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A Method for Obtaining Psychophysical Estimates of Movement Costs David A. Rosenbaum Matthew J. Gaydos Department of Psychology Pennsylvania State University University Park



ABSTRACT. Although researchers generally accept the proposition that movement costs are taken into account in the planning of voluntary movements, there is no established psychophysical method for estimating such costs. The authors tested and introduce a possible method. Participants were given every possible pair of tasks from a set of tasks that varied along one or more dimensions. In each trial, they indicated which task was easier to perform. The authors used participants’ probability of preferring any given task over others to estimate the judged relative cost (JRC) of that task, and they used the JRCs of all the tasks to quantify the relation between task preference and task properties. The method was applied in 3 experiments in which university students (Experiment 1, N = 20; Experiment 2, N = 40; Experiment 3, N = 20) chose which spatial target to move to in carrying an object from one position to another. The data were consistent with the hypothesis that the JRC of moving an object increases with the degree to which the object must be translated and rotated. The simplicity of the method encourages its application to a wide range of questions about motor behavior.



those phase relations at will. These contrasts suggest that actors are sensitive to movement costs and can choose or plan movements accordingly. If movement costs play a role in motor planning, it would be useful to have a method for estimating them. Such a method would help in the development of theories that state that movement costs are taken into account in movement planning (Erlhagen & Schöner, 2002; Rosenbaum, Meulenbroek, Vaughan, & Jansen, 2001; Sparrow & Newell, 1998; Todorov, 2004). Without validated measures of movement costs, such theories are, strictly speaking, circular. It is surprising that there is no established method for estimating movement costs psychophysically. Researchers can use physiological measures, such as oxygen consumption, but such measures are more useful for gross motor skills such as walking (Hoyt & Taylor, 1981) than for fine motor skills such as reaching for objects. It is unlikely, for example, that one could find differences in oxygen consumption for single reaches covering different distances, although one could conceivably ask participants to reach over different distances repeatedly for extended periods and could measure the oxygen consumed in those conditions. However, making back-and-forth movements, as opposed to discrete movements, would change the nature of the task (Guiard, 1993). The most obvious psychophysical method for estimating movement costs is to ask participants to rate their perceived exertion after they have carried out different movements by using a scale such as the Borg Rating of Perceived Exertion (Borg, 1973). Researchers usually use the Borg scale for
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esearchers generally accept the concept that movement costs are taken into account in the planning of voluntary movements. Their view is motivated by the observation that voluntary movements exhibit kinematic and kinetic regularities that appear to be under voluntary control. Thus, manual positioning movements often obey a minimum-jerk principle (Hogan, 1984), but skilled violinists can generate bow strokes that deviate from minimumjerk trajectories when they wish to play with staccato rather than legato style. Similarly, leg joints have characteristic phase relations during walking that are thought to promote biomechanical efficiency (Winter, 1990), although under special circumstances, for example, when people adopt theatrical gaits (e.g., Monty Python walks), they can alter
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tasks involving gross motor skills rather than fine motor skills, although Dickerson, Martin, and Chaffin (2007) recently adapted the scale to examine the role of net joint torque and muscle activation level in the perceived effort of reaching tasks. Dickerson et al. found that those factors did not directly predict perceived effort ratings, and they concluded that “effort perception may not be fully explained by only an image of the motor command, but is rather a complex integrative quantity that is affected by other factors, such as posture and task goals, which may be dependent on sensory feedback” (p. 1004). A similarly discouraging result emerged from another attempt to obtain effort ratings in a task involving a relatively fine motor skill. Rosenbaum and Gregory (2002) asked participants to slide a computer mouse from one position to another to make a cursor shift from a start position into a target of some width a distance away. Rosenbaum and Gregory varied the gain of the system (i.e., how much the cursor moved as a function of the mouse displacement). They expected larger hand displacements to yield higher effort ratings. Contrary to their expectations, the obtained outcome was the opposite. Participants rated as more effortful those tasks in which they had to move the hand a smaller distance to reach the target. Analysis of the data revealed that participants based their ratings on how long it took to get the cursor into the target. When only small hand movements were needed (i.e., high system gain), tremor and other unintended movements made it difficult for participants to control the cursor, and participants rated the task as costly. When large hand movements were needed (i.e., low system gain), tremor and other unintended movements had negligible effects, and participants rated the task as less costly. The foregoing results are instructive vis-à-vis the development of a psychophysical method for movement cost estimation. Voluntary movements, by definition, occur in a context in which goals are pursued, in which case the ease or difficulty of achieving those goals can affect individuals' estimates of effort. Still, one would like to know how movement costs per se are evaluated, to the extent they can be. To pursue the latter possibility, Rosenbaum and Gregory (2002) conducted a second experiment in which they asked participants to make back-and-forth movements of the forearm in time with a metronome and with different levels of prescribed effort. Under those instructions, participants covered large amplitudes when the prescribed effort was high and small amplitudes when the prescribed effort was low. On the basis of the data, Rosenbaum and Gregory suggested that effort scales with velocity (distance divided by time). Can the second method adopted by Rosenbaum and Gregory (2002) serve as a general method for the psychophysical estimation of movement costs? Despite its promise, the second method has at least two limitations. One is that it relies on back-and-forth movements. Researchers could require participants to generate single movements that vary in how effortful they perceive those movements to be, but the statistical robustness of the estimates would be 12



reduced. Moreover, the results of pilot work in our laboratory suggested that participants have considerable difficulty understanding what is expected of them in this context. Another limitation of the second method used by Rosenbaum and Gregory (2002) relates to the fact that they required participants to generate movements that varied in how costly the movements seemed to be. As a result, the only movements whose costs could be judged were ones that participants could generate. This problem makes it difficult for researchers to use the method with individuals who cannot perform movements of interest if those individuals are physically disabled or are temporarily confined (e.g., in a scanner). These considerations suggest the need for a better method for estimating movement costs. In the present article, we introduce such a method. The idea is to give participants every possible pair of tasks from a set of physical tasks that vary along one or more dimensions and to have the participants indicate, for each pair of tasks tested, which task would be easier to perform. Participants can either (a) perform the task they judge to be easier or (b) say (or indicate through other means) which task they believe would be easier to perform. Regardless of whether the preferred task is performed or only reported, one can use the obtained data (i.e., the probabilities of preferring tasks over others) to quantify the relation between task preferences and task properties. In the experiments described here, the aforementioned method was used in a simple object-positioning task. As in other recent work from our laboratory, which focused on where people grasp objects depending on where they plan to move the objects (Cohen & Rosenbaum, 2004; Rosenbaum, Halloran, & Cohen, 2006), the object we used here was a common toilet plunger. The plunger stood at a home location at the beginning of each trial, and we presented the participant with two possible target locations. The participant’s task was simply to move the plunger to whichever target seemed easier. Variations of that basic task enabled us to explore the feasibility of the choice method introduced here and then to formulate a suggested effort principle. EXPERIMENT 1 Method Participants The 20 participants in Experiment 1 and those in the other experiments reported here were Pennsylvania State University undergraduates who participated for course credit. All participants in Experiments 1–3 gave informed consent to complete the study, which was performed in accordance with the 1964 Declaration of Helsinki and with the approval of the Pennsylvania State University Institutional Review Board. Procedure A plunger stood on a 152.4-cm-wide × 76.2-cm-deep × 76.2-cm-high table, 15.2 cm from the wide edge of the table Journal of Motor Behavior
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at which the participant stood and midway along the table’s width. The participant stood before the plunger, with his or her right shoulder in line with the plunger and with his or her torso parallel to the wide edge of the table. The plunger consisted of a wooden cylinder, 51 cm high and 23 mm in diameter, which stood on a sturdy rubber base, 13 cm in diameter and 8 cm high. The mass of the cylinder was 135 g and the mass of the rubber base was 178 g. The possible target positions (Figure 1) occupied three distances (11 cm, 28 cm, and 45 cm) from the home position along five radial directions (0°, 45°, 90°, 135°, and 180°). The targets were paper circles, 6.5 cm in diameter, labeled as in Figure 1. All the targets were in full view of the participant at all times. In Experiment 1, each of the 20 participants made a choice between every possible pair of 15 targets in a target– pair order that was random for each participant as specified on a script that we prepared in advance. The experimenter named the two targets in each trial in a random order that was also prepared in advance on the basis of a computer program. The experimenter always read the target numbers before the target letters (e.g., 3E or 2D). Participants were asked to move the plunger to whichever target seemed easier by using the right hand (the preferred hand for all participants). They were asked to move the plunger to the target by lifting the plunger and setting it down on the target; then to lower the right arm; and then to reach out and take hold of the plunger again and return it to its home position. We decided to have participants, rather than the experimenter, return the plunger to the home position because we did not want the experimenter’s movements to affect the participants’ choices, at least in the initial experiments. We gave no speed instructions. We monitored the participant’s performance in each trial to ensure that he or she chose one of the named targets and that, in all other respects, the participant followed the instructions. The experimenter noted the participant’s choice in each trial by circling, on the script, the chosen target.



We decided to use 15 targets so the number of target pairs, 105 = 15!/(2! × 13!), would be large enough to have participants consider each target choice afresh. We also presented each target pair only once per participant for the same reason. Results To analyze the data, we pooled the choices over participants and then calculated the probability, pt, that any target, t, was chosen over its alternatives. We defined the judged relative cost, JRCt, of target t as JRCt = 1 – pt on the basis of the assumption that the higher the JRC of target t, the smaller would be its associated pt value. As shown in Figure 2, the JRCs increased with the distance of the target from the home site and, to a lesser extent, with the target’s radial direction from the home site. From this outcome, we can say that the judged cost of movement to a target increased the farther the target was from the home position. The judged cost of movement to a target also grew, although not as strongly, the more the target’s direction departed from straight ahead. EXPERIMENT 2 In Experiment 2, we asked whether the JRCs obtained in Experiment 1 actually reflected the distances to be covered. Another possibility is that the JRCs reflected the final positions only. Perhaps participants judged final positions to be
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FIGURE 1. Setup (not drawn to scale) for Experiment 1. The 15 target positions occupied radial directions labeled A–E at distances labeled 1, 2, and 3. The plunger occupied the home position, H, at the start of each trial. Participants were not shown the box around the home position during the experiment but were shown all other labels.
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harder to achieve irrespective of how they reached those final positions. Method Participants To address the foregoing question, we tested two new groups of 20 participants. Procedure One group of participants started each trial with the plunger at position A2, whereas the other group started each trial with the plunger at position E2 (see Figure 3). For both groups, the home position of Experiment 1 served as one of the possible targets (and we referred to it by the letter H during testing). The procedure was otherwise the same as in Experiment 1. Results The JRC values obtained in Experiment 2 appear in Figure 4. As can be seen in the figure, when position A2 served as the start site, JRCs were larger for right targets than for left targets, whereas when position E2 served as the start site, JRCs were larger for left targets than for right targets. Because the functions shifted with start location, the results support the hypothesis that JRCs depended on target distances and not only on target locations.



The data from Experiment 2 were consistent with the hypothesis that the degree of translation required for the tasks entered into their judged costs. However, the data from Experiments 1 and 2 say nothing about the degree of rotation required, which was not monitored in the first two experiments. Degree of rotation is an important kinematic variable because, for the same translation from one location to another, different degrees of rotation require different joint configurations and different forces and torques. If the JRCs depended on the distances moved in intrinsic (body-based) coordinates and not just on the distance moved in extrinsic (space-based) coordinates, one would expect them to depend on required rotations and translations. To test that prediction in Experiment 3, we designed a choice task in which participants had to move the plunger not only from one location to another but also from one orientation to another. The necessary rotations required different body movements for the same location shifts.
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FIGURE 4. Judged relative cost (1 – p) for the 15 targets when the start was at A2 (A) or at E2 (B). The asterisk is for target H. Data are from Experiment 2.
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GENERAL DISCUSSION



Participants There were 20 participants in Experiment 3. Procedure As shown in Figure 5, we inscribed a crop circle pattern into a 0.8-cm-thick sheet of Styrofoam and attached a short cardboard pointer to the base of the plunger. When the plunger occupied the home position, it had a fixed location and a fixed orientation (90°). Choices were then given about possible target positions. Each choice entailed a specific plunger location and orientation. The method was otherwise the same as in the earlier experiments. Results If JRCs depended only on extrinsic spatial distances between home and target locations, target orientations should have no effect on JRCs. Contrary to this prediction, JRCs in Experiment 3 depended on both target orientations and target locations (see Figure 6). Far targets had larger JRCs than did near targets, and large rotations had larger JRCs than did small rotations. This outcome is consistent with the hypothesis that JRCs depend on intrinsic, bodybased factors.
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The three experiments reported here showed that a simple choice method permits psychophysical assessment of movement-related costs. The method entails presenting participants with pairs of physical tasks and asking the participants to perform whichever task seems easier. With this method, we found that the larger the required translation and rotation of an object, the greater its JRC. This result is not especially surprising, but we were not trying to obtain a surprising result per se—only a result that would demonstrate the feasibility of the method we have proposed. In fact, we sought to test the method in a context in which we felt fairly certain that the results would turn out as they did. Having gotten to this point, we wish to share the method with the research community, acknowledging that a number of questions remain. Some of those questions pertain to extensions of the choice method in the present task context. Others concern the relationship of the choice method introduced here to other methods. We next consider these two sets of questions. Extensions of the Choice Method in the Present Task Context One issue that will be important to explore is the role of movement speed in determining JRCs. As mentioned earlier, Rosenbaum and Gregory (2002) found that effort scaled with velocity. The present results are compatible with that earlier conclusion, but speed needs to be controlled in a task such as the present one so that the combined effects of velocity, object translation, and rotation can be fully evaluated. Similarly, it will be important to evaluate the role of
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.7 .6 .5 .4 .3 FIGURE 5. Setup (not drawn to scale) used in Experiment 3. The start position (bottom shape) and the eight targets were either far from the start position (Targets A–D) or near the start position (Targets E–H) and varied in required orientation. Targets B and F had required orientations of 45°, Targets A and E had required orientations of 135°, Targets C and G had required orientations of 225°, and Targets D and H had required orientations of 315°. The starting orientation of the plunger was always 90°.
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FIGURE 6. Judged relative cost (1 – p) for the eight targets tested in Experiment 3.
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forces and torques in determining JRCs. One can vary the loads of the object to be moved to evaluate those factors. The contributions of the joints and muscles can also be explored. Recording the way the body moves and the way the muscles contract and relax can help researchers determine how those factors influence JRCs. Another issue pertains to the fact that in the present experiments we used outward motions from home to target followed by inward motions from target back to home. As a result, none of the conclusions we drew here may strictly apply to outward movements only or to inward movements only. One can test the two types of movements separately to evaluate their separate contributions. As noted earlier, we also decided in the present experiments not to have the experimenter return the plunger to the home position because we did not want the experimenter’s movement capabilities to enter into the participants’ choices. It would be interesting to see if different results would be obtained if the experimenter did return the manipulandum to its home position in each trial. We would expect individuals who are sensitive to others’ effort to choose tasks that minimize the effort expended by the experimenter as well as themselves. The position of the experimenter relative to the table could be varied in such a study, as could the experimenter’s height and apparent strength. Finally, the task to be studied with the method does not have to involve movement of the object that was used in the present experiments. Any object or, for that matter, any task or set of related tasks could be used. Furthermore, the present choice method does not require participants to actually perform the tasks they judge to be easier. Instead, participants could say which task they prefer or indicate their choice through other means, such as pressing one of two buttons. We have not yet performed analogs of the choice tasks with verbal responses only, but if motor imagery can faithfully reflect movement costs, one would expect the psychophysical estimation of movement costs to be the same when the estimates are based on motor imagery or on overt performance (Grosjean, Knoblich, & Shiffrar, 2007). The latter prediction may hold better for some tasks than for others (e.g., depending on how complex or how well practiced the tasks are) and for some individuals than for others (depending on their maturity, skill level, or clinical state). Progress on this front should be straightforward, considering the simplicity of the present method compared with other methods that have been used in our and others’ laboratories (cf. Elsinger & Rosenbaum, 2003; Körding, Fukunaga, Howard, Ingram, & Wolpert, 2004; Rosenbaum & Gregory, 2002). Relation of the Choice Method to Other Methods Having discussed extensions of the choice method, it is worthwhile to step back and consider again the relation of the choice method to other methods that researchers have used to study movement costs. As noted in the 16



introduction, previous attempts to measure the subjective experience of movement costs have relied on either physiological measures such as oxygen consumption or retrospective judgments of effort or exertion. The former method is better suited for large-scale movements than for small-scale movements, whereas the latter method has led to results that have been puzzling enough to lead us to seek a better method. The method of obtaining retrospective judgments of effort or exertion has met with some success, however. For example, Allen and Gandevia (1996) found that when fibromyalgia patients and unaffected control participants repeatedly performed a maximal voluntary contraction followed by a series of submaximal isometric contractions over a period of 45 min, both groups’ Borg-scale ratings (Borg, 1973) increased over the duration of the exercise. Moreover, the patients’ Borg-scale ratings increased more than those of the unaffected participants. Both of these outcomes make intuitive sense, although Allen and Gandevia expressed concern over the higher postexercise effort ratings from the patients because the patients’ decline in twitch amplitude after the exercise period was statistically no greater than that of the unaffected participants. According to the authors, the pathogenesis of fatigue in the patients could not be ascribed to pain nor, as just implied, to muscle contractile failure. The authors concluded that “the subjective response to exercise [was] excessive” (p. 1621). Using Allen and Gandevia’s (1996) study as an example, we wish to point out at least one of the more general problems that can arise with effort judgments. It is paradoxical that different effort ratings were associated with attempts to generate maximal force. If one generates maximal force with a given effector, then, by definition, one is trying as hard as possible for that task. For participants to indicate that while trying as hard as possible, they expended more effort in one state (while fatigued) than in another (while not fatigued) shows that there is a problem with the method. An obvious difference between the choice method and the rating method is that the choice method relies on discrete choices, whereas the rating method relies on a range of values. Having a range of values seems, at first, to be better because it reveals an individual’s sense of the amount of effort that was just expended within some presumed scale of efforts. In contrast, the discrete-choice method seems more limiting in that it entails a forced choice and therefore, on any given trial, results in a value of only 1 (chosen) or 0 (rejected). Does this feature of the choice method make it inferior to the more conventional rating method? We believe the answer is no, and we have two reasons for saying so. The first is that in magnitude estimation studies, some individuals often use less of the scale than others do, which creates problems for inferring the underlying scales. The forced-choice procedure, by contrast, never leaves possible response values unfilled because every choice trial always results in a value of 1 for one choice and a value of 0 for the other. Journal of Motor Behavior
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Second, the forced-choice method affords the possibility of comparing subjective cost estimates for different tasks. If participants were asked whether they prefer to swim two laps or do 20 push-ups on a hot day, most would probably choose to swim two laps. On the other hand, comparing effort ratings for those very different tasks woud be difficult. Perhaps an even more critical difference between the two methods is that the choice method relies on prospective judgment, whereas the rating method relies on retrospective judgment, at least as illustrated in the present experiments and in most of the others that we have discussed. Does this difference indicate that one of the methods should be favored over the other? Our answer again is no. The data obtained with each method might differ if they were obtained prospectively or retrospectively. It would be interesting to compare the data obtained in these two different ways. As a thought experiment, one can ask what would happen if participants in the Allen and Gandevia (1996) study were asked to indicate their preferences in pairs of forced choices whose underlying dimension of variation was time. If participants were asked, “Would you rather flex your elbow as forcefully as possible after an exercise bout of 45 minutes or after an exercise bout of 44 minutes?” all participants would presumably say, “after 44 minutes.” By extension, if participants were given all pairs of times from 1 to 45 min, they would presumably always choose the shorter of the two times (setting aside their beliefs about warming up). Hence, the probability of preferring an exercise time would decline in a perfectly linear fashion and at the same rate for all participants, regardless of whether they had fibromyalgia or not, provided they were behaving rationally, as is always assumed in economic choice tasks such as this. That hypothesized outcome implies a potentially significant difference between previous applications of the retrospective effort evaluation method, such as Allen and Gandevia’s (1996), and the choice method that we have introduced here, which we believe warrants further exploration. ACKNOWLEDGMENTS Grant SBR-94-96290 from the National Science Foundation, grants KO2-MH0097701A1 and R15 NS41887-01 from the National Institute of Mental Health, and grants from the Social Science Research Institute and the College of Liberal Arts Office of Research and Graduate Studies, Pennsylvania State University, supported this study. Sarah Benjamin, Julia Burke, Leslie Christman, Stephanie Lee, Jackie Pinsky, and Robrecht van der Wel helped with data collection. The authors thank Daniel M. Corcos and an anonymous reviewer for their helpful, encouraging feedback in the review process.
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