction of the movement is inverted. Cohen (1964), Goldstein and Wiener (1963), and Johansson (1950) reported similar effects. Conversely, harmonic motions, whose velocity is highly nonuniform, are accepted by most observers as plausible instances of constantvelocity movements. Runeson (1974) argued that perceptionbased reports about these dynamic stimuli conform with correct descriptions of possible physical events. The influence of dynamic preconceptions need not be limited to the case of very simple moving stimuli. Indeed, recent experiments (Freyd, 1987; Freyd, Pantzer, & Cheng, 1988) have shown that perceptual memory of both naturalistic images and handwriting is affected in ways that are compatible with such an influence. Motor theories of perception represent yet another way of qualifying this general view. In their long history, these theories have considered many sensory modalities (vision, touch, and hearing) and have known many versions (cf. Scheerer, 1984, 1987; Viviani, 1990; Viviani & Stucchi, 1992). Here we concentrate on just one version, namely the one that is based on the assumption that the process of perceptual selection is constrained or guided by motor schemes, that is, by procedural, implicit knowledge that the central nervous system has with regard to the movements it is capable of producing. The idea is not new and can actually be traced back to the intuitions of Mach (1885/1897) and Poincare (1905/1952).



Many experimental facts can support the general view that visual percepts arise less as a direct, inescapable consequence of the sensory data than as the result of a selection process that is based on sensory cues and acts on a set of alternatives available a priori to the perceptual system. This view can be qualified in several different (logically independent and not mutually exclusive) ways, according to the hypothesis that one makes with regard to the selection process, the nature of the alternatives, and their ontogenesis. For example, it is well known that certain illusory phenomena (e.g., the size-constancy effect) have been explained by assuming that sensory data are interpreted within the framework of cognitive preconceptions about the properties of real objects (Coren & Girgus, 1978a, 1978b). The best source of inspiration for theorists comes, however, from dynamic stimuli. For instance, a number of classical experiments have shown that certain classes of relative motions between simple figural elements (dots and lines) are consistently perceived in ways that do not correspond to the simplest interpretation of the sensory data. An example is provided by the situation in which two dots move sinusoidally along orthogonal directions. If the motions of the dots are in phase, we do not perceive this most simple configuration but rather the endpoints of a rod sliding sideways along the 45° direction and changing length with the same frequency. Johansson (1950) was the first to point out that the perceptual solutions that we adopt spontaneously in
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More recently, however, it has attracted a renewed interest by cognitive theorists (e.g., Shepard, 1984) and speech scientists (e.g., Liberman & Mattingly, 1985). More important, the idea has received support from several experimental findings on visual perception. First, we should mention the exquisite sensitivity of the visual system to certain forms of biological motion. For instance, it is known that gait (Beardworth & Bukner, 1981; Cutting, 1981; Cutting & Proffitt, 1981; Johansson, 1973) and other biomechanical patterns such as dancing (Johansson, 1973) can be recognized reliably even when they are described visually in the most succinct way. In addition, the fact that this amazingly fine perceptual tuning already appears to be in place before 5 months of age (Bertenthal, Proffitt, & Cutting, 1984; Bertenthal, Proffitt, & Kramer, 1987) strongly points to the existence of unlearned motor schemes that somehow interact with visual perception. It has been suggested (Hoffman & Flinchbaugh, 1982) that these motor schemes are instrumental for providing a veridical three-dimensional (3D) interpretation of the retinal images. Moreover, further evidence of a motor component in the interpretation of visual information has come from the results of two experiments on visuomanual pursuit tracking (Viviani, Campadelli, & Mounoud, 1987; Viviani & Mounoud, 1990), which show that it is virtually impossible to accurately pursue two-dimensional (2D) targets that do not comply with certain regularities that characterize biological motions. Dynamic visual illusions represent an important source of support for the particular motor theory of perception to which we are adverting because there are many equivalent ways of representing the world faithfully but only few ways of producing specific distortions. Each condition in which our perceptions are systematically at variance with the objective description of the visual stimuli points then to an equally specific peculiarity of our internal representations, which (so goes the theory) are partly responsible for these perceptions. In favorable cases, it may also point to the reason(s) for such a peculiarity. A case in point is the recent study by Shiffrar and Freyd (1990) of the apparent motion generated by rapidly alternating pictures of the human body. It was shown that when shortest-path motion solutions are pitted against solutions compatible with anatomical constraints, and stimulus onset asynchronies are in the range of biological timing, subjects tend to perceive the compatible solution. The demonstration of motor-perceptual interactions can be particularly cogent if the illusory effect carries the imprint of a specific and peculiar property of the motor system. This is the case of an illusion that we have documented in a previous article (Viviani & Stucchi, 1989). Before summarizing the results presented there, we go briefly over the motivation and background for that work, which are also directly relevant to the present study.



A Characterization of Biological Movement The movement of a point in an (x, y) plane can be thought of as the conjunction of two components: the trajectory y = f(x) that describes its shape and the law of motion s = s(t) that describes the increase in time of the length of the trajec-



tory from the starting position. Mathematically, the two components are independent: Knowing the shape, one cannot infer the law of motion and vice versa. This independence almost always vanishes, however, when the movement represents a physical event. For instance, when an unconstrained inertia! mass moves according to Newton's dynamic equation, both the trajectory and the law of motion are uniquely defined by the force field. Consequently, they are functionally related. More generally, the same happens whenever the cause of the movement is related to the effects in a predictable, principled manner. Knowing the time course of the agent and the rules that prescribe its effects, one can predict the kinematics of the movement from its trajectory and vice versa. Conversely, any systematic relation between kinematics and trajectory points to the existence of a principled guidance. Evidence for such systematic relations has been found in the endpoint movements of the upper limbs in humans and in particular in planar drawing movements (Lacquaniti, Terzuolo, & Viviani, 1983; Viviani & Schneider, 1991; Viviani & Terzuolo, 1982). To be sure, arm, forearm, and hands are inertial objects that react to muscular torques according to equations of dynamics. But the presence of internal constraints and the fact that the active muscular torques at the joints are controlled by exceedingly complex and poorly understood nervous processes rules out the possibility of relating the form and the kinematics of these movements solely on the basis of dynamic principles. Nevertheless, it is possible to provide an empirical description of these relations. In particular, it was found that the relation



between the tangential velocity V(t) and the radius of curvature R (t) of the trajectory is satisfied with good approximation by virtually all endpoint movements of the hand-arm system. When a = 0, Equation 1 can also be written in terms of angular velocity A and curvature C: A(t) = KC(t)'~f. Because in adults the experimental value of the exponent /? is very close to y, the term two-thirds power law has been suggested to refer to the regularity expressed by Equation 1 . For consistency, we adopt this term here. The parameter a is 0 when the trajectory of the movement has no points of inflection. Otherwise, its value depends on the average velocity of the movement. Typical values range between 0 and .1. The parameter K (called the velocity gain factor) is constant over relatively long segments of the trajectory. Its value depends on the general tempo of the movement and on the length of the segment (Viviani & McCollum, 1 983). Changes in K tend to occur either at points of inflections or at the junction between figural units (Lacquaniti, Terzuolo, & Viviani, 1 984; Viviani, 1986; Viviani & Cenzato, 1985). Figure 1 illustrates all of these findings in the case of extemporaneous scribbling movements. Briefly, the demonstration is based on the following steps (see also the references quoted earlier). The movement trajectory (Panel A) is divided into segments, the endpoints of which are the points of inflection. A nonlinear fitting technique is then used to estimate the parameter a for the entire movement and the velocity gain factor K for each segment. Panel B shows the
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-ao Figure 1. The two-thirds power law for spontaneous drawing movements. (The validity of Equation 1 is demonstrated, and estimation of the parameters is depicted. Typical results are obtained from the analysis of 360 scribbles of 10 different sizes recorded with a digitizing table [sampling rate, 100 Hz; accuracy, 0.025 mm] in 12 adult subjects who did not participate in the perceptual experiments [3 repetitions for each size and each subject]. Panel A: Example of a scribble. The trace was divided into successive segments with the points of inflection [circles] as a criterion. Panel B: The parameter a in Equation 1 is a function of the average velocity. A nonlinear [simplex] algorithm was used to estimate the parameter « independently for each segment of each scribble by fitting Equation 1 to the velocities and radii of curvature of the segments. Estimates of a for each size were averaged and plotted [in loglog scales] as a function of the corresponding average tangential velocity Vm. An empirical powerfunction fitting to the data points [see inset] adequately describes the inverse relation between Vm and a [ac = 12.02; V = -1.236]. Notice that the velocity values in this panel refer to actual movements and not to those of the stimuli on the screen. Panel C: Data from a subset of 30 scribbles of the same size as the one shown in Panel A with a scatterplot [in log-log scales] of the length Lf of the yth segment [normalized to the average length of all segments] and the average velocity gain factor Kj* [normalized to the average for the entire scribble]. The velocity gain factor for each segment depends on the length of the segment. An empirical power-function fitting [see inset] was used to describe quantitatively the relation between gain and length: K0 = -.007; 6 = .064. Panel D: Scatterplot [in log-log scales] of V[l}/Kj versus R[t]/\\ + a R [ t ] \ for the example shown in Panel A. The parameter a for the entire scribble and the velocity gain factors Kj for each segment were calculated according to the analytical expressions shown in Panels B and C. This typical result demonstrates that Equation 1 accurately represents the covariance between geometry and kinematics that characterizes spontaneous 2D drawing movements. The expressions in Panels B and C were used in the generation of the visual stimuli; see the Method section of Experiment 1.)



relationship between a and the average velocity. Panel C shows the scatter diagram that obtains by plotting in a doubly logarithmic scale the normalized segment gain versus the normalized segment length. Power-function approximations



to the empirical relations shown in Panels B and C are reported as well. Finally, Panel D demonstrates the validity of Equation 1 in the case of the example shown in Panel A. In effect, a linear relation results when one plots the quantities
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V(t)/Kand [R(t)/(\ + aR(t))] in logarithmic scales. Notice that the slope of the relation, that is, the least square estimate of the exponent ft, is almost exactly y. It can be demonstrated (see the Appendix) that if the movement is constrained by Equation 1, the law of motion 5 = s(t) is completely determined by the shape of the trajectory. In conclusion, a 2D movement that follows a certain trajectory qualifies as a biological movement if and only if the velocity varies along the trajectory in the specific way prescribed by Equation 1 with ft = 4.



Movement-Related Visual Illusions Any movement obtained by vectorially composing two harmonic functions with the same frequency follows an elliptic trajectory and satisfies Equation 1 with ft = j. The term Lissajous elliptic movement (LEM) was introduced to refer to this class of dynamic events (Viviani & Schneider, 1991). The tangential velocity of an LEM oscillates between a maximum attained at the points of minimum curvature and a minimum attained at the points of highest curvature. The ratio of the maximum to the minimum values is a function of the eccentricity 2: rmin/Tmas = (1 - 2 2 ) ]/2 . Because of what we said earlier, it follows that in drawing ellipses, humans produce laws of motion that are accurately predicted by the LEM model. In particular, circles are always drawn at constant velocity. Viviani and Stucchi (1989) investigated how we perceive movements in which the law of motion deviates from this "natural" model. A light-point stimulus traced continuously elliptic trajectories. The eccentricity was controlled by the subjects and ranged between 2 = .7—a rather elongated shape—and 2 = 0—a circle. The law of motion instead was invariable and controlled by the experimenter. Three different laws of motions were tested. In one series of trials, the velocity was kept constant (a special case of Equation 1 corresponding to ft = 0). In a second series, the velocity along the trajectory was modulated as prescribed by Equation 1 for ft = -, 2 = .9, and a horizontal major axis. In a third series the velocity was again computed by using Equation 1 with ft = j and 2 = .9, but the major axis was assumed to be vertical. For each condition, subjects were asked to adjust the eccentricity until they perceived a circle. In all three cases, the majority of the subjects made significant errors. The most salient result, which is directly relevant to the experiments reported here, was that when a circle (2 = 0) was traced by a spot that decelerated around the 3 o'clock and 9 o'clock positions as prescribed by a horizontal LEM with 2 = .9 and ft = j, there was a definite tendency to actually perceive a horizontal ellipse. To explain this result, we hypothesized that the structural regularities of our own movements are taken into account in the interpretation of external movements. If so, we reasoned, our experiment induced a conflict between the geometry and the kinematics of the stimuli, which, as attributes of a natural movement, were mutually incompatible. The illusory distortion of the geometry of the stimuli could then be construed as an unconscious attempt by the perceptual system to ally this conflict.



These findings are in keeping with the hypothesis of a motor component in the interpretation of visual information. The hypothesis, however, would become more compelling if we were able to generalize the conclusions of that study to other experimental conditions. The experiments reported here were designed to extend the previous study in two directions. First, we inverted the role of the geometric and kinematic variables with respect to Viviani and Stucchi (1989). There, the velocity was imposed by the experimenter, and the subject could vary the shape of the trajectory to meet a geometrical criterion. Here, the trajectory is invariable, and the subject can adjust the velocity to meet a kinematical criterion. Second, we consider both the case of simple regular shapes, as we did previously, and the more general case of complex unpredictable trajectories.



Experiments 1 and 2 Method Subjects Thirteen undergraduate students from the University of Geneva (5 men and 8 women) participated in the experiments and were paid for their services. They had normal or corrected-to-normal vision. All subjects but 1 were naive as to the purpose of the experiments.



Apparatus The experiments were run in a quiet room kept in very dim light. An Olivetti M290 personal computer was used to present the stimuli and record the answers. Subjects were sitting in front of the display (VGA interface with a resolution of 640 x 480 pixels) and freely chose the most comfortable viewing distance (typically between 35 and 45 cm). Responses were given through the computer keyboard.



Stimuli In Experiment 1 the stimuli were ellipses (E); in Experiment 2 stimuli were pseudorandom closed scribbles (SC). Ellipses were defined by 800 pairs of coordinates, and scribbles were defined by 2,000 pairs. Smooth movements of a light spot ( « 0.35 mm) with no appreciable flickering were simulated by displaying sequentially each pair of coordinates on the computer screen. The persistence of the screen and the luminance of the spot were such that no more than 1 cm of trajectory was visible at all times. The display rate (samples per second [sps]) was kept constant for each experimental condition (207.8 sps for ellipses and 86.9 sps for scribbles). Thus, the duration of a complete cycle of motion was always equal to 3.85 s for ellipses and 23.00 for scribbles. The apparent instantaneous tangential velocity of the spot was specified uniquely by the spacing between successive samples. Average velocities over one cycle depended on the perimeters of the trajectories and ranged from 9.67 cm/s (E,) to 7.13 cm/s (E7) for ellipses and from 6.26 cm/s (SC4) to 6.83 cm/s (SC,) for scribbles. During a trial, the spot traced out the same trajectory over and over until the subject intervened either to modify the stimulus or to end the trial with a response. Form and kinematics of the stimuli were controlled independently, as specified in the following.
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Geometry Ellipses. Seven ellipses were tested (Ei-E7). In all cases, the major axis was rotated by 45° counterclockwise. The major semiaxis (Bx) had a fixed length on the screen of 6.4 cm (at a viewing distance of 40 cm, this corresponds to a visual angle of 0.16 rad). The minor semiaxis (By) was instead variable. The semiaxis ratio By/Bx could take the following values: .85 (E,), .75 (E2), .65 (E3), .55 (E4), .45 (E5), .35 (E6), and .25 (E7). The corresponding values of the eccentricity were 2 = .527, .661, .760, .835, .893, .936, and .968. The perimeters ranged from 37.25 cm for E, to 27.44 cm for E7. Panel A of Figure 2 shows the trajectories of Ei and E7. Scribbles. Five pseudorandom closed trajectories were generated with the following procedure. Consider the family of trajectories defined by the following Cartesian parametric equations: x(4>) = ZJ-i Axks\n(lirfxk) and y() = I*,i Ayks\n(2-Kfyk(t>) (the parameter does not necessarily represent time; see the Appendix). Suppose that one amplitude for each Cartesian component (say, AX4 and A>4) is fixed. Suppose further that we fix four nonoverlapping intervals It = [ck, c(k + 1)] (k = 1, 4; c > 0], and in each of them we choose at random two frequency values, fxk and /,*. To any choice of the frequencies is associated a set of trajectories (one for each set of amplitudes Axk and Ayk, k= 1,3), most of which will be open. For a trajectory to be closed, there must be a value T of such that x(0) = x(T) and y(0) = x(T). If one also imposes a continuity constraint on the tangent and on the curvature of the trajectory at = T, it must be that x(0) = x(T), dx((t>)/d\t,o = dx()/d\t,T, d2x()/d2\*=o = d2x()/d2\^T, y(0) = y(T), dy()/d\t,0 = dy()/d\t,0 = dy()/d | *.r, and d2y()/d2 \t,0 = d2y()/d2 \ ^T. These six conditions translate into two systems of three independent linear equations. Each system involves only three unknowns, that is, the unspecified amplitudes Axk and Ay!i (k= 1,3). Solving the two systems yields the unique continuous closed trajectory that corresponds to the fixed value of T and to the randomly selected frequencies. An infinite number of pseudorandom scribbles can be generated with this scheme. Although the shapes of the scribbles are different, they all share the set of values that are assumed to be fixed, namely the



A



amplitudes Ax, and A>A, the total period T, and the constant c. The amplitudes determine the overall size of the trajectories. The second (T) and the third (c) parameters jointly determine their average length. For reasons that become apparent later, we imposed the further constraint that the curvature of the trajectories (on the screen) should never exceed 2.5 cm"1. Moreover, we also wanted to limit the dispersion of the trajectories around their center of gravity. This can be obtained by imposing additional constraints on the spread of amplitudes values: [(-.9/4rf < Axk < —.5Axt) or (.5^*4 £ Axk £ .9/1,4)] (k=\, 3), [(-SAy* < Ayk < -.S^) or (.5A^ < Ayk < .9^)] (k = 1, 3). A Monte Carlo program was used to generate 100 trajectories corresponding to the following parameter values and satisfying all required constraints: Ax4 = 7.0, A^ = 5.0, T = 10, and c = .542. Then, we searched these 100 acceptable solutions for five scribbles (SC, to SC5) that had 2, 4, 6, 8, and 10 points of inflections, respectively, the perimeters of which were closest to each other. These perimeters (in cm) were 157.02 (SC,), 150.22 (SC2), 145.10 (SC3), 144.04 (SC,), and 150.40 (SC5). Panel B of Figure 2 shows the trajectory of SC3. In an ellipse, the curvature varies continuously between Cm:n = B,,/ B2 and Cmax = BX/B2. The largest variation occurred for E7, where Cmin = 0.039 cm"' and Cma, = 2.5 cm"1. In pseudorandom trajectories, curvature ranged from 0 (points of inflection) to a value very close to the preset limit of 2.5 cm"1. Panel A of Figure 3 shows the distribution functions of the curvature for all ellipses. Panel B of the same figure shows the distribution for SC3 and SC;.



Kinematics In both experiments the tangential velocity of the stimulus, V(t), was related to the radius of curvature, R(t), of the trajectory through the following generalization of Equation 1: V(t) = K(t) I



,1 + aR(t)) '



a > 0, K(t) > 0,



B



SC3 Figure 2. Representative examples of the trajectory of the stimuli. (Panel A: The least [Ei] and most [E7] eccentric ellipse [superimposed]. Notice that ellipses were not isoperimetric. Movement was counterclockwise direction. Panel B: One of the five pseudorandom closed trajectories [SC3]. Circles identify the points of inflection that separate successive segments. They where not visible in the actual display.)
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curvature Figure 3. Probability density distribution of the curvature of the stimuli (log-log scales). (Panel A: distributions for all ellipses calculated analytically. Panel B: Distributions for two scribbles [SC3 and SC5] each estimated on the basis of 1,500,000 equispaced samples. The coordinates of the samples were computed through Equation A10 [see the Appendix]. For clarity, the distribution for SC5 has been shifted upward by two log units. Notice that scribble distributions result from the superposition of several components, each similar to the ellipse distributions. The figure demonstrates that the range of curvature values in the scribbles exceeds the range for ellipses. The smaller the eccentricity, the larger the range difference.) where K(t) (velocity gain factor) is a known function, and R(t) is uniquely specified by the form of the trajectory. Voluntary movements in adults satisfy this power law with ft = j and K(t) piecewise constant (see the introduction). Thus, the relation between kinematics and geometry realized in the visual stimuli represents the generalization of an empirical relation that is satisfied in actual movements. When j8 > 0 the instantaneous tangential velocity decreases with the curvature. When /? < 0 the opposite occurs. Finally, when 0 = 0 the tangential velocity is independent of the curvature and is equal to K(t). The Appendix describes the procedure for choosing the spacings between trajectory samples so that Equation 2 is satisfied by the movement of the light spot. Ellipses. For these trajectories (which have no inflections), we set 0 and dA/dR < 0. Moreover, it can be shown that in the range \/e < R < e (relatively high curvatures), by increasing ft one increases the (positive) derivative dV/dR and at the same time decreases the absolute value of the (negative) derivative dA/dR; when ft = 0, Fis constant, and A is inversely proportional to the radius. Conversely, when ft = 1, V is proportional to the radius, and the angular velocity is constant. Therefore, the values of ft selected by all subjects indicate that perceived velocity results from compounding both tangential and angular components of the velocity vector field associated with the stimuli. If so, the parameter ft would be adjusted to minimize the average absolute variation of this compounded quantity. Of course, the fact that (at least in the scribble experiments) the selected /3s correspond almost precisely with the experimental value of the two-thirds power law does not imply that natural movements minimize the variations of the same compounded quantity supposedly used for perceptual judgments. It does mean, however, that whatever the criterion on which velocity judgments are based, this criterion reflects a property of actual voluntary movements. Thus, in selecting the most uniform law of motion, we end up discriminating acceptable instances of biological motion. Perceptual Learning We have presented a number of reasons to believe that our discrimination power hinges on implicit knowledge about the working of the motor system. Let us now consider the possibility that discriminability is instead the result of perceptual learning. The main reason to downplay the role of perceptual learning is the so-called poverty-of-the-stimulus argument already invoked in other contexts to argue that certain cognitive competencies are actually inborn faculties (e.g., Liberman & Mattingly, 1985; Lightfoot, 1987). No doubt there are plenty of occasions, even early in life, to see instances of biological motions. However, for us to acquire through learning a tuning to the critical ft value as sharp as that documented by Experiments 2, 4, and 6, the perceptual correlate of the distal event should bear a quantitatively consistent relation to the exponent of the two-thirds power law. This would indeed be the case if we were only exposed to parallel projections in the frontal plane of 2D endpoint movements. Instead, we generally look at 3D movements from all kinds of different perspectives. Thus, geometry and kinematics of the proximal stimulus do not relate in any constant manner and can hardly provide the basis for a learning process. Perspective distortions do not necessarily constitute a problem. Tenants of the Gibsonian doctrine would object that the covariance expressed by the two-thirds power law may be accessed directly by the perceptual system (cf. Todd, 1984). The objection, however, cannot be used to rescue the learning hypothesis. In fact, direct perception a la Gibson does imply the existence of inborn mechanisms selectively attuned to this peculiar form of covariation. Notice that in all cases, that is, even under ideal conditions (see the preceding paragraphs),



the distortion of kinematics that affects the perception of biological movements seems incompatible with the possibility of discriminating through learning the specific covariation of velocity and curvature expressed by Equation 1. Finally, circumstantial evidence against the learning hypothesis comes from an experiment by Beardworth and Bukner (1981). By using the display technique introduced by Johansson (1973, 1977), these authors demonstrated that we are better at identifying our own walking than that of close friends even though we see them walking much more frequently than we see ourselves. Despite the obvious differences with our experiments, this result points to a similar conclusion, namely that when it comes to handling biological motion, the perceptual system brings to bear an internalized representation of our motor competencies. Rejection of the perceptual learning hypothesis does not imply ipso facto that the internal representation of motor competencies is innate. Clearly, the ontogenetic problem cannot be addressed directly on the basis of our results. Note, however, that a developmental study of drawing movements (Viviani & Schneider, 1991) has shown that already at the age of 5, curvature and velocity are related by a power law. The age-dependent trend in the exponent of this law suggests that a covariation of geometry and kinematics already exists at birth and that the effect of age is mainly to bring the exponent to its final-state value sometimes before puberty. Moreover, we also recall that certain perceptual competencies related to body movements seem to be in place in the very early stages of infancy (Bertenthal et al., 1984; Bertenthal et al., 1987). Thus, pending future investigations, the safest position on the ontogenetic issue seems to be that the bases for motorperceptual interactions may be innate, but the emergence of these effects is conditioned by maturational processes.
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MOTOR-PERCEPTUAL INTERACTIONS



Appendix Modulation of Stimulus Velocity We describe the procedure for specifying the kinematics of the stimuli. The trajectories of both ellipses and scribbles were defined by specific pairs of parametric equations x = x(t) and y = y(t). The analytic form of these equations reflects the procedure followed to define the trajectories (see text) and, as far as geometry is concerned, has no intrinsic relevance. In fact, a pair of equations x = xt(t) = x(2)\ '



(A 12)



(A6)



where all derivatives with respect to are taken at = (t). Inserting Equations A5 and A6 into Equation A1 and solving for d/dt yields



d(t>



K(t)((dx/d)2 \\(dx/d)(d y/d ) - (dy/d4>)(d2x/d2)\ 2



2



This is a separable, nonlinear differential equation of the first degree. By inserting the solution 4>(t) into the general parametric equations xt and yt, we finally obtain a movement that follows the desired trajectory and satisfies Constraint A1. Notice that the law of motion 5 = i(0 is uniquely specified by 4>(t): s(t) = Jo V(t)dt, where V(t) is given by Equation A2.



Because it is impossible to derive an expression for 2" that is analogous to Equation A10, however, we fixed an integration step, and we computed with an iterative algorithm the value of A'o in the relation Kj = K0LS such that a movement cycle was completed in the required



+ a[(dx/d)2



(A7)



number of samples. In addition, in this case the actual period depended on the number of samples and the display rate.
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