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Abstract We investigated the effect of spatial uncertainty on motor planning by using the cueing method in a reaching task (experiment 1). Discrete spatial cues indicated the different locations in which the target could be presented. The number of cues as well as their direction changed from trial to trial. We tested the adequacy of two models of motor planning to account for the data. The switching model assumes that only one motor response can be planned at a time, whereas the capacity-sharing model assumes that multiple motor responses can be planned in parallel. Both models predict the same relation between average reaction time (RT) and number of cues, but they differ in their prediction of the shape of the distribution of the reaction time. The results showed that RT increased with the number of cues independently from their spatial dispersion. This relation was well described by the function predicted by both models, whereas it was poorly described by the HickHyman law. In addition, the distribution of RT conformed to the prediction of the capacity-sharing model and not to that of the switching model. We investigated the role that the requirement of a spatially directed motor response might have had on this pattern of results by testing subjects in a simple RT task (experiment 2) with the same cueing presentation as in experiment 1. The results The authors wish to thank Ramon R. Villanueva for participating in the collection of part of the data and Bagrat Amirikian for comments on a previous version of the manuscript This research was supported by a Merit Review Award from the Medical Research Service of the Department of Veterans Affairs G. Pellizzer ()) · J. H. Hedges Brain Sciences Center (11B), Veterans Affairs Medical Center, One Veterans Drive, Minneapolis, MN 55417, USA e-mail: [email protected] Tel.: +1-612-4674215 Fax: +1-612-7252283 G. Pellizzer Department of Neuroscience, University of Minnesota, MN, USA



contrasted with those in experiment 1 and showed that RT was dependent on the spatial dispersion of the cues and not on their number. The results of the two experiments suggest that the mode of processing of potential targets is dependent on the spatial constraints of the task. The processing resources can be either divided relative to the spatial distribution of possible targets or across multiple independent discrete representations of these targets. Keywords Motor preparation · Reaching · Choice reaction time · Hick-Hyman law · Cueing · Processing capacity



Introduction The ability to respond promptly to environmental events is strongly enhanced by the possibility to anticipate the preparation of the appropriate action. The amount of prediction and preparation of a motor response depends on the information available about the required response (Rosenbaum 1980). In particular, motor preparation is dependent on the extent of the set of possible motor responses. It is known since the early work of Merkel that choice reaction time (RT) increases with the number of possible responses (Luce 1986). Although the respective contribution of the number of stimuli and of the number of responses can be dissociated (Bernstein et al. 1967), we consider here only the case where both coincide. The relation between RT and number of alternative responses is often described using the Hick-Hyman law, which states that average RT is linearly related to uncertainty (Hick 1952; Hyman 1953). When the alternative responses are equiprobable, the response uncertainty is defined as the base 2 logarithm of the number of possible responses N, therefore according to the Hick-Hyman law: RT ¼ a þ bLog2 ðNÞ



ð1Þ
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where a and b are empirically determined constants. However, the relation between RT and number of alternative responses does not always obey the HickHyman law (Longstreth et al. 1985; Teichner and Krebs 1974). In particular, this relation is sensitive to factors such as the degree of compatibility between stimulus and response (Brainard et al. 1962; Teichner and Krebs 1974). For example, it was found in conditions in which stimuli and motor responses were highly spatially compatible that RT was either not related or only weakly related to the number of possible responses (Bock and Eversheim 2000; Broadbent and Gregory 1965; Dassonville et al. 1999; Leonard 1959; Longstreth et al. 1985). We tested two models of motor planning (viz., switching model and capacity-sharing model) that relate RT to the number of possible motor responses. These models predict a different relation between RT and number of alternative responses than the Hick-Hyman law. The switching model assumes that only one motor response can be planned at a time, whereas the capacitysharing model assumes that multiple motor responses can be planned in parallel. These models were tested using a reaching task in which discrete spatial cues indicated the different locations in which the target could be presented. The number of cues as well as their direction changed from trial to trial and the set of possible motor responses varied accordingly. Switching model The switching model is based on the assumption that only one motor response can be intended at a time. In the context of a reaching task with spatial cues, as used in the present experiment, this model assumes that subjects get prepared to move toward one of the cues during the cue period of the task. Whether they select only one of the possible responses or whether they consider different responses alternately during the cue period is not critical here, the important point is that a single motor response is planned at any time. Therefore, there are two possibilities when the target appears, either it is in the location corresponding to the planned motor response or it is in a different location. In the first case, subjects execute the response as planned (i.e., no switch) which takes an amount RTNS to initiate. In contrast, in the second case they have to switch the intended movement, which takes an additional amount of time TS, therefore RT in this case is: RTS ¼ RTNS þ TS :



ð2Þ



A sketch of this model for a two-cue condition is illustrated in Fig. 1 (top). The implication of the switching model is that the distribution of RT, F(RT), is a twocomponent mixture composed of a distribution FNS(RT) of no-switch trials and a distribution FS(RT) of switch trials. If each cue has an equal probability to be the target, the probability pNS to be prepared to respond toward the target and the probability pS to need to switch motor plan are:



Fig. 1 Schematic illustration of the switching and the capacitysharing models in a condition with two alternative responses. The two alternative responses are identified by two cues. Subsequently, the target, which appears at one of the cued locations, determines the expected response. The black arrow within each inset symbolizes the representation of the direction of response during the preparation and at the onset of the execution of the motor response. Top: switching model. One of the alternative responses is prepared before the target is presented. One row illustrates the case where the intended motor response coincides with the direction of the target (i.e., no switch), whereas the other row illustrates the case where the intended motor response has to switch from one direction to the direction of the target. Bottom: capacity-sharing model. The processing capacity for motor preparation is shared across the possible responses so that each direction is partially represented. After the target is presented, all the resources are allocated to the representation of the selected motor response



pNS ¼ N1



and



pS ¼ 1  pNS



ð3Þ



respectively. The mixture distribution F(RT) is the linear combination of the component distributions weighted by their respective probabilities: F ðRT Þ ¼ pNS FNS ðRT Þ þ pS FS ðRT Þ:



ð4Þ



The mean RT of the mixture distribution F(RT) is similarly defined (Yantis et al. 1991): RT ¼ pNS RT NS þ pS RT S :



ð5Þ



Using the definitions (Eq. 2–4), this relation can be written as:   1 ; ð6Þ RT ¼ a þ b 1  N where a ¼ RT NS and b ¼ TS That is, mean RT corresponds to the average latency of no-switch responses plus the average duration of switching motor plan weighted by the probability that a switch occurs. Therefore, the switching model predicts a specific relation between mean RT and number of cues that is
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different from the Hick-Hyman law (Eq. 1). In addition, it predicts that the distribution of RT is a two-component mixture. This switching model has been used to describe the results in perceptual choice reaction time tasks (Longstreth et al. 1985). In addition, a switching mechanism of motor intention was described from the pattern of activity of motor cortical neurons when a monkey had to select a response among several alternatives in a memory-scanning task (Pellizzer et al. 1995). Capacity-sharing model In contrast with the serial nature of the switching model in which only one motor response can be intended at a time, the capacity-sharing model includes the possibility that several motor responses be prepared in parallel. The two central assumptions of the capacity-sharing model are that (1) the processing resources available for motor planning can be distributed to prepare multiple responses concurrently and that (2) the strength of the representation of a given motor response is a function of the amount of resources allocated to it. Additional assumptions are necessary in order to infer a functional relation between RT and number of cues. The assumptions made here are that (1) the amount of resources R available for motor planning is constant, (2) if the alternative responses are equiprobable, the amount of resources is divided equally among them, therefore the amount r allocated to a given alternative response is: R r¼ ; ð7Þ N (3) when the motor response is eventually selected, the total amount of processing resources R is allocated to it, and (4) the time t to change the amount of resources allocated to a given response from the level r to the total amount R is proportional to the difference between the two levels, that is: ðR  rÞ ; ð8Þ R where T is a time constant. In other words, this means that when there is only one cue, all the resources are allocated to prepare the response associated with it, which means that t=0. Therefore, when the target appears, the response can be executed as planned, which takes an amount say RT1 to initiate. On the other hand, when there is more than one cue, the resources are divided among the alternative responses. The consequence of sharing resources is that the strength of the representation of each alternative response decreases: the higher the number of alternatives, the weaker their representation (Eq. 7). Therefore, when the target appears, an additional time t is necessary to allocate all the resources to the required response, that is:



t¼T



RT ¼ RT1 þ t:



ð9Þ



Using the definitions (Eq. 7–8) and assuming that the variables are stochastic, this relation is equivalent to Eq. 6 with a ¼ RT 1 and b¼T A sketch of this model for a two-cue case is illustrated in Fig. 1 (bottom). Models similar to the capacity-sharing model have been proposed for visual search (Shaw 1978) and for visual stimuli identification tasks (Eriksen and Yeh 1985). In summary, each model makes two explicit predictions about the data. One about how the average RT changes as a function of the number of cues and the other about the number of components determining the distribution of RT. Despite the fact that the two models are based on very different assumptions, they predict the same relation between average RT and number of cues. However, they differ in their predictions about the distribution of RT. As shown above, the switching model predicts that the distribution of RT is a two-component mixture, where the relative weight of each component changes with the number of cues. In contrast, the capacity-sharing model is a single-component model, in which it is assumed that its duration varies with the number of cues. Therefore, the capacity-sharing model predicts that the distribution of RT is a single-component distribution regardless of the number of cues. In addition, both models predict that RT depends on the number of cues but not on their spatial distribution. In this study we opted to test primarily these versions of the models as alternatives to the Hick-Hyman law, which relates RT to the number of alternative responses. However, other switching models or capacity-sharing models could be constructed that predict a dependence of RT with the spatial distribution of the cues. Each of these predictions has been explicitly tested in a reaching task using the cueing method (experiment 1). Spatially discrete cues displayed on a screen indicated the locations in which the target could appear. Subjects had to fixate the center of the screen before and during the cue period. When the target was presented, subjects had to move a cursor from the center of the screen to the target using a joystick as quickly and accurately as possible. The path of the motor response had to be within determined spatial limits for the response to be counted as correct. In addition, we used a simple RT task as control experiment (experiment 2). In the simple RT task, cues were presented as in the reaching task. However, when the target was presented, the response required was always the same (viz., release of a push-button). Therefore, in contrast to the reaching task, the simple RT task did not require the selection of a spatial response in relation to the target.
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Methods Experiment 1: reaching task with discrete spatial cues Subjects Fifteen human adult subjects took part in this experiment (11 males and 4 females, age range: 19–37 years). All were naive relative to the purpose of this study. Subjects used their preferred hand to respond (12 subjects used their right hand and 3 their left hand). A signed informed consent was obtained from each subject. The experimental protocol was approved by the Institutional Review Board of the Veterans Affairs Medical Center (Minneapolis, MN). Apparatus A personal computer was used to control the display of stimuli on a 14-in. color monitor and to record the position of the joystick and the direction of gaze in real time. The two-dimensional coordinates of the position of the joystick, which were sampled at a 200-Hz frequency, determined the position of a red cursor on the monitor. The direction of gaze was processed at a 60-Hz frequency using a video-based tracking system (Iscan Inc., Burlington, Mass., USA). The digital coordinates of gaze direction were transformed into an analog signal and sampled at 200 Hz in synchrony with the sampling of the joystick position. The monitor was refreshed at 60 Hz. Procedure Subjects were seated in front of the monitor with the head against a chin rest. The center of the monitor was at eye level and the distance between the eyes of the subjects and the monitor was 45 cm. The vertically oriented joystick was placed in the midsagittal plane of the subject and at a comfortable location to be grasped. The direction of gaze was calibrated before each task. Subjects initiated a trial by placing the red cursor within a circular window (radius=0.3 of visual angle) in the center of the display for a 1-s center-hold period. This was followed by a cue period randomly varying between 0.5 and 1 s, after which the target was presented. The target was a white disc of 0.75 radius of visual angle and was presented at 4 of visual angle from the center of the display. During the cue period a number of white circles indicated the locations at which the target could appear. These circles were the size of the target and they were located at 4 of visual angle from the center. The number of cues presented were n=1, 2, 4, 8, or 16. In one-sixth of the trials no cue was presented during the cue period. Trials from the different conditions were randomly mixed. We did not use a small set of fixed directions, neither for the cues nor for the target. In each trial, cues were randomly selected in any of the 360 directions around the center. Since the target was randomly selected from any cue, the target could be also in any direction. When multiple cues were presented, they could be at any angle from each other but they could not overlap. When 16 cues were present, they were contiguous and covered the 360 circular range. The presentation of the target consisted in filling one of the cues. When more than one cue was present on the screen, the cues that were not the target remained on the screen after target onset. Subjects were instructed to fixate the center of the display during the center-hold and cue periods and they were informed that they could move their eyes after the target presentation. Any gaze displacement outside a center window of 2 radius during the center-hold and cue period aborted the trial. However, gaze direction was not constrained after the presentation of the target. The subjects were instructed to move the cursor as quickly as possible from the center to the location of the target as soon as the target appeared. They were informed that the trajectory of the cursor had to stay within unseen straight boundaries from the center to the target, otherwise it was counted as a movement direction error. The boundaries formed a straight path that matched the width



Fig. 2 A Schematic example of the reaching task (experiment 1). The subjects controlled a cursor on a screen using a joystick. They had to place the cursor in the center window during a 1-s period to initiate a trial (center-hold period). This was followed by a randomly variable delay of 0.5–1 s in which the subjects were cued about the possible location of the upcoming target (cue period). The number of cues was either n=0, 1, 2, 4, 8, or 16. Subjects had to fixate the center of the screen during the center-hold and cue periods. When the target was presented at one of the cued locations, the subjects had to respond by moving the cursor from the center to the location of the target. The trajectory of the cursor had to stay within an unseen straight path from the center to the target. B Timevarying X and Y coordinates of the cursor and gaze direction in one trial of the task. The vertical lines on the abscissa indicate the onset of the cues and the onset of the target. The units of the ordinates are degrees of visual angle with the center of the screen corresponding to 0 of the target. The cursor had to stop on the target for at least 500 ms. The reaction time was defined as the time elapsed between the onset of the target and the exit of the cursor from the center window. Reaction times shorter than 100 ms or longer than 2000 ms were counted as reaction time errors. When an error occurred, a trial of the same cue condition was presented again at a random position in the sequence of the remaining trials. Subjects received a feedback every 30 trials about the overall average reaction time of the correct trials done up to that point. Twelve correct repetitions per cue condition were obtained for each subject. A schematic example of the task is illustrated in Fig. 2A, and the coordinates of the cursor and gaze direction during one trial of the task are plotted in Fig. 2B. Before the experimental trials, subjects did 30–50 practice trials in order to get familiar with the task and, in particular, with the constraints on gaze direction and on movement trajectory. Data analyses Data were analyzed using standard statistical techniques (Snedecor and Cochran 1989; Sokal and Rohlf 1995). Directional variables were processed using directional statistics (Mardia and Jupp 2000). In all analyses, effects that had a P 
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