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Abstract The goal of the present study was to explore the relation between speed-accuracy trade-off phenomena and action kinematics in the case of pointing under isometric conditions. Increasing task dif®culty resulted in a linear increase in movement time (as predicted by Fitts' law) and in systematic changes in the spatio-temporal patterning of force production. The observed changes in motion topology were similar to those reported for isotonic tasks and adequately captured by a limit cycle model derived for the latter type of task. These results indicate that, for isometric force control as for isotonic position control, the reasons underlying the emergence of Fitts' law might be sought in dynamic trajectory formation processes. q 2000 Elsevier Science Ireland Ltd. All rights reserved. Keywords: Fitts' law; Aiming; Force; Trajectory formation; Human



Since the seminal work of Woodworth [15], goal-directed aiming movements have been extensively used as a window into the processes underlying perceptuo-motor control. Among the multitude of in¯uential ®ndings, a prominent place is occupied by the lawful relation between the time needed to complete a goal-directed action (i.e. movement time MT ) and the relative accuracy requirements of the task, identi®ed for the ®rst time by Fitts [2,3]. Recently, the debate with respect to the theoretical underpinnings of this relation ± that has come to be known as Fitts' law ± has received a renewed interest, inspired by the experimental demonstration of a systematic co-variation of chronometric and kinematic changes [8,10,13]. The basic idea that emerges from these studies is that the speed-accuracy trade-off phenomena described by Fitts' law are grounded in dynamic trajectory formation processes. The power of Fitts' aimed movement paradigm resides in its simplicity. The paradigm involves only two independent variables measured on a single dimension, namely target distance (D) specifying the gap between the current state of affairs and the desired state of affairs and target width (W) specifying goal state tolerance. Fitts' law states that MT is a linear function of task dif®culty, that is MT ˆ a 1 b ID, where ID is a dimensionless index of task dif®culty de®ned * Corresponding author. Tel.: 133-491-172-256; fax: 133-491172-252. E-mail address: [email protected] (R.J. Bootsma).



as log2(2D/W) and a and b are experimentally determined constants [2]. Although D and W are commonly de®ned in terms of spatial extent and variability, there is no a priori reason to suppose that the validity of the paradigm is limited to this domain (see Footnote 4 in Fitts' original paper). Indeed, the time needed to reach a certain target force interval has been reported to vary with the dif®culty of the task when D and W were de®ned on the force continuum [9]. The goal of the present study was to more systematically explore the validity of Fitts' law for the domain of force control and to evaluate whether changes in MT were associated with systematic changes in the action kinematics. Six adult volunteers, between 22 and 54 years of age, participated in the experiment. The task was to move a 1cm long cursor line depicted on a computer screen as quickly and accurately as possible between two targets of equal size represented by pairs of horizontal lines. Cursor position was proportional to the isometric force exerted on a strain gauge (sampled at 250 Hz for real-time display purposes) mounted on a rod (1 cm diameter, 10 cm long) that was ®xed on the table top. Subjects held this vertical rod using a precision grip, pushing on it to move the cursor upward and pulling to move the cursor downward. A force of 1 N exerted on the strain gauge corresponded to a 6.14 mm displacement of the cursor on the screen. Zero force positioned the cursor midway between the two targets. The combination of four different target widths (3, 6, 9, and 12 mm) and four different inter-target distances (40, 70, 100,
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and 130 mm) yielded a total of 16 experimental conditions, with ID varying between 2.74 and 6.44. The 16 ID conditions were presented in a completely randomized order. Under each condition, subjects successively performed ®ve trials of 15 s duration, the ®rst trials serving to familiarize subjects with the task. The last trial with less than 5% of the cursor movement reversal points falling outside the targets was retained for analysis purposes (usually, the ®fth trial). A single 15 s trial comprised between 15 and 138 pointing movements (39 on average), depending on participant and ID value. The force time series (corresponding to the cursor position time series) were ®ltered with a dual-pass second-order Butterworth ®lter with a cut-off frequency of 5 Hz. MT was determined as the (within-trial average) time taken to complete a movement from one target to the other. The kinematics of cursor movement were examined by portraying the data in different ways, using the phase plane (velocity vs. position), the Hooke plane (acceleration vs. position), and velocity pro®les (velocity vs. time). To render velocity and acceleration scales comparable across trials without changing portrait shape, the data were normalized as a function of MT and amplitude [1]. To this end, time was rewritten in units of cycle time and amplitude in units of D/ 2. In this normalized space, simple harmonic (sinusoidal) motion yields a circle of unit radius in the phase plane and a straight line with minus unit slope in the Hooke plane. Thus, any deviation from circularity in the phase plane and from linearity in the Hooke plane re¯ects non-linearity in the dynamics underlying the movement [13]. Movement time was signi®cantly in¯uenced by target distance, F…3; 15† ˆ 91:34, P , 0:001), target width, F…3; 15† ˆ 100:97, P , 0:001) and the distance £ width interaction, F…9; 45† ˆ 2:13, P , 0:05). Linear regressions of MT onto Fitts' index of dif®culty, ID ˆ log2 …2D=W†, demonstrated that Fitts' law was valid under isometric conditions, for individual subjects (r 2 …15† ˆ 0:822 ^ 0:075) as well as for the means (r 2 …15† ˆ 0:863, F…1; 14† ˆ 88:06, P , 0:001, see Fig. 1).



Fig. 1. Movement time (MT) as a function of index of dif®culty (ID ˆ log2 …2D=W †). Linear regression resulted in MT ˆ 0:184ID 2 0:371 with a correlation coef®cient r ˆ 0:929.



Figs. 2±4 present the phase portraits, Hooke portraits, and velocity pro®les of the average normalized cycle of cursor movement obtained for each experimental condition. This average normalized cycle represents the best possible estimate of the attractor shape, with the assumption that the actual movement results from attractor 1 noise dynamics [13]. Under the conditions with low levels of task dif®culty (upper left panels), force level was found to vary harmonically, as revealed by the sinusoidal velocity pro®les, the circular phase portraits and the linear Hooke portraits. With increasing levels of task dif®culty, the motion patterns gradually deviated from harmonicity and revealed peak velocity occurring earlier in the motion [11]. The asymmetric N-shape observed in the Hooke portraits closely resemble those found in isotonic tasks [8,13]. Formal correspondence between the motion patterns produced in the present isometric task with those found in isotonic tasks was evaluated by ®tting the data with a dynamical model derived for the latter type of task. According to this model, the patterns of motion can be understood as resulting from the parameterization of an autonomous limit-cycle oscillator x� 1 c10 x 2 c30 x3 2 c01 x_ 1 c03 x_3 ˆ 0 where the dot represents differentiation with respect to normalized time, x the deviation from the origin in the normalized space, and cij denotes the coef®cient of x ixÇ j. Multiple linear regression of the model's terms (i.e. x, x 3, xÇ, xÇ 3) onto xÈ demonstrated that the model adequately ®tted



Fig. 2. Average normalized phase portraits (velocity vs. position) for the 16 experimental conditions. Increasing distance (top to bottom) and decreasing target width (left to right), combining in increasing ID (top-left to bottom-right), produces systematic deviations from a circle, that is from harmonic motion. Scales are indicated by the axes of unit length.
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Fig. 3. Average normalized Hooke portraits (acceleration vs. position) for the 16 experimental conditions. Increasing distance (top to bottom) and decreasing target width (left to right), combining in increasing ID (top-left to bottom-right), produces systematic deviations from a straight line, that is from harmonic motion. Scales are indicated by the axes of unit length.



the present data, accounting for 91.7% of the variance on average. As shown in Fig. 5, the coef®cients on the nonlinear terms (i.e. c30 and c03) were practically zero for the lowest levels of task dif®culty, with the corresponding harmonic motion being characterized by c10 < 1. Increasing dif®culty resulted in a rising in¯uence of the non-linear terms, in a manner very similar to that found for isotonic tasks [13]. As anticipated by Fitts (Footnote 4 in [2]), the time needed to attain a certain target force interval was found to be lawfully related to the relative precision requirements of the task. Moreover, our analyses of the topology of cursor motion demonstrated that the surface relations between MT and ID (i.e. Fitts' law) are grounded in the dynamical processes underlying trajectory formation. The striking similarity between isotonic and isometric tasks in the motion pattern topologies observed under different levels of task dif®culty suggests the existence of organizational principles common to the different types of task. Isotonic and isometric tasks differ in a number of aspects. In isotonic tasks, force is related to acceleration, with the latter being modulated by effector mass. In isometric tasks, mass does not play a role and force is related to effector (i.e. cursor) position. Thus, the tasks clearly differ with respect to the physical quantities that need to be controlled. The absence of (mass) displacement in isometric tasks also has consequences for the afferent information available during the unfolding of the action [5]. Nevertheless, organizational similarities between isotonic
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Fig. 4. Average normalized velocity pro®les (velocity vs. time) for the 16 experimental conditions. Increasing distance (top to bottom) and decreasing target width (left to right), combining in increasing ID (top-left to bottom-right), leads to more asymmetric velocity pro®les, with maximal velocity attained in the early part of the motion. Scales are indicated by the axes of unit length.



and isometric tasks have been found in other areas. For instance, the power law that links movement velocity to the curvature of the path followed during two-dimensional drawing movements [14] has been found to apply as well when forms are drawn on a screen with the help of a two-dimensional isometric controller [12]. Other examples are to be found in studies of trajectory formation [4,6,7]. Returning to the subject matter of the present contribution, we suggest that the chronometric and kinematic similarities between isotonic and isometric variants of Fitts' aiming paradigm result from the presence of organizing constraints that operate at the level of the task. Harmonic



Fig. 5. Coef®cients of the limit cycle model as a function of task dif®culty.
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oscillation constitutes the most ef®cient solution to the problem of moving between two targets [8], irrespective of the physical characteristics of the continuum considered. However, such harmonic oscillations exhibit a degree of variability that is only acceptable when accuracy requirements are low. In order to respond to stronger accuracy requirements, these harmonic functions are modulated by the stabilizing in¯uences of the informational ¯ow generated by the closing of the gap between pointer and target interval. The domain of validity of Fitts' law can be extended to the realm of isometric force control. Because, as has been found in isotonic tasks, the changes in movement time brought about by variations in task dif®culty are accompanied by systematic changes in the topology of motion, we suggest that the reasons underlying the emergence of Fitts' law should be associated with dynamic trajectory formation processes. [1] Beek, P.J. and Beek, W.J., Tools for constructing dynamical models of rhythmic movement, Hum. Mov. Sci., 7 (1988) 301±342. [2] Fitts, P.M., The information capacity of the human motor system in controlling the amplitude of movement, J. Exp. Pyschol., 47 (1954) 381±391. [3] Fitts, P.M. and Peterson, J.R., Information capacity of discrete motor responses, J. Exp. Pyschol., 67 (1964) 103± 112. [4] Freund, H. and Budingen, H.J., The relationship between speed and amplitude of the fastest voluntary contractions of human arm muscles, Exp. Brain Res., 18 (1978) 1±12. [5] Gandevia, S.C., McCloskey, D.I. and Burke, D., Kinaesthetic
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