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Abstract How one selects a movement when faced with



alternative ways of doing a task is a central problem in human motor control. Moving the fingertip a short distance can be achieved with any of an infinite number of combinations of knuckle, wrist, elbow, shoulder, and hip movements. The question therefore arises: how is a unique combination chosen? In our model, choice is achieved by consideration of the similarity between the task requirements and the optimal biomechanical performance of each limb segment. Two variants of the model account for the movements that are selected when subjects freely oscillate the fingertip and when they tap against an obstacle. An important feature of both is that the impulse of collision with an obstacle (as in drumming with the hand or tapping with the finger) is assumed to be controlled in part by aiming for a point beyond the surface being struck. Thus, a forcerelated control variable may be represented and controlled spatially.



Introduction



Despite the resurgence of interest in motor control in the last few decades, it has become increasingly clear that current approaches may not provide adequate means of addressing some of the fundamental aims of research in this area. For example, one of the central unanswered questions is how people select an
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appropriate mode of action when there are a number of roughly equivalent alternatives; this is often referred to as the "degrees of freedom" problem (Bernstein, 1967). The problem arises from the fact that there are usually an infinite number of ways of achieving a task such as placing the fingertip at a particular location in threedimensional space. While some work has been done on the degrees-of-freedom problem in the selection of movement patterns for single moving points, such as the hand during aiming (Hogan & Flash, 1987; Meyer, Abrams, Kornblum, Wright, & Smith, 1988), very little work has been done on the means by which entire limb-segment patterns are coordinated. In the present paper, we address this problem by considering the ostensibly simple task of moving the fingertip from one location to another a few centimeters away. Any of an infinite number of combinations of knuckle, wrist, elbow, and shoulder movements can achieve the task. Yet a single combination must be chosen. How is the choice made? The research presented here leads us to advocate a model in which each segment is represented independently, and the selection of a particular movement pattern results from the simultaneous activation of each representation. Because the model characterizes movement selection as a cooperative process that occurs for all segments simultaneously, it accords with recent developments in connectionist approaches to cognitive psychology, which seek to avoid a homunculus or omniscient executive (Rumelhart & McClelland, 1986). Furthermore, because the model is grounded in biomechanics and in considerations of energy efficiency, it serves to unite biomechanical approaches to motor control with cognitive approaches. Finally, the model can plan without having to compute a full analysis of the dynamics of each segment's movements of its interactions with neighboring segments. The underlying principles of the model were recently presented by Rosenbaum, Slotta, Vaughan, and Plamondon (1991) in connection with a task in which



255 Fig. 1 Equivalentdisplacementof the fingertipachievedentirelyby finger (left),hand (center),and arm movement(right)
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subjects could translate the fingertip along a horizontal fronto-parallel axis in an infinite number of w a y s - by moving the finger via flexion or extension of the first metacarpophalangeal joint, by moving the hand via flexion or extension of the wrist, by rotating the forearm via flexion or extension of the elbow, or by any combination of these methods (see Figure 1). The independent variables in the experiment were the distance to be covered and the frequency of back-and-forth fingertip displacements. The model's central concept was that the relative contributions of the individual limb segments to fingertip displacement would depend on each segment's fit to the task demands, which depends in turn on that segment's optimal frequency and amplitude. Evaluation of the model required an initial determination of the optimal performance characteristics of each segment (the finger, the hand, or the arm) when it is used in isolation. Minimal effort is assumed to define a particular amplitude at each frequency, and a particular frequency at each amplitude, that is most efficient. To measure these optimal performance characteristics, subjects were asked to oscillate the fingertip using one segment (only the finger, the hand, or the arm) in the "most comfortable" manner at each of several required frequencies (with amplitude free to vary), and at each of several required amplitudes (with frequency free to vary). While each segment was being used, the subject held the other segments still. The optimal amplitude of fingertip displacement and the optimal frequency of oscillation differed depending on which segment was used. The optimal frequency of the forearm was lower than that of the hand, which was lower than that of the finger. Conversely, the optimal amplitude of the forearm (expressed in terms of the resulting displacement of the fingertip) was larger than that of the hand, which was larger than that of the finger. In addition, the amplitude that was produced
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changed within each segment as the required frequency of oscillation was varied. For all three segments, larger amplitudes of oscillation were produced at slower oscillation frequencies. To observe how subjects performed multijoint movements, the same subjects were asked, in the second part of the experiment, to oscillate the fingertip at each of the possible combinations of the optimal amplitudes and frequencies that had been observed in Experiment 1, using whatever combination of finger, hand, and arm they wished. Rosenbaum et al. (1991) found that the limb-segment combinations spontaneously selected varied with the frequency and amplitude required in each condition, and that each segment contributed most when the required amplitude and frequency came closest to its optimal values. To account for the changes in the involvement of individual limb segments, Rosenbaum et al. (1991) developed the Optimal Selection model, according to which, when a task is presented, each effector's ability to perform the task is evaluated with respect to its optimal performance when it acts alone. In tasks that allow more than one segment to contribute, each segment (or its corresponding module) evaluates its own effectiveness for completing the task. Weights are assigned to the effectors based on their relative evaluations. Thus, when a particular amplitude and frequency of fingertip oscillation are required, the closer that task comes to each segment's optimal amplitude and frequency, the higher the weight assigned to that segment. The relative contributions of the effectors that are observed are assumed to reflect the weights that are assigned. The Optimal Selection model accounted qualitatively for the data of Rosenbaum et al. (1991). Each segment contributed the most when the task requirement matched its own optimal frequency and amplitude. However, the model was not fitted quantitatively
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Fig. 2 Hypotheticalfrequency-amplitudefunctions for three systems of equal mass and driving force, each having a different resonant frequency as a consequenceof a different stiffness.(The three curves represent oscillators having resonant frequencies of 2 Hz, 3 Hz, and 4 Hz, for which points a2, b3 and c4, respectively represent the maximum amplitude produced by a constant driving force at that system's resonant frequency. For comparison with point b3 [the amplitude produced in system b, which has a resonant frequency of 3 Hz, by a driving force of 3 Hz], point a3 represents the amplitude produced in system a [which has a resonant frequencyof 2 Hz], by the 3-Hz driving force, and point c3 is the amplitude produced in system c [whichhas a resonant frequencyof 4 Hz~ by the same 3-Hz driving force.)



to the data. One aim of the present study was to provide such a quantitative fit. A second aim was to explore the underlying basis of the optimal performance functions that characterized the three limb segments. Thus, we sought to explain why the optimal frequencies and amplitudes of the finger, the hand, and the arm were ordered as they were. A third aim was to extend the Optimal Selection model to a new, but related, task-oscillating the fingertip to produce controlled collisions with an obstacle. This task is analogous to drumming or finger-tapping. Fingertapping has been widely used in studies of human timing and rhythmic performance (for reviews, see Wing, 1980; Rosenbaum, 1991, Chapter 8). From such studies, detailed models of internal timing mechanisms have been developed (Collard & Povel, 1982; Rosenbaum, Kenny, & Derr, 1983; Summers, Rosenbaum, Burns, & Ford, 1993; Vorberg & Hambuch, 1978; Wing, 1980). It is surprising, given the strong interest in finger-tapping, that little research has been done on the movements made during tapping performance. Thus, independently of the model developed here, the description of such movements in terms of the kinematics of the fingertip and the contributions of the limb segments may prove useful for future investigations.



What was the basis of the optimal frequencies and amplitudes observed by Rosenbaum et al. (1991) ? Why were amplitude and frequency reciprocally related for each limb segment, and why were the optimal frequencies of oscillation and the optimal angular amplitudes smaller for the forearm than for the hand and smaller for the hand than for the finger? We propose that the differences in optimal frequencies and amplitudes resulted from two biomechanical factors-energy efficiency and modulation of joint stiffness. Our proposal is closely related to proposals in biomechanics concerning, for example, the control of walking rate. Spontaneously selected walking rates usually correspond to rates that can be shown to minimize energy expenditure (Holt, Hamill, & Andres, 1991). We propose that subjects in finger-waving and finger-tapping tasks likewise try to minimize energy when satisfying overt task demands, by simultaneously selecting effectors and adjusting their stiffnesses so that the limb's resonant frequency, COo, matches the task (driving) frequency, cot. If the segment's resonant frequency were higher or lower than the driving frequency, a smaller amplitude of oscillation would be produced by a constant-amplitude driving force. For example, a driving frequency of 3 Hz produces a smaller amplitude for an oscillator of resonant frequency 2 or 4 Hz (as shown by points a3 and c3 in Figure 2) than it does for an oscillator of resonant frequency 3 Hz. Thus, if the resonant frequency of each limb segment were fixed, one way to achieve efficient performance (the greatest amplitude for a constant driving force) would be to use the segment whose resonant frequency most closely matches the driving frequency. The resonant frequency of a segment is not fixed, however. It can be varied by the modulation of joint stiffness, which in turn can be controlled by the variation of the co-contraction of the muscle groups acting on the segment (Hasan, 1986). Thus, another way of achieving efficient performance is to adjust the resonant frequency of one or more segments to match the driving frequency, so that they resonate at the required frequency. In this manner, we can explain the finding of Rosenbaum et al. (1991) that the amplitude produced by each segment acting alone decreased as its required oscillation frequency increased. Assuming that the limb segment was stiffened as cot increased, so that the segment could always perform at a corresponding COo,the maximum amplitude produced at each frequency for a constant driving force would decrease accordingly. A decline in amplitude with required frequency has also been reported for alternating flexion and extension of the wrist alone by Kay, Kelso, Saltzman, and Sch6ner (1987). Kay et al. analyzed this relationship in terms of the dynamics of oscillation of the wrist, which they



257 characterized with a hybrid oscillation model that combined the characteristics of a harmonic (van der Pol) oscillator and a Rayleigh oscillator. The hybrid oscillator accounted for the linear relationship observed between the optimal amplitude of oscillation and the driving frequency in much the same way as is proposed here. Similarly, Feldman (1980) showed that there is an inverse relation between maximum amplitude of (elbow) angular displacement and oscillation frequency. In accord with our emphasis on stiffness changes, Feldman showed that the increase in frequency was accompanied by increasing tonic coactivation of antagonist muscles. Why, in Rosenbaum et al. (1991), were the optimal frequencies of oscillation, as well as the optimal angular amplitudes, smaller for the forearm than for the hand and smaller for the hand than for the finger? The ordering of the performance characteristics of the three segments follows from their physical characteristics and from principles of harmonic oscillation. First, mechanical factors favor smaller angular oscillation of large segments because the amplitude of oscillation produced by a driving force of constant frequency and amplitude is inversely proportional to the mass of the oscillated segment (see, e.g. Feynman, Leighton, & Sands, 1963). Second, harmonic oscillation favors faster oscillation in smaller segments because the resonant frequency of a harmonic system is inversely proportional to the square root of its mass. We cannot conclude that these physical principles fully account for the ordering of the optima observed because the inherent biomechanics of the joints (e.g., their ranges of motion, lengths, and stiffnesses) may also influence optimal performance characteristics. Nevertheless, an account based on general biomechanical efficiency suffices for the theoretical development to be offered here; the model we introduce does not require a specific model for the oscillation of each limb segment.



The Optimal Selection models applied to finger waving We turn next to the development of a quantitative fit of the Optimal Selection model to the limb-segment selection data of Rosenbaum et al. (1991). Recall that in the limb-segment selection task subjects oscillated the fingertip over various amplitudes and at various frequencies, using whatever combination of forearm, hand, and finger movement they pleased. The main idea of the Optimal Selection model is that each limb segment (or its corresponding representation) independently bids on the required movement as if it alone were going to accomplish the oscillation. The strength of each segment's bid is assumed to be based on the similarity between the required amplitude and the segment's optimal amplitude, and on the similarity between the required frequency and the segment's optimal frequency.



The bids of the three segments are combined to determine the movement of the fingertip. 1 For purposes of fitting the Optimal Selection model to the data of Rosenbaum et al. (1991), two variants of the model can now be considered. They are based on two ways of characterizing the optimal performance of each limb segment when it is used separately. The two models differ with respect to the rule used to evaluate similarity between required performance and the optimal performance of each segment. One version, the Relative Optimum model (Figure 3), emphasizes between-segment differences in optimal performance points within the amplitude-frequency domain (see points PI, Ph, and Pa in Figure 3). The other version, the Optimal Amplitude model (Figure 4), emphasizes within-segment differences along the optimal performance functions that relate amplitude to frequency (see lines Of, Oh, and O, in Figure 4). These two models are now considered in turn.



The Relative Optimum model The Relative Optimum model begins with the assumption that there is a single frequency and amplitude of optimal performance for each segment. In the case of the single-segment waving task of Rosenbaum et al. (1991), when each of the three segments was individually oscillated an optimal performance point could be deduced. Rosenbaum et al. (1991) observed that when the frequency of movement was specified, the preferred angular displacement produced by each joint was linearly related to frequency; similarly, when amplitude was specified, the preferred frequency produced was linearly related to amplitude. The point of intersection of these two functions represents a unique amplitudefrequency pair (an attractor) that is globally optimal because it is simultaneously the preferred amplitude at that frequency and the preferred frequency at that amplitude. In the model, a comparison is made between the amplitude and the frequency required by the task (point T in Figure 3) with each segment's point of optimal performance (points Pj., Ph, and Pa in Figure 3). Because frequency and amplitude are incommensurable, the abscissa and ordinate scales are expressed as proportions of the maximum frequency, MaxF, and maximum amplitude, Max A, respectively. For each segment, i, the distance between the task point and the



1When the movementis actually accomplished,all three segments of the arm are assumedto oscillateat the samefrequency.Whilewe cannot treat the multisegment arm as a simple oscillator (with a unique stiffnessand centerof mass),it has beenobservedthat when several joints contribute to movement,the behavior of the arm as a wholecan be characterizedas that of a passive, multijoint spring (Mussa-Ivaldi, Hogan, and Bizzi, 1985; Hogan, 1985)



258 and Max F are the maximum amplitude and frequency produced by any segment (in this case Max A is produced by the arm and Max F is produced by the finger), and q is a weighting factor (0 ~< q ~< 1) representing the relative weight given to amplitude differences as against frequency differences. Given the distance, di, of the task point from the optimum for each segment, the bid, Bi, for segment i is 1.0 if the required amplitude and frequency coincide with the segment's optimum (d~ = 0); otherwise, the bid decreases as di increases,
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Fig. 3 The Relative Optimum model: Relation of task-required finger displacement and frequency (point T) to optimal performance points of the finger, hand, and arm (points Pf, Ph, and Pa, respectively, as observedby Rosenbaumet al., 1991).(Displacementexpressed as a proportion of the maximum optimal amplitude of any segment, MaxA, and frequency expressed as a proportion of the maximum optimal frequency of any segment, MaxF. Dashed lines indicate distances between the task point and the three optimal points.
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where the parameter ti represents a tuning constant for the ith segment (i.e., the rate at which that segment's bid drops off with the deviation between the required and the optimal task points). A separate tuning constant, tf, th, or ta, is used to weight the finger, hand, and arm deviations, respectively. The tuning constant represents each segment's sensitivity to differences between the optimum and required task parameters. The proportional contribution, C~, of the ith segment can be expressed as the ratio of the bid for that segment to the sum of the bids of all s segments:
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