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Abstract In this study we asked whether Fitts’ Law, a well-established relationship that predicts movement times (MTs) for direct movements between two positions, could be extended to predict MTs for curved, obstacle avoiding, movements. We had participants make movements in the presence of an obstacle. Using these data, we tested an extensions of Fitts’ Law that predicted MTs based on the movement’s index of difficulty and the distance that the obstacle intruded into the direct movement path. Including both factors led to more accurate predictions of MTs for obstacle-avoiding movements than was possible with the index of difficulty alone. In addition, the simple extension of Fitts’ Law did as well as a model which relied on the obtained movement paths between targets. This is an encouraging outcome because it suggests that the physical layout of the workspace can be used to predict MTs for obstacle avoiding movements, an accomplishment that fits with the spirit of Fitts’ Law.
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Introduction Fitts’ Law (Fitts 1954) relates the time it takes to complete a movement to that movement’s amplitude and the width of the to-be-reached target. Mathematically, Fitts’ Law states that the shortest time, T, to cover an amplitude A to arrive within a circular target of width W, is predicted by the equation T ¼ a þ b log2 ð2A=WÞ



ð1Þ



where a and b are empirical constants. The term log2(2A/ W) combines the effects of movement amplitude and target width and is commonly referred to as the index of difficulty (Fitts 1954). Although other forms of the equation have been proposed (see Plamondon and Alimi 1997, for review), all share the basic prediction that movement time (MT) increases as movement distance increases and as target width decreases. Although Fitts’ Law has been shown to hold across a large number of tasks (Beamish et al. 2006; Mohagheghi and Anson 2002; Plamondan and Alimi 1997; but see Adam et al. 2006, for an exception to the Law when there are multiple targets in the visual field), it has been primarily tested in situations where direct movements are made between the initial and final position. This state of affairs makes it unclear how predictive Fitts’ Law is when a direct movement is not possible, as when an obstacle is between the two targets. The presence of an obstacle increases the required movement distance but leaves the distance between targets unchanged. If one takes Fitts’ Law
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literally and defines A as the straight-line distance between the targets, Fitts’ Law predicts no difference in movement time when an obstacle of any size is placed between two targets a fixed distance apart. However, a more accurate prediction may be possible if Fitts’ Law can be extended to include other aspects of the movement task (beyond A and W), such as how much the obstacle intrudes into the direct path. Several studies suggest that the direct distance between targets (A in Fitts’ Law) may be insufficient to predict movement time for curved movements. Movements slow down as path curvature increases (Lacquaniti et al. 1983), obstacle-avoiding movements take longer to complete than direct movements (Dean and Bru¨wer 1994, 1997), and MT correlates with overall path curvature (Jax and Rosenbaum 2007). Also, when circuitous paths are presented and participants are asked to move a cursor through the path, total MT is well predicted by a ‘‘steering law’’ which takes into account the path’s curvature and width (Accot and Zhai 1997, 1999, 2001). These findings go against the prediction of Fitts’ Law, taken literally. Yet from this, one does not necessarily want to say that Fitts’ Law is wrong, only that it needs to be extended to accommodate movements that are curved as well as movements that are straight or direct. Accot and Zhai’s formula—their ‘‘steering law’’—is certainly a step in this direction, but their formula can only be applied to cases where movement paths have been explicitly specified. We are unaware of any attempt to develop an extension Fitts’ Law that can predict MTs for curved movements around an obstacle when the actor is free to select his or her own path around it. Our aim in the present study was to derive and test such an extension of Fitts’ Law. In our study we asked participants to perform reaching movements between targets in the presence or absence of an intervening obstacle. In all conditions, participants selected their own paths around the obstacle. We then used regression analysis to test a simple extension of Fitts’ Law which said that MT depends on the distance between the targets and the amount by which an obstacle, if present, extends beyond the straight line between the targets. We compared the variance accounted for with this simple extension of Fitts’ Law against a second model which says that MT is proportional to the length of the obtained movement path. This second model was identical to Fitts’ Law except that the index of difficulty (ID) was calculated using the observed movement path length rather than the distance between target centers. Both of the tested models were compared to the prediction of the unadorned Fitts’ Law, which says, or implies, that MT only depends on the straight-line distance between the targets and on the targets’ widths.
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Method Participants Twelve undergraduate students at Pennsylvania State University (4 males, 8 females) served as participants. All were right handed and all were given the option of receiving course credit or payment for their participation. All participants gave informed consent to complete the study, which was performed in accordance with the 1964 Declaration of Helsinki. Materials, design, and procedure The participants’ task was to make discrete, manual-positioning movements on a tabletop between eight possible target circles (27.5 mm in diameter) arranged in a circle whose radius was 125 mm (see Fig. 1a). We used a feedback system in which the participant made movements that, through the use of a motion tracking system, caused a stickfigure arm corresponding to the participant’s arm to move on a computer monitor in view of the participant. Although the setup required a visuo-spatial transformation between the tabletop and the monitor, the transformation was identical to the one required for using a computer mouse, a well-practiced task for our college-aged participants. Other recent experiments examining obstacle avoidance have shown that effects observed using the identical display system (Jax and Rosenbaum 2007) could be replicated under more naturalistic conditions (van der Wel et al. 2007). In addition, this feedback system made it possible for us to



Fig. 1 a Overhead view of the experimental setup. Participants made movements between eight peripheral target circles (open circles) while avoiding an obstacle (filled central circle). Infrared light emitting diodes or IREDs (filled ovals) were attached to the participant’s right arm. The IREDs were used to display an image of the arm that the participants viewed on a video monitor during performance (upper right corner of figure; shown in a view rotated from the vertical orientation of the monitor). b Example obstacle avoidance trial illustrating the how movement amplitude (A), target width (W), obstacle intrusion (OI), and path length (PL) were measured. Note that the path had to avoid the obstacle on the right, and not left, side of the obstacle so that the right arm (not shown) would avoid the obstacle
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control the timing and appearance of targets and obstacle more precisely, inconspicuously, and safely than would have been possible with physical objects, and also to measure precisely the duration of each movement. To create the stick figure, we attached infrared light emitting diodes (IREDs) to the participant’s left and right shoulders, right elbow, right wrist, and top of a hand-held manipulandum (a vertically oriented dowel mounted on a round base with a felt bottom). The positions of the IREDs were recorded with an OPTOTRAK 3020 Motion Recording System (Northern Digital, Inc) sampling at 50 Hz. The x–y IRED positions from the OPTOTRAK were input to a computer program that governed the monitor presentation of the arm, targets, and obstacles. Each target was presented as an open green circle, which signaled the participant to move his or her ‘‘hand’’ (i.e., the stick figure’s end-effector dot) into the circle, whereupon its color changed from green to yellow. After the endeffector dot remained in the target for 500 ms, a new target appeared in green at another location. This pattern was repeated until all 56 possible transitions between the eight target locations were completed. The order of transitions was random within each block except that all target transitions were tested just once per block. Each participant performed a total of 20 blocks. In half the blocks, participants could make direct movements between the target circles, whereas in the other half of the blocks they could not because an obstacle (a filled red circle the same diameter as the targets) sat at the center of the imaginary circle occupied by the eight target circles. In these blocks, the obstacle first appeared before the first target circle was presented and remained on the screen throughout the entire block. Participants were instructed to avoid colliding with the obstacle with any segment of the stick-figure arm. If a collision occurred, a tone sounded and the stick figure’s arm turned red. Obstacle-present and obstacle-absent blocks were alternated, with the presence or absence of an obstacle in the first block being counterbalanced across participants. The first two blocks were considered practice and were not analyzed. Participants were instructed to move quickly throughout the entire block and to avoid obstacle collisions. To encourage participants to follow these instructions, we had the computer show them a score, S = T (1 + C), at the end of each block, where T was the total time (in ms) to complete the block, and C was the number of collisions. Participants were urged to strive for ever lower scores.1 1 The end-of-block score also encouraged participants to initiate their movements as quickly as possible. These initiation times did not differ between obstacle present and obstacle absent blocks (means of 461 and 449 ms, respectively; P = 0.62 for a t test of the difference). We have observed such equivalence in another recent study of obstacle avoidance (Jax and Rosenbaum 2007).
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Results Before beginning the analyses, we identified movement onsets and movement offsets using a 30 mm/s hand speed criterion. MTs were calculated as the time between movement onset and offset. Trials in which obstacle collisions occurred were removed from the analysis (approximately 1.4% of trials). In the first analysis, we asked how well the MTs were predicted by Fitts’ Law alone.2 As expected, in the obstacle-absent condition Fitts’ Law accounted for a respectable proportion of MT variance (R2 = 0.847, P < 0.001). However, in the obstacle-present condition Fitts’ Law did not account for as large a proportion of the MT variance (R2 = 0.225, P < 0.001; see Fig. 2a). Fitts’ Law accounted for significantly more MT variance in the obstacle-absent conditions than in the obstacle-present condition (P < 0.001). In the second analysis, we asked how well the MTs in the obstacle-present condition were predicted by a simple elaboration of Fitts’ Law, in which MTs depended both on Fitts’ standard ID and on a measure of obstacle intrusion, OI, defined as the perpendicular distance (in mm) between the direct path and the intruding edge of the obstacle (see Fig. 1b). Although OI alone was able to predict MT (R2 = 0.420, P < 0.001), when we used both ID and OI as predictors we could account for a much larger proportion of variance in MT, even when adjusting for the additional predictor (adjusted R2 = 0.886, P < 0.001; see Fig. 2b).3 The difference in R2 between the OI alone model and the ID and OI model was significant (P < 0.001). The equation with the best-fitting coefficients (in the least squares sense) was as follows: MT ¼ 287.9 + (150.89  ID) + ð40.7  OIÞ:



ð2Þ



Further tests showed that the slopes of the ID and OI factors were both statistically >0 (P < 0.001), indicating that increases in either factor would be predicted to result in a significant increase in MT. In the third analysis we compared the variance accounted for with the simple two-component model 2 In addition to the formulation of Fitts’ Law presented in Eq. 1, we also tried to predict MTs using the Shannon formulation of index of difficulty (see MacKenzie 1992), but found that the original formulation was able to account for a slightly higher proportion of variance in our data set (R2 of 0.847 vs. 0.832 in the obstacle-absent condition, and 0.225 vs. 0.209 in the obstacle-present condition). 3 OI, and not log2(OI), was used in both regressions because in both cases OI was able to account for a slightly higher proportion of variance in our data set. For the OI alone model, R2 values were 0.420 and 0.381 using OI and log2(OI), respectively. For the ID and OI model, the adjusted R2 values were 0.886 and 0.856 using OI and log2(OI), respectively.
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expectation was not supported. Surprisingly, the obtained path length (PL) model did not do appreciably better (R2 = 0.900) than the OI model (R2 = 0.886 after adjustment to correct for multiple predictors), even though the path-length model takes into account more detailed information about the executed movement. The difference in R2 between the two models was not significant (P = 0.74).



Discussion The experiment reported above was designed to test whether a simple extension of Fitts’ Law could be developed to predict movement times for obstacle avoiding movements. Although previous studies have successfully predicted the time to complete movements along curved paths (Accot and Zhai 1997, 1999, 2001; Bullock et al. 1999; Todorov and Jordan 1998; Viviani and Flash 1995; Wada and Kawato 2004), all have done so for movements that followed prescribed paths or that passed through specified via points. A previous study from our lab (Jax and Rosenbaum 2007) showed that MT depends on overall path curvature. However, distances between targets were not varied in that study, nor were obstacle positions varied relative to the straight lines joining the targets between which the obstacles appeared. (Jax and Rosenbaum took advantage of natural variation of curvature to arrive at their finding of a correlation between MT and overall curvature.) In the present study we presented targets with variable inter-target distances and with obstacles at various positions relative to the targets. We found that a simple extension of Fitts’ Law could account for the movement time data. Expressed generically rather than with specific values, as in Eq. 2, the simple extension said that MT ¼ a + ðb  IDÞ + ðc  OIÞ;



Fig. 2 Scatter plot of the relationship between observed movement times in the obstacle avoidance condition (y axis) and predicted movement times (x axis) for the original version of Fitts’ Law (a) and the extension of Fitts’ Law that included an obstacle intrusion factor (b). Dashed lines indicate unit slope (ideal fit) and solid lines indicate the best fitting regression lines



embodied in Eq. 2 with the variance accounted for with a modified version of Fitts’ Law in which the movement’s index of difficulty was calculated using the observed movement path length (PL in Fig. 1b) rather than the distance between target centers (A in Fig. 1b), associated with Fitts’ Law alone. A priori, one would expect the PL model to do better than the OI model because, as discussed earlier, MT is known to depend on movement path length. This
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ð3Þ



where a, b, and c are empirical constants, and MT, ID, and OI are as defined above.3 This simple extension of Fitts’ Law did as well as a model which relied on the obtained movement paths between targets. This is an encouraging outcome in the sense that it suggests that the physical layout of the workspace can be used to predict MT, as one would want for applied purposes. Of course, prediction could be improved by considering additional task factors. For example, a close examination of Fig. 2b reveals that there are four data points for which the observed MT was considerably longer than the predicted MT (i.e., well above the best-fitting line). All these data points came from obstacle-present trials that ended at the 10:30 target location. When using the right arm, ending a movement at this target required the greatest care to avoid
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a collision between the obstacle and the arm. Thus, our extension of Fitts’ Law may underpredict MTs when arm collisions are likely. This point notwithstanding, the precision with which MTs could be predicted with only two factors characterizing the physical layout of the task suggests that including an additional factor that takes into account the possibility of arm collisions would lead to only marginally improved MT predictions. To the extent that Fitts’ Law is designed to predict movement times from features of the external environment alone, the success of the OI extension fits with the spirit of Fitts’ Law. This outcome also bodes well for practical applications (Pew and Mavor 1998; Ritter et al. 2003), since it is usually more useful to be able to predict movement times from the layout of the environment than to postdict movement times after movements have been completed. The present study suggests that obstacles need not pose an obstacle to further reliance on Fitts’ Law for predicting times of complex obstacle-avoiding movements. Acknowledgments This work was supported by grant F31 NS 047784-01 from the National Institutes of Health to SAJ, and by grant SBR-94-96290 from the National Science Foundation, grants KO2MH0097701A1 and R15 NS41887-01 from the National Institute of Mental Health, and grants from the Research and Graduate Studies Office of The College of Liberal Arts, Pennsylvania State University, to DAR. We thank Jeremy Graham for help with programming and data collection and to an anonymous reviewer for his or her helpful suggestions.
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