






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































A Recruitment Theory of Force-Time Relations in

This work was partly supported by the Hugo Rupf-Stiftung of ..... understanding the form of the electrical activity of the muscle exhibited in the surface ..... the mean force-time function is determined by both the PDF f(. ) of the ...... assumption is that it simplifies the building of mathematical ...... The model in theory construction. 

















 Télécharger le PDF 






 3MB taille
 5 téléchargements
 310 vues






 commentaire





 Report
























Psychological Review 1991, Vol. 98, No. 2, 268-294



Copyright 1991 by the American Psychological Association, Inc. 0033-295X/91/$3.00



A Recruitment Theory of Force-Time Relations in the Production of Brief Force Pulses: The Parallel Force Unit Model Rolf Ulrich



Alan M. Wing



Universit~it Ttibingen, Psychologisches Institut TiJbingen, Federal Republic of Germany



Medical Research Council, Applied Psychology Unit Cambridge, England



A theory, the parallel force unit model, is advanced in which the buildup and decline of force in rapid responses of short duration are assumed to reflect variability in timing of several parallel force units. Response force is conceived of as being a summation of a large number of force units, each acting independently of one another. Force is controlled by either the number of recruited force units or the duration each unit contributes its force. Several predictions are derived on the basis of this theory and are shown to be in qualitative agreement with empirical findings about both the mean and variability of brief force impulses. The model also has consequences for the temporal properties of a response. For example, under certain circumstances, it predicts a reciprocal relation between reaction time and response force. Although the theory is proposed as a psychological account, relations between the assumptions and basic principles in neurophysiology are considered. Possible future applications and generalizations of the theory are discussed.



By developing tension around a joint, muscle develops force against external resistance. If the force produced by the muscle exceeds the external resistance, movement at the joint results. In the study of motor control, psychologists have largely focused on overt movement, for example in asking questions about the speed and accuracy of limb positioning, and have tended to neglect the development of force. Or, if they have referred to force development, it has tended to be as a basis for explaining some aspects of overt movement. Thus, Schmidt, Zelaznik, Hawkins, Frank, and Q u i n n (1979) proposed that the accuracy of aimed movement be accounted for in terms of variability in the driving impulse provided by the muscles. Although this line of research has served to direct attention toward the determination of a prototypical force impulse function (Meyer, Smith, & Wright, 1982), there has been little effort devoted to theoretical understanding of the form of this function. If, for example, in movements of different amplitudes there is scaling of the force impulse function (Meyer et al., 1982), then how is this achieved? In this article, we consider one possible theoretical account of force impulse production that includes a scaling property. However, the theory's axioms lead



to further predictions concerning, for example, the variability of force at each point of time. These predictions lead us to a critical review of data on the development of brief force impulses. The regulation of force per se is not only of theoretical interest but is an important factor in many everyday actions. Two examples are the grasp force used to prevent an object from slipping under the force of gravity (Westling & Johannson, 1984) and the increase in grip force needed to compensate for the inertial loading during acceleration of a projectile, such as a dart, when thrown. In these cases, force levels are selected and modulated in a manner appropriate to the context; people do not appear, for example, to operate on an all-or-nothing basis, switching between zero and maximum force. And contrasting control styles, which in overt movement have led to the distinction between ballistic and guided movement, are also evident in force production (Cordo, 1987; Desmedt, 1983). People are capable of providing rapid changes in force in a predictive, open-loop fashion or of using feedback to make adjustments tailored to a change in the external situation. In this article, we review empirical work providing information on the time course of the first of these two classes of force control--the production of brief, ballistic pulses. We do this within a framework provided by a simple theory in which the force produced by a subject is viewed as a summation over multiple parallel output units. Each of these force units is assumed to have identical properties. However, the onset of force in a given unit is subject to a variable delay. As we show later, this temporal variability plays a central role in determining the observed force-time waveform. In addition to its direct focus on amount of force, our thesis also has implications for another area of interest to psycholog i s t s - m e a s u r e m e n t of the time of a response. Consider, for



This work was partly supported by the Hugo Rupf-Stiftung of the Vereinigung der Freunde der Universit~it Tiibingen e.V.(Universit~itsbund) and by the Deutsche Forschungsgemeinschaft (UL 88/2-1). We thank Daniel M. Corcos, Paul J. Cordo, Karl M. NeweU, and Michael Reger for their helpful comments on a draft of this article. Correspondence concerningthis article should be addressed to Rolf Ulrich, who is on sabbatical through July at the Center for Human InformationProcessing, C-009, Universityof California, La Jolla, California 92093, and thereafter may be reached at the University of Tiibingen, Department of Psychology, Friedrichstrasse 21, 7400 Tiibingen 1, Federal Republic of Germany. 268



269



A RECRUITMENT THEORY example, the use o f response latency as an index of cognitive processing (Meyer, Osman, Irwin, & Yantis, 1988; Posner, 1978). The elapsed time between the presentation o f a signal to respond and the onset of movement is referred to as reaction time (RT). Systematic variation in RT associated with differences in the stimulus is taken to reflect change in afferent delay or decision-processing time. However, time is also taken up by movement preparation and execution. Thus, psychologists take pains to use simple responses that would be expected to minimize variation due to qualitatively different types o f movement. Brief force pulses have been advocated for this reason. But even with a stereotyped movement such as a keypress, there can be variation in force, which "is much less often recorded than response time, and it is far less completely studied" (Luce, 1986, p. 51). In the following sections, we demonstrate on theoretical grounds that such force variation in itself is sufficient to affect estimates of the time of response. If force changes systematically with stimulus conditions, this clearly could lead to a potential confounding, a point that has long worried psychologists (e.g., Delabarre, Logan, & Reed, 1897; Woodworth, 1938) and was recently restated by Carlton, Carlton, and Newell (1987). The force-time measure of a response could be an additional dependent variable that might be helpful in interpreting RT data. Data indicating that there can be a systematic relation between response force and stimulus intensity were reported by Angel (1973). The force used in making a thumb adduction response to an auditory or a visual signal was examined as a function of the amplitude of the signal. On each trial, the full force-time function was recorded. Angel reported that peak force increased with stimulus intensity and that RT decreased with peak force. Inspection of the force-time functions reproduced by Angel reveals an increase in peak force with stimulus intensity (see Figure 1). A more rapid rate of rise in force may be seen with higher forces. There are several ambiguities in Angel's report, including uncertainty about his criterion for measuring RT, that is, whether stimulus onset or some other point was taken as the trigger event. However, Figure I suggests that ifRT is measured as the time at which the response force first reaches a fixed level, or threshold, lower than the lowest of the peak force values, the dependence of the force-time function on stimulus intensity would lead us to expect shorter RT estimates for more intense stimuli. The model that we propose is able to account for force-time relations in simple, brief pulselike responses such as those recorded by Angel. With multiple, temporally noisy output units determining the level of force at any point in time, it is the noise in relation to the number of units that mainly determines the form o f the force-time function. Although the model is proposed as a psychological account of force-time relations, it is no accident that the elements of the model have many similarities to basic principles in muscle neurophysiology. Indeed, part o f the motivation for the model is that it may lead to a better understanding of the interface between brain and movement (cf. Bunge & Ardila, 1987, pp. 167169). The constraints discovered through quantitative modeling help define the control problem for the brain. Our approach is based on a simplified view of muscle activation. The simplifications we adopt are motivated not only by mathematical tractability, but also by the view that progress in understanding the
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Figure 1. Force functions produced in a simple reaction time task for different intensities of auditory stimulation with relative intensities from bottom to top of 0, 20, 40, and 60 dB. (The length of the record represents 640 ms; no force calibration was indicated in the original. From "Input-Output Relations in Simple Reaction Time Experiments" by A. Angel, 1973, Quarterly Journal of Experimental Psychology, 25, p. 196. Copyright 1973 by Eribaum. Reprinted by permission.)



system is more likely if the system is first described in reduced terms (albeit loosely constrained by available data) and only afterwards complicated by the addition o f more structure (Bunge, 1967, chap. 8). Before presenting our model, we first briefly set out certain facts from motor neurophysiology. T h e A c t i v a t i o n o f Skeletal M u s c l e Skeletal muscles are composed o f a large number of distinct contractile fibers. A brief pulselike change lasting about I ms in the electrical polarization o f the cell membrane sweeping along the length of a fiber causes changes in the structural arrangement of proteins, and these generate a very small tension (a fraction of a gram ~) referred to as a twitch. Such a twitch typically has a time course spanning 150-300 ms, with the rise in force taking roughly half the time of the decay. The electrical pulse responsible for the muscle fiber twitch arises in a neuron, the motoneuron located in the spinal cord, and terminates at a motor end plate on the fiber. By means of branching, a given motoneuron makes contact with several muscle fibers. How many fibers are innervated by a given motoneuron depends on the muscle. Figures cited by Burke (1981) give estimates ranging from 15 fibers per motoneuron for the extraocular muscles to 2,000 fibers per motoneuron in the leg muscle medial gastrocnemius, with intermediate values of 100 and 600 for the hand and arm muscles. The term motor unit (MU) is used to refer to the motoneuron with its set of muscle fibers. An impulse coming down a motoneuron is propagated simultaneously along all its branches, with the result that the



I The standard unit of force is the newton (N) rather than the kilogram (kg). One kilogram force equals 9.81 N, and hence 1 g force is approximately I cN.
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twitches in each of the muscle fibers of a given M U are generated in synchrony. Because the fibers ultimately attach to one tendon at each end of the muscle, the individual twitches are mechanically summated. A significant quantity is thus the tension produced in a single fiber twitch summed over the number of fibers in the MU. Depending on the muscle, this may amount to a few grams. In the performance o f everyday tasks, muscle tensions much greater than a few grams are normally required. To generate a tension impulse running into hundreds o f grams, activity in many MUs is required. If the twitches in all the MUs occur simultaneously, their mechanical effects will sum, and the resulting tension will increase as more MUs are added or recruited. However, there are at least two factors that act to prevent perfect temporal overlap. The first is that, in a group o f motoneurons, there is a considerable range o f fiber conduction velocities (e.g., see Eccles & Sherrington, 1930). Even though the input to a nerve fiber bundle may be tightly synchronized, the output will be a set o f impulses dispersed in time. The amount of the temporal dispersion is a function o f the range of fiber conduction velocities and the length o f the nerve. This results in a low-pass filtering effect, and an expression for the transfer characteristic of nerve bundles was derived by Williams (1969, 1972 ). This first factor is deterministic in the sense that a particular M U is always associated with the same conduction delay. A second factor acting to reduce temporal overlap is stochastic in nature; the activation o f MUs is not tightly synchronized but is variable. Evidence for this comes from examination o f the onset of activity in particular pairs o f MUs. Thomas, Ross, and Calancie (1987) studied selected M U pairs in the first dorsal interosseous (the muscle that moves the index finger sideways toward the thumb) during relatively brief (120 ms) ballistic movements associated with the dosing phase of using scissors. They documented standard deviations of the interval between the onsets of spike bursts of pairs of MUs in the range o f 10-40 ms. Such variability in M U pair onsets might arise in multisynaptic pathways o f motor preparation processes. But the important point is that in a brief contraction, such lack o f synchronization in the onset of activity across MUs will reduce the overlap o f their force contributions. One means of compensating for the effective drop in tension due to asynchronization in onset times over MUs would be to prolong the contraction time o f each MU. Such a prolongation would involve the motoneuron discharging more than once. However, if the spike discharges are closely spaced, not only is the M U contraction duration increased, but the tensions resulting from the later spikes are higher than they would have been in isolation (Partridge & Benton, 1981 ). Indeed, with contractions extending over a series of M U spikes, firing rate may be used to regulate tension instead o f adjusting the number of MUs recruited. 2 However, in maintained contractions at lower levels o f tension (up to 50% o f the maximum tension that a muscle is capable of), it is thought that the main way of increasing tension is to add more MUs. Only at higher tension levels are increases in firing rate thought to become significant in increasing muscle tension (Freund, 1983). The neurophysiology just described leads us to view the neuromuscular interface between intention and performance as



somewhat uncertain or noisy. In producing a brief force pulse, a variable number of units may make their contributions of force, starting at variable points in time and lasting for variable durations. If there is a single point in time at which we would initiate an action, there is clearly going to be a temporal "blurring" in the summated output relative to the underlying punctate command in the brain. A formalization o f this idea--albeit directed primarily at a characterization o f electromyogram ( E M G ) - with force treated in incidental fashion, was provided by Meijers, Teulings, and Eijkman (1976). They were interested in understanding the form of the electrical activity of the muscle exhibited in the surface EMG by treating the voltage waveform as the summation of single M U discharges. As their starting point, they assumed the electrical activity of the muscle obtained with direct stimulation of the motor nerve to be a summation, without temporal jitter, of the individual M U electrical waveforms. Using direct stimulation to estimate the single M U waveform, they then took the EMG and, by deconvolution with the M U waveform, obtained an estimate of the distribution of M U onset times, that is, the temporal dispersion of M U activity relative to the central command. On the basis of this onset time distribution (which indicated appreciable temporal jitter similar in magnitude to that documented by Thomas et al., 1987), Meijers et al. then turned to consider how EMG would be expected to accumulate in relation to the number of active motor units. At the end o f their article (Meijers et al., 1976) and in an earlier article (Meijers & Eijkman, 1974), Meijers et al. suggested the applicability of the idea o f summation, as used in their modeling o f EMG, to the development of force. However, they did not elaborate this idea into specific predictions for the expected form o f the overall s u m m a t e d force. Instead, they pointed out how such a model predicts a reduction in temporal uncertainty from the case of the single M U response to the situation where the "response" is defined as the point at which some preset proportion of units have been activated. With an interest in the effects of stimulus intensity on simple RT, Ulrich and Stapf (1984) adopted and extended the proposal o f Meijers et al. Assuming the total number of units activated increases with stimulus intensity, Ulrich and Stapfshowed that the model predicts a corresponding decrease in both mean and variance o f RT (defined in the model as the time to attain a certain number o f active units). These predictions were qualitatively in agreement with their data. In this article, our purpose is to bring all these strands together. We provide a formal statement of a model for the development o f brief force impulses. We compare (qualitatively) the model's predictions on force-time relations with published behavioral data. We draw out implications for both future research and future elaboration o f the model, particularly where current neurophysiology indicates there are major simplifications that could seriously alter the model's predictions.



2 The increase in tension with firing rate is limited by the development of tetanus, when the individual twitches merge into a steady contraction. Normal firing rates are considerably below this level.



271



A RECRUITMENT THEORY The Parallel Force Unit Model The parallel force unit m o d e l 3 ( P F U M 4) is an account o f the rise and decay o f force with t i m e in tasks where subjects are required to produce brief, ballistic pulse changes in force. The elements o f the model are represented in Figure 2. (See Appendix A for a glossary o f terms used throughout this article.) Observed force is assumed to depend on the sum o f forces developed by a subset o f a large number o f force units (FUs), each acting independently o f one another. The behavior o f each F U is taken to be a function o f the activity o f an underlying M U in combination with the mechanical coupling between the M U and the point o f m e a s u r e m e n t o f force. We suppose that a brief v o l u n t a r y c o n t r a c t i o n involves m a n y F U s and that there is variability in the times and hence in the periods o f activity across FUs.



The Assumptions of PFUM We m a k e the following assumptions, o4, through o45, about the production o f a force impulse: ~4~. In each trial, a subset o f b FUs is recruited from a pool of n units. The units in this subset are identified by the index i = 1, ...,b.



42.



The observed forcebFo(t) at time t is given as the summation Fo (t) = ~ Fi(t)



b < n,



(I)



/-1



manded. Unit i starts to contribute force at time L~, where the random variable L~ denotes the latency of unit i. -'~4. The random nature of Fi (t) is embodied in Li. We assume that a deterministic nonnegative F U force-time function uj(. ) characterizes the time course of force contributed by unit i, once force production is initiated. The trial-to-trial variability of F~(t) is then generated by random displacement of the function u~(. ) along the time axis by L~; that is,



0 Fi(t) =



for t < Lj,



u i ( t - Li) f o r t > L i.



(2)



Figure 3 illustrates Equation 2. ~4~. To enhance the mathematical tractability of PFUM, we assume that all n FUs are identical. Thus, we add two subsidiary assumptions. (a) All force-time functions are identical: ui(. ) u(.) (i = 1. . . . . n). (b) The latencies L~(i = 1. . . . . n) have the identical probability density function ( P D F ) f ( . ). Force development is thus conceived o f as a probabilistic process defined over a large set o f FUs, each contributing a small fraction to the total output. Although the units are not necessarily assumed to be statistically independent, they are taken to be mechanically distinct, and so the observed force level at any t i m e is the sum o f the effects o f those units that are currently active.



where F~(t) is a random variable, 5 which denotes the force contri-



bution of unit i at time t.



Predicted M e a n F o r c e - T i m e Function



..43. Let t = 0 be the discrete moment in time at which activation of the FUs underlying an observed force pulse is centrally corn-
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Figure 2. A stylized example ofthe development of force during a single trial under the parallel force unit model. (Top five lines: A central command at time t = 0 activates after a random delay the force production in a number of single-force units. Bottom line: At each point of time, the force developed in a muscle equals the summed force of all recruited units.)



In this section and the next, we start our formal development o f P F U M , using only Assumptions ,,41 through o45. We first obtain a convolution property for brief force pulses. It shows how the observed force-time function Fo(. ) depends on the individual force-time function u(- ) and on the density f ( . ).6 3 In this article, the meanings of the terms theory and model are taken within the framework of the hypotheticodeductive system (cf. Bunge, 1967). In particular, a general theory T, together with specific or subsidiary assumptions ~, yields the model ./~ (cf. Bunge and Ardila, 1987, p. 128). The set • enables the deduction of consequences (theorems) from d~, which would be difficult or even impossible on the basis of'/" alone. Hence, strictly speaking, ~ entails ~, or in other words, ,~/ is a specific version ofT. This usage contrasts with an alternate interpretation of the term in which model is treated as a synonym of analogy. In the latter case, a model is taken, for heuristic or didactic purposes, to be a pictorial representation of a theory (cf. Lachman, 1960; Schmidt, 1988, pp. 36-37). 4 We encourage the German pronunciation of the acronym, as in P f-erde, and hence P f-um. 5 We follow the convention of using boldface letters for random variables. 6 Meijers, Teulings, and Eijkman (1976) derived mathematical expressions for the mean and the variance of EMG signals that in principle could be applied to force-time functions. However, they tailored the variance prediction for multiphasic signals to obtain a mathematically tractable expression, which holds only approximately. Furthermore, the mathematical analysis of their predictions is unnecessarily complex. For these and other reasons, we provide simplified versions of their original proofs, which are better suited for the purpose of this article. The simplified proofs concern Propositions 1 and 5 in our article, which correspond to Expressions 10 and 15, respectively, in the work of Meijers et al. (1976).
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u~(-)
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Figure 3. The relation between Liand F~(t). [The random variable F~(t) denotes the force level produced by force unit i at time t. This level changes from trial to trial because the force-time function u~(-) is randomly displaced along the time axis. The latency Li causes the random displacement. The two realizationso~jand o~2 illustrate this random displacement of ui(. ) with two different levels of force associated with a particular point t' on the time axis.]



We then show that the obtained force-time function leads to a scaling property for which there are supportive empirical observations. In later sections, we introduce some simplifying assumptions to derive mathematically more tractable expressions for the mean and variance of the observed force-time function. For the following considerations, some definitions are needed: Let the total area A = f~ u(t)dt under u(. ) be the impulse of an FU, and let z(- ) be defined as



z(t)-~ u(t)



A



(3)



for t > 0. The function z(. ) will be called the normalized FU force-time function. Note that the area under the normalized function equals 1.



ProposRion 1. If Assumptions ,,41 through ,,45 hold, then the mean force-time function E[Fo(, ) ] is given for all t > 0 by E[Fo(t) ] = b . A . h(t),



(4)



where b is the number of recruited FUs, A is the impulse of an FU, and h(t) =- f~ z(t - t')f(t')dt' denotes the convolution of the normalized function z(. ) and the PDF f ( . ) of the latency L. Proof Taking the mathematical expectation on both sides of Equation I yields b



E[Fo(t) ] = • EIF~(t)].



(5)



From Equation 2, one obtains b



E[Fo(t) ] = ~ E [ u i ( t - L , ) ] .



(6)



/~1



Simplifying according to Assumption ..45, E[Fo(t)] = b . E [ u ( t - L)].



(7)



Because u(t) = A . z(t), we have E[Fo(t) ] = b . A . E[z(t - L) I.



(8)



According to the "law of the unconscious statistician" (cf. Ross, 1980, pp. 39-40), the expectation E [ g ( X ) ] o f any real-valued



function g(. ) of a random variable X with PDF f ( . ) is given by E [ g ( X ) ] = f g ( x ) f ( x ) d x . Applying this law to Equation 8 yields E[Fo(t)] = b . A . ~oo z ( t - t') f(t')dt'.



(9)



The integral fF z ( t - t') f(t')dt' = (z. f)(t) is the so-called convolution of z(. ) and f ( . ). The asterisk is a common abbreviation for the convolution operation. The proof is complete. Remarks on Proposition 1. Proposition I is thus concerned with both the size and the shape o f the mean force-time function. The force at any given time t > 0 increases with the number b or the impulse A (or both) of the active FUs. The shape of the mean force-time function is determined by both the PDF f ( . ) o f the F U onset latency L and by the normalized F U force-time function z(. ). The factor that determines the shape is the convolution term h(. ). Because z(. ) is nonnegative and the area under it is 1, z(. ) can be regarded as a PDE Let X be a random variable that corresponds to z(. ). This random variable does not appear in the assumptions of PFUM. It has the status of a dummy random variable. However, the definition of X is helpful in that it allows the use of familiar concepts of probability theory to interpret the shape of the mean forcetime function. Assume that X and L are independent random variables; then, the PDF of the sum X + L is given by the convolution h ( - ) (cf. Feller, 1971, chap. 1). Therefore, if the variance of L is relatively large compared with the variance of X, then the shape of the mean force-time function is mainly determined by the shape of f ( . ). However, if the converse is true, then z(. ) mainly determines the shape of the mean forcetime function. The larger the variance of L, the less E [Fo(" )] resembles the shape of the force-time function u(. ) and the more "smeared" is the force impulse. The smearing of the F U force-time function is not only a feature of the mean force-time function but can be observed in
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A RECRUITMENT THEORY single trials. This is illustrated in Figure 4 by computer simulations. Each panel shows three realizations of force development under the same set of assumptions and model parameters. In the panels on the top, the underlying FU force-time function is a symmetric triangular function, whereas in the panels on the bottom it is a rectangular function of the same duration. In all four panels, the impulse and the number of recruited FUs is kept constant. The simulations are based on the assumption that the PDF of the onset latencies corresponds to the so-called special Edangian distribution (discussed later). In each panel, the mean of L is constant. In the right-hand panels, the standard deviation SD[L ] is twice that in the left-hand ones. As evidence of smearing, note that none of the simulated functions indicates the shape of the underlying function u(. ). Also, note that the smearing effect increases with the variability of L; the summed force functions derived from triangular and rectangular underlying functions are more similar in shape in the righthand panels, where there is greater variance of L. The simulation clearly illustrates the dependence of the shape of the overall force-time function on the variability in latency, L, that produces FU onsets ofasynchronicity. It is therefore important to ask for evidence that FU-onset standard deviations are as large as the 20- to 40-ms values chosen for the simulation. If FUs in the model are equated 7 with MUs, estimates of the onset variability may be taken from Thomas et al.'s (1987) observations of variability of the interval between the onsets of pairs of independent MUs. Suppose the efferent delays from a single central command to the onset of observable activity in each of a pair of MUs represent identically distributed and independent random variables D~ and D2, then the interval between their onsets is A = D~ - D E . Then, as pointed out by Ulrich and Stapf (1984) for the case of response asynchronies in simultaneous bimanual keypresses, the variance of A equals twice the variance of D. Thomas et al. estimated the standard deviation of MU-onset asynchrony as large as 40 ms in some pairs. Assuming the onset delay variance of one MU to be half that of the asynchrony, this estimate would indicate values of standard deviation for the MU delay as large as 28 ms. Moreover, as noted in the introduction, Meijers et al. (1976) estimated a distribution of MU onset times on the basis of EMG data. This estimated distribution spanned about 60 ms, indicating a rather large standard deviation of D. Both findings dearly provide the possibility of a considerable degree of smearing of the single FU force-time function in arriving at the total force function.



Scaling o f the M e a n Force-Time Function Given Proposition 1, an important consequence is that, if peak force is controlled by recruiting varying numbers of FUs, mean force-time functions for different levels of peak force should have the same basic form. To demonstrate this, consider the following proposition: Proposition 2. The area A o under the mean force-time function is



Ao = b . A .



Remark on Proposition 2. The proposition embodied in Equation 10 provides a simple way to test the hypothesis that different mean force-time functions are generated by different recruitment levels. We define a rescaled mean force-time function r(. ) for t > 0 by r(t) =- E[Fo(t)._____~] Ao



(11 )



Then all rescaled mean force-time functions of various amplitudes should superimpose if their corresponding force levels were achieved by varying the number of FUs recruited. However, if the rescaled mean force-time functions do not coincide, then we must suppose that a change of normalized function z(. ) has occurred. Empirical observations on scalability If subjects are asked to produce higher peak forces and they do this by recruiting more units, that is, by increasing b, then according to the model, the form of the force-time function for different force levels will be related. P F U M predicts that after scaling by the area under the curve, the force-time functions will superimpose. Data from various studies provide support for this scaling property of the model. Referring to Figure 1, we note that the force-time functions reproduced by Angel (1973) look distinctly similar in form. Because the functions with the higher peak values exhibit greater rates of rise of force, the times to peak force are little changed, and the functions might well be expected to superimpose once normalized by their differing areas. An analysis giving more detailed information about the form of the mean force-time function was provided by Freund and Biidingen (1978). In their experiment, subjects produced brief (rise times around 90 ms) isometric force pulses of up to 100 N with the muscles of the index finger. Two conditions were run. In one, the target condition, subjects were expected to produce as fast as possible a peak force within 10% of a target value. In the nontarget condition, subjects were simply asked to produce pulses of minimum duration with a range of peak values over trials. The average force was generally a smooth, single-peaked function o f time, with more time being taken in the decay phase than in the buildup to the peak force value. The form of the functions (Freund & Biadingen, 1978, p. 6), which were assessed by times for successive thirds of the peak force, did not depend on peak force--a finding consistent with rescalability of the force-time function. This finding suggests that force levels were controlled by changes of b according to PFUM. The clearest evidence of scaling of the force-time function is to be found in Gordon and Ghez (1987a). Subjects produced elbow flexion force impulses to targets at three different levels, with the highest force being between 40% and 50% of maximum. Instructions emphasized production of a single smooth impulse of force and that, once initiated, responses should not be amended. Trial data aligned at force onset are shown in Figure 5. In Panel B of the figure, the traces normalized by peak force show remarkable constancy. Gordon and Ghez (1987a)



(10)



Proof. Because f ~ h(t)dt = 1 must hold, this proposition follows directly from Proposition 1.



7 Further consideration of the relation between the model's axioms and muscle neurophysiology may be found in the Discussion section.
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Figure 4. Simulation of force development. (Individual force units [FUs ] are activated at random times determined by a special Erlangian distribution with constant mean. The functions represent the overall force summed over the 400 FUs at each point in time, t. The form of the underlying FU force-time function is symmetric triangular on the top [ Panels A and B ] and rectangular on the bottom [ Panels C and D ]. In each case, the duration of the FU force-time function is 80 ms, with an impulse ofA = 5 Nms. The standard deviations of the Erlangian-distributed latencies LI . . . . . L b are 40 ms in the right panels and 20 ms in the left panels. Three simulations are depicted in each panel. Note that the temporal dispersion of the activation times "smears" the shape of the underlying FU force-time functions. Averaging the overall force-time functions would introduce further smearing.)



stated that "trajectories o f responses to different targets were scalar multiples o f a c o m m o n waveform" (p. 246).



Rectangular FU Force-Time Function Note that Propositions 1 and 2 do not require that the latencies Li . . . . , L , be independent r a n d o m variables. No form o f statistical dependence would invalidate Propositions I and 2. In Assumption 043, time was defined relative to an unobservable



central c o m m a n d , a However, the definition o f time could be extended to an external c o m m a n d such as the imperative signal in a simple R T task. Although inclusion o f a signal-detection period in the latency L~ would introduce positive dependence over i, Propositions 1 and 2 would still hold. In this section, to s We consider the problem of aligning observed force-time functions for averaging in the On the Time to Attain a Predetermined Force Level section.
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Figure5. A: Mean observed force ~'.(t), dFo(t)/dt, and d2Fo(t)/dt 2 functions for responses to three target levels in fast (left) and accurate (right) conditions. B: Same functions as in Panel A, but normalized by peak force. (From "Trajectory Control in Targeted Force Impulses: II. Pulse Height Control" by J. Gordon and C. Ghez, 1987, ExperimentalBrainResearch,67, p. 245. Copyright 1987 by Springer. Reprinted by permission.)



further develop the predictions of P F U M for the mean forcetime function, we make an assumption about the form of the single F U force-time function. However, once again, the development does not depend on independence o f the separate F U latencies. Only when we turn to predictions for the precision of force-time functions in The Predicted Precision o f Brief Force Pulses section do we have to tighten the assumptions to exclude dependence. To demonstrate the usefulness o f Proposition 1, we now make the following assumption, .46, that the F U forcetime function can be approximated by a rectangular function (cf. Figure 2). At time Li following the central c o m m a n d to recruit F U i, a constant force a~ acts for a duration d~. Thus, assuming all FUs are equivalent (.As):



u(t) =



a,O 0 by



m- 1 e-p.t(p, t)r F(t) = 1 - ,=0 r! '



(18)



with scale parameter p > 0 and shape parameter m = 1, 2, 3 . . . . The corresponding P D F is skewed to the right, d shaped for m = 1, bell-shaped for m > 1, and attains its maximum at t = (m 1 )/p. The expectation and the variance o f an Erlangian distributed random variable L is E l L ] = m/o and Var[L] = m/o 2, respectively. The Erlangian distribution embodied in Equation 18 has been a very popular tool in stochastic modeling of psychological processes (cf. Luce, 1986; Townsend & Ashby, 1983) because it provides a reasonable balance between flexibility and mathematical tractability. Equation 18 was also used by Meijers and Eijkman (1974) and by Ulrich and Stapf(1984) to model the summation o f force development in RT tasks. Unless otherwise stated, in the following illustrations, we set the parameters m = 4 and p = 0.05 ms -1 , yielding E [ L ] = 80 ms and SD[L ] = 40 ms. Proposition 3 offers two modes of increasing peak force in brief impulses: first, recruiting more FUs, that is, increasing b; second, lengthening the duration d o f each F U that contributes its constant force a. 9 Figure 6 illustrates the consequences o f both control modes, with reasonable choices of the parameters a and d (cf. Desmedt, 1983, p. 228) and b (cf. Buchtal & Schmalbruch, 1980, p. 95 ). The left side o f this figure shows the impact of b on E [ Fo(" ) ] when d is fixed. The greater b is, the larger the area under E [ Fo(. ) ]. However, the shape o f the function stays the same. Thus, for example, the zero crossings of the first and second derivatives (corresponding to peak force and peak rate o f change of force) coincide in time, as may be seen in the bottom rows in the left panel. This time invariance is to be expected for this control mode according to Proposition 1. If the various mean force-time functions on the left side were to be rescaled, then all the functions would coincide. Indeed, this is observed to be the case in the data o f G o r d o n and Ghez (1987a), shown in Figure 5. The right side of Figure 6 shows the consequences of varying d while b is held constant. Two effects o f d on the mean forcetime function may be noted. First, an increase o f d raises the overall force level. Second, beyond the initial force rise, an increase in d raises E[Fo(, )] at every point in time; that is, the shape of the function varies with d. Thus, for example, the zero crossings o f the first and second derivatives shown in the bottom rows in the right panel do not exhibit time invariance. The different functions produced by varying d are not rescalable. Remarks on the concept o f peak force. Before further contrasting the predictions o f P F U M with empirical observations, a clarification of the term peak force is necessary, because it is not used consistently in the literature. Some researchers (e.g., Freund & Btidingen, 1978), working with averaged data, denote the maximum of the mean force-time function as peak



force. Suppose that this maximum is located at time tp, indicating time to peak force; their concern would be with estimating the single quantity E[Fo (tp) ]. Other researchers (e.g., Newell & Carlton, 1985 ) have worked in terms of the highest force level achieved in each individual trial. The average o f the latter, single-trial measures is then denoted as mean peak force, or confusingly as peak force. Because time to peak force varies from trial to trial, it must be treated as a random variable, say Tp. Thus, the single-trial peak force can be represented as a "double" random variable Fo (Tp) and its average as E[Fo(Tp) ]. The analytic treatment o f Fo(Tp) is complex, and for this reason computer simulations were run to assess the difference between E[Fo (Tp) ] and E[Fo (tp) ]. The simulations led to the following conclusions: (a) The variance of Tp is negligible ifb is large, say b > 200. (b) In general, the mean of Tp coincides with tp; that is, the mean of the times to peak force corresponds to time to the peak of the mean force-time function. Hence, on the basis of P F U M , the difference between Fo (Tp) and Fo (tp) can be disregarded for our purposes in this article. All analytic results presented in the following were assessed by computer simulations on Fo (Tp). However, because the results were essentially the same, only the analytic results regarding Fo(tp) are reported herein. Empirical observations on the invariance o f time to peak force. In the experiment by Freund and Biidingen (1978), where subjects produced brief isometric force pulses of up to about 80 N with the index finger, the time to peak was constant over different target peak forces. This invariance held over various directions of finger movement and so was not limited to one particular muscle. Carlton et al. (1987, Experiment 2) asked their subjects to generate peak forces with the index finger to targets in the range between 2 and 9 N in both simple and two-choice RT paradigms. Time to peak force varied only slightly with target force level. Gordon and Ghez (1987a) also reported constancy of rise time in isometric elbow flexion force impulses, particularly when accuracy was emphasized. In a more recent article, Favilla, Hening, and Ghez (1989) studied both flexion and extension of the elbow. Again, constancy of time to peak force was evident despite the different muscle groups involved. Finally, further evidence o f the generality o f the invariance of the time to peak force comes from a very different task studied by Lee, Michaels, and Pai (1990). Standing subjects had to make abrupt bilateral pulls against a handle to targets from 5% to 95% of their maximum pulling force. Despite the many muscles involved in this task, these authors'



9 IfFUs are identified with MUs, then on the basis of muscle physiology outlined in The Activation of Skeletal Muscle section, one might argue that the parameters d and a should be positively correlated. Increases in the duration of MU contributions are associated with increases in the number of repetitive motoneuron action potentials. If these discharges are close in time, then there is superposition of these effects on successive twitches, with resulting higher force level. Hence, d and a may not vary independently. However, according to Equation 13, an increase in a would have the same effect on the mean force-time function as an increase ofb. We may thus keep a constant and note that this restriction could underestimate the "real" observed force level, although this restriction does not affect the shape of the mean forcetime function.
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Figure 6. Predicted mean force-time functions (A) along with their first (B) and second (C) derivatives predicted from Equations 13 and 18. (The following parameter values are fixed for all figures: m = 4, p = 0.05 ms -~ , and a = 5 cN. The vertical calibration bar represents 2.41 N, 163 N/s, and 7,163 N/s 2 in Panels A, B, and C, respectively. Left panels: Changing force by varying the number of force units, b, while their duration, d = 50 ms, is fixed, b = 600 [solid line ], 400 [closely spaced dots ], and 200 [widely spaced dots ] force units. Right panels: Changing force by varying d while b is fixed at 400 force units and d = 80 [solid line ], 50 [closely spaced dots ], and 20 [widely spaced dots ] ms.) data demonstrate very clear constancy o f rise time to peak force. All these studies would suggest within P F U M that subjects met the different target forces primarily by adjusting F U recruitment. Empirical observations on time to peak force correlated with peak force. So far, we have considered amplitude increases achieved by an increase of b. However, within P F U M , amplitude increases will also occur if there are increases in d. Under these circumstances, changes in peak force will be accompanied by lengthening in time tp to the peak. Increases in time to peak as a function o f peak force were reported by Freund and Btidingen (1978 ) in their nontarget condition. In that study, the force-time plots presented showed a small but progressive increase in the rise time with peak force. A small increase of rise time with peak force was also reported by Gordon and Ghez (1987a) in a condition where speed rather than accuracy was emphasized. A dependence between force and time to peak force may also be seen in two of three types of movement involving different muscles studied by Desmedt and G o d a u x (1977). The first experiment in the study of Carlton et al. (1987) clearly demonstrates that time to peak force and peak force are



positively related as predicted by P F U M if F U duration d is lengthened. Subjects were asked to produce a brief force impulse o f a prespecified duration in a range of150-600 ms while all other dynamic factors were free to vary. Time to peak force increased with impulse duration. Hence, it must be concluded on the basis of P F U M that Carlton et al:s subjects manipulated F U duration to produce the desired impulse duration. However, if subjects mainly regulated force duration by adjusting F U duration, then one would expect that peak force should increase with required impulse duration, and this is exactly what Carlton et al. observed. The studies mentioned in this section, indicating a degree o f dependence o f peak force and time to peak force, all involved normal subjects. In another study, a dependence was reported in subjects with motor disorders in situations where the normal control subjects displayed peak time invariance. Hefter, Hornberg, Lange, and Freund (1987 ) observed that in some cases of Huntington's chorea, the time to peak force increased with force over a 2- to 10-N range. In 1 patient, maximum rate of change of force was remarkably constant, and the duration of the force pulse was lengthened. However, other Huntington's patients exhibited lengthened contraction duration while re-
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taining some increase in rate of change o f force with peak force. It is interesting to speculate whether progression of the disease implies progressive loss of recruitment, which is compensated by lengthening o f duration.



M a x i m u m Effort P e a k Force a n d T i m e to M a x i m u m Effort P e a k Force In the studies reviewed so far, the forces produced by the subjects were less than the maximum of which they were capable. In contrast, Newell and Carlton (1985) have evaluated isometric force production by the elbow in a task that required the subject to produce as great a force as possible (termed maxim u m effort peak force) with a fixed criterion time to peak force (see also Carlton & Newell, 1987). They reported that maximum effort peak force depends on the the time tp to peak force. Their findings were that mean maximum effort peak force increases in a negatively accelerated manner with t~ (cf. Newell & Carlton, 1985, Figure 1 ). This finding is in accord with P F U M , as may be demonstrated by computing mean maximum effort peak force as a function o f ta,. According to P F U M , the value o f t v can be controlled by increasing or decreasing d. If subjects are instructed to produce their maximum possible force while maintaining a prescribed time to maximum effort peak force, they have to adjust daccordingly and recruit all n available FUs. The following proposition shows how d a n d tp are related within the framework of PFUM.



Proposition 4. Suppose that LI . . . . . L, are distributed according to Equation 18 and that u(.) is a rectangular function given by Equation 12; then the relation between d and tp is d



tp =



.



(19)



tween d and tp, which was computed on the basis of Equation 19. Two properties of this relation are obvious. First, the minimal value o f tv depends on the minimal possible value of d. However, the minimal value o f tv can never be smaller than the mode o f the PDF of L. Hence, the two curves shown in the figure do not start at tp = 0 but at tp = (m - 1 )/#, which is the mode o f f ( . ). Second, as d increases, ~, approaches d. The adjusted d value for a prescribed value of to shown in Figure 7 was entered into Equation 13 to establish the desired mean maximum effort force function. The result of this computation is depicted in Figure 8, showing mean force as a function oftp if all n available FUs are recruited. As one can see, the resulting function increases in a negatively accelerated fashion with ~. There are four interesting aspects connected with this figure: (a) The curves do not start at the origin (to = 0) but at the mode of f ( . ). Note that this nonorigin property seems also to be true for the empirical graphs reported by Newell and Carlton (1985, Figure 2). (b) The smallest possible value o f d determines where a graph starts. For example, consider the dotted curve; if the smallest value of d were 36 ms, then the curve would start at tp = 80 ms, with E[Fo(80)] = 17.4 N. (c) The theoretical curves approach the value n. a = 45 N as tp increases. In other words, i f d is very large, then all FUs are simultaneously active at time ~, producing maximum possible force. (d) Mean maximum effort peak force can be more than doubled by an appropriate increase oftp; this was also reported by Newell and Carlton (1985, p. 235) for their subjects.



T h e Relation Between M e a n M a x i m u m Effort P e a k Force a n d S D [L] The larger the variability o f latency L, the more smeared is the force impulse. This was illustrated in Figure 4. This smear-
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Proof. At the point ~, where the function E[Fo(. )1 reaches its maximum E[Fo(~,)], it becomes at least momentarily flat. Hence, to locate the peak E [ Fo (tp) ], one need only differentiate E [Fo (t) ] with respect to t and set the result equal to 0 and then solve for ~,. Thus, according to Proposition 3, d - ~ E[Fo(t ) ] = 0



(20)



d - ~ { a - b . [F(t) - F(t - d) ]} = 0



(21)



a.b.[f(t) - f(t- d)] = 0



(22)



f(t) - f ( t - d ) = 0.
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Solving the last expression for t yields the desired value, ta,. I f L follows a special Erlangian distribution, then the last expression becomes



pe_p. ~ (P'tp) "-I



j



= 0



eP'a(tp - d ) m-' = 0.



(24)



~I



:::': 100



I



Time Peal
 0 is VartFo(t)] = b . A 2. {(z2* f ) ( t ) - [(z* f)(t)]2},



(26)



where ( z . f ) ( . ) denotes the convolution o f z ( . ) and f ( . ), (z z. f ) ( . ) the convolution of z z(. ) and f( . ), A the impulse of a FU, and b the number of recruited FUs. Proof. Because LI . . . . . L , are assumed to be independent, we can write b



Var[Fo(t ) ] = ~ Var[Fi(t ) ]



(27)



= b. VarIu(t- L)]



(28)



= b . A 2 . V a r [ z ( t - L)]



(29)



= b . A 2. {E[z2(t- L)] - ( E [ z ( t - L ) ] ) 2} (30), = b . A 2.



22(t - t')f(t')dt' -



(fo °



z(t-t')f(t~)dt '



. (31)



Note that the first and second integrals on the right-hand side are the convolutions (z 2, f ) ( . ) and ( z . f ) ( . ), respectively. The proof is complete. Remarks on Proposition 5. All other things being equal, Var[Fo(t) ] increases linearly with the number b o f recruited FUs and as the square of impulse A. This property is illustrated in Figure 10 by means of computer simulations.



1oIf latency L follows an Edangian distribution, then the relation between E[L ] and SD[L ] is given by SD[L ] = ElL ]/~fm. Because the parameter m is restricted to the integer values m = 1, 2, 3. . . . , the standard deviation SD[L ] is restricted to the values ElL ]/~ff, E[L ] / ~r~,E[L ]/¢3 . . . . Hence, SD[L ] and ElL ] cannot vary independently. To bypass this problem, we treat m as a real positive value and thus obtain a natural generalization of the Erlangian distr~ution, namely, the so-called gamma distribution (cf. Feller, 1971, pp. 47-48).
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with minimal Var[Fo(t) ]. Within the framework of PFUM, there are two contrasting possibilities for attaining the required force level without affecting the shape of the mean force-time function. First, recruit only a small number of FUs, where each FU contributes a relatively large impulse A. Second, recruit all n available FUs, where each FU contributes only a small A. Would Var[Fo (t) ] be smaller in the first or in the second case? On the basis of Propositions I and 5, the second alternative is preferable because larger units give a lower resolution. Therefore, if a precise response is required, according to PFUM, as many FUs as possible should be recruited, with each FU contributing only a small fraction of total force, as illustrated by Figure 10. Increasing the number of units (recruitment) is better than increasing the force of each unit in keeping Var [ Fo(t) ] to a minimum and so achieving fine control.
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Figure 9. Mean m a x i m u m effort peak force E[eo(tv) ] as a function o f standard deviation SD[L ] and d. ( M a x i m u m effort peak force is expressed as a percentage o f the force developed for SD[L ] = 0. Latency L is assumed to follow an Erlangian distribution with E [ L ] fixed at 80 ms.)



No specific assumption about u(. ) is contained in Proposition 5, and therefore Var[Fo(t)] cannot be elucidated at this general level. If we proceed again from the idea that u(. ) can be approximated by the rectangular function in Equation 12, then a tractable mathematical expression for Var[Fo(t) ] can be derived from Proposition 5. Proposition 6. If u(. ) is defined by Equation 12, then Var[Fo (t) ] = b. a 2. [F(t) - F(t - d)]



Proposition 5 implies an interesting principle of response precision. Suppose that for a given target, force-level force pulses are to be as similar as possible. In other words, the observed force level at time t should on the average be E[Fo(t) ],



(32)



where F( . ) is the CDF of L and the parameter a is the constant force contribution of a F U with duration d.
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Figure 10. Dependence o f variance o f the observed force-time function on number and amplitude o f the individual force units (FUs). (The simulations in both panels are based on a temporal dispersion o f F U onsets that follows a special Erlangian distribution with the mean E [L ] = 80 ms and the standard deviation SD[L ] = 40 ms. The underlying F U force-time functions are symmetric triangular functions o f duration 80 ms. The number o f FUs and their impulses differ in the two panels. A: b = 400 and A = 5 Nms. B: b = 100 and A = 20 Nms. The curves in Panel B exhibit a larger variability than do those in Panel A. Note, however, under Proposition l, that the mean force-time functions for both panels would be identical.)
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Proof



The convolution (Z 2 * f ) ( . ) is calculated as



(z2, f ) ( t ) =



z2(t - t') f(t')dt'
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,, (' f ( t ' ) = d,-d d2 dt' I



= - ~ [F(t) - E(t - d ) ] .
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0 Inserting A = a . d a n d Equations 17 a n d 35 into Equation 26 yields the desired result. The proof is complete. R e m a r k s on Proposition 6. Figure 11 illustrates the predicted variability function of Equation 32 for the case where the C D F of L is the special Erlangian distribution. (All model parameters except d are the same in all panels.) The value o f d is 50, 100, a n d 150 ms in Panels A, B, a n d C, respectively. An especially interesting feature o f the variability function is its local m i n i m u m , which becomes more salient as d increases. It can easily be shown that Equation 32 predicts a local m i n i m u m Var[Fo(tv) ] at tv a n d a m a x i m u m Var[Fo(t~) ] for all times t~ satisfying the equation F(t~) - F(t~ - d) = 1/2.1~There is a n intuitive explanation of this l o c a l - m i n i m u m feature: Consider the case in which d is infinitely long (relative to onset variability); variability during the force rise phase must drop to zero as force asymptotes at a new steady level. However, we are interested in brief impulses in which F U s only m a i n t a i n their activity for a brief duration before t u r n i n g off. Note, then, that an asymptotelike ending to the rise phase is visible in Panel C of Figure I 1. This may be related to the degree to which individual F U durations allow their active phases to overlap before their offsets begin to pull the force-time function down again. The increasing overlap of F U activity (which also increases peak force) from Panels A through C in Figure 11 may then be seen to cause the predicted local m i n i m u m in variance. The peak in variability during force rise occurs at the first point at which 50% of the FUs become active. This time point corresponds to the m e d i a n of latency L, which is located at t = 73 ms in Figure 11. The second variability peak occurs d ms later as the n u m b e r of active F U s drops below 50%. Suppose that force level is controlled only by d and that L follows a special E r l a n g i a n d i s t r i b u t i o n ; t h e n b o t h tp a n d E [ F o (tv) ] increase with d, as was shown earlier (cf. Figures 7 and 8, respectively). How does Var[Fo(tv) ] behave under this condition? Figure 12 provides the answer, showing SD[ Fo (tv) ] as a function of tp. This analysis reveals that after an initial fast increase, the variance of peak force diminishes with longer values ofd. Note that this prediction contrasts with the case where force is controlled by b only. In the latter case, SD[Fo(tv)] increases with b as suggested by Proposition 5. Empirical observations on the relation o f SD[Fo(tv) ] and tp. We do not know o f any study that documents SD[Fo(- )] as a function of t or as a function of tp. However, a n observation reported by Newell a n d Carlton (1988, Experiment 4) should be mentioned in this context. They examined the effect o f t v on peak force variability. Subjects were required to produce the same criterion peak force (54 N ) for different times to peak force. Mean peak force did not differ significantly across the times to peak force. However, the standard deviations of peak
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Figure 11. Predicted mean E [ Fo(t) ] and standard deviation SD[Fo (t) ] as a function of time t. (Time point t = 0 is marked by a large tick on the t axis. Note that the unit ofSD[ Fo(t) ] is dN = N/10. In all three panels, the parameters are m = 4, p = 0.05 ms -1 , a = 5 cN, and b = 900 force units. A: d = 50 ms. Maxima SD[ Fo(t~) ] = 7.50 dN are located at t~ = 80 and t~ = 98 ms. Local minimum SD[Fo (tp) ] = 7.496 dN and maximum E[Fo(tp)] = 23.19 N are located at tv = 88 ms. B: d = 100 ms. Maxima SD[Fo(t~) ] = 7.50 dN are located at tm= 73 and t~ = 171 ms. Local minimum SD[Fo(to) ] = 5.61 dN and maximum E[Fo(tp)] = 37.44 N are located at tp= 123 ms. C: d = 150 ms. Maxima SD[ Fo(tin) ] = 7.50 dN are located at tm= 73 and tm= 223 ms. Local minimum SD[Fo (tv) ] = 3.03 dN and maximum E[Fo(to) ] = 43.08 N are located at tp = 163 ms.)



force decreased significantly as tv increased. To apply P F U M to such a task, b must be adjusted at each prespecified value oft v to achieve the required constant criterion peak force. Table 1 illustrates this point. Suppose the experimental conditions call for a criterion peak force of about 50 N and four prespecified times to peak force o f 100, 150, 200, a n d 250 ms. The table shows the necessary adjustments o f d a n d b to achieve these requirements. The rightmost c o l u m n contains the standard deviations ofFo (tv) computed with Equation 32. This standard deviation decreases as tv increases, and hence this prediction is in qualitative agreement with the observations of NeweU



i1 This conclusion would not apply ifF(t) - F(t - d) < 1/2is true for all t > 0. However, this inequality only holds for small values ofd.
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ROLF ULRICH AND ALAN M. WING PFUM, the former would require simultaneous adjustment ofb and d, whereas the latter could be achieved with changes to b alone. Moreover, in a study of saccadic eye movements, Bahill, Hsu, and Stark (1978) concluded that control of the duration of the muscle impulse driving the eye to a new position is more difficult than control over the amplitude (height) of that impulse. This is also consistent with the idea that control of b (impulse height) is easier than the adjustment of both b and d (impulse duration).
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and Carlton (1988). 12 This prediction of P F U M is intuitively easy to grasp: Short F U durations are necessary when the pulse has to be made within a brief interval, as shown by the second column in Table 1. Under PFUM, with short F U durations giving relatively little overlap, more force units are required for the desired peak force level than if larger durations of F U activation had been possible. Because variability increases with number of FUs, the variance of peak force is higher at short tv. To attain a given level of peak force with a range of prespecifled values oftp, adjustment of both d a n d b is necessary. With two variables to control, one might expect that several practice trials would be required before good performance levels can be achieved. This feature of P F U M may underlie an observation made by Corcos, Agarwal, Flaherty, and Gottlieb (1990). They reported that producing isometric force pulses to a fixed-target force level (50% of maximum voluntary contraction) in different durations was more difficult to perform than producing force pulses of fixed duration to different force targets. Within



Table 1



Duration d, Number b o f Force Units, Standard Deviation o f Fo(tv) and Mean o f Fo(tv) as a Function of Time to Peak Force tp



d



b



E[Fo(~)]



SD[Fo(tp)]



100 150 200 250



68 134 192 246



766 537 506 501



50 50 50 50



1.31 0.59 0.24 0.09



Note. Computations are based on m = 4, p = 0.05 ms-', and a = 10 cN. The unit in the first and second columns is the millisecond. The unit in the fourth and fifth columns is the newton.



As discussed in the Maximum Effort Peak Force and Time to M a x i m u m Effort Peak Force section, Newell and Carlton (1985 ) investigated peak force produced in elbow flexion pulls ranging between 2% and 90% of maximum force. Using a variant of the original paradigm, Newell and Carlton (1988) examined rapid isometric elbow flexions starting from different resting level forces (preloads). In the first experiment, subjects were asked to produce the same peak force (54 N) starting from different preloads (0, 13.5, 27.0, and 40.5 N). A significant decrease in standard deviation of peak force was observed with increase in preload. In the second experiment, the change in force level (peak force minus preload) was kept constant at 13.5 N, but preload was varied from block to block (0, 13.5, 27.0, and 40.5 N). The standard deviation of peak force decreased with preload, although the observed force increase was approximately constant. In the third preload experiment, the ratio of preload to peak force was kept constant at 1/2while varying the absolute levels ofpreload and peak force. Thus, there were four preloads of 6.75, 13.5, 20.25, and 27.0 N, with the associated criterion peak forces of 13.5, 27.0, 40.5, and 54.0 N, respectively. In this task, the standard deviation of peak force increased with preload. There is a natural way to apply P F U M to these preload experiments. Suppose that there are two categories of FU. One, the tonic FUs, produces the required preload force level. The other, the phasic FUs, produces the required force increment. At any point in time, observed force Fo(t) is assumed to be equal to the summed forces over both categories. Suppose at time t = 0 the tonic FUs are already active. The role of the central command must then include not only activation of the phasic FUs at this time, but also at time t = d, a deactivation of the tonic FUs. Thus, there are two time-locked components to the command, and we assume both are subject to random delays with the same PDE In this way, both phasic and tonic FUs are deactivated on the average simultaneously at time t = E[L ] + d. Let br (be) be the number of tonic (phasic) F Us with br + be < n. If u(. ) is assumed to be a rectangular function of length d and height a, then the predicted mean force-time function of preload experiments is E[Fo(t)] = a" [br + be" F(t) - (br + be). F(t - d)].



(36)



(See Appendix B for proof.) Furthermore, if the latencies L1, . . . . L, are pairwise independent, then the variance of observed



,2 However, the decrease is not of the same order as the one reported by Newell and Carlton (1988), and SD[Fo(tv) ] approaches zero as tp further increases.
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force is given by



Table 2



Var[Fo(t) ] = a s. {br" [1 - F ( t - d ) ] . F ( t - d)



Preload Force Level, Mean of Fo(tp), Standard Deviation of Fo(~), and Time to Peak Force tv as a Function ofbp (Number of Phasic Force Units) and br (Number of Tonic Force Units)



+be" [ F ( t ) - F ( t - d ) ] - [ 1 - F ( t ) + F ( t - d ) ] } .



(37)



(See Appendix B for proof.) Figure 13 exemplifies Equation 36 with the special Erlangian distribution for F ( . ). The figure shows four mean force-time functions having the same peak force but starting from a different resting level (as in Newell & Carlton's 1988 experiment). The functions differ only with regard to the number of tonic and phasic FUs; that is, it is assumed that force level is controlled only by the number of FUs. The higher the preload force, the less the number be of phasic FUs required to achieve the same level of peak force. From the figure it is also evident that tv decreases somewhat with increasing preload force. Hence, the scaling property of mean force-time functions, as discussed earlier, does not generalize to preload experiments. Newell and Carlton (1988) did not report whether tp varied with preload condition. However, their Figure 1 (1988, p. 39) shows some example trials in which tv decreases somewhat with preload force in the manner of Figure 13. The three examples in Table 2 were modeled according to the preload conditions of Newell and Carlton's (1988 ) Experiments 1, 2, and 3. The main question is whether the variability predictions of P F U M agree qualitatively with data reported by Newell and Carlton. The computations in Table 2 were based on Equations 36 and 37 with the parameters m = 4, p = 0.05 ms-~, a = 10 cN, and d = 50 ms. Only the parameters bpand br were varied in such a way that the resulting force-time functions satisfied both the required preload and peak force-level condition of their experiments. However, the intention was not to match the exact



Z 40



b_



30



20



be



br



Preload



E[F.(tp)]



SDIFo(tp)]



tp



1.56 1.45 1.31 1.12



88 86 83 79



0.70 0.77 0.81 0.83



88 81 77 75



0.55 0.77 0.95 1.10



81 81 81 81



Example 1 970 799 623 439



0 I00 200 300



0 10 20 30



50 50 50 50 Example 2



195 213 225 235



0 100 200 300



0 10 20 30



10 20 30 40 Example 3



107 213 320 426



50 100 150 200



5 l0 15 20



10 20 30 40



Note. Computations are based on m = 4, p = 0.05 ms-~, d = 50 ms, and a = 10 oN. The unit in the third, fourth, and fifth columns is the newton. The unit in the sixth column is the millisecond.



force values of their study because at this stage of model development, our concern is only with the qualitative adequacy of predictions based on PFUM. In Example I it is assumed that the same peak force level (50 N) has to be achieved starting from different preloads (0, 10, 20, and 30 N). Note that the standard deviation of peak force decreases with preload level, and this agrees with the observation made by NeweU and Carlton (1988, Experiment 1). Example 2 illustrates the prediction of P F U M if subjects are required to produce a constant force increment ofl0 N starting from different preloads. In this example, SD[Fo(tv) ] increases with preload level, and this was also observed by NeweU and Carlton (1988, Experiment 2). The third and last example corresponds to their Experiment 3, with the ratio of preload to peak force being 1:2 for all four preloads. Again, the prediction is in qualitative agreement with the observation made by NeweU and Carlton (1988, Experiment 3) in that SD[ Fo(tv) ] increases with preload level. In sum, then, these examples demonstrate that P F U M can account for the variability data of preload experiments.



I0 Relation ofE[Fo(t) ] and SD[Fo(t)] I
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Figure 13. Predicted mean force E[Fo(t)] as a function of time t and preload condition. (The time point t = 0 is marked by a large tick on the t axis. All curves are based on the parameters m = 4, p = 0.05 ms -~, a = 10 cN, and d= 50 ms. However, the graphs differ with respect to brand bp. Preload force 0 N: br = 0 and be = 900. Preload force 10 N: br = 100 and be= 730. Preload force 20 N: br = 200 and be = 552. Preioad force 30 N: br = 300 and be = 366.)



It is a customary practice in experimental work on force production to relate mean and standard deviation ofF° (t) to reveal the precision of performance. In general, standard deviation of force increases with the level of force produced. Most studies of this relation report a negatively accelerating function (e.g., Fullerton & Cattell, 1892; Jenkins, 1947; Newell & Carlton, 1985), although Sehmidt et at. (1979) have described an increasing relation. In this section, the predictions P F U M for the relation between SD[Fo(t)] and E[Fo(t)] are investigated. This is carried out separately for the two modes of force-level control.
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We continue to assume that L~ . . . . . Ln are independent random variables.



Force-Level Control by b Suppose that higher target force levels are produced by recruiting more FUs. In this case, the following result for the relation of E[Fo(t) ] and SDIFo (t) ] is obtained:



Proposition 7. If force level is controlled only by the number b of FUs, then SD[Fo (t)] increases as a square root function of



outside this region, Weber's law holds moderately well, although there is a continuing tendency for the fraction to decrease. Both the function generated by c and the standard deviation function (i.e., SD[Fo (t) ] as a function of E [Fo (t) ] ) convey essentially the same information. This is best seen by dividing Equation 38 on both sides by E [Fo (t) ]; thus, one obtains c as a function of E[Fo(t) ]: c= ~



O~



.



(42)



E[Fo (t) ]: SD[Fo(t) ] = a . ~



a>0,



(38)



SD[F i (t) ]



where the constant a equals ~



.



Proof. Note that E[Fo(t) ] : b- E[F,(t) l



(39)



SD[Fo(t) ]2 = b. SDIF,(t) ]2



(40)



Equation 42 predicts an initial marked decrease of c for small values of E[Fo(t) ] and a relative constancy of c beyond this initial decrease. This agrees qualitatively with corresponding empirical findings (Fullerton & Cattell, 1892; Gordon & Ghez, 1987a, 1987b; Hening et al., 1988; Jenkins, 1947; Noble & Bahrick, 1956).



and



must hold. Divide Equation 40 by Equation 39 and rearrange the resulting expression. The proof is complete. Empirical Observations on the Relation of E[Fo(t) ] and SD[Fo (t)]. There are several studies that may be interpreted in terms of Proposition 7. In early experiments conducted by Fuilerton and Cattell (1892), standing subjects produced a series of near-isometric pulls, ranging in peak force from 20 to 160 N. Fullerton and Cattell reported that the standard deviation of peak force was proportional to the square root of the corresponding mean force. Although this result appears to be consistent with PFUM, the authors did not report the time to peak force. Without an indication of its constancy, we do not have firm grounds for believing that subjects were only regulating b and not d. In the Newell and Carlton (1985) study, the standard deviation of peak force Fo (tp) for a fixed time to peak force was investigated. The isometric task required elbow flexion pulls with peak forces ranging between 2.5% and 90% of maximum effort peak force. They also observed that the standard deviation of peak force increased in a negatively accelerated fashion with mean peak force. An alternative way of characterizing the precision of force control is in terms of the coefficient of variation: c



SOtFo(t) ] E[Fo(t) ] .



(41)



Several researchers have summarized their results by plotting c against various targets for peak force, the latter corresponding (normally) to E[Fo(t) ] (Fullerton & Cattell, 1892; Gordon & Ghez, 1987a, 1987b; Hening et al., 1988; Jenkins, 1947; Noble & Bahrick, 1956). These plots were motivated by applying Weber's law to the domain of force production. Weber's law states that the Weber fraction As/s should be constant for all values of s, where s denotes the stimulus magnitude and As the difference limen (cf. Luce & Galanter, 1963). In the domain of force production, the coefficient of variation is considered analogous with Weber's fraction. The general finding is that c decreases markedly at the smallest values of E[Fo (t)]. However,



Force-Level Control by d Interestingly, quite different conclusions might be reached regarding the relation of E[Fo(t) ] and SD[Fo (t) ] if force is controlled by varying the duration of the force contribution by each FU. Specific assumptions about the force-time function u(. ) and about the CDF of L are, however, necessary to assess this relation. As an example, suppose that u(. ) is rectangular and F ( . ) is a special Erlangian distribution. Consider the values of SD[Fo (t) ] and E[Fo(t) ] at peak force depicted in Figures 8 and 12, respectively, which were computed on the basis of these assumptions for particular model parameters. Figure 14 shows a plot of SD[Fo(t) ] against E[Fo(t) ] for this case. Although at lower peak forces SD[Fo (t) ] increases with E [ Fo(t) ], SD[ Fo(t) ] decreases markedly for large values of E [ Fo(t) ]. In motor control, it is surprising to encounter a situation where variability does not continue to increase through the range of a physical dimension; but even more remarkably, PFUM suggests that variability may actually decrease under certain circumstances. Yet data exist (Sherwood & Schmidt, 1980, Experiment 2) where this is the case. Sherwood and Schmidt reported an inverted-U-shaped function between force and standard deviation of produced force in an isometric elbow flexion task. The target forces ranged from 58 N close to a maximum level of 276 N. The standard deviation of force increased linearly up to approximately 65% of maximum force and declined thereafter. Unfortunately, Sherwood and Schmidt did not provide the time to peak force in their original work. However, Newell and Carlton (1985, p. 239) attributed this decrease in force variability to a concomitant lengthening in time to peak force, which would be consistent with the idea of PFUM, that higher force levels were controlled by d and thus reduced force variability with increasing force level. Of course, further research in this area is warranted. One may appreciate that PFUM would be able to predict several shapes of the function relating SD[Fo (t) ] and E [ Fo(t) ] if force level were controlled by different combinations ofb and d. This might account for the discrepant estimates in the literature of this function as reviewed by Newell et al. (1984).
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B



Proof of Equations The force contribution F~(t) o f a tonic F U at time t is defined by



{Oaf°rt~L+d E(t) =



Let Fr(t) be the total force produced by all br tonic FUs; then



(A1)



for t < L + d.



E[Fr(t) ] = b r • a- [l - F(t - d ) ]



(A4)



Var[Fr(t) ] = b r - a 2. [l - F(t - d) ]. F(t - d).



(A5)



and



Hence, the mean o f F~(t) is E [ F, (t) ] = 0. Pr{L + d < t} + a . Pr{L + d > t} = a . [ l - P r ( L + d < t}] = a . [1 - F(t - d ) ].



36 and 37



(A2)



The variance o f F~(t) is computed in an analogous manner:



The total force produced by all be phasic FUs is denoted by Fe(t). Note that the mean and the variance o f Fe(t) must be identical to Equations 13 and 32, respectively. Because Fo (t) = Fr (t) + Fe (t), we add Equations A4 and 13 to compute E [ Fo (t) ]. Likewise, we add Equations A5 and 32 to compute Var [ Fo (t) ]. After simplifying, the desired results are obtained. The proof is complete.



Var[Fi(t) ] = E[F~(/) 2 ] - E[F~(t) ]2 = a 2. [1 - F(t - d ) ] - a 2. [1 - F(t - d) ]2 = a 2. [l - F(t - d) ]. F(t - d).



(A3)
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