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Summary. Subjects used arm movements to move a dot on a visual display into a predefined target area. Measures of the peak velocity values and the timing of the peaks were taken for the initial (preplanned) and the immediately subsequent (corrective) phases of movement. In both phases the value of the maximum velocity depended on task parameters such as amplitude. However,the time of the peak of each phase relative to its onset was invariant. Some implications of these observations for the nature of motor programs are discussed.



Introduction Removal of visual information during movement of the hand aimed at a target reduces the endpoint accuracy (as shown, for example, by Woodworth, 1899). It is generally thought that vision is used during movement to correct any errors of approach to the target. If a movement is terminated so quickly that there is not sufficient time for a complete visuo-motor loop, namely perception of an error and implementation of a correction, then the presence or absence of vision during that movement has no effect on endpoint accuracy. This point underlies a method used by Keele and Posner (1968) to estimate the time required for the visuo-motor loop. Subjects were required to make movements to a target within various criterion times. On randomly selected trials, illumination was extinguished at the onset of movement. They found that movements with durations of 260 ms or longer were less accurate without vision but movements completed within 190 ms were not made less accurate by removal of visual information. They therefore concluded that visualfeedback correction time lies somewhere between 190 ms and 260 ms. Another approach to the study of corrections within aimed movements has been the study of the form of the trajectory taken by the hand. For example, Crossman
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& Goodeve (1963) observed that if velocity is plotted as a function of time, multiple velocity peaks may be seen. They assumed that each peak represents a distinct, corrective submovement and that the interval between the peaks is a measure of feedback-correction time. However, not all researchers in this area have confirmed the presence of submovements in a given aiming movement (for review see Wing, 1983). In working with patients having m o t o r dysfunction due to pathology of the central nervous system, we have been developing procedures for studying abnormalities in corrective movements that combine the manipulation of visual feedback with the detailed study of the kinematics of aiming movements. One task we have explored requires arm movements to guide a cursor on a visual display into a target area whose width and distance from the starting position are manipulated. The control gain (the amount of movement on the visual display produced by a given amount of hand movement) is varied unpredictably from one trial to the next. Under these circumstances, we find that in most trials there is at least one period later in the approach to the target when the absolute velocity drops to zero or to a minimum and then increases again. We consider that such velocity minima, which provide a subdivision of the approach movement to the target, reflect feedback-based adjustment by subjects of an initial, preplanned phase of the movement. In this note we describe an experiment in which we were investigating possible differences in the implementation of such corrective submovements between a group of five male and three female patients (average age 31 years) with Wilson's disease (hepatolenticular degeneration) and a group of age- and sex-matched control subjects. Wilson's disease is a rare but treatable metabolic disorder that leads to copper accumulations in structures that can include the basal ganglia and cerebellum. The untreated symptoms include involuntary movements and, sometimes, ataxia (Adams & Victor, 1981). Although we had initially thought there might be differences between patients and control subjects in the kinematic details of the movements, this turned out not to be the case. The hospital the patients were attending is recognised as being one of the leading institutions for the treatment of the disorder. The lack of difference between patient and control groups could possibly be taken as a favourable indication of the therapeutic value of the treatment these patients were receiving. However, our analysis did reveal an interesting invariance in the time taken to attain peak velocity in both patient and control subjects that, as far as we are aware, has not previously been reported.



Method With the forearm screened from direct view, subjects controlled the position of a dot on a Hewlett Packard 1317A oscilloscope by sliding a small plastic sensor over the horizontal surface of a x-y digitiser. The oscilloscope screen, which was equipped with a fast P31 phosphor, was oriented vertically in front of the subject. A Digital Equipment PDP 11/03 computer with a Sigma Qvec graphics interface was used to control the display and to sample hand position information at 200 Hz with an accuracy of 0.025 mm.
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Subjects initiated each trial by moving the dot on the screen into a small "home" square measuring 6 x 6 mm on the left of the screen. At this stage a 1.1 mm movement of the hand was required to achieve a 1.0 mm movement of the dot on the screen, that is, the gain was 0.91. A rectangular target with a height of 140 mm and variable width was then displayed on the right of the screen at a variable distance from the home square. On the appearance of the letter x in the centre of the rectangle, subjects were expected to move the right arm as quickly as possible so that the dot would be taken into the target rectangle. Each of the 16 subjects was exposed to four replications of 18 different trial types made up by the factorial combination of two levels of target width (6 and 10 mm on the screen), three levels of target distance from the starting point (86, 113 and 140 mm on the screen), and three levels of gain (0.73, 0.91, 1.21). In addition, there were 18 "catch" trials requiring no movement when the x was not displayed. The order of the trials was pseudorandom. In determining the statistical significance of the results for the various variables considered below, repeated-measures analyses of variance were carried out. The experimental design specified 1152 trials calling for movement to the target. However, some 10% (118) of these trials were abandoned, usually as a result of inadvertent movement out of the home square prior to the appearance of the x. Missing values were estimated by an iterative procedure which, on convergence, assigned values that gave a nil contribution to the appropriate sums-of-squares in the analyses of variance described below. 1



Results The overall average movement time was 1330 ms. Movement time was reliably shorter on trials with an intermediate gain of 0.91 [F(2,28) = 6.98, p < 0.01]. There were reliable effects on movement time of target distance [F(2,28) = 16.36, p < 0.01] and width [F(1,14) = 29.86, P < 0.01]. Estimates (based on the overall average data) of slope and intercept in the Fitts' Law relation (Fitts, 1954) were 228 ms/bit and -33 ms, respectively. The only significant differences between patient and control groups involved interactions between group and target distance [F(2,28) = 4.09, p < 0.05] and between group, target distance and target width, [F(2,28) = 4.59, p < 0.05]. These were due to the patients being particularly slow with narrow targets at short distances but somewhat faster than control with large amplitude movements. No other reliable differences between patient and control groups were found in the analyses described below. The approach taken in the analysis of individual trajectories is illustrated in Figure 1. At the top, there is a plot of the horizontal displacement of the hand (measured as movement over the digitising surface, not as cursor movement on the screen) as a function of time. In order to obtain the corresponding velocity function shown below, the displacement data were first low-pass filtered without phase shift. 1 Genstat. A General Statistical Program, 1977, Harpenden, Herts: Rothamstead Experimental Station
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Fig. 1. Sample trajectory and velocity profile for movement to wide target at intermediate distance with gain of 0.73 Fig. 2. Sample velocity profiles of movement to (a) wide target at intermediate distance with gain of 0.91, (b) wide target at intermediate distance with gain of 1.21



Stepwise differences of the successive smoothed displacement values were then taken. As seen in this example, the general form of the velocity functions was a large first peak, or velocity maximum, followed by a variable number of smaller velocity maxima. Two other examples are shown in Figure 2, one with only one maximum. Velocity functions with only one maximum occurred on approximately 10% (107) of trials, most often in those trials where the gain was 0.91. The value of the velocity for the first (and possibly, the only) maximum was determined for each trial. The time at which this velocity maximum was first attained was measured relative to the onset of movement away from the starting position in the home square. The time after the maximum at which the velocity returned to zero or first arrived at a minimum, along with the velocity value at the minimum, were also noted. If any one (or more) of the following three criteria were met by the velocity function for a particular trial, that trial was identified as having more then one phase: (1) The velocity goes in a negative direction; (2) the velocity drops to a minimum that is at least 0.02 m/s lower than the maxima on either side; (3) the velocity
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lqg. 3. Average data over 16 subjects showing effects of target distance (near . . . . . , medium ~ , far . . . . . . ) on velocity and time of the maximum and subsequent minimum velocity of the first (above) and second (below) phase of movement



is zero for a period of at least 50 ms. For such trials, the time of the second maxim u m relative to the time at which the velocity changed from zero (or from the m i n i m u m value separating it from the first m a x i m u m ) and the absolute value of the velocity at the second m a x i m u m were noted. In addition, the time after the second m a x i m u m and the absolute velocity at the t e r m i n a t i o n of the second m a x i m u m were measured. The effects of target distance on the first and second phases of m o v e m e n t are shown in Figure 3. In the analysis of variance of the velocity of the first m a x i m u m , which on an average occurred at 0.41 of the total distance moved, a significant effect of distance was f o u n d [F(2,28) = 74.68; p < 0.01]. There was also a small b u t significant effect of width [F(1,14) = 17.66; p < 0.01]: the velocity associated with the wider target was 0.03 m/s higher than that for the narrower target. There was no reliable effect of gain on the first velocity m a x i m u m . There were no significant effects in the analysis of variance of the time needed to attain the first velocity m a x i m u m . The times to m a x i m u m velocity were virtually identical, and equal to 174 ms whatever the distance, width or gain. Although there was no effect of gain on the time taken to attain the first velocity m a x i m u m , there were reliable effects of gain at the end of the first m o v e m e n t phase on the velocity [F(2,28) = 28.81 ; p < 0.01] and on the time taken [F(2,28) = 3.71; p < 0.05]. Differences of similar magnitude were also observed in velocity and time taken as a f u n c t i o n of target distance. These were also statistically signi-
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ficant: for velocity [F(2,28)= 3.56; p < 0.05] and time [F(2,28)= 3.45; p < 0.05]. There were no effects of target width. We now turn to the analyses of variance for the second phase of movement. Neither target distance, width, nor gain had a significant effect on time to the second velocity maximum which had an average value of 161 ms and occurred at 0.93 of the total distance moved. There was a significant effect of gain on the velocity of the second maximum, [F(2,28) = 5.85, p < 0.05], but no effect of target distance or width. There were significant main effects on time to the end of the second movement phase of gain [F(2,28) = 5.59; p < 0.05] and distance, [F(2,28) = 7.10; p < 0.01]. The effects of gain [F(2,28) = 18.69] and target distance [F(2,28) = 3.72] on velocity at the end of the second phase were also significant. The average time taken to attain maximum velocity in the first movement phase was close to that needed in the second. The similarity is particularly striking given the five-fold difference in velocity. An analysis of variance of the differences between the times for the first and second phases revealed no reliable effects of target distance, width or gain.



Discussion



In this study of visually guided hand movement, at least two distinct velocity maxima were seen on a majority of trials. The value of the velocity at the first maximum was several times larger than a~c the second. The first maximum occurred about halfway through the movement, whereas the second maximum occurred close to the target. Thus, it seems reasonable to identify the maxima with two different phases of movement. The first may be considered primarily a preplanned, distancecovering component. Its maximum velocity depends on those characteristics of the task (target distance, width) known in advance of the signal to move. The second phase may be taken to represent movement correction based on visual feedback. The maximum velocity of this phase is a function of gain. The performance of a task requiring similar arm movements to the present study, but with direct vision of the hand (i.e. fixed gain) has recently been described by Wadman, Denier van der Gon, Geuze & Mol (1979). The movements made by their subjects t o o k only around 300 ms and so, we may assume, were largely preplanned. They also observed that the maximum velocity increases with target distance. However, the average velocity functions that they presented show time taken to attain maximum velocity increasing with target distance. This clearly differs from our finding. Despite large variations in the maximum velocity of the first and second movement phases, we found the times taken to attain the maxima were stable at around one-sixth of a second. It seems probable that the important difference between our study and that of Wadman et al. is that, in their case, subjects were encouraged to completely preprogramme their movements. In our experiment, subjects were aware of often having to correct their movements as a result of the variable gain.
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The results of the present experiment point to a potentially interesting qualification of the two-phase description of movement control. We think the interesting feature of our data is the approximate constancy of the time to attain the maximum velocity of each phase, that is, the period of acceleration. At least within the range of gains used in this experiment, subjects appear to be taking no account of gain in the timing of the acceleration of the first phase. Information about gain is used to adjust the timing of the deceleration phase. In the 90% of trials with a distinct second velocity maximum, an acceleration period with duration similar to that of the first maximum is employed. Again the time of termination of the second phase depends on the gain. Thus, rather than distinguishing between initial and subsequent submovements in terms of sensitivity of timing to experimental manipulations, we feel that a more interesting kinematic contrast that applies across the first and the second movement phases is between the acceleration and deceleration periods. Our view is that in any given submovement, the initial acceleration period is completely specified in advance of that movement with timing as a fixed parameter. In contrast, we believe the parameters for the subsequent deceleration period are only broadly specified, the final settings being determined by the outcome of the acceleration period. In that case, an advantage of the fixed timing to the velocity maximum is that subjects could adopt a strategy of evaluating the contribution of system gain to their movement at a sampling point with fixed time. At the present stage of research, our conclusions about the nature of submovements in visually guided movement should be considered very speculative. It will be important in future work to examine performance under different conditions, in particular, to determine whether similar results can be obtained under the more normal conditions of fixed gain. It would also be desirable to obtain direct measures of the acceleration and deceleration periods through the use of an accelerometer.
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