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Abstract: A theory is presented to explain how accurate, single-joint movements are controlled. The theory applies to movements across different distances, with different inertial loads, toward targets of different widths over a wide range of experimentally manipulated velocities. The theory is based on three propositions. (1) Movements are planned according to "strategies" of which there are at least two: a speed-insensitive (SI) and a speed-sensitive (SS) one. (2) These strategies can be equated with sets of rules for performing diverse movement tasks. The choice between SI and SS depends on whether movement speed and/or movement time (and hence appropriate muscle forces) must be constrained to meet task requirements. (3) The electromyogram can be interpreted as a low-pass filtered version of the controlling signal to the motoneuron pools. This controlling signal can be modelled as a rectangular excitation pulse in which modulation occurs in either pulse amplitude or pulse width. Movements to different distances and with loads are controlled by the SI strategy, which modulates pulse width. Movements in which speed must be explicitly regulated are controlled by the SS strategy, which modulates pulse amplitude. The distinction between the two movement strategies reconciles many apparent conflicts in the motor control literature. Keywords: electromyogram; models; motor control; movement strategies; muscle; neural control; voluntary movements 1. Introduction



The human motor system apparently has redundant degrees of freedom for performing simple voluntary movements. Yet it exhibits many regularities in scaling both movement trajectories and their myoelectric (EMG) accompaniments when performing different tasks. These regularities may reveal rules used to control the movements. The search for regularities, be they "invariant patterns" or more simply covariations between observable variables, has occupied a major portion of the motor control literature in general and of the literature on limb movement in particular, for many years. This has not led to any consensus on general rules for controlling simple movements.l It has instead led to many specific rules, each applying to a particular experimental paradigm. In the face of redundancy, the existence of general limb control rules applicable to any specific movement would simplify the task of generating appropriate control signals. To postulate that such rules are used is to presume that in making simple, learned movements, the nervous system does not consider every possible way to move a limb from one position to another but merely selects a nominal control pattern or set of control rules from



© 7989 Cambridge University Press



0140-525X189 $5 00+. 00



memory in the form of a motor program or schema (Bartlett 1932; Keele 1968; Lashley 1917; Schmidt 1975), which requires only a few parameters to satisfy the specific elements of the task. This notion is quite congruent with Bernstein's (1967) concept of "synergies" or "units of movement" or Greene's (1982) "recipes," applied to single muscles. Such schemes or theories of motor control are abstract, however. To provide convincing evidence for specific rules and to define the controlling parameters has proved elusive (Stein 1982), chiefly because it is almost certain that there is more than one set of rules. Furthermore, there is no generally accepted method in the motor control literature by which rules can be stated, tested, and compared. There is an abundance of painstakingly collected data, from many laboratories and for a wide variety of movements, but the conclusions of these experiments do not always appear to agree. We think, however, that there is now sufficient data to develop general rules for movements which can clarify past experiments by explicitly defining the often implicit constraints that were in effect. This target article will address questions about what rules underlie the control of movement with one degree of freedom, how these rules change to adapt to task
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Gottlieb et al.: Voluntary movement control demands, and how these rules can be incorporated into a systematic theory of motor control. 2. Tasks, instructions, and variables



Voluntary movements emerge from what a person "wants to do," which in experimental circumstances is, at least in part, what a person has been instructed to do. Movements are also influenced by external, objective factors, known or assumed by the person performing them. For the purposes of this discussion, the subject always "wants" to move a limb from one stationary position to another. Constraints may be added about specific conditions for movement speed, duration or end-point accuracy. These various factors may or may not all be compatible with one another, and this fact may or may not be evident. We will call these objective factors task variables. They may include the distance the subject is asked to move, the



restricted to choices about how individual muscles are activated to produce patterns of force. Even though we will be discussing single-degree-of-freedom movements, patterns of forces and therefore muscle activation can still be made in an infinite number of ways when we regard "trajectory" as the description of the joint angle and its derivatives over the time course of the movement. A task usually specifies only a few things about the trajectory, such as its starting point and a target region, not every point at every instant of time. In principle, the subject may choose elements that are not explicitly specified, such as the speed of the movement, the percentage of time spent accelerating, and the specific final position in the target region. Precisely how much choice a subject has in making a movement (and still following the instructions) is not at all clear. There may be greater freedom in choosing how to activate the agonist when a limb is starting from a resting position than there is in choosing how to activate the antagonist, which must also deal with the kinematic consequences of the preceding agonist activity. Every possible trajectory cannot be achieved because of physical laws and physiological factors such as limits on the rate and degree of muscle contraction. Beyond this, what we are presuming is that not every possible trajectory is considered in performing most movements. Subjects use their knowledge of the task variables to reduce the set of trajectories to only a few. From this reduced set, rules are used to select a specific trajectory. Some examples follow in the next section.



size of the target the subject is shown, the time interval over which the subject is instructed to complete the movement and the external load. Task variables can only be manipulated by the experimenter; they are not under the control of the subject. This definition makes them independent variables that are not altered by behavior.2 A task will refer to the union of the task variables and instructions: those things necessary for a subject to make a specific movement. Variables such as the EMG, the actual distance moved, and the actual movement time, are all measured variables. Such behaviorally determined variables may also 3.1. Effects of dynamic conditions. Waters and Strick affect or be influenced by control patterns through mech(1981) and Mustard and Lee (1987) found that for fast, anisms such as afference and efference copy. It is imporaccurate movements to a target, voluntary activation of tant to keep in mind that terms such as "movement time" the antagonist muscle depended on whether the subject or "distance" may refer to either a task variable (e.g., halted the movements by actively decelerating the limb when the subject is instructed to make the movement in or had them halted by impact on a mechanical stop. In 200 ms or presented with a target 50° from the starting those movements, it was concluded that attempting to position) or a measured variable3 (when we refer to a relate antagonist muscle activity to task variables such as measurement of what the subject actually did). There is target distance or size or load, or to measured variables often a strong correlation between one or more task such as peak velocity, was inappropriate because "the variables and an appropriate measured variable. This may patterns of muscle activity are dependent on a subject's be relatively simple, such as the correlation between movement 'strategy'" (Waters & Strick 1981, p. 189). target distance and the distance moved, or it may be It is reasonable to surmise that the subjects' knowledge complex, such as the correlation between target distance, of the forces required to arrest the movement at the target target size, load, and movement time. Such correlations allowed them to modify patterns of muscle activity approhave been the subject of numerous papers. priately. The notion that these emergent patterns reveal a Given a defined task, a subject is left choices that "strategy' is one we shall develop further. determine important details about how to activate muscles. Instructions such as "please move as quickly as you 3.2. Effects of task variables. Such an extreme manipulacan" try to control this choice. A subject who moves tion of task conditions is not necessary to modify a subquickly might use more intense or prolonged agonist ject's strategy. Two simple examples of the consemuscle activation than one who moves slowly. Neverthequences of choice are found in observing what happens less, the specific details of muscle activation are up to the when subjects are asked to move from an initial position subject, based on a perception of the task and an inand to stop accurately in a target zone without more terpretation of the (usually written or spoken) instrucexplicit constraints on movement speed or duration than tions. to move quickly. If the distance to be moved is increased, subjects will usually reach higher peak velocities (Binet & Courtier 1893; Freeman 1914; Hoffman 3. Factors influencing choice of muscle & Strick 1986; Jeannerod 1984; Milner 1986). If the activation inertial load is increased, subjects will reach lower peak velocities (Benecke et al. 1985; Corcos et al. 1986; Although in general choices include the question of which Danoff 1979). In both cases, movement time will insynergistic and antagonistic muscles to activate (the problem addressed by Bernstein 1967), this paper will be crease. These changes occur in the absence of any ex190
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Gottlieb et al.: Voluntary movement control plicit instruction about speed or movement time. Neither do they occur because of limitations imposed by the strengths of the muscles involved. They reflect choices made by the "motor controller" about the specific way the muscles are activated. They hence hint at the existence of a strategy we have not yet defined. For the most part, "strategy" remains an ill-defined concept. It is generally not possible to describe an experiment in terms of the strategy used by the subject but only operationally in terms of task variables and instructions. Strategy is an a posteriori reason why one set of experiments is not in agreement with another. It is not yet an a priori predictor of behavior. 4. Laws, theories, and models in motor control



In this section we will discuss two classes of relationship between movement variables. They are descriptions with a kinetic/kinematic emphasis and descriptions based on muscle contraction. 4.1. Strategy in terms of kinematics. There have been many accounts of the relationship between movement speed and movement accuracy and the mechanisms which underlie this relationship (Hancock & Newell 1985). The most widely discussed one is the speedaccuracy trade-off formulated in logarithmic form by Fitts (1954; Fitts & Peterson 1964) and in linear form by Schmidt et al. (1979). The speed-accuracy trade-off describes how subjects who are asked to make accurate and fast movements to a target will vary the speed and duration of their movements according to both distance and accuracy requirements. Subjects choose to move more slowly to small and near targets than to large and distant ones. The combined effect of distance and target size on movement time known as Fitts's law defines what may be called a speedaccuracy strategy. It is expressed by equation 1: MT = a + b
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(eq. 1)



where MT is average movement time, D is movement distance, W is the width of the target toward which the movement is made, and a and b are empirically determined constants. This behavior is spontaneous and is an example of how subjects use a strategy for coping with instructions which appear to specify incompatible goals. Subjects are not told to slow down for small or near targets; they nonetheless tend to do so, despite instructions to move as rapidly as possible while also trying to be as accurate as possible. In an alternate view of the speed-accuracy trade-off Schmidt et al. (1979) described movement conditions in which the trade-off is linear rather than logarithmic. The linear trade-off occurred when subjects had to move to a point target within certain specified movement times. Although this might appear to be a rather fine point of quantitative detail, without a better understanding of what a strategy is, it is hasty to prejudge this issue. In a model that accounts for both trade-offs Meyer et al. (1988) postulate that a movement to a target is composed of one primary movement and an optional number of corrective submovements. The movement and submovements are programmed to minimize total average move-



ment time as well as to maintain a large enough number of target hits to satisfy the experimental requirements. The process underlying the programming of such movements depends on adjusting the magnitudes and durations of noisy neuromotor force pulses. The linear trade-off is more likely to occur in temporally constrained movements and the logarithmic trade-off in spatially constrained tasks. 4.2. Strategy in terms of muscle contraction. The models described so far deal only in forces and kinematics. These are the consequences of muscle contraction interacting with whatever load the limb must move. Strategic choices should be observable in the EMG as well as the trajectory. We will now consider three models for movement generation that have explicitly considered muscle contraction. 4.2a. The speed-control model. If a subject is presented with a narrow line instead of a broad band for a target, the speed-accuracy strategy cannot be applied in a straightforward manner because W is undefined. Freund and Budingen (1978) used such a target, requiring an accuracy of i.0% of target distance. When W is a constant fraction of D, Fitts's law predicts constant movement times. Freund and Budingen (1978) formulated a "speed-control" hypothesis for the fastest goal-directed voluntary contractions from their experiment. This is simply: MT = c (eq. 2) 4 where c is an empirically determined constant. Freund and Budingen used two rules describing a "pulse" of myoelectrical activity for such movements. These rules are: 1. The duration of the agonist EMG burst determines the movement time. 2. The intensity of the EMG is proportional to distance. 4.2b. Pulse-step model. Ghez (1979) proposed a model similar to that of Freund and Budingen termed the "pulse-step" model. The main difference is the inclusion of a "step" component to controlfinalforce, a component which is usually significant in isometric contractions but ignored for inertially loaded movements. More recently, Ghez and Gordon (1987) have shown that the area of the agonist EMG burst depends on peak force but is independent of force rise time whereas burst duration varies with both peak and rise time. EMG duration is also influenced by instructions about accuracy (Gordon & Ghez 1987a; 1987b). 4.2c. The impulse-timing theory. Based on studies by Schmidt et al. (1979) and others, Wallace (1981) formulated the "impulse-timing" theory to describe the way subjects control both distance and movement time in a coordinated way. His theory has four postulates, which are: 1. The duration of the initial agonist burst and onset time of antagonist activity will be positively related to total movement time. 2. The ratio of the duration of the initial agonist burst to the total movement time and the ratio of the onset time of antagonist activity to the total movement time will be unaffected by changes in movement BEHAVIORAL AND BRAIN SCIENCES (1989) 12:2
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Gottlieb et al.: Voluntary movement control distance, movement time, or inertial load of the movement. 3. The intensity of the initial agonist and antagonist burst will be positively related to the peak velocity of the movement [if load is constant]. 4. The intensity of the initial agonist burst will be positively related to changes in inertial load when movement velocity is held constant. (1981, pp. 15152) The rules of this theory concern movement distance, time, and velocity and also the effects of load (based on work by Lestienne 1979). They are consistent with the conclusions drawn by Freund and Budingen. In fact, the first postulates are equivalent. Wallace's postulate 3 is equivalent to the second rule of Freund and Budingen when velocity and distance are proportional. Because Wallace's postulates do not explicitly require a target, they can be applied equally to speed-accuracy and speed-control strategies. One of the problems with the way these postulates are stated is that they are not formulated in terms of independent and noninteracting variables. As a result, Wallace's postulates 3 and 4 are conditional and require holding one variable constant. This can lead to ambiguities in predicting behavior. Even postulate 1 does not imply causality. Long movement times cannot "cause" prolonged agonist bursts since the agonist burst ends well before the movement itself. Long agonist bursts cannot "cause" long movement times since EMGs are consequences of muscle excitation, not causes of muscle contraction. One must provide more precise meanings. 5. Rules and strategies



To put the issue differently, Wallace's foregoing postulates are mostly descriptive rules about correlations between measured variables. What we want are prescriptive rules for measured variables, formulated in terms of the task (task variables and subject instructions) which can be experimentally controlled. We would then like to augment these with additional descriptive rules between variables for which the causal relations are clear. As noted by Hasan et al. (1985): There is an extensive body of data concerning the EMGs associated with different extents and durations, with and without various types of external loading, including the effects of unexpected loads. Certain regularities have been extracted from these data but the regularities are often contingent upon the precise experimental conditions (Cooke 1980). At the present time, the regularities do not have descriptive names, and the contingencies for which the regularities are observed are only beginning to be delineated, (p. 207) 5.1. Definitions. To go beyond descriptions of regularities, it is necessary to define carefully the terms in which strategies are to be expressed. Fitts's speed-accuracy trade-off is a statement of a movement strategy relating one measured variable (movement time) under specific instructions to particular task variables. The speedcontrol, pulse-step, and impulse-timing models are, in part, statements of covariation between measured variables. Our goal is to specify the rules used to produce
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movements in terms of the task and to apply them to measured variables, including both kinematic variables, as well as to the signals which activate the muscles, our best measure of these being EMG variables. We will use the word "rule" for an explicit relationship between two variables if it is true for all movements or if we can explicitly define the classes of movements to which it applies. The relationship may or may not signify a causal relationship, as we will elaborate. The definition of a "strategy" which arises from this discussion is the following. A strategy is a set of rules between a movement task and measured variables, sufficient to perform the task. We do not wish to exclude afference as an element in the control of movement, but we do not need it in the arguments we will proceed to develop. We will therefore accept the notion of predictive movement control as a useful working hypothesis and return to the issue at the end of our discussion (see section 13.4). We assume that subjects choose a particular strategy to perform a task based on their interpretation of the instructions and that they vary the control parameters based on the task variables. Different instructions may lead to different strategies. The experimental manipulation of a single task variable will produce similar behaviors in subjects operating with similar strategies. Subjects do not switch strategies arbitrarily (at least most of the time) but only in accordance with identifiable changes in the task. When changes in strategy occur, we expect to see different EMGs as well as different kinematics. We also postulate that there are relationships between EMG and kinematic variables which, if carefully stated, do not depend on strategy. Strategy works at a different level: at the level of determining the control signals which produce both. As long as a subject operates under a single strategy, we expect to be able to correlate task variables with measured variables (both kinematic and EMG) and also to find consistent correlations among measured variables. 5.2. Types of rules. One consequence of placing the actions of a strategy on a level superordinate to that of a set of specific rules is that every strategy can be described in terms of at least two related sets of rules. The first is a prescriptive set which describes relations between task variables and EMG (EMG rules). The second is a prescriptive set which describes relations between task variables and kinematics (kinematic rules). These two sets are related because they are both expressions of how a particular strategy leads to behavior observable in different measured variables. This implies that we canfinda third, descriptive set of rules among EMG and kinematic variables (correlative rules). The observed correlations between pairs of measured variables should be predictable consequences arising from a shared causal stimulus. Fitts's law is an example of two kinematic rules. Wallace's postulates are a mix. Postulates 1 and 3 are correlative rules; postulate 4 is an EMG rule and postulate 2 is a combination of all three types. Freund and Budingen's rule 2 is either kinematic or correlative, depending on how "distance" is interpreted. Corcos et al. (1988) have developed rules in the form of "task indices" for multiple variable relations involving EMG, kinematic, and task variables.



Gottlieb et al.: Voluntary movement control 6. A kinematic rationale for two movement strategies



In this section we will introduce a model of movement generation through idealized force pulses to demonstrate why it is appealing to consider the idea that movements are controlled by more than one strategy.5 It is important to note that this model has nothing directly to do with physiology. Its purpose is to illustrate that different kinds of tasks, characterized by the experimental manipulation of different task variables, may lead to qualitative as well as quantitative modifications of behavior that can be expressed as rules for controlling movement. It therefore serves as a guide to what to look for in identifying and distinguishing sets of rules we wish to elevate to the level of "strategies." Let us consider the kinematic implications of applying a torque to a purely inertial load of moment of inertia /, to move it an angular distance D. Assume that the movement is accelerated by a rectangular pulse of torque with strength T and duration Ta which is followed by a deceleration of equal duration and of equal but opposite strength.6 The distance moved under these conditions is expressed by equation 3 and the acceleration time (and equal deceleration time) by equation 4. D = I T2 / °



(eq. 3) (eq. 4)



Inertia and distance are the task variables. The instructions for movement might specify that it should be "as fast as you can," "in 250 ms" or "as fast as you please." Let us suppose it is the latter. One must choose appropriate values of T and Ta to accomplish the given task from an infinite set of possible combinations. One strategy for making this choice might consist of two rules that first
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select the strength of contraction T (rule 1) according to some optimality or learned criterion, after which Ta is defined by equation 4 (rule 2).7 Timing would be contingent on the prior choice of strength because of constraints imposed by the physical laws of motion. Using such a strategy we would observe a proportional but less than linear relationship between movement time and either task variable. We would also find similar relationships for kinematic variables such as peak velocity, acceleration, and functions based on those measures. An alternative strategy is for timing to be chosen first. Then strength would be the contingent variable, specified by equation 5. We might in this case observe a relatively constant movement time, with forces and velocities varying inversely with it.



m T 2 *



(eq. 5)
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If the instruction had been to perform "as fast as you can," one should have chosen Tfirstand made it as large as possible (Nelson 1983). If the instruction had been "perform in 250 ms," then Ta would have been specified by the instruction and the alternative strategy would have been used. Other strategies can also be imagined in which T and Ta covaried in some specific way and in which acceleration and deceleration torques were not equal and opposite. Each of these would lead us to infer different sets of rules based on observations of the kinematic consequences of manipulating task variables. Although we can conclude that it is possible to define different strategies for movements, we cannot yet conclude that humans in fact do this. If they do, however, we would like to be able to specify the rules chosen for a movement in advance of its performance (as the CNS does) and to identify the independently controlled parameters as well as the kinematic consequences of that choice.8 The initial value of T or Ta might depend on the subject's evaluation of how much effort or time to expend or on any number of other measures of cost (e.g. efficiency, Hill 1922; Sparrow 1983; or jerk, Hogan 1984). However, to discuss the experimental exploration of this hypothesis, we do not need to know these criteria. What we will consider is which parameter is adjusted to produce a correct movement when any task variable is altered. This simple model suggests that encouraging a subject to go faster or offering rewards for short movement times will usually produce larger efforts but that equations of motion such as equations 3-5 are not sufficient to specify uniquely how simple experimental manipulations such as changing only distance or inertial load will be dealt with by the motor control system.



7. Control of the excitation pulse



a Figure 1. An illustration of symmetrical torque pulses (amplitude T, duration Ta) applied to an inertial load. The resultant displacement is D. Different sets of rules for controlling torque imply different strategies for controlling movement.



To proceed further, we need an explicit definition of the variable which is controlled. Let us define it to be the neural input to the alpha motoneuron pool and refer to this as the excitation pulse. It represents the net descending presynaptic input, excitatory and inhibitory, which converges and summates in the alpha motoneuron pool.
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mance of the movement. The rules of a strategy allow the motor control system to generate a movement-specific excitation pulse. From this pulse, motoneuron action potentials, EMGs, muscle tensions, and limb displacements all follow according to deterministic, physiological, and physical principles. Our assertion that the controlled variable is the excitation pulse is not intended as an answer to the metaphysical question raised by Stein (1982). Placing the pulse in the causal sequence, as we do, implies that whatever the controlled variable is, the "output" of the motor system is only reached through Sherrington's final common pathway by controlling the excitation pulse. Although the excitation pulse may be only one among many converging inputs to the motoneuron pool, we will for the moment ignore all others.
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7.1. The motoneuron pool as a low-pass filter. The excitation pulse itself is not measurable. The EMG is commonly used as its measure, the assumption being that the two covary with a significant positive correlation. We assume further that the motoneuron pool acts as a lowpass filter (Knox 1974; Stein et al. 1974), summing, smoothing, and attenuating its many converging inputs. We will specify this kind of relationship between a pulse of excitation (N(t)) and the composite action potential train (f(t)) in the motor nerve (the sum of all the action potentials in all the motoneurons). The simplest equation describing it is:
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Figure 2. A diagram illustrating selected portions of the motor control system. The motoneuron pool is the final common pathway to the muscle on which the excitation pulse, which is the net convergence of descending excitation and inhibition from all sources, acts. All feedback loops have been intentionally omitted. Two different kinds of peripherally observable phenomena are caused by the action potentials produced by the excitation pulse. The EMG arises from electrical responses in the muscle membranes; forces and movements from mechanical responses of the contractile elements. Correlations between electrical and mechanical responses arise as a consequence of their shared causa] stimulus, not because of any direct cause-and-effect relationship between them.



The output of the motoneuron pool is a composite train of action potentials at different frequencies in a variable number of neurons (Adrian & Bronk 1929). The response of the muscle has two physically distinct expressions. Transmission across the neuromuscular junction produces action potentials in the sarcolemma. By way of intracellular calcium release, a different set of processes gives rise to contractile force and contingent muscle shortening. These physically distinct and separate processes produce different measurable quantities: EMG and tension. Figure 2 is a diagram illustrating some of the causal steps between the definition of the task and the perfor-
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(eq. 6)



where a is a constant. We further assume that fit) is amplitude limited (0 ^ fit) < Fmax) and that the rectified, filtered EMG (e(t)) is directly proportional to fit) (Agarwal & Gottlieb 1975; Moore 1967; Person & Libkind 1967). The simplest model of the relation between the excitation pulse (N(t)) and EMG (e(t)) is described by the following equations.9 Initial conditions e(t) =O,f(t) = o, N(t) = 0
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A key question in motor control research concerns what behavioral entities are used in the performance of various motor tasks and how these entities are modified according to environmental conditions and internal objectives. In postulating two control strategies for single-joint movements and by partitioning past studies according to their experimental paradigms the target article has addressed a real need in motor control research for unifying principles which could apply to a broad range of motor behaviors. The data gathered in studies dealing with multipledegrees-of-freedom movements are not nearly as abundant as in the single-joint case. Nevertheless, in my commentary I wish to examine whether behavioral entities similar to the ones postulated by Gottlieb et al. can also be identified in more complex and diverse movements. In doing so, I would like to suggest possible generalizations of the approach suggested in the target article and to point out some of its shortcomings. In seeking to define general kinematic, EMG, and pulse excitation rules for multijoint movements one should first identify at what control levels and for what control units such regularities can be found. Hence, when kinematic rules are sought, one should first determine whether hand or joint movements display certain invariant properties. The behavior observed in several recent reports clearly indicates that kinematic rules similar to those defined by Gottlieb et al. are also obeyed by hand trajectories in extracorporal space. Whether similar rules are also obeyed by joint rotations should be further examined. Evidence for a speed-insensitive strategy in the multijoint case can be found in the account of Wadman et al. (1980). This investigation of two-joint planar movements has used an experimental paradigm similar to the one used in the Wadman et al. (1979) single-joint study. For movements of different amplitudes but starting at the same initial position and having the BEHAVIORAL AND BRAIN SCIENCES (1989) 12:2
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Commentary/Gottlieb et al.: Voluntary movement control same direction, the initial velocity and acceleration traces coincided. Although the relative EMG intensities recorded from several arm muscles depended on movement direction, they followed no systematic trend for different movements with different amplitudes but the same movement direction. The durations of muscular activities, however, did increase with movement size. Experimental paradigms in which either movement speed or duration was the controlled variable were reported in several recent studies of point-to-point movements (e.g. Flash & Hogan 1985; Hollerbach & Flash 1982) and the velocity and acceleration profiles did obey the kinematic rules defined by Gottlieb et al. for the speed-sensitive strategy. In other studies when accuracy constraints were present, more accurate movements were performed more slowly (Soechting 1984) and movements with larger amplitudes required longer durations (Georgopoulos 1986). When other accounts of multijoint movements are reviewed, however, two shortcomings of Gottlieb et al. s approach become evident. The authors have limited themselves to the analysis of experimental paradigms in which the subjects were instructed to control certain task variables. A key question in the analysis of goal-directed motor behavior, however, concerns what kind of strategies the central nervous system uses under less artificial conditions: when the selected behavior is aimed at satisfying certain internal objectives and not artificial constraints imposed by the investigator's instructions. An example of such behavior can be found in many recent multijoint studies in which the subjects were given no instructions regarding the required speed, duration, or accuracy. Under these conditions, reaching movements of different extents had roughly constant durations. The durations of muscle activities also remained roughly constant while the EMG intensities increased with movement size (Accornero et al. 1984). This so-called isochrony principle is obeyed when subjects perform either simple or complex tasks (Flash & Hogan 1985; Viviani & Terzuolo 1982). Another shortcoming of Gottlieb et al.'s analysis is that their proposed categorization was based mostly on the amount of congruence between the initial parts of the velocity and acceleration traces. Not enough attention was paid to the temporal properties of the entire trajectory. For example, in many accounts of multijoint movements it was noticed that the shape of the velocity profile is invariant under translation, rotation, speed, and amplitude scaling (Hollerbach & Flash 1982). Inertial load also did not seem to affect the temporal and spatial properties of the performed trajectories (Atkeson & Hollerbach 1985). It was shown that such scaling laws hold even when subjects, reach for small and large targets, that is, when the target is small an equivalent movement is made to a virtual target located 5% to 8% proximally to the actual target. When the accuracy demands become more stringent, the scaling laws no longer hold (Soechting 1984). The above analysis therefore indicates that Gottlieb et al.'s approach could be extended to the multijoint case but this would require a more careful examination of movement trajectories and a more flexible definition of task constraints. With regard to the rules obeyed by the EMG signals and excitation pulse, since the generation of even simple two-joint reaching movements involves the activation of many muscles, any attempt to extend the two-strategy approach to the multijoint case would also require a less restrictive definition of the excitation pulse, that is, it should relate to the neural input to a larger group of muscles and not merely to the agonist-antagonist pair. Moreover, since in the multijoint case the kinematic rules postulated seem to apply not to single-joint movements but to the movement of the hand in extracorporal space, a more central excitation pulse, which may account for the characteristics of the hand trajectory at the cortical level, should be considered. In this respect, the analogy drawn by the authors between their approach and the model proposed by Adamovitch and Feldman 216
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(1984) for single-joint movements is quite interesting [see their accompanying commentary; Ed.]. This model suggests that the velocity according to which the joint equilibrium position is shifted determines the speed of the emerging movement. In a recent model proposed by Flash (1987) it was also hypothesized that the generation of reaching movements may involve a gradual shift of an equilibrium position. Such a control scheme eliminates the need for an explicit computational solution of the inverse dynamics problem. This time, however, it was the hand's, and not the joint's, equilibrium position which was assumed to be shifted (see also Hogan 1985). Moreover, hand equilibrium trajectories were assumed to be spatially and temporally invariant. However, unlike in the model proposed by Adamovitch and Feldman (1984), the speed of the hand equilibrium point was not assumed to be constant but to have a time profile which can be described by the minimum jerk description (Flash & Hogan 1985). The ideas presented in the equilibrium trajectory model for multijoint movements are consistent with recent physiological findings indicating that the temporal and spatial properties of hand trajectories are represented at the level of neural populations (Georgopoulos et al. 1986). These reports demonstrate that the motor cortex is a key area in the control of the spatial aspects of reaching. The direction of the population vector was found to be closely related to the instantaneous direction of hand motion in extrapersonal space. Although the relations of the activities of single cells to movement amplitude were found to be less frequent and strong (Schwartz & Georgopoulos 1987), a signal related to the instantaneous velocity of the upcoming movement was present in the population discharge. Hence, for multijoint movements regularities that correlate with the temporal and spatial properties of hand trajectories can be sought at the cortical level. ACKNOWLEDGMENT Supported in part by a grant No. 85-00395 from the United States-Israel Binational Science Foundation (BSF), Jerusalem, Israel.



Strategies are a means to an end C. Ghez and J. Gordon Center for Neurobiology and Behavior, New York State Psychiatric Institute, College of Physicians and Surgeons, Columbia University, New York, NY 10032



The target article draws attention to the value of using invariant relationships in motor performance to determine the strategies used by human subjects to control simple movements. Gottlieb et al.'s effort to provide a unifying framework is laudable and their stress on the achievement of accuracy is appropriate. We also agree that trajectory control strategies that require variation in speed may differ fundamentally from those in which duration is varied. We are uncomfortable with several of their assumptions, however, and with their overall perspective regarding the concept of strategy. We will examine here some of these issues and suggest a different framework. An important assumption made by Gottlieb et al. is that it is possible to infer that subjects used a global strategy merely by documenting the existence of a set of "rules between a . . . task and measured variables" which is "sufficient to perform the task." This definition, however, neglects to consider that such rules can only reflect the use of a strategy when there exist alternative ways to perform the task. It is just as invalid to infer strategy if trajectory control is entirely constrained by the task as it is if the relationship derives exclusively from a mechanical constraint. Thus, to take one of many similar examples of strategies that are cited, Gottlieb et al. characterize our subjects who were instructed to produce trajectories matching those of previously presented waveforms of differing durations (Ghez &



CommentaryVGottlieb et al.: Voluntary movement control Gordon 1987) as using a "speed-sensitive strategy" (note 18). Variation in speed by these subjects was a simple consequence of obeying instructions: The subjects had no choice; hence, unless the concept is trivialized, they cannot be considered to have selected a particular strategy. The issue of strategy in trajectory control arises only when it can be demonstrated that it is possible to carry out the specific task by alternative means. Gottlieb et al. also claim that their hypothesis describes how subjects control movements if they "obey" Fitts's law (section 10.1), which, they assert, defines a "speed-accuracy" strategy. •Besides relegating their "speed-sensitive" and "speedinsensitive" strategies to the role of tactical implementations, this restriction in the scope of their analysis leads to certain inconsistencies. For example, their subjects do not always obey the speed-accuracy tradeoff function proposed by Fitts (1954) (see below re. Figure 6). Indeed, the specific forms taken by speed-accuracy trade-offs vary with the performance criteria imposed in different tasks (see Meyer et al. 1988), and, as originally formulated, Fitts's law itself applies to conditions in which movements are not self-terminated as are the movements considered here. In Fitts's law, movement time rather than "speed" is the dependent variable, an important distinction since it is generally considered that greater accuracy is achieved by additional "submovements" or corrections (Meyer et al. 1988). These prolong movement time in a way not easily related to movement "speed." Such corrective movements cannot be accounted for by either of Gottlieb et al.'s hypothetical strategies. In addition, taking speed-accuracy trade-offs for granted can easily obscure the fact that different task demands can alter accuracy in quite different ways. For example, when subjects produce force responses of different amplitudes to match unpredictable targets and initiate their responses "as soon as possible," inaccuracy takes the characteristic form of a central tendency bias. We have found that this bias reflects the fact that urgently produced responses are emitted before they are completely specified (Hening, Favilla & Ghez 1988). This type of error is quite different from the simple increase in variability that occurs when subjects attempt to minimize response duration (i.e. force rise time) (Gordon & Ghez 1987). Another important assumption is that strategy controls an "excitation pulse" which in turn produces EMG and kinematics. Although this idea is appealing, it is misleading to suggest, as is done here, that analysis of EMG allows direct inferences to be made about the intensity and time course of the "net descending presynaptic input . . . which converges and summates within the alpha motoneuron pool." Such inferences are hard to justify because of the multiple indeterminacies involved. First, it is difficult to infer the firing patterns of motoneuron pools from surface EMGs because of the possibility of differential contributions of rate modulation and recruitment, especially at the beginning of a rapid or "ballistic" movement. Second, changes in excitatory drive reaching the motoneuron pool derive not only from the descending supraspinal input but also from changes in afferent input, from gating of reflex connections (Fournier et al. 1983; Hultborn et al. 1987) and from the reciprocal actions of segmental oscillators (Grillner 1981). Third, the fine detail of the EMG bursting patterns in muscles during limb movement is strongly influenced by segmental and afferent mechanisms (Ghez & Martin 1982). Although the "excitation pulse" is clearly a theoretical construct, Gottlieb et al. frequently write as if it were directly apparent. For example, in their description of Figure 6, they state, "the intensity of the excitation pulse remained constant while its duration varied," implying that the "excitation pulse" is observable in the initial rate of rise of the surface EMG. Similarly, when considering various results, they largely base their determination of strategy on the initial slope of the agonist EMG burst, presumably because this variable is seen as a filtered transform of the "excitation pulse." We would argue that this approach places undue explanatory weight on an



imperfectly sampled variable to tell us whether the intensity or duration of a hypothetical "excitation" parameter is being controlled by the nervous system. Moreover, we have noted that the kinetic variable force rise time may have a constant duration over a range of amplitudes despite the fact that agonist burst durations show small but progressive increases (Ghez & Gordon 1987). For this reason, we have preferred to rely on the specific relationships among trajectory parameters themselves rather than EMG variables to characterize the strategies used to perform a task (Ghez 1979; Gordon & Ghez 1987a). Gottlieb et al.'s Figure 6 illustrates that the narrow focus on the slope of initial EMG leads to incongruous conclusions. This figure is presented as a canonical example of a "speedinsensitive strategy," used when subjects "move different distances or loads in the absence of additional constraints on movement speed or time or changes in absolute accuracy requirements." Although the authors assert that "movement times are proportional to distance" in this experiment, the data illustrated show that movement times to the first zero-cross of velocity are nearly constant (especially for the middle and large response and in apparent violation of Fitts's law). Rather, it is peak velocity that is proportional to distance (as is also peak acceleration). Thus, we have the paradoxical situation of a subject using a "speed-insensitive strategy" to produce movements in which speed is proportionally modulated to achieve different distances. Another example of how Gottlieb et al.'s framework can be confusing is seen in their discussion of some of our experiments on the amplitude control of transient isometric forces or force impulses (note 18). We reported that, when instructed to be accurate, subjects who were free to adjust response duration achieved different peak forces by modulating the rate ofriseof force while maintaining force rise time near a constant value (Gordon & Ghez 1987a). The authors surprisingly refer to this as a "speed-insensitive strategy," perhaps because we did not instruct our subjects regarding speed or duration. Nevertheless, like their subject in Figure 6, our subjects achieved the goal of the task by modulating the rate ofrise(i.e., speed) of the trajectory rather than its duration. Because they focus their analysis on the initial agonist EMG slope, however, the authors insist that, in both cases, the nervous system is primarily modulating a duration parameter. We feel that this stretches the imagination and reflects the conceptual difficulties of the overall framework. Gottlieb et al.'s framework is ultimately unsatisfactory because the proposed strategies are not defined at the level of the variables and constraints of the task and do not clarify how successful performance emerges. Though a strategy may indeed be represented by a particular set of rules, the function it serves is to achieve a specific task objective with available resources given the constraints presented by the particular task conditions. In the case of the movement tasks considered here, the primary objective of a motor strategy is to control the distance moved or the force produced in the face of a particular set of performance criteria for accuracy, urgency, duration, and so forth. The resources available are two classes of control mechanisms, feedforward and feedback (each with its own costs and benefits) and the information on which they depend. The use of potentially faster feedforward mechanisms is limited by the degree to which available information allows accurate predictions of motor plant and environment. The use of feedback, which may allow greater precision, is primarily limited by delays and the potential for instability. The nervous system is likely to make strategic use of differentformsof feedforward and feedback depending on the demands of the task and prior experience. In our work on the control of simple isometric responses (Ghez 1979; Gordon & Ghez 1987a; 1987b), we have found that by distinguishing control over the rate of rise of force from control over the duration of the change in force it is possible to BEHAVIORAL AND BRAIN SCIENCES (1989) 12:2



217



CommentaryI'Gottlieb et al.: Voluntary movement control identify the separate contributions of feedforward and feedback control even within smooth trajectories. When subjects produce impulsive trajectories to a range of targets whose amplitudes vary unpredictably, the initial rate of rise of force is scaled to the target as well as to the final force achieved. In contrast, force rise time appears to be maintained around a fixed value. This indicates that subjects use predictive mechanisms and feedforward control (Gordon & Chez 1987b). We have referred to this mode of trajectory control as "height control," to differentiate it from "width control," where duration varies in proportion to amplitude or where initial trajectory parameters are independent of target. (The terms "height" and "width control" are borrowed from the oculomotor literature (Bahill et al. 1975a; Robinson 1975) and seem more intuitive than the related notions of speed "sensitivity" and "insensitivity.") Width control frequently occurs when subjects attempt to achieve a new steady state force rather than a transient or impulsive trajectory (Cordo 1987; Hening et al. 1983); the operation of feedback mechanisms or of successive corrections must then be considered. More generally, however, the degree of predictability of targets, the urgency of responding, the structure and experience in a particular task, and a variety of other factors all influence the nature of the errors that subjects make and determine the mix of predictive and feedback control they use. In sum, we would suggest that a theoretical analysis of motor strategies is possible only when there are alternative means for performing a motor task. Such an analysis seems useful only if it clarifies the operation of neural mechanisms for processing information to control movement trajectories. ACKNOWLEDGMENTS We are indebted to Dr. Wayne Hening for valuable comments and for critically reviewing an earlier version of the text.



If a particular strategy is used, what aspects of the movement are controlled? C.C.A.M. Gielena and J. J. Denier van der Gon b •Department of Medical Physics and Biophysics, University of Nijmegen, NL 6525 EZ Nijmegen, The Netherlands and "Department of Medical and Physiological Physics, University of Utrecht, NL 3584 CC Utrecht, The Netherlands Electronic mail: [email protected]



Gottlieb et al.'s central hypothesis is that movements are planned according to two strategies, a speed-insensitive (SI) and a speed-sensitive (SS) one. The SI strategy is defined as one in which "EMG rises at the same rate irrespective of changes in distance or load." This strategy predicts specific velocity and acceleration profiles. However, the predictions of the SS strategy are not specific at all. In our view the SS strategy is rather loosely defined in saying that "intensity is modulated" and that "duration (of the excitation pulse) may change in the same or the opposite direction." In fact, any strategy that is not an SI strategy, belongs, by definition, to the SS-type class. The SS strategy therefore lumps together all movement strategies other than the SI strategy; and the fact that these two strategies suffice to explain all the experimental data is not surprising at all, but rather a result of the definition of the two strategies. Gottlieb et al. confine themselves to movements in a joint with a single degree of freedom. It is worthwhile to stress, however, that the same control strategies are also observed in movements with more than a single degree offreedom,such as handwriting (Denier van der Gon & Turing 1965), drawing and playing musical instruments (Denier van der Gon 1979). In our view, single-joint movements are an artefact of the experimental protocol and are just a rare samplefromthe whole repertoire of normal movements. Furthermore, such multijoint movements can be performed similarly and perfectly well without visual information, suggesting that the control mechanisms under 218
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discussion are part of the motor program and not due to visual feedback mechanisms. An interesting question, which is not addressed by the authors, concerns what is controlled during the movement: the precise movement trajectory, duration and amplitude of muscle force, or the EMG muscle activation pattern. In our view the answer is very relevant for the mechanisms thought to underlie motor programming. Gottlieb et al. assume that muscle force is controlled. However, the force-velocity relationship, which causes a significant decrease of muscle force at constant activation for forearm flexion velocities of 0.5 m/s and higher (Jorgensen 1976), the Coriolis forces, the position-dependent inertia and mechanical advantage of muscles, the effect of muscle nonlinearities related to previous activation or muscle length prior to activation (Abbott & Aubert 1952) - all of these factors make it virtually impossible for the nervous system to control muscle force or movement amplitudes and velocities using the simple laws of mechanics. These problems may seem hard to solve for single-joint movements; the complexity increases even more for the control of multijoint movements. Goal-directed movements to stationary targets in 3-D space start immediately in about the correct direction (van Sonderen et al. 1988). This suggests that muscle activations for fast movements are set and tuned to each other before the onset of the movement. Because of the low-pass properties of muscle (time constant of arm muscles is 50 to 100 ms), modulation of muscle activity is not a very effective mode of movement control after movement onset to compensate for changes in muscle force due to the force-velocity and force-length relations and due to the dependency of muscle mechanical advantage on joint angle. It therefore seems reasonable to assume that the intensity of the first agonist burst is generated open-loop and is constant for the relatively fast movements that form the data base in Gottlieb et al.'s target article. The setting of the intensity of muscle activation may depend on the intended movement velocity or duration. On the other hand, modulation of the duration of muscle activation is very effective. This is evidentfromvibration experiments (Sittig et al. 1985; 1987) showing that vibration-induced afferent information has no effect on the accelerating forces of moderately fast movements but clearly affects the duration of the movement. Also, variability in the initial acceleration of a set of movements with the same duration and the same amplitude are compensated for by the duration of the acceleration (van der Meulen et al. 1988). Similar observations have been made with targeted force impulses in isometric contractions (Gordon & Ghez 1987b). Our suggestion (which is not necessarily incompatible with Gottlieb et al.'s view) is that the subject makes a rough choice of a level of excitation for the muscles depending on the intended movement velocity. When the excitation level is set, the duration of agonist activation and the onset of the antagonist activity are determined in our view using an internal model of the task and the limb, just as in the control of saccadic eye movements (Scudder 1988; van Gisbergen et al. 1981). Due to transport delays in the afferent and efferent pathways, afferent information may be used only in later phases of the movement, presumably in the decelerating phase. From these considerations it follows that it is not at all clear that two strategies are necessarily used. It may just as well be one strategy: selecting what muscle activation is appropriate for the task with variation of the duration based on the internal model of the limb and of the task. The issue of different strategies may arise with regard to some other aspects of movement control, however. Sittig et al. (1987) have shown that subjects may use different aspects of the afferent information (position or velocity information) during movements, depending on the instructions and the type of movement. These observations seem to suggest that velocity information is used in some types of movement whereas position information is used in others. Moreover, the activation of the



Commentary IGottlieb et al.: Voluntary movement control motoneuron pool has been shown to be task-dependent (Loeb 1985). These aspects of muscle activation are not considered in the target article of Gottlieb et al.



The strategy used to increase the amplitude of the movement varies with the muscle studied Emile Godaux Faculty de Medecme, Service de Neurophysiologie, University de MonsHainaut, 7000 Mons. Belgium



The initiation of rapid self-terminating movements to visually defined targets needs a sudden force furnished by a rapid and strong contraction of the agonist muscle. The envelope of the related EMG burst is called, in control-theoretic terms, a pulse; its width is the duration of the burst and its magnitude is the intensity of the EiMG activity. There are three a priori possibilities for increasing the amplitude of a movement: increase the width of the pulse, increase its height, or increase both its width and its height. The strategy Gottlieb, Corcos & Agarwal call "speed sensitive" corresponds either to a pulse-height modulation or to a pulse-height and duration modulation; the strategy called "speed insensitive" corresponds to a pulse-width modulation. In a pulse-width modulation, the duration of the movement increases as a function of its amplitude while the maximal velocity is independent of the amplitude of the movement. In a pulse-height and width modulation, both the duration and the maximal velocity of the movement increase as a function of its amplitude. In a pulse-width modulation, the duration of the movement increases as a function of its amplitude while its maximal velocity is independent of the amplitude of the movement. In my opinion, the strategy chosen depends not only on the parameters of the type of movement studied (target size, velocity, distance, load, etc.) as described by Gottlieb, Corcos & Agarwal, but also on the muscle studied and even the plane in which the movement is carried out (flexion of the elbow in the horizontal plane is different from elbow flexion in the vertical plane where gravity acts). Ocular saccades are executed according to pulse-width modulation (Robinson 1970). When a limb of small inertia such as a finger is to be moved, pulse-height modulation is used (Freund & Budingen 1978). The same effect is observed when the elbow is flexed in a horizontal plane, without the effect of gravity (see Figure 6 of Gottlieb et al.'s target article). But mechanical conditions are different when a the elbow is flexed against gravity (Cheron & Godaux 1986). Increasing the velocity of a high inertial load requires a force whose magnitude quickly goes beyond the possibilities of pulseheight modulation by the nervous system. As a result of this insufficient increase in velocity, the duration of the movement must be prolonged in order to achieve the desired amplitude.



Experiment and reality Mark Hallett Human Motor Control Section, Medical Neurology Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD 20892 Electronic mail: yvh@nihcudec



Gottlieb et al.'s theory serves to summarize and explain a good deal of experimental data. Within certain experimental constraints in the laboratory, subjects may well choose one or the other of the two strategies to accomplish a series of tasks. The two strategies are most easily described as modulation of pulse amplitude (SS) and modulation of pulse width (SI). As the task variables are modified one at a time along a single axis, the strategy for dealing with this change also follows in a single



direction. On the other hand, when people make functional movements in the real world, they face each movement problem one at a time. The optimal solution will include selecting the best amplitude and best width. Choice of SS or SI strategy cannot be specified. Thus, to a certain extent, this theory serves to indicate what can be done, but is not a fundamental rule for the organization of movement. Some such rules have been identified; examples include the minimization of jerk (Hogan 1984) and the "triphasic pattern" itself for fast movements (or at least the first agonist burst that sets the limb in motion and the first antagonist burst that stops it). The term "strategy" as used by Gottlieb et al. to describe different modes of motor control is a little confusing. It is certainly not a strategy in the sense that a person could consciously choose a specific one for a particular movement. When subjects make simple movements of different distances as fast as possible, they have the impression that their speed is constant at their fastest speed. This is a circumstance governed by the SS strategy, however, so the speed increases with longer distance (Freund & Budigen 1978; Hallett & Marsden 1979). There does appear to be a minimum pulse width for EMG of about 50 to 100 ms for different muscles and different persons. One of the consequences of this is the constraint that the maximum rate of alternating movement at a single joint is between 5 and 10 Hz. As long as an isotonic movement is limited in distance, sufficiently fast and not fatigued, the burst length will stay about this length, and different movements will be accomplished by changing pulse amplitude (SS strategy) (Hallett et al., submitted). For the elbow, the limit of distance appears to be about 40° (Berardelli et al. 1984; Brown & Cooke 1984). As the movement gets longer, the pulse duration increases (shift to SI strategy); this would seem to be the explanation of the "exception" seen in section 14.1. The relative constancy of pulse width at this minimum level over a wide variation in movement tasks may be another fundamental building block of the motor system. Task variables and the saturation of the excitation pulse Z. Hasan and G. M. Karst Department of Physiology, University of Arizona, Tucson, AZ 85724



What does a five-hundred-pound gorilla eat for lunch? The answer is, of course, "Whatever it wants." (Gottlieb & Agarwal 1982) Conventional wisdom has it that the neural motor-control system, for which the above-mentioned gorilla serves as a metaphor, can fulfill the requirements of a given task by adopting whatever strategy it wants. In a welcome departure from this view, Gottlieb et al. argue that, at least for the tasks commonly used in laboratory experiments, the strategy is chosen in a lawful rather than a capricious manner. They invoke two strategies to explain the diverse findings from different laboratories. This is comforting to all of us experimentalists, since we are mortally afraid of willful gorillas. On closer reading of the target article, however, we find it difficult to escape the conclusion that Gottlieb et al. have provided no more than an a posteriori classification of what the gorilla eats for lunch: He eats either bananas or nonbananas. Some of our reasons for this disappointing conclusion are outlined below. When the subject is provided with certain task variables (distance and size of target, loading, requested speed, etc.), and he performs a single movement trial, what can one say about the strategy he uses on that trial? Gottlieb et al. are completely silent on this issue. "Strategy," according to their usage, pertains only to what happens when the task variables are altered; it therefore has no meaning for a single trial. We grudgingly BEHAVIORAL AND BRAIN SCIENCES (1989) 12:2
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Commentary/'Gottlieb



et al.: Voluntary movement control



accept this experimentalist-centered view of strategy, a view that cannot be of any help in investigating internal algorithms when the subject performs a single, target-directed movement, which is what most subjects do in real life. Rather than quibble over the semantics of "strategy," it would be more useful to examine what Gottlieb et al. have to say about the effects of varying some of the task variables. When the subject is asked to speed up or slow down the movement, the amplitude of the "excitation pulse" changes ("SS strategy"). This is unexceptionable, though hardly new. What happens if we change the distance to the target? Gottlieb et al. address this question only for the extreme limiting case when the subject has also been asked to move as quickly as possible. This limiting case, for reasons unknown, has been the favorite of psychophysicists, who have found many correlations among measured variables, for example, between distance and peak velocity. But if the subject is not asked to move as quickly as possible, it is obvious that, within limits, he can move any distance at any velocity, and therefore there is no correlation between the two variables. Gottlieb et al. ignore this obvious fact, concluding that "movements with different distances . . . are controlled by the SI strategy," (Abstract, point 3), that is, by modulation of the duration of the excitation pulse. They do not point out that this is true only in the limiting case of maximal-speed movements. This finding, moreover, is a truism: Since the subject is asked to move as quickly as possible, the excitation pulse amplitude is as high as it could be, and therefore when the distance is changed there is nothing else to modulate but the duration of the pulse, which is what Gottlieb et al. call the "SI strategy." (This criticism is almost accepted in section 14.3.) When, on some occasions, a subject fails to move as quickly as possible, the pulse amplitude climbs down from saturation (Figure 14), which is hardly a violation of any "law," and need not have caused the consternation it did. Gottlieb et al.'s persistent belief that distance and velocity must be correlated leads to the "conundrum" regarding antagonist activity associated with stopping a movement (section 12.1). In the cited experiments of Brown and Cooke (1981) and Mustard and Lee (1987), as also in Figure 6 of the target article, distance and velocity are indeed correlated, since the subject was asked to move as fast as possible. They are not correlated in the experiments of Lestienne (1979), Marsden et al. (1983), or Karst and Hasan (1987), simply because speed was one of the task variables. The papers in the latter set all demonstrate that there is greater antagonist activity for a smaller movement if the peak velocity is the same. (Incidentally, Karst and Hasan, 1987, provide a rationale for this in terms of peak kinetic energy, not peak deceleration.) There is no conflict whatsoever with the former set of reports, in which the instructions to the subject were such that peak velocity could not be the same for small and large movements. Thus, there is no conundrum, unless one fails to recognize the obvious fact that distance and velocity are independent except when the subject is instructed to move as fast as possible. What happens to the agonist excitation pulse in fast and accurate movements when the size of the target is varied? Gottlieb et al. claim that this "induces subjects to alter movement speed" (section 9), and thus results in alteration of the pulse amplitude ("SS strategy"). Is it the change in measured speed that leads Gottlieb et al. to believe that the subject was so induced? But the measured speed also changes when the target distance is altered (for the "fast and accurate" instruction), yet in this case the "SI strategy" is exhibited. On what grounds can Gottlieb et al. make a principled difference between the effect of changing the target size and the effect of changing the distance to the target, if both result in a change in measured speed? Do they believe that the speed-accuracy relation operates at a different level of the motor system than the speed-distance relation? If so, why? It seems to us that the excitation pulse amplitude and dura220
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tion are chosen on the basis of some rules that are yet to be uncovered. The amplitude, however, has a certain upper limit (as in Figure 3), and when this limit is reached the subject is said to be exhibiting the SI strategy. Short of the saturation, whatever happens is dubbed the SS strategy. This classification trivializes the concept of strategy. Not only does it fail to address how the subject chooses the parameters of the motor output when the task variables are not altered, but the classification amounts to giving a separate name to one end of a continuum observed when the task variables are altered. To return to the gorilla metaphor, this is akin to classifying bananas as a separate food group. The popularity of experimental paradigms which tend to induce saturation of the excitation pulse gives the illusion that this strategy comprises more than just the end of the continuum. The apparent contradictions in the literature that are resolved in the target article are in fact not contradictions at all, since the subjects were instructed to move as fast as possible in some experiments but not in others. Even the "exception" and the "conundrum" raised by Cottlieb et al. can be resolved in the same trivial manner, as we have done.



Movement strategies as points on equaloutcome curves Herbert Heuer Fachbereich Psychologie, Philipps-UniversitSt Marburg, 355 Marburg, Federal Republic of Germany Electronic mail: heuer(aMmrhrzll.bitnet



The strategies described by Gottlieb et al. represent a bisection of a single continuum: the modulation of the intensity of the excitation pulse. Zero modulation is called the "SI strategy," whereas the "SS strategy" designates any modulation that is discernably larger than zero. This commentary suggests a more general conception of strategies that subjects use to meet different task demands. It is based on a notion of strategies as points on equal-outcome curves. Analogous analyses can be found in other fields of inquiry. For example, the strategy of an observer in a signal-detection task can be characterized by a point on the isosensitivity curve or ROC curve (e.g. Baird & Noma 1978, pp. 142-43), the strategy in dual-task performance by a point on the POC curve (Norman & Bobrow 1975), and the strategy in a choice-reaction time task by a point on the SAT curve (e.g. Wickelgren 1977). Strategies and equal-outcome curves. Stimpel (1933) was among the first who studied the correlation between certain characteristics of movements that were aimed at a particular outcome. In throwing movements he found a correlation between initial velocity and the deviation of the initial flight angle from 45 deg. Such a correlation is to be expected from simple mechanical considerations. Various other examples of motor equivalence have been described since then. The relation between two or more movement characteristics imposed by the intended outcome will be called an equal-outcome curve. As an illustration, consider a somewhat unrealistic example: A rapid aiming movement will be characterized by durations Ta and Td and amplitudes Aa and Ad for the acceleration and deceleration impulse, respectively. All variables have positive values. The following constraints are imposed by the intended outcome: (1) AaTa - AjT,/ = 0 (Velocity is zero at the end of the movement) (2) AaT% + A()T§ = 2 D (Distance D is covered by the movement) (3) Ta + Ta = T (Movement time is T) From these constraints the following equal-performance curve can be derived: (4) AJa = 2DIT



Commentary /Gottlieb et al.: Voluntary movement control For any intended outcomes D and T eq. (4) specifies a hyperdefined, equal-outcome curves can be determined for these bolic relation between Aa and Ta. variables. More important, the influence of a task variable can be conceived as a "movement" from a point on one equalEqual-outcome curves are determined by mechanical laws, outcome curve to a point on another one. but also by the capabilities of the human performer, as isosensitivity curves, POC curves, and SAT curves are. For example, Viewed from this perspective it becomes obvious that Figure 4 and 5 of Gottlieb et al. depict different strategies for changing in eq. (4) the range of To is from zero to T, but for a human performer the usable range is smaller because values of Ta close outcomes. In Figure 4 a larger intensity of the excitation pulse is accompanied by a shorter duration, but not in Figure 5. In fact, to zero or close to T imply amplitudes of the acceleration or Gottlieb et al. (12.3 and 14.3) consider the possibility that there deceleration impulse which approach infinity. Equal-outcome might be two variants of the SS strategy. If one continued to curves must hence be determined empirically. Since the human subdivide the strategies one wouldfinallyarrive at the "continuperformer adds additional constraints to the mechanical ones, ous perspective" suggested in this commentary. As a kind of empirical equal-outcome curves should be sections of the ones summary, this perspective suggests the following approach to imposed by mechanical constraints alone. Empirical equalthe problems posed by the phenomena of motor equivalence: (1) outcome curves can nonetheless be determined even when the Determine what subjects can do, that is, determine equalmechanical constraints are not exactly known, for example, for outcome curves, (2) determine what subjects do do, that is, amplitudes and durations of real acceleration impulses. which ranges of equal-outcome curves are actually used, and (3) As with isosensitivity curves, POC curves, and SAT curves, solve the question of why subjects choose what they do, that is, subjects have to be motivated to use different strategies when find the relevant costs that are minimized. equal-outcome curves are to be determined. Without special instructions or incentives subjects will operate on a point (or small range) of the curve only. Equal-outcome curves provide a methodological and conceptual tool to deal with the fact that Force requirements and patterns of muscle subjects can perform movements with a particular outcome in activity many different ways, although they often choose to perform them in a less variable fashion. This choice represents an Donna S. Hoffman and Peter L. Strick important and somewhat neglected problem for movement Research Service, Veterans Administration Medical Center, Departments of research. Concepts like costs and benefits can be useful in Neurosurgery and Physiology, SUNY Health Science Center at Syracuse, conceptualizing it (e.g. Cruse 1986; Heuer 1988; Heuer & Syracuse, NY 13210 Schmidt 1988). Task variables and strategies for changing outcomes. In the "Simple movements" are not so simple. The target article by Gottlieb and colleagues clearly reviews the literature and highillustrative example of eq. (4) the vertex of the hyperbola has a lights the diverse nature of the results of studies on single-joint distance from the origin of 2VD/T along the diagonal. When a movements. More important, the authors present a systematic task variable is changed directly (e.g. target distance D) or theory that provides "rules" for controlling these movements. A indirectly (e.g. movement time T by way of target size), the key element in their theory is that the strategy a subject adopts vertex is shifted along the diagonal. To change the outcome of to perform a task determines the precise pattern of muscle movement, the subject then has to operate on a new equalactivity and movement kinematics. outcome curve. As long as no attempt is made to obtain equalWe agree with Gottlieb et al. that the choice of a particular outcome curves for each level of the task variable studied, movement strategy has an important influence on muscular subjects will move from a point (or small range) on one equalactivity and movement kinematics (see, for example, Benecke et outcome curve to a point (or small range) on another one. This al. 1985; Marsden et al. 1983; Mustard & Lee 1987; Waters & can be done in many different ways. The way chosen can be Strick 1981). The range of possible movement strategies and the described as a vector which connects the two points. If, in the effects of changes in strategy are issues that need to be more illustrative example, the vector is parallel to one of the axes, the extensively examined. On the other hand, we want to present an changing outcome is achieved by changing only Aa or Ta. Any alternative explanation for the origin of the different patterns of other direction of the vector corresponds to a particular commuscular activity observed in studies of "simple movements." bination of changes in Aa and Ta. The strategies described by We believe that much of the variability in observations can be Gottlieb et al. are strategies for changing outcomes which, explained by differences in the force requirements of the tasks however, are not formulated in terms of equal-outcome curves used to study these movements. To illustrate this point, we will but as discrete behavioral entities. From discrete behavioral entitles to continuously varying strat-present the kinematics and muscular activity of a subject peregies for changing outcomes. Gottlieb et al. make only a very forming wrist movements opposed by a range of visco-elastic loads. weak assumption in relating the theoretical variable "intensity of the excitation pulse" to observables: Identical intensities The subject (a 32-year-old male) grasped the handle of a correspond to identical initial slopes of EMG and torque and manipulandum that was coupled to a torque motor and perdifferent intensities to different slopes. They also refrain from formed a visual step-tracking task. The task used in this experiformally relating the duration of the excitation pulse to overt ment has been described previously (Hoffman & Strick 1986). behavior. Given the postulated relations between hypothetical Briefly, the subject was instructed to perform all movements as and observable variables, there remain only two strategies that fast and as accurately as possible. Shifts in the location of a target could be examined. A treatment in terms of equal-outcome displayed on a large screen oscilloscope required 5, 15, or 25 curves requires somewhat stronger assumptions. These asdegree changes of wrist angle in the radial direction. Muscular sumptions, of course, are necessary only if one intends to make activity (EMG) was recorded using surface electrodes spaced inferences about the hypothetical excitation pulse. about 1.0 cm apart on the skin overlying the extensor carpi radialis longus (ECRL; agonist) and the extensor carpi ulnaris It seems justified to postulate a monotonic relation between (ECU; antagonist). The raw EMG signals were full-wave recthe intensity of the excitation pulse and the initial slopes; as far tified and filtered (see Gottlieb & Agarwal 1970; t = 10 msec). as I can see (almost?) any linear filter would produce such a relation. In spite of Gottlieb et al. 's (Figure 3) hesitation to relate The traces illustrated represent averages of data from 16-24 movements. the duration of the excitation pulse to observables, it is justified to treat the time-to-peak EMG (and peak torque?) as a monoWhen the subject performed different amplitude movements tonic function of the duration. Neglecting the difficulties that without an external load, the peak of the initial agonist burst arise from amplitude limitations and peaks that are not well varied with movement amplitude (Figure 1, this commentary). BEHAVIORAL AND BRAIN SCIENCES (1989) 12 2
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In a complex system (such as a human being instructed to make a discrete movement from one joint posture to another under certain task instructions) there is need for a theoretically guided inquiry into what the relevant degrees of freedom of these behavioral patterns and their dynamics are. A useful method is to study transitions in behavioral pattern at one's chosen level of description (e.g. kinematic, EMG, neuronal) as a means of distinguishing one behavioral pattern from another. In experiments in which many aspects are potentially measurable, this enables one to identify the relevant degrees of freedom, and, equally important, to map observed variables onto dynamical laws. Once found, these laws may be derived from lower levels of description using a similar theoretical strategy, hence permitting a micro-macro linkage. Since we are dealing with open, dissipative systems subject to special boundary conditions (e.g. environmental context, task variables) we should not assume a priori that the laws are linear or Newtonian. In general, for coordinated biological motion they are not. Our point, in any case, is that such laws have to be found, not assumed (Kelso & Schoner 1987; Schoner & Kelso 1988). At the kinematic level, Gottlieb and colleagues may be justified in treating single-joint movements as a single degree of
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freedom, but they provide no evidence for this assumption. The position (x) and velocity (i) are presumably adequate phase space descriptions of a single moving joint. But what are the (*,*) dynamics at the initial and final postures, and what laws of motion govern these dynamics and the volitional transition from one postural state to another? The answer is not yet clear in spite of a decent history of work on such problems (e.g. Bizzi et al. 1982; Cooke 1980; Feldman 1966; 1986; Kelso & Holt 1980; Lestienne et al. 1981). The presence of two (experimentally verified) stable states corresponding to initial andfinalpostures in many of the paradigms discussed by Gottlieb et al. indicates the coexistence of two point attractors. The trajectories between these states are known to be stable and reproducible. These facts already hint at dynamics that are nonlinear and nontrivial. Gottlieb et al.'s target article represents a useful discussion of the influence of boundary conditions, that is, the parametric effects of task variables on kinematic and EMG events, but, strangely enough, it ignores the dynamical laws themselves and the efforts that have been made to find them. When it comes to identifying the relevant degrees of freedom at the EMG level, the situation becomes cloudier still. The excitation pulse is assumed to covary with the EMG and is mediated through the low pass filtering properties of the motoneuron pool (afirst-orderdifferential equation). Although "the excitation pulse is not measurable" it nevertheless represents a huge compression of variables (sect. 7). But again, the laws defining the EMG pattern and its dynamics are missing, as is any rigorous derivation of them, including a rationale for this particular compression of degrees of freedom (to a simple O. D.E.) or how it occurs. Gottlieb and colleagues may be (arguably) right that there is no generally accepted method in the motor control literature by which rules can be stated, tested, and compared. On the other hand, certain longstanding canons of science presumably still apply. One is that laws should be formulated for experimental observables only and predictions should be experimentally testable. Seductive though it is, not much is to be gained from a theory that relies - by the authors' own admission — on unobservable levels of description to explain phenomena at other observed levels of analysis. On the positive side, once the dynamics of both the taskdefined EMG and kinematic patterns are identified (perhaps using the phase transition strategy mentioned at the outset), there is a distinct possibility that the two levels of description can be linked - by virtue of shared dynamical laws - without any resort to unobservable excitation pulses (for an example in human rhythmical movement, see Kelso et al. 1987). This contribution may then be appreciated for what it is: a serious effort on the part of the authors to classify boundary conditions described (perhaps again unnecessarily) by various kinds of rules. ACKNOWLEDGMENT Work supported by NIMH grant R901-MH42900 and ONR grant N0014-88-J-1191.
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The search for general principles underlying the organization and control of movement has a strong, well justified appeal for neurophysiologists. In particular, theories dealing with the parametrization of neural output variables have been able to account for a body of experimental facts in the field of both eye and limb movement. In the attempt to overcome limitations in previous theories of limb movement control, Gottlieb et al. here propound a double mode of control: pulse amplitude or pulse BEHAVIORAL AND BRAIN SCIENCES (1989) 12.2
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Commentary/Gottlieb et al.: Voluntary movement control EMGs of agonist and antagonist muscle, or signals to the o-MN pools (we shall call these "pattern-imposing" models) (Bizzi et al. 1982; Enoka 1983; Hallett et al. 1975; Lestienne 1979; Sanes & Jennings 1984; Wallace 1981). This approach, which is closely related to the a-model, has been seriously criticized (Berkinblit et al. 1986; Feldman & Latash 1982) starting with the classical works of Bernstein (1935; 1967), who stressed the theoretical impossibility Qf independently controlling the level of o-MN activation during a movement. Gottlieb et al. admit this problem and try to resolve it by referring to the "gating" of reflex feedback loops during movements and to the possibility of predicting the reflex contribution in standardized experimental conditions. Although the "gating" has been demonstrated experimentally (Gottlieb & Agarwal 1980; Wadman et al. 1979), it is unlikely to provide total suppression of all the reflex inputs to the MN pools. Relying on predictive abilities of the central control system implies that even the simplest movements are planned and regulated differently for different conditions of their execution. An alternative. The "dual-strategy" approach does not necessarily require regulation on the a-level. A very similar classification of the processes of regulation of single-joint movements was proposed by Feldman and his colleagues (Abdusamatov & Feldman 1986; Abdusamatov et al. 1987; Adamovitch & Feldman 1984; Adamovitch et al. 1984) based on the equilibrium point hypothesis (EP-hypothesis, Feldman 1979; 1986). [See Adamovitch & Feldman's commentary, this volume.] In these works, an attempt has been made to demonstrate that the threshold (X) of the tonic stretch reflex (TSR) can be an independently regulated parameter not only for the static conditions to which the notion of the TSR usually applies (Asatryan & Feldman 1964; Matthews 1959) but also for fast movements. Unlike the "pattern-imposing" models, this dynamic approach is based on standardized changes of the regulated parameters specific to the intentions of the subject (his strategy) but not to the peripheral conditions of movement execution. The EMGs, however, are determined by both changes in the centrally regulated parameter(s) and reflex inputs dependent upon real kinematics of the movement (whether it is predictable or not). In particular, it has been demonstrated that the triphasic pattern can be a Direct pattern-imposing control or dynamic consequence of simple unidirectional shifts of X with a constant regulated speed. The speed-sensitive and speed-insensitive regulation? strategies of the target article can be associated with X shifts with Mark L. Latash different speeds and with a constant speed, correspondingly. Rush-Presbyterian-St. Luke's Medical Center, 1653 W. Congress Parkway, The Si-model. We have recently attempted to elaborate this Chicago, IL 60612 approach (which we call the fl-model) and to analyze theoretically the emergence of reproducible EMG patterns during The "dual-strategy" idea of Gottlieb et al. is an important step fast single-joint movements with different velocities, amplitoward a universal approach to the existing body of physiological tudes, and inertial loads (Latash & Gottlieb, submitted). This and psychophysiological data on single-joint motor control; it approach accounts for the available data and provides a simple will certainly influence future studies in this field. Independently regulated parameters. One of the basic prob- explanation for some of the seemingly controversial observations. lems in any model of motor control is that of independently regulated parameter(s). Independent regulation implies that the According to the Jl-model, fast isotonic movements and isometric contractions (manuscript in preparation) are regulated control system can specify a parameter independently of exterby a standardized program which specifies X changes for agonist nal conditions of movement execution, which can frequently be and antagonist muscles. This program includes: (1) a shift of the unpredictable. Gottlieb et al. explicitly define the controlled agonist X with a regulated constant speed (w) to a new value variable as the "net descending presynaptic input" to the otcorresponding to the final position or torque; (2) a simultaneous motoneurons (MNs). Although certain reservations are made small shift of the antagonist X providing for coactivation; (3) a with respect to this variable, the model is described as if the delayed shift of the antagonist X providing for active braking of central control system were able to independently regulate the the movement. The latter delay increases with movement input to the o-MN pools (cf. with the o-model of Bizzi 1980). amplitude and is standard for isometric contractions which can Since the MN pool is considered as a low-pass filter, this means be considered as isotonic movements of a very small amplitude direct regulation of its output. The influence of feedback signals, and a very high inertial load. Movement speed (or time) is in particular from the muscle peripheral receptors, is not incorregulated by changing the agonist 
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